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(5 7) ABSTRACT 

The present disclosure provides a polynucleotide scaffold 
platform for development and screening of catalytic librar
ies . The platform and methods can be used for screening for 
new synthetic catalysts and for improving catalytic reactions 
in a high-throughput manner. 
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FIG. 22 
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COMBINATORIAL PLATFORM FOR 
HIGH-THROUGHPUT 

POLYNUCLEOTIDE-ENCODED CATALYST 
DISCOVERY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority to U.S. 
Provisional Patent Application No. 63/322,948 filed Mar. 
23, 2022, the entire contents of which are hereby incorpo
rated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] NIA 

FIELD OF THE INVENTION 

[0003] The disclosed technology is generally directed to 
catalyst discovery. More particularly the technology is 
directed to a combinatorial platform for high-throughput 
polynucleotide-encoded catalyst discovery. 

BACKGROUND OF THE INVENTION 

[0004] Catalysts play countless roles in modern society, 
including production of fertilizer that supports the human 
population; synthesis of plastics and other ubiquitous mate
rials; and development of pharmaceuticals that treat dis
eases. Despite the marvels of existing catalysts, many of 
them require harmful reaction solvents or high reaction 
temperatures, which cost energy. For example, the Haber
Bosch process for producing ammonia consumes -1-2% of 
the world's energy supply. Because of the global climate 
crisis, there is an urgent need to develop catalysts that 
operate under environmentally benign conditions. 
[0005] Remarkably, natural enzymes have evolved to cata
lyze many reactions of great societal importance under mild 
conditions. For example, nitrogenase enzymes produce 
ammonia in aqueous solution at ambient temperatures, 
unlike the energy intensive Haber-Bosch process. Natural 
enzymes also catalyze reactions of relevance for therapeu
tics, diagnostics, energy conversion, bioremediation, and 
chemical synthesis. Enzymes achieve these impressive cata
lytic properties through the precise pre-organization of mul
tiple functional groups in a flexible cavity, called an "active 
site," leading to rate accelerations as large as 101 7 relative to 
uncatalyzed reactions. Despite their remarkable properties, 
enzymes cannot catalyze as broad a scope of reactions as 
synthetic catalysts because their building blocks are limited 
to natural amino acids and cofactors. 
[0006] Thus, conventional catalyst discovery involves low 
throughput testing of substrates, catalysts, co-catalysts, and 
additives. There is a need in the art for high-throughput 
methods to develop and discover new active catalyst and 
further components for improved catalytic activity. 

BRIEF SUMMARY OF THE INVENTION 

[0007] The present invention relates to a novel scaffold 
platform for the making and selecting of catalytic systems, 
catalytic libraries and methods of making and using the 
same. One aspect of the technology provides for a poly
nucleotide barcoded building block oligomer system for 
preparing a catalyst library system. The polynucleotide 
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system comprises at least two sets of single stranded poly
nucleotides, each set of single stranded polynucleotides 
characterized by a catalytic component selected from a panel 
of catalytic components linked to single stranded polynucle
otides of the set. Each single stranded polynucleotide ofa set 
comprises a polynucleotide barcode indicative of the cata
lytic component selected from the panel of catalytic com
ponents linked to the single stranded polynucleotide, a 
domain complementary to a domain possessed by single 
stranded polynucleotides of a second set of single stranded 
polynucleotides and optionally a domain complementary to 
a domain possessed by single stranded polynucleotides of a 
third set of single stranded polynucleotides . Each single 
stranded polynucleotide of one set is capable of hybridizing 
with each single stranded polynucleotide of at least one 
other set to form a self-assembled polynucleotide nanoscaf
fold. The self-assembled polynucleotide nanoscaffold com
prises a catalytic active site comprising the catalytic com
ponents and a barcode signature indicative of the catalytic 
active site. One set of single stranded polynucleotides may 
comprise a catalytic component selected from a panel of 
catalysts or catalyst binding ligands and another set of single 
stranded polynucleotides comprises a catalytic component 
selected from a panel of substrates. In some embodiments, 
the system comprises 3, 4, or 5 sets of single stranded 
polynucleotides. 

[0008] Another aspect of the technology provides for a 
catalyst system library. The catalyst system library com
prises a plurality of self-assembled polynucleotide nanoscaf
folds. Such self-assembled polynucleotide nanoscaffolds 
may be prepared from any of the polynucleotide barcoded 
building block oligomer systems described herein. The 
self-assembled polynucleotide nanoscaffolds may comprise 
a single stranded polynucleotide selected from each set of 
single stranded polynucleotides of the polynucleotide bar
coded building block oligomer system. 
[0009] Another aspect of the technology provide for meth
ods for assembling a catalyst system library. The method 
comprises preparing a polynucleotide barcoded building 
block oligomer system, wherein a set of single stranded 
polynucleotides is prepared by 

[0010] (i) distributing a first single stranded polynucle
otide comprising a domain complementary to a domain 
possessed by a second single stranded polynucleotide 
and optionally a domain complementary to a domain 
possessed by a third stranded polynucleotide between a 
set of containers, 

[0011] (ii) adding to each container of the set of con
tainers a catalytic component selected from a panel of 
catalytic components and a polynucleotide barcode 
indicative of the catalytic component selected from the 
panel, 

[0012] (iii) attaching to the single stranded polynucle
otide the catalytic component selected from a panel of 
catalytic components, and 

[0013] (iv) ligating the single stranded polynucleotide 
and the polynucleotide barcode. 

The method further comprises combining the two or more 
sets of single stranded polynucleotides under conditions 
sufficient to prepare self-assembled polynucleotide 
nanoscaffolds; and optionally ligating the self-assembled 
polynucleotide nanoscaffolds to prepare a continuous poly
nucleotide sequence. 
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[0014) Another aspect of the technology provides for a 
method of identifying catalytic activity. The method com
prises exposing any of the catalyst system libraries described 
herein to catalytic reaction conditions and identifying self
assembled polynucleotide nanoscaffolds that react under the 
catalytic reaction conditions. Identifying self-assembled 
polynucleotide nanoscaffolds that react under the catalytic 
reaction conditions may comprise isolating self-assembled 
polynucleotide nanoscaffolds with catalytic activity, ampli
fying a portion of the self-assembled polynucleotide 
nanoscaffolds comprising the barcode signature, and 
sequencing the portion of the self-assembled polynucleotide 
nanoscaffolds to determine the barcode signature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015) Non-limiting embodiments of the present invention 
will be described by way of example with reference to the 
accompanying figures, which are schematic and are not 
intended to be drawn to scale. In the figures , each identical 
or nearly identical component illustrated is typically repre
sented by a single numeral. For purposes of clarity, not every 
component is labeled in every figure, nor is every compo
nent of each embodiment of the invention shown where 
illustration is not necessary to allow those of ordinary skill 
in the art to understand the invention. 
[0016) FIG.1: A schematic showing exemplary polynucle
otide barcoded building block oligomer system, including 
sets of single stranded polynucleotides, 100, 200, 300, 
including catalytic components, 141, 142, 14L, 241 , 242, 
24M, 341 , 342, 34N, selected from a panel of catalytic 
components linked to single stranded polynucleotides. Each 
single stranded polynucleotide of a set comprises a poly
nucleotide barcode, 161, 162, 16L, 261, 262, 26M, 361, 362, 
36N, indicative of the catalytic component selected from the 
panel of catalytic components linked to the single stranded 
polynucleotide. In these exemplary schematics, pairs of 
complementary domains, 118 and 228, 119 and 339, are also 
shown. The complementary domains of each single stranded 
polynucleotide of one set are capable of hybridizing with 
each single stranded polynucleotide of at least one other set 
to form self-assembled polynucleotide nanoscaffolds. 
[0017) FIG. 2: A schematic showing a plurality of self
assembled polynucleotide nanoscaffolds 400, including an 
index of individual nanoscaffolds. 
[0018) FIG. 3: A schematic showing one polynucleotide 
nanoscaffold 521 that has been ligated between a first single 
stranded polynucleotide 121 and a second single stranded 
polynucleotide 221 and the first single stranded polynucle
otide 121 and a third single stranded polynucleotide 331. 
[0019) FIG. 4: A schematic overview of the combinatorial 
platform to screen 108 supramolecular catalysts. 
[0020) FIG. 5: A schematic showing the structure of an 
assembled polynucleotide nano-scaffold. Shown in the cata
lytic active site are catalytic components, including a sub
strate, X, a catalyst, M, an additive, A, and a base, B. Each 
single stranded polynucleotide is outfitted with a polynucle
otide bar code corresponding to each of the catalytic com
ponents. Y represents a reactant. 
[0021) FIG. 6: A schematic showing how 108 unique 
polynucleotide nano-scaffolds can be generated in a single 
test tube for high-throughput catalyst screening. 
[0022) FIG. 7: A schematic of the procedure for assem
bling 108 DNA-barcoded candidate catalysts. 
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[0023) FIG. 8: Procedure for selecting and identifying 
high-activity catalysts from a library of 108 DNA nano
scaffolds. Panel A shows the polynucleotide nano-scaffold 
library that is surveyed for self-oxidation of an alcohol by an 
active catalytic combination to an aldehyde or ketone. In a 
second step, the polynucleotide nanoscaffold library is 
exposed to reductive amination conditions where the suc
cessfully oxidized substrates are tagged with biotin. Panel B 
shows how streptavidin pulled down can be used to isolate 
the successful, biotin-tagged polynucleotide nanoscaffolds 
from the library mixture and can be amplified by PCR. In a 
final step, the polynucleotide nanoscaffolds can be 
sequenced and the barcodes corresponding to catalytic com
ponents read out. 
[0024) FIG. 9: The ability of promising catalytic combi
nations to oxidize a free-floating substrate (not tethered) will 
be evaluated. Importantly, either outcome-if the polynucle
otide scaffold is essential for activity or if reactivity can be 
transferred off the polynucleotide scaffold-are positive 
outcomes for catalytic discovery. 
[0025) FIG. 10: A schematic showing a polynucleotide 
nanoscaffold for bimetallic catalyst discovery, including the 
possible variants for achieving a greater than I 06 possible 
combinations tested in a single test tube. 
[0026) FIG. 11: A schematic showing how to use a palla
dium catalyst polynucleotide nanoscaffold library. 
[0027) FIG. 12: A schematic showing how to make a 
palladium catalyst polynucleotide nanoscaffold library with 
a panel of four palladium catalysts (Cl-C4) with corre
sponding unique barcodes and a panel of forty boronic acid 
substrates (Bl-B40), to achieve a quantitative ranking of 
160 catalyst-substrate pairs. 
[0028) FIG. 13: A schematic showing a selection of cata
lytic components for developing a polynucleotide nanoscaf
fold library for debenzylation catalyst discovery. Panel a) 
shows a schematic of a library composition. Panel b) shows 
biotin removal selection scheme where the successful cata
lytic combinations lack the biotin affinity tag. 
[0029) FIG. 14: A schematic showing a selection of cata
lytic components for developing a polynucleotide nanoscaf
fold library for nickel-photoredox catalyst discovery. Panel 
a) shows a schematic of a library composition. Panel b) 
shows biotin removal selection scheme where the successful 
catalytic combinations are tagged with biotin. 
[0030) FIG. 15: A schematic showing an approach to 
generate a polynucleotide nanoscaffold library for the dis
covery of catalysts to degrade chemical warfare agents, 
including the preparation of a masked biotin for bioconju
gation to the catalyst active site for downstream isolation of 
successful catalytic combinations. 
[0031) FIG. 16: A model of a polynucleotide nanoscaffold 
with a detailed view of the catalytic active site (inset). 
[0032) FIG. 17: A schematic illustration of a three-com
ponent polynucleotide nanoscaffold architecture for combi
natorial catalytic screening. Barcoding regions of the poly
nucleotide sequence are correlated to each unique catalytic 
component in the assembled nanoscaffold. The two larger 
hairpins on the left and right are the primer binding sites for 
amplification. 
[0033) FIG. 18: A method for bioconjugation of catalytic 
components to polynucleotides. Panel A shows a synthetic 
scheme for bioconjugation. Panel B shows a high-perfor
mance liquid chromatogram and panel C shows an electro
spray ionization mass spectra confirming the synthetic 
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method. This method has been demonstrated with additional 
ligands including praline, alternative bipyridine ligands, 
various alcohol substrates, alkynes, phosphines, aromatic 
and alkyl groups, and organometallic complexes. 

