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Construction of a molecular assembler from DNA that executes a
programmed sequence of chemical reactions is a formidable chal-
lenge but worthwhile because it would allow assembly and evolu-
tion of functional polymers. We present a mechanism using parallel
DNA and a DNA polymerase to address two challenges that cur-
rently block progress.

We would like to use DNA to build a molecular machine that can
manufacture a polymer by executing a series of chemical reactions
that add building blocks in the order encoded by an instruction
tape or gene. Parallel operation of molecular assemblers, each
acting on a unique instruction tape, could be used to produce
large DNA-tagged libraries from which functional polymers could
be selected, identified by DNA sequencing and optimised itera-
tively by shuffling or recombining the instruction tapes."

Reaction between two building blocks can be promoted by
attaching them to the ends of two adaptor DNA strands and
bringing them into close proximity by hybridization of the
adaptors, either to each other or to a complementary instruc-
tion tape.” This is typically done in an end-of-helix configu-
ration where one building block is attached to the 5’ end of a
strand and the other is attached to the 3’ end of a complemen-
tary strand.® A sequence of transfer reactions can be used to
build a polymer, either by adding building blocks to the end of
a growing chain® or, as in the ribosome, by transferring the
growing chain onto the next building block.”> The second
approach is preferable because the chemical context is consis-
tent for each step and, unlike addition to the end of the chain,
chain elongation does not inhibit polymer growth.

There are very few examples of autonomous DNA mechan-
isms for stepwise polymer synthesis. He and Liu* used a mole-
cular motor to couple three building blocks in the sequence
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New concepts

Construction of a molecular machine capable of stepwise assembly of
sequence controlled polymers from building blocks is a significant but
worthwhile challenge: it opens the way to selection and evolution of non-
natural polymers from large libraries. We use a DNA instruction tape to
encode the order in which building blocks are added and present a
mechanism designed to ensure that an instruction can only be read after
completion of the preceding programmed reaction. We use a sequence
motif which allows us to juxtapose the 3’ ends of two DNA strands at the
end of a parallel DNA helix. This mechanism allows us to ensure that the
chemical environment is consistent for successive building block cou-
pling steps. A notable feature of our mechanism is that it involves several
competing weak interactions. We show that these interactions can be
fine-tuned using a combination of experiment and coarse-grain model-
ling.

encoded by the motor’s track. Meng et al.® used polymerisation
of hairpin loops to couple building blocks and record the
sequence of coupling reactions. Both studies added sequential
building blocks to the distal end of the growing chain, neither
had a checkpoint mechanism to ensure that the transfer chem-
istry was complete before the next step was initiated. McKee
et al.” showed that the growing chain can be transferred onto the
incoming building block, as in the ribosome, but the mechanism
required both 5’- and 3’-modified adaptor strands and was not
autonomous.

We address two challenges in the design of molecular
machinery that brings reactants together in a programmed
sequence. First, we propose a mechanism that makes progres-
sion of the molecular machinery conditional on the successful
completion of each programmed reaction. We propose to do
this by covalently linking building blocks through esterification
of the 3’-OH of their adaptor strands and using a DNA poly-
merase to recognise the 3’-OH that is revealed when the
transfer reaction is complete. Second, we demonstrate that a
parallel DNA duplex motif can be used to colocalise building
blocks at the end of a double helix by juxtaposing the 3’ ends of
two adaptor strands. This avoids the requirement to recruit 5’
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modified and 3’ modified adaptors alternately which doubles
the number of adaptors required and adds unnecessary com-
plexity to the mechanism.

