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Abstract

We report DNA-scaffolded synergistic catalysis, a concept that combines the diverse reaction
scope of synergistic catalysis with the ability of DNA to precisely pre-organize abiotic groups

and undergo stimuli-triggered conformational changes. As an initial demonstration of this concept,
we focus on Cu-TEMPO-catalyzed aerobic alcohol oxidation, using DNA as a scaffold to hold a
copper co-catalyst and an organic radical co-catalyst (TEMPO) in proximity. The DNA-scaffolded
catalyst maintained high turnover number upon dilution and exhibited 190-fold improvement

in catalyst turnover number relative to the unscaffolded co-catalysts. By incorporating the co-
catalysts into a DNA hairpin-containing scaffold, we demonstrate that the rate of the synergistic
catalytic reaction can be controlled through a reversible DNA conformational change that alters
the distance between the co-catalysts. This work demonstrates the compatibility of synergistic
catalytic reactions with DNA scaffolding, opening future avenues in reaction discovery, sensing,
responsive materials, and chemical biology.
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INTRODUCTION

Creation of catalysts that mimic enzymes through the pre-organization of multiple reactive
groups is a long-standing goal.! In natural enzymes, protein scaffolds hold multiple
functional groups in proximity, engendering massive rate accelerations that are not observed
when the same functional groups are unscaffolded.2 While matching the sophistication

of enzymes has been elusive in synthetic systems, supramolecular enzyme mimics offer

a broader palette of functional groups, since they are not limited to the natural amino

acids and cofactors. Impressive catalytic properties have been demonstrated in a variety of
enzyme-mimicking supramolecular scaffolds.3-10

An exciting area of recent progress in supramolecular catalysis is the pre-organization

of synergistic catalytic reactions. Synergistic catalysis combines two distinct, abiotic
co-catalysts that work in concert to carry out a reaction that would not be possible

using either co-catalyst alone.1 Examples include a variety of synergistic combinations

of transition metal catalysts, photocatalysts, organocatalysts, radical catalysts, and Lewis
acid catalysts.12-20 |n scaffolded synergistic catalysis, the proximity afforded by precise
positioning of the co-catalysts accelerates the reaction compared to unscaffolded reactions,
in which the large mean distance between the co-catalysts limits synergistic interactions,
often necessitating high loadings.?! Successful demonstrations of scaffolded synergistic
catalysis have utilized peptoids,22 peptides, 2324 foldamers,2 soluble proteins,26:27 metal—
organic frameworks,28:29 covalent-organic frameworks,30 and polymers.2 However, it
remains challenging to fine-tune the spacing of each co-catalyst. Furthermore, the previously
demonstrated scaffolds for synergistic catalytic reactions are difficult to engineer for stimuli-
triggered conformational changes to alter the rate of the reaction. This important property

of enzyme catalysis, allostery, is of fundamental interest for enzyme-mimicking systems and
for the development of sensors and responsive materials

We envisioned that DNA-scaffolded synergistic catalysis would offer multiple advantages:
1) precise positioning of the co-catalysts due to the programmability of DNA and the ease
of site-specific modification, 2) convergent and facile synthesis of many catalyst variants
through one-step bioconjugation followed by self-assembly, and 3) allosteric switching
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using DNA strand displacements (Figure 1). Indeed, the outstanding advantages of DNA
have previously been demonstrated in templating synthetic reactions and influencing the
rates of mono-catalytic processes. DNA has long been used as a template to accelerate bond
formation in a variety of reactions31-40 and to bring substrates proximal to catalysts.*1-46
DNA has also been used as a scaffold to activate mono-catalysts#’=49 and to influence
mono-catalytic processes for asymmetric synthesis.59-52 Conformational switching of DNA
has been used to regulate catalytic activity of mono-catalytic gold bound to DNA,53 catalytic
activity of a PNA-peptide hybrid,> to activate heme-catalyzed peroxidation,556 and to
alter the distance between two enzymes in a cascade reaction.>’:°8 However, to the best