[0034] FIG. 19: A schematic of successful barcode attach
ment for identifying individual catalytic components. The 
attachment of hairpin barcodes proceeds quantitatively. In 
the gel shown there was a slight excess ofbarcoding hairpin. 

[0035] FIG. 20: An electrophoretic gel showing successful 
oxidation and reductive amination to attach biotin for iso
lating successful catalytic combinations. The gel shows that 
biotin attachment to an aldehyde leads to a gel shift. When 
all the reaction components are present, oxidation if the 
alcohol creates an aldehyde in situ and biotin-PEG7-NH2 
can be attached through reductive amination. When one or 
more components are missing, no shift is observed (not 
shown). 

[0036] FIG. 21: Electrophoretic gels showing the assem
bly and ligation of polynucleotide nanoscaffolds. High
yielding assembly is observed in the native gel and is also 
demonstrated with DNA oligo with catalytic components 
attached. Denaturing gels shows that the nanostructure is 
successfully ligated. Downstream PCR is also successful. 

[0037] FIG. 22: Streptavidin pull-down can be used to 
enrich biotin-tagged structures. Mixtures of polynucleotide 
structures with and without biotin (with barcodes to indicate 
the presence or absence of the biotin modification) were 
exposed to magnetic streptavidin beads. Biotinylated struc
tures bound tightly, while unmodified structures were 
washed away. Amplification of the sequences before and 
after pull-down followed by sequencing shows that only the 
biotin barcode is identified after pull-down. 

[0038] FIG. 23: The molecule used in polymerase chain 
reaction (PCR) amplification as an internal attachment 
handle. It is tolerated by Taq polymerases. Successful ampli
fication of polynucleotide nanoscaffolds with multiple reac
tion components has been demonstrated. 

[0039] FIG. 24: Successful Application of the Combina
torial Catalyst Platform to a Model 8-Member Library. 
Next-generation DNA sequencing reads of an 8-member 
barcoded model library. This proof-of-principle library was 
exposed to copper to allow catalytically competent library 
members to oxidize the DNA-linked alcohol substrates, 
followed by biocytin-hydrazide labeling of aldehydes gen
erated during the oxidation step and a magnetic streptavidin 
bead pull-down to isolate the successfully oxidized and 
biotinylated library members. Both naive library (not 
exposed to reaction conditions) and the library members 
bound to the beads were amplified by PCR and submitted for 
next-generation DNA sequencing. The bar chart above 
shows the number of reads for each unique combination of 
DNA barcodes in the naive and the selected library samples. 
The sample containing each reaction component (bpy 
ligand, TEMPO, and alcohol substrate) is enriched relative 
to the library, demonstrating that the combinatorial catalyst 
discovery platform is capable of enriching the barcode 
frequency of a successful library member in the next
generation sequencing readout. The second-most enriched 
set ofbarcodes corresponds to the ligand-free library mem
ber. Because the bpy ligand is accelerating but not essential 
for the alcohol oxidation reaction, this demonstrates that the 
combinatorial catalyst discovery platform can also discrimi
nate between excellent and poor catalysts. 
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[0040] FIG. 25: Preparation of a barcoded, 96-member 
library of ligands, co-catalysts and substrates for alcohol 
oxidation. To demonstrate that the catalyst discovery plat
form can be scaled to library sizes larger than the 8-member 
proof-of-principle library used for platform rehearsal in FIG. 
24, a barcoded 96-member library was prepared with 4 
different components at the ligand position, 4 different 
components at the co-catalyst position, and 6 different 
components at the substrate position. 

[0041] FIG. 26: Using the Combinatorial Catalyst Plat
form for Photocatalytic C-H Arylation Reactions. To dem
onstrate the viability of the platform for screening photo
catalytic reactions, a photochemical C-H arylation reaction 
demonstrated on DNA by Molander (Krumb et al. Chem. 
Sci. 2021, 13, 1023) and demonstrated it on DNA (A) with 
a biotinylated coupling partner (the scope of the coupling 
partner could be much wider) using a variety of photocata
lysts (free-floating fluorescein, Ru(bpy)3Cl2 , Ir(ppy)3 , 

Ir(dtbbpy)(dF(CF3 )ppy)2PF6 etc. all work-the key param
eter is that the photocatalyst reduction potential is sufficient 
to reduce the aryl iodide). To demonstrate that the viability 
of the strategy, an initial simplified architecture with bar
coded hairpin loops that act as primer binding sites for PCR 
(C) was created, and then demonstrated with individually 
annealed architectures that only architectures bearing both 
the substrate and the catalyst lead to self-biotinylation 
(validated by streptavidin gel shift assay, above in D). 

[0042] FIG. 27: 8-member proof-of-principle library. To 
demonstrate that the platform can enrich a nanostructure that 
contains two catalysts and a substrate, a model 8-member 
barcoded library was prepared with two variants at each 
position of the nanostructure, either bearing or lacking a 
ligand, a co-catalyst, or a substrate. This library was then 
subjected to oxidation and aldehyde-labelling conditions, 
affinity pull-down, PCR amplification and sequencing. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] A fundamental challenge that has eluded chemists 
for decades is the creation of synthetic catalysts that mimic 
the ability of natural enzymes to carry out rapid and selective 
transformations under mild conditions. The present disclo
sure combines synthetic catalysis, polynucleotide nanoma
terials, and next-generation sequencing to create a new 
platform for the rapid discovery of enzyme-mimicking cata
lysts. This new system dramatically accelerates the discov
ery of catalysts with diverse potential applications and the 
elucidation of fundamental catalytic mechanisms. 