Design

Operation of the device is illustrated in Fig. 1. The instruction
tape is a single-stranded oligonucleotide consisting of a
sequence of binding sites or codons (16 nt) separated by
competition sites (6 nt, fixed sequence). Building blocks are
covalently coupled to the 3’-OH of adaptor strands, for example
by using a flexizyme.® Each building block is uniquely identi-
fied by a binding domain or anticodon at the 5’ end of the
adaptor. Adaptor strands deliver the correct building block to
the active site by hybridization to a matching binding domain
on the instruction tape (Fig. 1b).
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The active site consists of two adaptor strands: the upstream
adaptor carries the growing polymer chain; the downstream
adaptor carries the building block that is to be added to the
growing chain (Fig. 1d). Although all adaptors are present in
solution, sites downstream of the active site are occupied by
blocking strands that prevent adaptors from binding out of
sequence. The growing chain is transferred onto the incoming
building block by aminoacyl transfer which restores the 3’-OH
on the spent upstream adaptor. The reaction is promoted by
formation of a parallel duplex’ designed to hold the incoming
building block and growing chain in close proximity in an end-
of-helix configuration® (Fig. 1d). The short parallel duplex
domain (AG), is identical in all adaptors. Because the aminoa-
cyl transfer reaction transfers the growing chain from the
upstream adaptor to the incoming building block, it operates
in a consistent chemical environment at every step. This is
designed to avoid the decreasing yield of successive steps that
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Fig.1 Scheme for a molecular assembler. One operation cycle is shown. (a) Components are labelled. (b) An adaptor strand is recruited to the
instruction tape in the downstream position delivering the incoming building block to the active site. (c) Once bound, the adaptor competes with the
adjacent blocking strand for binding to a competition domain on the instruction tape; repair of a mismatch (marked x) biases the competition to expose
the 3’ end of the blocking strand. (d) At the same time, the 3’ ends of adjacent adaptor strands can bind to form a parallel helix. The parallel helix is
designed to promote a transfer reaction that colocalises the incoming building block and the growing polymer chain. The transfer reaction passes the
growing polymer chain onto the building block on the downstream adaptor. (€) Completion of the transfer reaction reveals the 3’-OH of the upstream
adaptor, allowing it to bind to the 3’ end of the blocking strand and serve as a primer for a strand displacing DNA polymerase (the inset shows a partially
lifted blocking strand). (f) Polymerase extension of the upstream adaptor lifts the blocking site from the instruction tape advancing the active site one step
and allowing the next adaptor to be recruited in the downstream position.
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is associated with mechanisms in which building blocks are
added to the end of a growing chain.*®

The structure of the instruction tape is such that the down-
stream adaptor strand and adjacent blocking strand compete for
binding to overlapping sites (Fig. 1c). This competition is biased
by a mismatch between the blocking strand and instruction tape
in the competition domain; this mismatch is repaired when the
adaptor strand displaces the blocking strand. The sequence of
the competition domain is such that the 3’ end of any adaptor
can hybridise transiently to the displaced 3’ end of a blocking
strand. The reaction that transfers the growing product oligomer
onto the incoming building block on the downstream adaptor
reveals a 3’ hydroxyl at the end of the spent upstream adaptor:
when this binds to the displaced competition domain it serves as
a primer for a strand-displacing polymerase, e.g. Bst DNA poly-
merase (Fig. le). Polymerase extension displaces the blocking
strand from the instruction tape and reveals the binding site for
the next adaptor strand in the programmed sequence. This
completes the reaction cycle and advances the active site one step
along the instruction tape (Fig. 1f). This mechanism ensures that
binding sites are revealed one at a time, in the correct sequence,
only when the previous chain extension reaction has completed.

Successful design requires a careful balance between com-
peting interactions: the parallel duplex must be stable enough
to promote chemistry by increasing the effective concentration
of participating reactive groups but unstable enough that the 3’
end of the spent adaptor strand is transiently released and able
to bind to the blocking strand. Similarly, the interaction
between the spent adaptor strand with the blocking strand
must be stable enough to serve as a primer for the polymerase
but not so stable that it locks the adaptor strand in place before
the chain-extending chemical reaction has occurred.

We have used a combination of coarse-grained molecular
modelling and experiment to characterize all aspects of the
molecular assembler mechanism except the aminoacyl transfer
steps and to demonstrate that it provides a viable method for
coordinating progression of the molecular machinery with the
successful completion of a chain-extending reaction.

Parallel DNA duplex

(GA), sequences are known to form parallel duplexes at neutral
pH” but have not previously been used as a construction motif
for DNA nanotechnology. We constructed a simple test device’
consisting of two DNA arms attached to opposite ends of a
short double-stranded linker (Fig. 2a). At the free end of each
arm is a parallel DNA motif (GA), (n = 5, 6, 7, 8, 12) and, on the
opposite strand, one of the reporter dyes Cy3 and Cy5. Measure-
ment of Forster resonance energy transfer (FRET) between the
dyes as a function of temperature (Fig. 2b, SI) reveals a melting
transition between a high-FRET state consistent with a closed
conformation formed by the parallel duplex at low temperature
and a low-FRET open conformation at high temperature when
the parallel duplex melts. The stability of the parallel duplex
domain can be tuned by controlling the number of GA repeats.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Parallel duplex formation monitored by FRET. (a) Donor and
acceptor fluorophores (Cy3 and Cy5) attached to the ends of antiparallel
double-stranded arms are held in close proximity by formation of a parallel
duplex giving a high FRET signal. (b) Measurement of FRET as a function of
temperature reveals a melting transition that depends on the length of the
parallel duplex (left panel). Maxima of the derivative with respect to
temperature (right panel) were used to determine melting temperatures
of 51.8 £ 0.1 °C, 41.6 + 0.6 °C, 36.8 £ 0.4 °C and 30.9 £ 0.4 °C for the
sequences (GA)1,, (GA)g, (GA); and (GA)s. The melting temperature of (GA)s
is less than 25 °C. See SI, for experimental details.