of our knowledge, DNA-scaffolded synergistic catalysis has not been demonstrated, and
more broadly, no scaffolded synergistic catalysis has been performed that incorporates the
advantages of DNA (convergent synthesis, precise positioning, and switching in response
to stimuli) and it is unclear whether this will work with DNA: for example, there may

be problematic DNA-catalyst interactions or DNA-DNA interactions that confound the
desired control over co-catalyst-co-catalyst interactions. Here, we report DNA-scaffolded
Cu/TEMPO oxidation of alcohols. We show that synergistic catalysis can be optimized
through precise orientation of the co-catalysts on DNA scaffolds, and activity can be
controlled through conformational switching of DNA.

We chose Cu/TEMPO alcohol oxidation as a proof-of-principle reaction to demonstrate
DNA scaffold-dependent rate enhancement because of its remarkably mild reaction
conditions®9-62 and the synergistic cooperation of the two cocatalysts.83:64 Additionally,
Cu/TEMPO oxidations have been accelerated through arranging the two co-catalysts on
several different scaffolds, including peptoids, 22 silica particles,55:66 and simple synthetic
tethers®7.68 |n contrast to these prior examples, we envisioned that the unique advantages
of a DNA scaffold could allow for similar enhancements in reactivity while also

allowing highly tunable co-catalyst positioning and stimuli-responsiveness. Our goal in
this communication is to report a fundamental study of the effects of DNA-scaffolding on
synergistic catalysis, not to report a synthetic method. For further reading on the synthetic
applications of this synergistic system see the reviews by Stahl and Swarts.59.70

RESULTS AND DISCUSSION

We prepared a simple DNA duplex with the two co-catalysts (Cu and TEMPO) attached
to the end of the helix via sufficiently long tethers to span the 2 nm diameter of B-form
DNA (Figure 2A). First, we bioconjugated a carboxylate-bearing stable nitroxyl radical
(4-carboxy-TEMPO) and a carboxylate-bearing bipyridine ligand (4,4’ -dicarboxy-2,2’-
bipyridine) to two separate amine-bearing DNA oligonucleotides with complementary 26-
nucleotide sequences. Attachment of the nitroxyl radical using DMTMM as the coupling
reagent led to significant multiple addition products, so attachment of 4-carboxy-TEMPO
was performed using a milder EDC/HOAU/DIPEA protocol’! that gave higher yields of the
desired product with lower yields of over-coupled impurities (Figure S10). The resulting
small molecule-DNA conjugates were HPLC purified, and their identities were confirmed
using electrospray ionization coupled with high resolution and mass accuracy mass
spectrometry along with negative electron transfer dissociation tandem mass spectrometry
(Figures S1-12).72 Following intact mass analysis, tandem MS confirmed that the
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modifications were localized to the expected oligonucleotide termini. Further investigation
of over-coupled impurities showed that attachment of co-catalytic moieties to weakly
nucleophilic nucleobases was not site-specific. After purification and characterization, the
complementary DNA-co-catalyst conjugates were assembled into a duplex with thermal
annealing in the presence of NaCl (Figure S15).73 Copper was added immediately prior to
catalytic reactions to metalate the bipyridine ligand.

Catalytic activity of the scaffolded DNA duplex (0.5 mol %) was evaluated by monitoring
oxidation of 2-napthalenemethanol (Figure 2A-C). The activity of the DNA-scaffolded
co-catalysts (condition 1) was dramatically enhanced relative to that of the unscaffolded
reaction (condition 7); at 30 h, the scaffolded reaction showed a 70-fold enhancement

in catalyst turnover number (TON). Tethering the co-catalysts to opposite ends of the