Polynucleotide Nanoscaffold Systems and Libraries 

[0044] The present disclosure describes a polynucleotide 
scaffold platform in which a large number (e.g. 104 -1012 or 
more) supramolecular catalysts, each displaying distinct 
abiotic groups that are capable of interacting, can be syn
thesized in a single test tube and then tested. Thus high
throughput one pot screening of catalysts can be performed 
using the scaffold platform and methods described herein. 
These methods can be used to identify new novel active 
catalysts and catalytic mixtures. In one embodiment, the 
current disclosure creates enzyme-mimicking synthetic mol
ecules consisting of active sites that pre-organize abiotic 
functional groups. Such molecules would combine the 



�����������������	 
�����������

US 2023/0303999 Al 

sophistication of enzyme active sites with the enhanced 
reactivity of abiotic chemistry, unlocking fundamentally 
new catalytic mechanisms. 
[0045] Previous enzyme-mimicking catalysts have gener
ally been orders of magnitude less efficient than natural 
enzymes because it is exceedingly difficult to replicate the 
complex chemical environment of enzymes. The primary 
challenges are: 1) enzymes possess irregular shapes that are 
difficult to mimic in synthetic molecules, 2) enzyme active 
sites contain multiple precisely-placed functional groups, 
which are difficult to install into synthetic cage-like mol
ecules, and 3) whereas enzymes are optimized through 
evolution, synthetic catalysts are developed by low-through
put synthesis and testing. 
[0046] The present disclosure overcomes these difficulties 
to provide synthetic catalyst and catalytic systems which 
exhibit at least some of the following attributes: (a) three
dimensional active site that surrounds a catalytic metal and 
the reaction substrates, (b) multiple functional groups that 
are precisely placed close to the catalytic metal, (c) combi
natorial synthesis and testing of millions of active sites to 
mimic natural evolution, ( d) , conformational flexibility to 
avoid inhibition by the reaction product. 
[0047] Supramolecular synthetic catalysts that mimic 
enzymes combines the selectivity of enzymes with the 
expanded reactivity of synthetic catalysts. Creating such 
enzyme-mimicking catalysts required architectures in which 
multiple reactive groups are displayed into a three-dimen
sional structure. Polynucleotides provided the building 
material for the creation of such supramolecular enzyme 
mimicking catalysts because of the following advantages: (i) 
predictable self-assembly of 3D nanostructures featuring 
cavities with diverse sizes and shapes, (ii) diverse abiotic 
groups can be attached site-specifically on supramolecular 
DNA/RNA architectures, (iii) the DNA/RNA encodes infor
mation (e.g., polynucleotide barcodes) and thus enables 
high-throughput combinatorial reaction discovery, (iv) DNA 
is chiral and can be exploited for stereo- and regio-selective 
reactions, and/or (v) process called "SELEX" can be used to 
discover small molecule-binding DNA structures called 
"aptamers," which can be exploited for substrate binding in 
catalysis. 
[0048] The present disclosure provides novel enzyme
mimicking catalysts fulfilling these attributes described 
herein using polynucleotide nano scaffolds ( e .g., DNA nano
scaffolds or RNA nano-scaffolds), combining DNA/RNA 
nanotechnology, DNA/RNA-compatible synthetic chemis
try, and next-generation DNA sequencing (FIG. 4). 
[0049] The present polynucleotide nanoscaffold platform 
is different from previous approaches because it combines 
multiple disciplines that are under-utilized in catalyst devel
opment. First, advances in DNA nanomaterials allows flex
ible three-dimensional cavities and structures to be created 
with tunable sizes and shapes. Second, DNA-compatible 
synthetic chemistry allows multiple (e.g., 2:4) abiotic func
tional groups to be displayed in precise locations on the 
DNA scaffold to place them in close proximity to each other. 
Third, large libraries of candidate catalysts (e.g. , 2:108) can 
be synthesized in a single test tube using combinatorial 
self-assembly. Fourth, DNA barcoding, high-throughput 
catalyst selection, and DNA sequencing allows rapid iden
tification of the most active catalysts from the libraries, thus 
mimicking natural evolution. This platform offers the 
unprecedented capability to rapidly measure the outcome of 
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millions of catalytic reactions in a single test tube, taking 
advantage of DNA sequencing technology that has revolu
tionized biology and holds tremendous untapped potential to 
facilitate discovery in synthetic catalysis. 
[0050] The present disclosure provides methods, catalyst 
systems, and catalyst system libraries using self-assembled 
polynucleotide nanoscaffolds comprising catalytic compo
nents that can be used to screen for and identify active 
synthetic catalysts. 
[0051] In one embodiment, a catalyst system library is 
provided. The catalyst system library comprises a plurality 
of self-assembled polynucleotide nanoscaffolds. The cata
lyst system library can be made by the methods described 
herein and can then be used to test and screen for catalytic 
activity, identifying the combination of elements that pro
vide catalytic activity or enhancing catalytic activity. 
[0052] In some embodiments, the plurality of self-as
sembled polynucleotide nanoscaffolds each form a distinct 
catalytic active site (e.g., cavity) comprising a combination 
of different catalytic components that can be screened and 
identified (as depicted in FIG. 4 using a 4-mer, however, 
3-mer, 4-mer, 5-mer, 6-mer, and other structures are con
templated). In other embodiments, the self-assembled poly
nucleotide nanoscaffolds use their three-dimensional struc
ture to bring the catalytic components into close proximity, 
as described more herein. 
[0053] In some embodiments, the polynucleotide 
nano scaffold comprises or consists of three or more catalytic 
components and at least three complementary polynucle
otide sequences that bring the catalytic components in 
sufficiently close proximity for a catalytic reaction to 
occur-herein called "3-mers". In another embodiment, the 
polynucleotide nanoscaffold comprises or consists of four or 
more catalytic components and at least four complementary 
polynucleotide sequences that bring the catalytic compo
nents in sufficiently close proximity for a catalytic reaction 
to occur, herein called "4-mers". In the same logic, 5-mers, 
6-mers, 7-mers, and onwards to 100-mers or more could be 
made. In some embodiments the catalytic library comprises 
of polynucleotide nanoscaffolds with a mixture of nanoscaf
fold sizes, for example a mixture of 3-mers and 4-mers, in 
a single test tube. In other embodiments there could be a 
mixture of at least three or more nano scaffold sizes. In some 
embodiments, the catalyst system library may comprise a 
mixture of 3-mer, 4-mer, 5-mer etc., depending on the 
catalyst to be tested, and allows for the ability to test 
different combinations of components to increase the cata
lytic activity (e.g., adding different number of components 
may allow in some embodiments the ability to fine-tune the 
activity of the catalysts by finding 3-component and 4-com
ponents using the same catalyst but having different reaction 
times or different activity). 
[0054] In some embodiments, each polynucleotide 
nanoscaffold comprises (i) a first catalytic component linked 
to first single stranded polynucleotide comprising a first 
polynucleotide barcode; (ii) a second catalytic component 
linked to the second single stranded polynucleotide com
prising a second polynucleotide barcode, and at least (iii) a 
third catalytic component linked to a third single stranded 
polynucleotide comprising a third polynucleotide barcode. 
The first, second and third single stranded polynucleotide 
each linked to a catalytic component self-assemble into a 
three-dimensional polynucleotide nanostructure (nanoscaf
fold) that forms a catalytic active site. 
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[0055) In some embodiments, the polynucleotide 
nanoscaffold further comprises (iv) a fourth catalytic com
ponent linked to a fourth single stranded polynucleotide 
comprising a fourth polynucleotide barcode, wherein the 
first, second, third and fourth single stranded polynucleotide 
self-assemble into the three-dimensional polynucleotide 
nanostructure. In another embodiment, the self-assembled 
polynucleotide nanoscaffolds further comprises (v) a fifth 
catalytic component linked to a fifth single stranded poly
nucleotide comprising a fifth polynucleotide barcode, 
wherein the first, second, third, fourth and fifth single 
stranded polynucleotide that self-assemble into the three
dimensional polynucleotide nanostructure. In yet a further 
embodiment, the self-assembled polynucleotide nanoscaf
folds further comprises at least one additional catalytic 
component linked to at least one additional single stranded 
polynucleotide comprising an additional polynucleotide bar
code. It is contemplated that additional catalytic components 
attached via additional ss polynucleotides to allow for 
variations in the number of the catalytic components capable 
of being into close proximity (e.g. , 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 20, etc.) and is only limited by the ability of 
the ss polynucleotides to self-assemble into three dimen
sional structures. The ability of each additional catalytic 
component to be tethered to an additional ss polynucleotide 
that has a unique barcode allows for the later identification 
of the different catalytic components to be determined that 
were complexed in close proximity with each other via the 
3-D nanostructure. 

[0056) Referring now to FIG. 1 where an exemplary 
polynucleotide barcoded building block oligomer system for 
preparing a catalyst library system. By way of example, FIG. 
1 shows a library of three sets of single stranded polynucle
otides (100, 200, 300). This is readily extendible to four, 
five, six or higher number of sets of single stranded poly
nucleotides. 
[0057) Each set of single stranded polynucleotides is char
acterized by a catalytic component selected from a panel of 
catalytic components which are linked to single stranded 
polynucleotides of the set. Each single stranded polynucle
otide of a set also includes a polynucleotide barcode indica
tive of the catalytic component selected from the panel of 
catalytic components linked to the single stranded poly
nucleotide. Each single stranded polynucleotide of a set also 
includes a domain complementary to a domain possessed by 
single stranded polynucleotides of a second set of single 
stranded polynucleotides, and optionally a domain comple
mentary to a domain possessed by single stranded poly
nucleotides of a third set of single stranded polynucleotides. 