We measure melting temperatures of 51.8 + 0.1 °C, 41.6 & 0.6 °C,
36.8 £ 0.4 °C and 30.9 + 0.4 °C for the sequences (GA),,, (GA)g,
(GA); and (GA)s respectively; the melting temperature of (GA)s is
less than 25 °C. The sequence (GA)s is only marginally stable at
room temperature and was therefore used to implement the
molecular assembler mechanism which requires parallel duplex
formation to be transient.

Competition between downstream
adaptor and blocking strand

Competition between strands bound to overlapping sites can be
used to expose a single-stranded toehold and thus initiate
strand displacement by a complementary strand'®'" or, as
here, enable binding of a primer for a strand-displacing poly-
merase. Competition between the downstream adaptor and
adjacent blocking strand (Fig. 3) is achieved by overlapping
their binding sites on the instruction tape to create a 6-nt
competition site (Fig. 1c) which has a universal sequence. In the
initial design, a single mismatch between the blocking strand
and instruction tape was introduced to bias the competition
toward displacement of the 3’ end of the blocking strand. In
subsequent designs competition was established between a
mismatch in the blocking strand and a single-nucleotide gap
produced by truncation of the 5’ end of the adaptor strand. The
single-nucleotide gap was introduced to increase the mechanical
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Fig. 3 Competition between adaptor and blocking strand. (a) Order
parameters count the number of base pairs between the instruction tape
and adaptor strand (Qa) or blocking strand (Qg). (b) Energy landscapes
produced using oxDNA and VMMC umbrella sampling' reveal a penalty for
enclosing the G-T mismatch (moving from the first column to the second)
and a small bias toward fully bound adaptor strand (Qa = 5, Qg = 0) over the
fully bound blocker strand (Qa = 0, Qg = 5). The heatmap is annotated with the
free energy relative to the fully bound adaptor strand in units of kcal mol ™.
Note that the energy cutoff for hydrogen bonding used by oxDNA allows
Qa + Qg > 5. Simulation details, including weights are described in the SI.

flexibility of the system to facilitate interaction between the spent
adaptor strand and downstream blocking strand. Coarse-grained
simulations were conducted to quantify bias in the competition
(SI). Models were constructed using oxView'> and simulated
using oxDNA'*™"* with virtual-move Monte Carlo and umbrella
sampling.'® oxDNA uses a Debye-Hiikel potential to model
electrostatics rather than explicitly modelling solvent and
ions:"*'* all simulations use the oxDNA2 model with screening
equivalent to 0.15 M monovalent ions. Two order parameters
were defined: Q4 counts the number of base pairs between the
adaptor and instruction tape; Qg counts the number of base
pairs between the blocking strand and instruction tape. A single
simulation window was sampled using the umbrella module
built into to the oxDNA code.'” Weights required to increase the
sampling of unfavourable states were improved iteratively (see SI
for weights). A difference in free energy of 1.4 kcal mol ™"
between the competing states was observed, corresponding to
a 10-fold bias toward the state in which the 3’ end of the blocking
strand is displaced from the instruction tape (Fig. 3).

Removal of a blocking strand by a DNA
polymerase

Experiments using gel electrophoresis show that binding of an
adaptor to an instruction tape is negligible when the tape is fully

blocked and strongly hindered at the next binding site in sequence
while the corresponding blocker has not yet been displaced (SI).

Nanoscale Horiz.
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The spent upstream adaptor strand is designed to enable the
removal of the adjacent blocking strand, opening the next
binding domain for a matching adaptor, conditional on the
transfer of the growing chain to the downstream adaptor. The
6-nt domain at the 3’ end of each adaptor, which forms a parallel
duplex with an adjacent adaptor, can also form an antiparallel
duplex with the exposed competition domain at the 3’ end of the
adjacent blocking strand. When transfer of the growing chain
from upstream to downstream adaptor is complete, regenerating
its 3’-OH, the adaptor can act as a primer for a strand-displacing
polymerase which removes the blocking strand. This mechanism
is designed to couple completion of the chemical step to move-
ment of the active site along the instruction tape.