DNA duplex (~9 nm) resulted in a similar TON to the unscaffolded reaction, indicating

that proximity of the co-catalysts was essential for enhanced activity (condition 2). The
slight difference in activity between conditions 2 and 7 can be attributed to the presence

of a minor impurity presenting multiple bipyridine ligands (Figure S7). To confirm that

the DNA remained structurally undamaged and annealed under reaction conditions, we
recovered DNA from the reaction solution by alcohol precipitation and analyzed it by
agarose gel electrophoresis. The mobility of the DNA was unchanged, and no fragmentation
was observed (Figure S16). While the reactions depicted in Figure 2 were performed in a
semi-aqueous solvent system, optimized from a panel of water/acetonitrile mixtures (Figure
S17), we also observed DNA-scaffold-dependent activity enhancement under fully aqueous
conditions, although the TON was significantly reduced (Figure S18).

Control reactions confirmed that scaffold-induced proximity of the co-catalysts was
responsible for the observed activity enhancement (Figure 2C). When one co-catalyst was
tethered to the DNA duplex and the other was not (conditions 4 and 5), or when the
co-catalysts were tethered to separate duplexes (condition 3), the TON was similar to that
of the unscaffolded reaction. These results suggest that the activity enhancement observed
in condition 1 was not due to an intrinsic increase in the activity of either co-catalyst

upon conjugation to DNA. They further suggest that substrate recruitment to the DNA
scaffold does not contribute significantly to the activity enhancement observed in 1. The
DNA-scaffolded rate acceleration was not specific to 2-napthalenemethanol; it was also
observed for six benzyl alcohol derivatives (Figure S19). During the scaffolded catalyst
time-course reactions, we observed a gradual decrease in reaction rate (Figure 2C), which
we determined was not due to product inhibition (Figure S20). Spiking in additional copper
after the reaction rate had plateaued increased catalytic activity, suggesting that a co-catalyst
deactivation pathway such as copper aggregation may be operative (Figure S21).74.7°

To further confirm that the DNA-scaffolded synergistic co-catalysts operate through an
intramolecular reaction mechanism (i.e., Cu and TEMPO interact on the same DNA helix),
we compared the TONs of the scaffolded and unscaffolded reactions at different catalyst
loadings (Figure 3). The TON of the unscaffolded reaction decreased as the catalysts

were diluted, presumably due to diminished frequency of synergistic co-catalyst—co-catalyst
interactions. In contrast, the TON of the scaffolded reaction increased, apparently insensitive
to the change in absolute catalyst concentration. The difference in reactivity was especially
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pronounced at lower catalyst loadings: at 0.1 mol % loading, the scaffolded co-catalysts
exhibited a 190-fold increase in turnover number relative to the unscaffolded co-catalysts.

To further investigate the DNA-scaffolded Cu-TEMPO activity enhancement, we estimated
the increase in effective concentration experimentally and using a simple theoretical model.
We measured the initial rates of alcohol oxidation by a single co-catalyst tethered to

DNA in the presence of non-tethered co-catalyst at varying concentrations, reasoning that
a sufficiently high concentration of non-tethered co-catalyst could potentially mimic the
high local concentration of the DNA-tethered co-catalyst. We determined that 50 uM of the
DNA-scaffolded Cu-TEMPO catalyst exhibited a reaction rate equivalent to that expected
for 7 mM of the non-tethered dcbpy-Cu complex and 34 mM of the non-tethered TEMPO
co-catalyst (Figures S22-23). These results suggest that DNA scaffolding provided an
increase in effective concentration of over two orders of magnitude. These experimental
results matched well with a simple geometric model, from which we calculated an effective
concentration of approximately 13 mM of the Cu-bpy and TEMPO co-catalysts tethered to
the DNA helix (Figure S31)).