[0058) Each panel of catalytic components comprises a 
number of selectable catalytic components. A panel may 
have N selectable components, where N is an integer. Each 
panel may have an integer number of selectable compo
nents, e.g., L, M, and N for each of three panels. Panels may 
have the same number of selectable components, e.g. , N=M, 
but need not. Each panel may have a unique number of 
selectable components, e.g., N;,M. In exemplary embodi
ments, each panel may independently have at least 2, 5, 10, 
20,30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 
400, 450, 500, 600, 700, 800, 900, or 1000 selectable 
components. When sets of single stranded polynucleotides 
are combined to prepare a catalyst system library comprising 
a plurality of self-assembled polynucleotide nanoscaffolds, 
the plurality of self-assembled polynucleotide nanoscaffolds 
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may be determined by the product of the number of select
able components for each panel. For example, if there are 
two, three, or four panels of selectable catalytic components, 
the plurality of self-assembled nanoscaffolds is NxM, 
NxMxL, NxMxLxK, respectively. 
[0059) Using FIG. 1 as an example, the first set of single 
stranded polynucleotides (100) comprises first single 
stranded polynucleotides, 121, 122, . . 12L, where L 
represents the Lth selectable catalytic component of a panel. 
The ellipsis in FIGS. 1-3 are used for brevity to indicate the 
omission of elements from the set that are readily under
stood to be present. The first single stranded polynucle
otides, 121, 122, ... 12L, includes a first catalytic compo
nent, 141, 142, .. 14L, respectively, a polynucleotide 
barcode, 161, 162, ... 16L, respectively, indicative of the 
catalytic component, 141, 142, . . . 14L, and a domain 
complementary 118 to a domain possessed by single 
stranded polynucleotides of a second set of single stranded 
polynucleotides 228, and optionally a domain complemen
tary to a domain possessed by single stranded polynucle
otides of a third set of single stranded polynucleotides 339. 
[0060) Similarly, the second set of single stranded poly
nucleotides 200 comprises second single stranded poly
nucleotides, 221, 222, ... 22M where M represents the Mth 
selectable catalytic component of a panel. The second single 
stranded polynucleotides, 221, 222, ... 22M, includes a 
second catalytic component, 241, 242, .. 24M, respec
tively, a polynucleotide barcode, 261 , 262, . . . 26M, 
respective, indicative of the catalytic component, 241 , 242, 
. . . 25M, and a domain complementary 228 to a domain 
possessed by single stranded polynucleotides of a second set 
of single stranded polynucleotides 118, and optionally a 
domain complementary to a domain possessed by single 
stranded polynucleotides of a third set of single stranded 
polynucleotides (not shown in FIG. 1). 
[0061) The third set of single stranded polynucleotides 
300 comprises third single stranded polynucleotides, 321 , 
322, ... 32N where N represents the Nth selectable catalytic 
component of a panel. The third single stranded polynucle-
otides, 321, 322, ... 32N, includes a third catalytic com-
ponent, 341, 342, ... 34N, respectively, a polynucleotide 
barcode, 361, 362, ... 36N, respectively, indicative of the 
catalytic component, 341, 342, ... 34N, and a domain 
complementary 339 to a domain possessed by single 
stranded polynucleotides of a second set of single stranded 
polynucleotides 119, and optionally a domain complemen
tary to a domain possessed by single stranded polynucle
otides of a third set of single stranded polynucleotides (not 
shown in FIG. 1). 
[0062) The example disclosed in FIG. 1 is readily extend
ible to four, five, six or higher number of sets of single 
stranded polynucleotides. 
[0063) Each single stranded polynucleotide of one set, 
100, 200, or 300, is capable of hybridizing with each single 
stranded polynucleotide of at least one other set to form a 
self-assembled polynucleotide nanoscaffold. For example, a 
first complementary domain 119 of single stranded poly
nucleotide 121 may hybridize with a complementary domain 
339 of single stranded polynucleotide 321. A second 
complementary domain 118 of single stranded polynucle
otide 121 may hybridize with a complementary domain 228 
of single stranded polynucleotide 221. This is readily 
extendible to four, five, six or higher number of sets of single 
stranded polynucleotides. For example, the second single 
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stranded polynucleotide 221 may contain a second comple
mentary domains 229 which may hybridize with a comple
mentary domain of fourth, fifth, sixth or higher order single 
stranded polynucleotide sets. 
[0064] FIG. 2 illustrates the hybridization of complemen
tary domains of the polynucleotides shown in FIG. 1. 
Hybridization of complementary domains self-assembles 
polynucleotides into a plurality of nanoscaffolds 400. The 
plurality of nanoscaffolds may be characterized by indexes 
of individual nanoscaffolds, 421, 422, and 42(LxMxN), that 
are the result of all the possible combinations for hybrid
ization. The self-assembled nano scaffold includes a catalytic 
active site including the catalytic components. 
[0065] The nanoscaffolds of illustrated in FIG. 2 may be 
utilized in the catalyst screening methods described herein to 
identify catalytic components most useful for a reaction. In 
such a case, each nanoscaffold, e.g., 421, can also comprise 
primer binding sites on each polynucleotide, 121, 221, and 
321, to allow for identification of the catalytic components, 
141, 241, and 341, by amplifying barcodes 161, 261 , and 
361. The primer binding sites are not specifically shown but 
may be included as a portion of each barcode, 161, 261, and 
361, or any other suitable portion of each polynucleotide 
121, 221, and 321. 
[0066] FIG. 3 provides an example of one nanoscaffold 
that has been ligated to make a polynucleotide sequence that 
may be read out as a barcode signature of the catalytic 
components present in the self-assembled nanoscaffold. The 
segments 550 and 552 join polynucleotides 121, 221 , and 
332. Nanoscaffold 521 comprises the catalytic components, 
141, 241, 341, forming the catalytic active site. Nanoscaf
fold 521 also has a barcode signature indicative of the 
catalytic components present in the catalytic active site that 
includes polynucleotide barcodes 161, 261 , and 361. 
[0067] The nanoscaffolds of illustrated in FIG. 3 may be 
utilized in the catalyst screening methods described herein to 
identify combinations of catalytic components most useful 
for a reaction. In such a case, each nanoscaffold, e.g. , 521 , 
can also comprise primer binding sites on polynucleotides, 
121 and 321, to allow for identification of the catalytic 
components, 141, 241, and 341, by amplifying barcodes 
161, 261, and 361. The primer binding sites are not specifi
cally shown but may be included as a portion of barcodes, 
161 and 361, or any other suitable portion of polynucleotides 
121 and 321. 
[0068] The term "polynucleotide," "oligonucleotide" or 
"nucleic acids" can be used interchangeably and refer to 
polymers comprising nucleotides or nucleotide analogs 
(e.g., a string of at least three or more) joined together 
through backbone linkages such as but not limited to phos
phodiester bonds. The terms "nucleic acid" and "nucleic 
acid molecule," as used herein, refer to a compound com
prising a nucleobase and an acidic moiety, e.g. , a nucleoside, 
a nucleotide, or a polymer of nucleotides. Polynucleotides 
include deoxyribonucleic acids (DNA) and ribonucleic acids 
(RNA) such as messenger RNA (mRNA), transfer RNA 
(tRNA), etc. Typically, polymeric nucleic acids, e.g., nucleic 
acid molecules comprising three or more nucleotides are 
linear molecules, in which adjacent nucleotides are linked to 
each other via a phosphodiester linkage. As used herein, the 
terms "oligonucleotide" and "polynucleotide" can be used 
interchangeably to refer to a polymer of nucleotides ( e.g. , a 
string of at least three nucleotides). In some embodiments, 
"nucleic acid" encompasses RNA as well as single and/or 
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double-stranded DNA. The terms "nucleic acid," "DNA," 
"RNA," and/or similar terms include nucleic acid analogs, 
i.e. analogs having other than a phosphodiester backbone. 
Nucleic acids can be produced using recombinant expres
sion systems and optionally purified, chemically synthe
sized, etc. Where appropriate, e.g., in the case of chemically 
synthesized molecules, nucleic acids can comprise nucleo
side analogs such as analogs having chemically modified 
bases or sugars, and backbone modifications. A nucleic acid 
sequence is presented in the 5' to 3' direction unless other
wise indicated. In some embodiments, a nucleic acid is or 
comprises natural nucleosides ( e.g. adenosine, thymidine, 
guanosine, cytidine, uridine, deoxyadenosine, deoxythymi
dine, deoxyguanosine, and deoxycytidine) ; nucleoside ana
logs ( e.g., 2-aminoadenosine, 2-thiothymidine, inosine, pyr
rolo-pyrimidinc, 3-mcthyl adcnosinc, 5-mcthylcytidinc, 
2-aminoadenosine, C5-bromouridine, C5-fluorouridine, 
C5-iodouridine, C5-propynyl-uridine, C5-propynyl-cyti
dine, C5-methylcytidine, 2-arninoadeno sine, 7-deazaade
nosine, 7-deazaguanosine, 8-oxoadenosine, 8-oxoguanos
ine, 0(6)-methylguanine, and 2-thiocytidine); chemically 
modified bases; biologically modified bases (e.g. , methyl
ated bases) ; intercalated bases; modified sugars (e.g. , 
2'-fluororibose, ribose, 2'-deoxyribose, arabinose, and hex
ose ); and/or modified phosphate groups (e.g. , phosphoroth
ioates and 5'-N-phosphoramidite linkages). 

[0069] Although DNA is discussed as the preferred poly
nucleotide, including in the examples, it is to be understood 
that RNA or other polynucleotide structures are capable of 
being used in the same way as described for DNA nano
structures (nanoscaffolds ). 