We characterise the direct hybridization interactions
between the 3’ ends of adaptors and blocking strands using
molecular dynamics simulations in oXDNA to generate trajec-
tories using the default Anderson-like thermostat'” and the
0xDNA analysis tool “Output bonds”.'® Simulation snapshots
for configurations in which the blocker forms a duplex with the
upstream adaptor, which is thereby positioned to prime dis-
placement of the blocker by polymerase extension (correct), and
with the downstream adaptor carrying the growing chain of
building blocks (incorrect), are shown in Fig. 4a and b. Initial
simulations showed that the correct configuration is strained,

Fig. 4 Molecular dynamics simulations to model the interactions
between 3’ ends of adaptor strands and the blocking strand. The system
comprises two adaptor strands (orange, downstream, and yellow,
upstream) and one blocking strand (blue) hybridized to a three-site
instruction tape. (a) Simulation snapshot showing the designed interaction
between upstream adaptor and blocking strand and (b) the more strained
interaction between downstream adaptor and blocking strand. (c) Base
pairing (yellow for unpaired, green for paired) throughout the trajectory for
each of the strands. In the initial state the 3’ end of the blocking strand has
been displaced from its competition domain by the downstream adaptor
and is hybridized to the 3’ end of the upstream adaptor (panel a). Inset (i)
shows unbinding of the 3’ end of the blocking strand from the 3’ end of
the upstream adaptor. Inset (i) shows the 3’ end of the blocking strand
displacing the 5’ end of the downstream adaptor strand.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Removal of blocking strand by DNA polymerase. (a) An instruction
tape hybridized to a full-length upstream adaptor, a truncated down-
stream adaptor with the parallel duplex domain deleted and a blocking
strand were incubated with Bst 3.0 DNA polymerase at 30 °C. Sample t = 0
was taken before addition of polymerase, the remaining samples were
taken at 20-minute intervals. Samples were denatured at 80 °C for
5 minutes to inactivate the polymerase then the extent of the reaction
was measured by adding an excess of a fluorescently labelled reporter
strand to remove the upstream adaptor from the instruction tape by
toehold-mediated strand exchange. Note that the blocking strand is
modified at the 3’ end with a phosphate group to prevent extension. (b)
Reaction products were separated on a 15% 29:1 TAE gel imaged without
staining to detect FAM fluorescence. The reporter is a 28-nt single-
stranded DNA, the substrate (an adaptor bound to the reporter) is a duplex
of 28 bp with a 12-nt single-stranded tail, the product (an adaptor
extended by DNA polymerase bound to a blocking strand and reporter)
is a nicked duplex of 49 bp with a nick on one strand 21 nt from its 5’ end.

with base pairs broken at the junction between the strands
bound to the instruction tape. The gaps introduced by deletion
of one nucleotide at the 5’ end of the adaptor, modelled in
Fig. 3, were designed to release strain and favour the correct
configuration (Fig. 4a). The time to half completion for unbind-
ing of the upstream adaptor, determined by measuring the first
passage time for unbinding in 128 molecular dynamics simula-
tions, is three times longer for the correct configuration than for
the incorrect configuration. Binding events were sufficiently rare
in simulations that we cannot compare binding rates in the two
configurations. However, gel electrophoresis demonstrates that
the two configurations are approximately equally populated in
equilibrium at room temperature (SI). These results suggest that
the correct configuration is similar in stability to the incorrect
configuration despite the larger distance between the two
adaptor-binding sites. Competition between downstream adap-
tor and blocking strand, as designed, was observed in simula-
tions (Fig. 4c, inset ii).

Initial experiments showed that the 6-nt primer binding site
revealed by competition between the downstream adaptor and
blocking strand is too short to allow removal by Bst DNA
polymerase. A more stable interaction was created by extending
the 3’ end of the blocking strand beyond the competition

This journal is © The Royal Society of Chemistry 2025
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domain by 2 nt to create an additional 2 nt toehold: this was
sufficient to allow the blocking strand to be displaced from the
instruction tape (Fig. 5). This reaction proceeds to half comple-
tion in less than 20 minutes. It is therefore likely to be rate-
limiting, significantly slower than adaptor binding and
formation of the parallel duplex.

Conclusions

We have presented a design for a molecular assembler that
overcomes two challenges. First we show that, by using a
parallel DNA motif, two like ends of oligonucleotide adaptors
(3’ ends here) can be held in close proximity. This avoids the
need for adaptors of alternating polarity and allows the design
of a mechanism in which the local context of transfer remains
consistent regardless of the product length. Second, we present
a mechanism that can be used to coordinate the transfer
chemistry with stepwise reading of instructions. In the absence
of such a mechanism there is no guarantee that the transfer
chemistry is complete before the mechanism proceeds to the
next instruction. Our mechanism relies on the ability to engi-
neer relatively weak interactions, enabling dynamic and rever-
sible binding."®**> We show that a combination of experiment
and simulation can be used to fine-tune the strengths of
competing interactions that are required for operation. The
reaction mechanism was designed for implementation using
acyl transfer reactions, with adaptor strands coupled to building
blocks using flexizymes. Future work will address this challenge:
preliminary results demonstrate that it is possible to use flex-
izymes to aminoacylate DNA strands and, after hydrolysis, to use
those strands as primers for strand-displacing DNA polymerases.
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