A key advantage of DNA as a scaffold for synergistic catalysis is the ability to control

the relative spacing of the co-catalysts using templating strands (analogous to DNA
molecular rulers),”6-79 which facilitate modular assembly of 2D and 3D architectures.80-82
Distance-dependent reactivity has been demonstrated in DNA-templated reactions,83:84
and we hypothesized that this distance-dependence could be exploited for control over
synergistic catalysis. We explored this advantage for Cu-TEMPO catalysis by annealing
DNA-co-catalyst conjugates to a series of unmodified templating strands, with varying
single-stranded spacers controlling the inter-co-catalyst distance (Figure 4A). We used
polythymidine spacers to prevent the formation of unwanted secondary structures, which
have been reported in DNA-templated synthesis.8> The architecture with no gap between
the co-catalysts exhibited the fastest rate, and as the length of the intervening spacer

region increased, the rate of alcohol oxidation steadily decreased until it matched that

of the unscaffolded reaction (Figure 4B). To determine whether unpaired nucleobases in
proximity to the co-catalyst attachment sites contribute to the decrease in rate with longer
template strands (presumably through Cu-coordination) we performed control experiments
in which one co-catalyst was tethered to a DNA duplex near a polyT overhang and the
other co-catalyst was added exogenously at high concentration (Figures S24-25). Longer
polyT overhangs caused a moderate decrease in reaction rate (Figure S26). The identity of
the unpaired nucleobase also mattered, with guanine demonstrating the greatest decrease in
reactivity and adenine having a negligible effect (Figure S27). These observations suggest
that the DNA architecture used in Figure 4 governs the rate of catalysis through at least two
mechanisms: inter-co-catalyst spacing and nucleobase-co-catalyst interactions. We anticipate
that more advanced 2D and 3D scaffolding architectures should enable even finer control
over the rate of synergistic catalysis.

Taking inspiration from dynamic strand interchange reactions,8 the widespread application
of FRET-based molecular beacons,8” and the tuning of BRET enzyme-catalyst distance to
turn off photocatalysis8 we envisioned that proximity-dependent synergistic catalysis might
be incorporated into a stimulus-responsive switch architecture (Figure 5A). By incorporating
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a stem-loop motif into the sequence of one of the co-catalyst conjugates, we created a
dynamic DNA structure to link catalytic activity to sequence recognition. In the presence of
a trigger sequence complementary to the stem-loop motif, the structure opens, holding the
co-catalysts apart and turning off synergistic catalysis. When a corresponding anti-trigger
sequence recognizes an 8-nucleotide toehold region on the trigger strand and displaces the
catalytic assembly, the DNA-scaffolded co-catalysts refold, and catalytic activity is restored.
Adding the trigger strand to the reaction solution after 1 h completely turned off the
catalytic oxidation of 2-napthalenemethanol, and catalytic activity was fully restored upon
addition of the anti-trigger (Figure 5B). Catalytic performance was unaffected after 3 cycles
of in situ activation/deactivation over 6 h. These results represent the first demonstration

of switchable synergistic catalysis through tuning the geometric relationship between
co-catalysts. DNA-templated mono-catalytic systems have been used to demonstrate
nucleic-acid-dependent generation of fluorescent reporter molecules.#2:48:49.53 Similarly the
DNA-scaffolded co-catalysts exhibited activity in the oxidation of the fluorogenic probe
6-methoxy-2-napthalenemethanol (Figure S28), demonstrating that switchable catalytic
activity can be coupled to a fluorescent output. In the future, we anticipate that incorporating
various recognition elements into the stem-loop of this switchable DNA architecture will
allow catalysts to be developed that respond to small molecule or protein stimuli.8%:90