[0070] Within each self-assembled polynucleotide 
nanoscaffold that makes up the library, each of the first , 
second, and at least third single stranded polynucleotide 
(e.g., DNA or RNA) comprises at least a portion comple
mentary to the other single stranded polynucleotides ( e.g., a 
portion of the first strand is complementary to a portion of 
the second and third in a 3-mer; a portion of the first strand 
is complementary to a portion of the second and fourth, a 
portion of the second strand is complementary to a portion 
of the first and third strand, and a portion of the third is 
complementary to a portion of the second and fourth strand 
in a 4-mer (FIG. 4), etc.). The complementary regions allow 
for the self-assembly of the polynucleotide nanoscaffold 
(e.g., DNA nanoscaffold or RNA nanoscaflold). ln one 
embodiment the polynucleotide nanoscaffolds include 
complementary strands of deoxyribonucleic acid (DNA). In 
another embodiment, the polynucleotide nanoscaffolds 
include complementary strands of ribonucleic acid (RNA). 

[0071] The term "catalytic component" as used herein 
refers to any component necessary in the reaction for a 
catalytic reaction to occur. Suitable catalytic components 
include, but are not limited to, for example, catalysts, 
co-catalyst, ligands, substrates, aptamers, additives, acids, 
bases, H-donors, H-acceptors, etc. that are necessary for the 
catalytic reaction. In some embodiments, these catalysts 
include photocatalysts, transition metal catalysts, organic 
radical catalysts, organocatalysts, Lewis acid catalysts, 
Lewis base catalysts, among others. In some embodiments, 
ligands include, but are not limited to, metal binding ligands, 
pyridines, bipyridines, phosphines, and terpyridines. In 
some embodiments, substrates include, but are not limited 
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to, amines, imidazoles, heterocycles, aryl bromides, boronic 
acids, bases, acids, carboxylic acids, ketones, aldehydes, and 
acid chlorides. 
[0072] In one embodiment, there may be a molecular 
linker that tethers catalytic components to single stranded 
polynucleotides. In some embodiments, the first, second and 
at least third catalytic component are linked via a linker to 
their associated single stranded polynucleotide. The term 
linker therefore refers to any means by which the catalytic 
component can be tethered, covalently, or non-covalently 
linked to the polynucleotide. In some embodiments, this 
linker includes flexible linkers. The linkers can have variable 
lengths and flexibility and can also be varied in the library 
to provide additional flexibility in formation of the catalytic 
active site. Suitable flexible linkers are known in the art, and 
can include, for example, C5-C-30 alkyl or polyethylene 
glycol (PEG) chains. In other embodiments these linkers 
also include polysaccharide linkers, poly-lactic acid linkers, 
poly(lactic-co-glycolic acid) linkers, polypeptide linkers, or 
any linker commonly used in antibody-drug conjugates, 
including cleavable linkers. Suitable linkers are discussed in 
Bargh et al. "Cleavable linkers in antibody-drug conju
gates," Chem. Soc. Rev. , 2019, 48, 4361-4374, incorporated 
by reference in its entirety regarding linkers. 
[0073] In one preferred embodiment the linker molecule 
length may be from about 1 angstrom to about 100 ang
stroms, preferably about 1 angstrom to about 50 angstroms 
in length but may be longer or shorter depending on the 
application. 
[0074] In another embodiment, the substrate may be teth
ered to the polynucleotide nanoscaffold and another sub
strate. For example, the substrate may further be linked or 
tethered to an additional substrate comprising a reporter 
molecule, or the substrate may be non-covalently associated 
with the additional substrate (e.g. , free-floating). As 
described in more detail below, the ability to cleave the 
substrate and/or the additional substrate from the polynucle
otide nanoscaffolds described herein allows for the ability to 
detect catalytic activity within the library during screening 
and testing. 
[0075] To identify successful catalytic library combina
tions, a reporter molecule may be used. In one preferred 
embodiment the reporter molecule is biotin. The term 
reporter molecule refers to a molecule that can be detected 
by means known in the art, e.g., enzymatic activity, binding 
activity, fluorescent activity, etc. Suitable reporter molecules 
include, but are not limited to, for example, biotin, a 
fluorophore, quenchers/fluorophore pairs ( e.g. FRET read
out), luciferase, magnetic nanoparticle, among others. In 
other embodiments the reporter molecule may be a fluoro
phore. In still other embodiments the reporter molecules are 
quenchers or fluorophore pairs, such as those used in Forster 
resonance energy transfer (FRET). In another embodiment 
the reporter molecule is a magnetic nanoparticle that may 
allow for magnetic isolation. In one embodiment, the 
reporter molecule is added to a successful catalytic combi
nation via a catalytic reaction. In another embodiment, the 
reporter molecule is removed from a successful catalytic 
combination by a catalytic reaction. In yet another embodi
ment, the reporter molecule could be added by way of 
binding to a change in functional group that allows for the 
reporter molecule to bind. 
[0076] The reporter molecule may be conjugated to the 
polynucleotide nanoscaffold. A range of attachment chem-
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istries may be used. Exemplary chemistry includes, when 
the reporter molecule is biotin, for example, condensation 
reactions with aldehyde- or ketone-bearing polynucleotides 
by alkoxyamine-biotin or hydrazide-biotin. Other conjuga
tion chemistries include DMTMM and EDC couplings to 
attach carboxylic acid-bearing reaction components to 
amine-modified polynucleotides, as provided in Example 2. 
Other bioconjugation approaches may also be used, includ
ing Click chemistry. 

[0077] The term "polynucleotide barcode" as used herein 
refers to a unique polynucleotide (e.g. , DNA/RNA) 
sequence that is about 1-30 base pairs, preferably 2-30 (e.g. , 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11 , 12, 13, 14, 15, 16, etc.) that has 
a unique sequence that allows for identification of the 
catalytic component that is being tethered to the single 
stranded polynucleotide sequence containing the barcode. 
Just like the unique pattern of bars in a universal product 
code (UPC) identities each consumer product, a "DNA 
barcode" has a unique pattern of DNA nucleotides that can 
identify each catalytic component that is added to the 
polynucleotides making up the self-assembled polypeptide 
nanoscaffolds described herein. Suitable DNA barcodes are 
known in the art and can readily be designed by one skilled 
in the art. A barcode signature includes the indicative 
barcode of the catalytic active site of the self-assembled 
nanoscaffold. For example, a self-assembled nanoscaffold 
including three catalytic components in the catalytic active 
site each having an indicative barcode (including the first 
polynucleotide barcode, the second polynucleotide barcode, 
and the third polynucleotide barcode ), the barcode signature 
would include three indicative barcodes. 
[0078] As discussed above, the library comprises a plu
rality of polynucleotide nanoscaffolds. The term "polynucle
otide nanoscaffold" or "polynucleotide structure" as used 
herein refers to the 3-D structure formed from the self
assembly of the single stranded polynucleotides (e.g., first , 
second, third etc. ss polynucleotides each comprising a 
catalytic component) to form a 3-D structure. The self
assembly ss polynucleotides that comprise the barcode and 
are linked to the catalytic component are also referred herein 
to as polynucleotide barcoded building block oligomers. 
Thus, the polynucleotide barcoded building block oligomers 
self-assemble by the binding of the complementary regions 
within each single strand to form a polynucleotide nano
structure assembly. The polynucleotide (DNA/RNA) nano
structures with diverse sizes and shapes, including G-qua
druplexes, 3-way junctions, 4-way junctions, 5-way 
junctions, etc., and tetrahedra (e.g., as shown in the 
Examples and FIG. 6) are contemplated. The structural 
diversity of these DNA architectures and the precise tun
ability of the catalyst attachment sites enables a systematic 
investigation of which catalyst orientations are optimal for 
fast reactivity. The flexibility of the DNA scaffolds can be 
optimized by introducing base-pair mismatches, and the 
tethers or linkers connecting the a biotic catalysts to the DNA 
can be varied in length and flexibility. The reaction can 
further be accelerated through installation of a substrate 
binding site close to the at least two catalyst components, 
thus mimicking a common mechanism by which enzymes 
accelerate reactions. 
[0079] In some embodiments, the self-assembling nucleic 
acid sequence forms at least three hairpin structures to 
provide the three-dimensional structure of the polynucle
otide nano-structure scaffold. In a further embodiment, the 
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self-assembling nucleic acid sequence forms at least four 
hairpin structures to provide the three-dimensional structure 
of the polynucleotide nano-structure scaffold. However, 
other shapes of structures are contemplated, including three
hairpin, five-hairpin, six-hairpin, etc. structures. 
[0080] In the self-assembly of the polynucleotide 
nanoscaffolds, multiple catalytic components are brought 
together in sufficiently close proximity and orientation for a 
catalysis to occur. In one preferred embodiment the 
nanoscaffold brings at least 2, preferably at least 3 catalytic 
components in sufficiently close proximity and orientation 
for a catalysis to occur. Thus, in some embodiments, 2-50 
catalytic components, alternatively 2-20 catalytic compo
nents can be brought into close proximity. 
[0081] In one embodiment the catalytic components are 
brought into sufficiently close proximity within a catalytic 
active site in the three-dimensional polynucleotide 
nanoscaffold. In some embodiments, the catalytic active site 
may be a cavity within the three-dimensional structure 
formed by the assembling of the ss polynucleotides. In some 
embodiments, the catalytic active site is about 10 angstroms 
to about 200 angstroms. In some embodiments, the catalytic 
active site allows for the assembly of the catalytic compo
nents into close proximity with each other. 
[0082] In other embodiments, the catalytic components 
are not enclosed in a 3-dimensional cavity within the 3-D 
polynucleotide scaffold. However, the catalytic components 
are still brought in sufficiently close proximity and orienta
tion for a catalytic reaction to occur that is associated with 
the polynucleotide scaffold, for example, by a T-junction 
orientation of the polynucleotide nanoscaffold to bring the 
components tethered to the ss polynucleotides in close 
proximity. The catalytic system library can comprise a 
plurality of self-assembled polynucleotide nanoscaffolds. In 
terms of self-assembled polynucleotide nanoscaffolds, the 
term plurality comprises at least 10 or more unique self
assembled polynucleotide nanoscaffolds, at least 100 or 
more, preferably at least 1000 or more, more preferably at 
least 10,000 or more self-assembled polynucleotide 
nanoscaffolds. The ability to use the polynucleotide barcod
ing system allows for the ability to screen large numbers of 
combinations in one pot, for example, the library may 
contain at least 105 self-assembled polynucleotide nano scaf
folds , at least 106 self-assembled polynucleotide nano scaf
folds , at least 107 self-assembled polynucleotide nanoscaf
folds , at least 108 self-assembled polynucleotide 
nanoscaftolds, or more within the single library. This allows 
for the ability to screen an enormous amount of different 
conditions in one-pot. 

Methods 

[0083] A rapid method of assembling a catalytic system 
screening library and methods of using the library for 
screening are provided herein. This polynucleotide-based 
platform for combinatorial assembly and screening of mil
lions of combinations of reactive abiotic functional groups 
provides the benefits of accelerating the discovery and 
development of catalytic reactions and supramolecular cata
lysts. The polynucleotides are used as both a structural unit 
to guide the combinatorial self-assembly of a large and 
diverse library of catalyst stmctures as well as barcoding 
tags to identify successful catalyst motifs in a post-screening 
sequencing readout. The platform is composed of two 
phases: combinatorial library assembly and library screen-
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ing. A variety of screening approaches enable application of 
the library to different reaction types (bond-forming, bond
breaking, etc.) 
[0084] Contemporary screening approaches focus on min
iaturization and automation but remain fundamentally lim
ited by diseconomies of scale. A combinatorial, self-assem
bling approach allows catalyst discovery to operate in an 
economy of scale where small increases in the number of 
individual components lead to exponential increases in the 
number of library members screened. Polynucleotides 
enable this both through sequence-dependent self-assembly 
and genetic barcoding allowing the labeling of the catalyst 
components within the stmcture. 
[0085] The catalytic system screening library provides 
several advantages over prior methods, as the polynucle
otide-based scaffolds can be used for pre-organization of 
abiotic functional groups into close proximity to accelerate 
reactions. The facile attachment of abiotic catalysts to DNA 
strands; barcoding to allow the characterization of syntheti
cally-modified DNA; and self-assembly of the modified 
DNA strands to create millions of catalytic scaffolds allows 
for the ability to screen a plurality of scaffolds in a single 
reaction (greater than 108 different scaffolds can be screened 
in one reaction). 
[0086] In one embodiment, the present disclosure provides 
a rapid method of assembling a catalytic system screening 
library, the method comprising (a) obtaining a first, second 
and at least third single stranded polynucleotide oligomer, 
each single stranded polynucleotide oligomer comprising a 
portion complementary to each of the other first, second and 
at least third single stranded polynucleotide to drive self
assembly into a self-assembled polynucleotide nanoscaffold 
and distributing the first second and third single stranded 
polynucleotide oligomer each into a first, second and third 
plurality of containers; (b) adding to each container of the 
first, second or third plurality of containers a unique catalytic 
component capable of attaching to the single stranded poly
nucleotide, a unique polynucleotide barcode, and a poly
nucleotide ligase enzyme capable of ligating the polynucle
otide barcode to the single stranded polynucleotide, to form 
a plurality of polynucleotide barcoded building block oli
gomers; (c) combining in a single reaction vessel the plu
rality polynucleotide barcoded building block oligomers 
from the first, second and at least third plurality of the 
containers to self-assemble into a plurality of polynucleotide 
nanoscaffolds to form a catalytic system screening library. 
[0087] As described above, the polynucleotide barcoded 
building block oligomers self-assembly the binding of the 
complementary regions within each single strand to form a 
polynucleotide nanostructure assembly. The ligase present 
in the reaction mixture allows for the ligation of the unique 
polynucleotide barcode to each single stranded polynucle
otide strand and is used to identify the catalytic component 
that is tethered to the single stranded (ss) polynucleotide 
prior to assembly of the nanoscaffolds containing multiple 
components. This self-assembly is performed under condi
tions favorable for the self-assembly of DNA nanostruc
tures, including appropriate concentrations of metal ions and 
appropriate pH. 
[0088] In some embodiments, a purification step is pro
vided when making the polymeric building blocks (small 
molecules attached to ss polynucleotide strands). This puri
fications in some cases is to remove excess small molecule 
and unreacted DNA (with no small molecules attached). 
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[0089) In some embodiments, after we have assembled the 
libraries of polymeric nanoscaffolds, we could perform a 
purification to separate the fully assembled DNA scaffolds 
from any unreacted building blocks (which are individual 
strands of DNA). 
[0090) In some embodiments, the polynucleotide barcode 
is attached to the 5' end of the single stranded oligomer using 
a DNA ligase enzyme. In some embodiments, the single 
stranded polynucleotides (e.g., ss DNA oligomers) are syn
thesized with a position modified by a bioconjugation 
handle. The bioconjugation handle is the location at which 
the catalytic component may be tethered to the ss polynucle
otide. 
[0091) Step (c) comprises combining in a single reaction 
vessel the plurality polynucleotide barcoded building block 
oligomers from the first , second and at least third plurality 
of the containers to self-assemble into a plurality of unique 
polynucleotide nanoscaffolds to form a catalytic system 
screening library. Once the plurality of unique polynucle
otide nanoscaffolds are self-assembled, the self-assembled 
ss polynucleotide strands can be covalently linked using a 
DNA ligase enzyme. In some embodiments, the method of 
assembling the library further comprises ( d) ligating the 
plurality self-assembled polynucleotide nanoscaffolds in the 
catalytic system screening library in order to ligate 
assembled ss polynucleotides into a single polynucleotide 
structure that is capable of being sequenced, wherein the 
library comprising a plurality of self-assembled polynucle
otide nano-scaffold each comprising a unique combination 
of catalytic components. While the library could work 
without this ligation step, during the screening method, the 
polymerase chain reaction (PCR) would not get one con
tinuous read showing all the barcodes within each poly
nucleotide nanoscaffold allowing for identification of suc
cessful combinations of catalytic components. However, the 
method without ligation would still determine individual 
abiotic groups most abundant in the reaction and thus can be 
used to determine the best components for reaction. 
[0092) One step of the creation of a polynucleotide 
nano scaffold library may include an optional ligation of the 
polynucleotide nanoscaffold. In one embodiment each of the 
polynucleotide nanoscaffolds in the library is ligated so that 
downstream amplification and polynucleotide sequencing 
yield a continuous read and report the catalytically success
ful combinations of catalytic components. In another 
embodiment, the polynucleotide nanoscaffolds are not 
ligated and the downstream amplification and sequencing 
determine abundance of catalytic components, but not the 
particular combinations. 
[0093) The reaction to self-assemble the first, second and 
at least third polynucleotide barcoded building block oli
gomers into the nanoscaffold requires a plurality of contain
ers as each of the single stranded components are processed 
to add the catalytic component and the barcode in separate 
containers. Suitable containers for carrying out the reactions 
described herein are known in the art and include tubes, 
wells in multiwell plates (e.g., 24-well, 48-well, 96-well, 
384-well, etc. plates), nanotubes and nanochannels and the 
like. The number of containers used with depend on the 
catalyst being tested and the number of catalytic components 
to be tethered to the ss polynucleotides. In some embodi
ments, 20 or more containers are used, alternatively 50 or 
more containers, alternatively 100 or more containers, alter
natively 1000 or more containers depending on the number 
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of ss polynucleotides being assembled and the number of 
catalytic components being screened. In some embodiments, 
10-5000, 20-500, 20-200 containers are used, but the present 
invention is not limited in scope by the number of containers 
and include any number or ranges in between those con
templated. 
[0094) Suitable polynucleotide ligase enzymes can ligate 
the polynucleotide barcode to the single stranded polynucle
otide are known in the art and include, for example, DNA 
ligase, RNA ligase, and the like (e.g. T4 DNA ligase, T4 
RNA ligase, etc.). 
[0095) The single reaction vessel can be any suitable 
reaction vessel known in the art, including polymeric reac
tion vessels, glass reaction vessels and the like. Suitably, the 
reaction vessel is inert and does not interfere with the 
catalytic reaction occurring in the vessel. 
[0096) As described above, in some embodiments, at least 
one of the catalytic components is a substrate, and wherein 
the substrate is attached to a reporter molecule, such as 
biotin. The ability to add a report molecule becomes impor
tant when using the library for screening, as discussed 
below, as the reporter molecule allows for the easy isolation 
of catalyst nanoscaffolds that are capable of catalytic activity 
where the barcodes allow for identification of the catalytic 
components within that nanoscaffold. 
[0097) Thus, in some embodiments, the method further 
comprises ( e) screening the library to identify polynucle
otide nanoscaffolds with catalytic activity, thereby identify
ing the at least first, second and third catalytic component 
that have catalytic activity with the catalyst. 
[0098) The term screening as used herein refers to the (a) 
testing or exposing the library under conditions that would 
facilitate a catalytic reaction and (b) identifying the catalytic 
components within the polynucleotide nanostructures that 
were capable of catalytic activity. 
[0099) The testing or exposing step is easily carried out by 
one skilled in the art under conditions that would allow for 
catalytic activity. Preferably, the testing is carried out such 
that a reporter molecule is able to be detected or a reporter 
molecule allows for the isolation and separation of the 
polynucleotide nanoscaffolds that demonstrate catalytic 
activity from those that did not show catalytic activity. Some 
examples of these testing methods are described in the 
examples below. However, the present invention is not 
limited by these examples and it is contemplated that a 
number of different testing method and reporter molecules 
and methods can be used in order to test and isolate the 
polynucleotide nanoscaffolds that demonstrate positive cata
lytic activity. 
[0100) In some embodiments, the catalyst system library 
made by the method described herein is provided. 
[0101) In further embodiments, a high-throughput method 
of screening a catalyst system library, wherein the method 
comprises: (a) exposing the library of described herein under 
catalytic reaction conditions to obtain a reaction; and (b) 
detecting the self-assembled polynucleotide nanoscaffolds 
that undergo a catalytic reaction in step (a) to identify 
catalytic components that have activity in combination. 
[0102) In some embodiments, step (a) comprises incubat
ing the single reaction vessel under conditions that allow for 
catalytic activity. These conditions may differ depending on 
the catalytic components and can be determined by one 
skilled in the art. In some embodiments, different catalytic 
conditions (e.g., temperature, pH, etc.) can be used with the 
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same catalytic library to further determine the best reaction 
conditions. In some embodiments, different metals can be 
tested with the same catalytic library, in which the library 
members consist of different metal-binding functional 
groups. 