CONCLUSION

We have successfully demonstrated the first DNA-scaffolded acceleration of synergistic
catalysis, using Cu/TEMPO oxidation of alcohols as a model reaction. The DNA backbone
allowed for systematic exploration of the scaffolded reactivity, and our data suggest that the
reactivity enhancement is due to the increased effective concentration afforded by proximity
of the scaffolded co-catalysts. The DNA backbone allowed for dynamic activity switching
using a strand-displacement approach. While this initial demonstration was not intended

to pursue a new synthetic method and the yields and rate are modest at high dilution,

with further optimization this scaffolding approach may provide solutions to challenges

in synergistic catalysis. DNA-scaffolded synergistic catalysis will be a promising strategy
to accelerate other synergistic catalytic reactions (beyond Cu-TEMPO oxidation) in which
interactions between the two co-catalysts are rate-limiting.12 This acceleration may allow
for low catalyst loadings in reactions that currently require high concentrations of both
co-catalysts and may even unlock new reactions that are inaccessible in an unscaffolded
format. Furthermore, information-encoding properties of DNA could enable DNA-encoded
discovery of synergistic catalysts. Finally, the groundwork laid in this study could be applied
to create functional DNA nanomaterials containing synergistic catalytic sites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overview of DNA-scaffolded synergistic catalysis. Abiotic synergistic co-catalysts (red and

blue) are tethered site-specifically to DNA structures with tunable co-catalyst spacings.
Inter-co-catalyst spacing—and as a result, catalytic reaction rate—can be altered through
DNA conformational changes triggered by chemical stimuli.
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Figure 2.

DNA duplex-scaffolded Cu-TEMPO alcohol oxidation. (a) 2-napthalenemethanol (10 mM)
was oxidized in the presence of 0.5 mol % of a DNA scaffold functionalized with bpy and
TEMPO (50 pM), with 0.5 mol % copper (1) (50 uM). (b) Alcohol oxidation was measured
for the DNA-scaffolded Cu-TEMPO catalyst, a DNA scaffold with the two co-catalysts
tethered to opposite ends, and the unscaffolded catalytic system. (c) Catalyst turnover
number for 2-napthalenemethanol oxidation at 23 h for negative control catalysts. Data

are presented as the mean + standard deviation of 3 independent experiments.
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Figure 3.
Effect of catalyst loading on the TON of scaffolded and unscaffolded reactions. 2-

Napthalenemethanol was oxidized as in Figure 2, except that catalyst loadings were varied.
Catalyst loadings indicate the mol % loading for bpy ligand, TEMPO, and copper(l). The
fold increase in catalyst TON due to DNA scaffolding is indicated for each catalyst loading.
Data are presented as the mean + standard deviation of 3 independent experiments.
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Figure 4.
Tuning inter-co-catalyst distance using template strands with single-stranded spacers. (a)

Co-catalyst-bearing ssDNA oligomers (red and blue) were annealed to a template sSSDNA
(black), bringing the co-catalysts into proximity. (b) 2-Napthalenemethanol oxidation by 3-
strand DNA-scaffolded Cu-TEMPO catalysts with polythymidine spacers of varying lengths.
Data are plotted as the mean + standard deviation of 3 independent experiments.

JAm Chem Soc. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pimentel et al.

a

Scaffolded Catalysts in Proximity
e

Switch State: "ON"

/ f\\mwu/\w Trigger Strand

Toehold for Trigger Displacement

Switch State: "OFF" WWWWW m@wmw

W Anti-Trigger Strand
~

\ ‘ I wmw dsDNA Byproduct
v

v

Switch State: "ON" MD@W&@

Figureb.

b

Catalyst Turnover Number

4.5

3.5

w

[
)

N

-
[4)]

-

Page 16

Trigger Anti-Trigger
1 Added  Added
Trigger Anti-Trigger v )
1 Added  Added ¢ Trigger
Added
0 1 2 3 4 5

Reaction Time (h)

Switchable DNA-scaffolded synergistic catalysis. (a) Design of the switchable DNA
architecture. The distance between the two co-catalysts is dramatically increased upon
introduction of an ssDNA “trigger” strand. The original catalyst conformation is restored
upon addition of an “anti-trigger” strand. (b) Oxidation of 2-napthalenemethanol quantified
through multiple cycles of DNA conformational changes, controlled by successive addition
of the trigger and anti-trigger strands. Data are plotted as the mean  standard deviation of 3

independent experiments.
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