[0103] The catalytic components detected can be evalu
ated on whether they catalyze the reaction efficiently in the 
absence of DNA scaffolding. If the components serve as an 
efficient catalytic system without the DNAnanoscaffold, this 
is advantageous: the DNA nanoscaffold will have enabled 
discovery of DNA-free catalytic reactions that operate under 
mild conditions. If the DNA nanoscaffold is required for 
efficient catalysis, this is also advantageous: it will indicate 
that the DNA nanoscaffold mimics enzymes by accelerating 
reactions through supramolecular pre-organization. Both are 
contemplated in this invention. 

[0104] In one embodiment, step (b) comprises: (i) isolat
ing polynucleotide nanoscaffolds with successful catalytic 
activity; and (ii) optionally amplifying the polynucleotide 
nano-scaffolds of (i); and (iii) sequence the polynucleotide 
to determine the polynucleotide barcodes contained within 
each polynucleotide nano-scaffold with catalytic activity, 
wherein each polynucleotide barcode identifies each of the 
catalytic components within the polynucleotide nano-scaf
fold. In some embodiments, step (iii) is next generation 
polynucleotide sequencing. 

[0105] In some embodiments, step (i) comprises: (a) iso
lating polynucleotide nanoscaffolds comprising a reporter 
molecule, wherein attachment of the reporter molecule is 
associated with a catalytic activity. There are multiple ways 
contemplated in which the reporter molecule is used in the 
method of identifying the positive catalytic activity. In one 
embodiment, the reporter molecule could be added via the 
catalytic reaction. In another embodiment, the reporter mol
ecule is added by way of binding to a change in a functional 
group that allows for the reporter molecule to bind to the 
polynucleotide scaffolds that had catalytic activity. 

[0106] For example, but not limited to, in cases in which 
biotin is used as a reporter molecule, the biotin can be I) 
added to the polynucleotide nanoscaffold during the cata
lytic reaction. In this scenario, the polynucleotide nanoscaf
folds with positive catalytic activity can then be isolated via 
binding to streptavidin ( e.g., streptavidin column, plate, etc.) 
and the isolated polynucleotide scaffolds can undergo next 
generation sequencing. 

[0107] In some embodiments, PCR is carried out to 
amplify the positive polynucleotide scaffolds before next 
generation sequencing is performed. In a further example, 2) 
the reporter molecule, e.g., biotin, may be a catalytic com
ponent or may be covalently linked to a catalytic component. 
In this example, when the catalytic activity occurs, the biotin 
can be cleaved from the polynucleotide scaffold, and the 
positive polynucleotide scaffolds again can be isolated from 
the un-reacted scaffold by streptavidin, this time isolating 
those nanoscaffolds that do not bind to streptavidin. 

[0108] Thus, in some examples, the biotin-labeled poly
nucleotide scaffolds will be isolated from the mixture using 
beads coated with the protein streptavidin, which binds very 
tightly to biotin. The DNA nanostrnctures captured on the 
beads will be amplified by polymerase chain reaction (PCR), 
using a procedure that is tolerant to abiotic groups on the 
DNA. The resulting amplified double-stranded DNA will be 
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analyzed using next-generation sequencing, a highly quan
titative method that allows millions of DNA sequences to be 
detected. 

[0109] In some further embodiments, step (i) comprises: 
(a) isolating polynucleotide nano-scaffolds lacking a 
reporter molecule, wherein detachment of the reporter mol
ecule from the scaffold indicates catalytic activity, and 
wherein the catalytic library comprising polynucleotide
nanoscaffolds each comprising a reporter molecule attached 
prior to exposure to catalytic reaction conditions. 

[0110] In some embodiments, step (ii) comprising PCR 
amplification of the polynucleotide sequences prior to 
sequencing. PCR can use primers designed to amplify the 
polynucleotide scaffolds and allows for an increase detection 
of positive scaffolds that may have catalytic activity but may 
not be as robust as others. 
[0111] In some embodiments, the step of isolating is via 
affinity purification. In other embodiments, the isolating 
comprises exposing the reacted library to a streptavidin 
purification colunm to isolate the polynucleotide nano
scaffolds either having biotin bound or not having biotin 
bound. 
[0112] The methods described herein can be used itera
tively, e.g., the positive catalytic polynucleotide scaffolds 
isolated from one combinatorial library of catalytic struc
tures can undergo the process again using additional cata
lytic components to generate an additional library displaying 
different characteristics than the first. Thus, this process is 
iterative, the new catalysts discovered can be progressively 
improved in their activity by creating new libraries that 
contain updated abiotic groups (considering what is learned 
from the first screening). 
[0113] In some embodiments, one step of the use of the 
polynucleotide nanoscaffold library includes the use of a 
reporter molecule. In one preferred embodiment, the 
reporter molecule is added to a successful catalytic combi
nation via a catalytic reaction. In another embodiment, the 
reporter molecule is removed from a successful catalytic 
combination by a catalytic reaction. In yet another embodi
ment, the reporter molecule could be added by way of 
binding to a change in functional group that allows for the 
reporter molecule to bind. 
[0114] High-throughput catalytic screening using combi
natorial libraries of polynucleotide nanoscaffolds has the 
potential to screen many types of catalytic reactions. In three 
embodiments these catalytic reactions include copper
TEMPO (TEMP0=2,2,6,6-tetramethylpiperidine-N-oxyl) 
alcohol oxidation, bimetallic catalysis, palladium catalysis, 
debenzylation catalysis, nickel-photoredox catalysis, and 
discovery of catalysts for the degradation of chemical war
fare agents. 

[0115] High-throughput catalytic screening using combi
natorial libraries has many potential applications. In one 
embodiment the successful catalytic combinations can be 
used to build, train, and test a computer model that may be 
able to predict successful catalytic combinations that are not 
present in the original combinatorial library. In one preferred 
embodiment the computer model is a machine learning 
model. 
[0116] Unless otherwise specified or indicated by context, 
the terms "a", "an", and "the" mean "one or more." For 
example, "a molecule" should be interpreted to mean "one 
or more molecules." 
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[0117) As used herein, "about", "approximately," "sub
stantially," and "significantly" will be understood by persons 
of ordinary skill in the art and will vary to some extent on 
the context in which they are used. If there are uses of the 
term which are not clear to persons of ordinary skill in the 
art given the context in which it is used, "about" and 
"approximately" will mean plus or minus sl0% of the 
particular term and "substantially" and "significantly" will 
mean plus or minus > 100/o of the particular term. 
[0118) As used herein, the terms "include" and "includ
ing" have the same meaning as the terms "comprise" and 
"comprising." The terms "comprise" and "comprising" 
should be interpreted as being "open" transitional terms that 
permit the inclusion of additional components further to 
those components recited in the claims. The terms "consist" 
and "consisting of' should be interpreted as being "closed" 
transitional terms that do not permit the inclusion additional 
components other than the components recited in the claims. 
The term "consisting essentially of' should be interpreted to 
be partially closed and allowing the inclusion only of 
additional components that do not fundamentally alter the 
nature of the claimed subject matter. 
[0119) All methods described herein can be performed in 
any suitable order unless otherwise indicated herein or 
otherwise clearly contradicted by context. The use of any 
and all examples, or exemplary language (e.g., "such as") 
provided herein, is intended merely to better illuminate the 
invention and does not pose a limitation on the scope of the 
invention unless otherwise claimed. No language in the 
specification should be construed as indicating any non
claimed element as essential to the practice of the invention. 
[0120) All references, including publications, patent appli
cations, and patents, cited herein are hereby incorporated by 
reference to the same extent as if each reference were 
individually and specifically indicated to be incorporated by 
reference and were set forth in its entirety herein. 
[0121) Preferred aspects of this invention are described 
herein, including the best mode known to the inventors for 
carrying out the invention. Variations of those preferred 
aspects may become apparent to those of ordinary skill in the 
art upon reading the foregoing description. The inventors 
expect a person having ordinary skill in the art to employ 
such variations as appropriate, and the inventors intend for 
the invention to be practiced otherwise than as specifically 
described herein. Accordingly, this invention includes all 
modifications and equivalents of the subject matter recited in 
the claims appended hereto as permitted by applicable law. 
Moreover, any combination of the above-described elements 
in all possible variations thereof is encompassed by the 
invention unless otherwise indicated herein or otherwise 
clearly contradicted by context. 
[0122) The invention will be more fully understood upon 
consideration of the following non-limiting examples. 

EXAMPLES 

Example 1: Polynucleotide Nanoscaffold Catalysts: 
Combinatorial Platform to Screen 108 Catalysts 

[0123) This Example demonstrates the design of supra
molecular synthetic catalysts having architecture in which 
multiple reactive groups are displayed on a 3D scaffold. In 
this example, DNA is used as a building material for the 
creation of supramolecular enzyme mimicking catalysts 
providing predictable self-assembly of 3D nanostructures 
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featuring cav1t1es with diverse sizes and shapes, diverse 
abiotic groups can be attached site-specifically on supramo
lecular DNA architectures, and DNA encodes information 
and thus enables high-throughput combinatorial reaction 
discovery. 
[0124) Conventional catalyst discovery involves low 
throughput testing of substrates, catalysts, co-catalysts, and 
additives. This example demonstrates a DNA nanoscaffold 
platform in which 108 supramolecular catalysts, each dis
playing distinct abiotic groups can be synthesized in a single 
test tube. Using tools from biotechnology, we will rapidly 
identify the most active catalysts from the mixture. 
[0125) The information-encoding properties of DNA 
make it extremely useful as a platform for high-throughput 
screening and chemical discovery. DNA-mediated or -en
coded discovery has been used for a variety of functions in 
non-natural contexts. DNA oligonucleotides have been 
evolved for the discovery of selective small-molecule bind
ers. DNA templates have been exploited to create highly 
functionalized DNA polymers' and to control preparation of 
synthetic polymers. Most famously, DNA-encoded libraries 
have been developed for discovery of pharmaceutically 
active small molecules. 
[0126) Additionally, "DNAzymes" have been discovered 
through high-throughput screening, including ones that 
incorporate abiotic components for catalysis. While rela
tively few DNAzymes have been evolved for synthetic 
applications, evolution of DNA sequences has been demon
strated to tune Copper (Cu) redox potential, as observed in 
Dipankar Sen's Cu-dependent DNAzyme for Cu-catalyzed 
azide-alkyne cycloadditions in the absence of added reduc
tants. 
[0127) DNA has not yet been pursued as a platform for 
supramolecular catalyst discovery in which >2 synergistic 
catalytic groups are held in proximity. This application 
demonstrates how to make and use an unprecedented appli
cation of DNA as an enzyme-mimicking scaffold to accel
erate abiotic reactions, while also enabling combinatorial 
screening due to the information-encoding properties. 

Combinatorial Platform to Rapidly Screen 108 

Catalysts Under Mild Conditions 

[0128) The discovery of new catalytic transformations that 
operate under mild conditions is important for advancing 
energetic materials synthesis. Efficient and scalable deben
zylation reactions, for example, would streamline the syn
thesis of energetic precursors. Reactions involving C-N 
bond formation are also of interest for the synthesis of 
cluster-like energetic molecules. We developed a combina
torial platform to discover mechanistically diverse catalytic 
reactions that operate under mild conditions. In Example 
1.1 , we test our combinatorial platform using Cu-TEMPO 
alcohol oxidation as a proof-of-principle reaction. In 
Example 1.2, we will extend the platform to the discovery of 
bond-breaking reactions-specifically, debenzylation of 
amines under mild conditions. In Example 1.3, we will apply 
the platform to discover transition metal-photoredox C-N 
bond forming catalysts, in reactions where amides or amines 
serve as the nucleophiles. 

Example I.I. Develop and Validate the Platform 
using Cu-Nitroxyl Alcohol Oxidation 

[0129) A library of 108 DNA nanoscaffolds will be syn
thesized in a single test tube, with each library member 
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bearing distinct abiotic functional groups and unique DNA 
barcodes (FIG. 6). To validate the platform, we will initially 
focus on copper-catalyzed alcohol oxidation as the target 
reaction, and thus each DNA nano-scaffold will display 4 
distinct abiotic catalytic component groups in the central 
cavity: a copper catalyst, an organic radical catalyst, a 
nitrogen-containing base (known to accelerate this reaction), 
and an alcohol substrate. Copper-mediated alcohol oxidation 
is a promising proof-of-principle reaction because the 
library will consist of "positive control" nanoscaffolds 
expected to exhibit the desired reactivity, along with 
nanoscaffolds bearing alcohols that are difficult to oxidize. 
In a single experiment, our workflow of combinatorial 
synthesis followed by high-throughput testing will yield 
detailed structure-property relationships describing which 
catalytic components are optimal for oxidation of different 
alcohol substrates. 
[0130] FIG. 7 illustrates how a library of 108 candidate 
DNA-based catalysts, bearing unique DNA barcodes, will be 
assembled in a single test tube. Four different single
stranded (ss) DNA oligomers will be synthesized, with a 
central position modified by a bioconjugation handle (e.g. , a 
place at which the catalytic component is added). The four 
ssDNA oligomers will possess appropriate sequence 
complementarity to drive assembly of a DNA 4-way junc
tion. Next, each DNA oligomer will be split into 100 
different tubes. In each tube, a distinct functional group will 
be attached to the bioconjugation handle, and a unique DNA 
barcode will be simultaneously attached to the 5' end of the 
DNA oligomer using a DNA ligase enzyme. All 4x100 
unique oligomers will be mixed in a single tube, and DNA 
hybridization will drive the self-assembly of (102 )4=108 

unique DNA nano-scaffolds. After self-assembly, the four 
ssDNA strands within each nano-scaffold will be covalently 
linked using a DNA ligase. 
[0131] A high-throughput selection strategy to rapidly 
isolate the DNA nano-scaffolds exhibiting catalytic activity 
will be implemented. As depicted in FIG. Sa and FIG. Sb, 
DNA nano-scaffolds with high activity will oxidize the 
appended alcohol. Next, a small molecule consisting of an 
amine attached to biotin will be added to the reaction 
mixture. Through reductive amination, biotin will be 
attached to scaffolds bearing aldehydes or ketones, but not 
scaffolds bearing the unreacted alcohol. The biotin-labeled 
DNA scaffolds will be isolated from the mixture through 
affinity purification; the winning DNA nanostructures will 
be amplified using PCR (following a procedure tolerant to 
abiotic groups on the DNA); and the resulting amplified 
double-stranded DNA will be analyzed using next-genera
tion sequencing. 
[0132] The DNA sequencing results will be decoded to 
determine which DNA nanoscaffolds were enriched during 
the selection. The abiotic groups on each nanoscaffold are 
read based on the DNA barcodes. Given the size and 
complexity of the catalyst library, there may be hundreds or 
even thousands of winners, and structural trends may not be 
discernable upon manual inspection. Molecular descriptors, 
such as polarity and size, will therefore be assigned to each 
abiotic group to aid in discerning trends. Promising catalyst 
structures will be synthesized on a larger scale and charac
terize them for catalytic efficiency and longevity. 
[0133] Importantly, the ability of promising catalysts to 
oxidize a free-floating alcohol substrate (not tethered) will 
be evaluated. The DNA sequences near the central cavity 
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( e.g., catalytic activity site) will be systematically varied to 
alter its size and flexibility, then the effect on catalytic 
activity will be studied. Mechanistic insights from these 
experiments will inform the design of second-generation 
nanoscaffold libraries, and the selection process will be 
repeated. This iterative method will allow further refinement 
via machine learning (ML), thus mimicking natural evolu
tion. 
[0134] The abiotic reactants will be evaluated on whether 
they catalyze the reaction efficiently in the absence of DNA 
scaffolding. If the abiotic components serve as an efficient 
catalytic system without the DNA nanoscaffold, this is 
advantageous: the DNA nanoscaffold will have enabled 
discovery of DNA-free catalytic reactions that operate under 
mild conditions. If the DNA nanoscaffold is required for 
efficient catalysis, this is also advantageous: it will indicate 
that the DNA nanoscaffold mimics enzymes by accelerating 
reactions through supramolecular pre-organization. In this 
scenario, we will carefully study the mechanisms of the 
enzyme-mimicking catalysts and fine-tune their structures to 
achieve even greater rate accelerations. Additionally, these 
enzyme-mimicking catalysts will be optimized to achieve 
stereo- and regio-selective reactions. 
[0135] Numerous steps of the workflow have been vali
dated, including DNA barcoding, combinatorial self-assem
bly of modified DNA nano structures, and enzymatic ligation 
to join individual DNA strands in the self-assembled nano
structures. Furthermore, the key step has been achieved: 
DNA scaffolds bearing a copper catalyst can oxidize a 
self-appended alcohol to an aldehyde, which we have sub
sequently attached to biotin via reductive amination. Inter
scaffold reactivity can be avoided by performing selections 
under dilute conditions (below 60 nM). We have also 
optimized conditions for pull-down of biotinylated DNA 
nanoscaffolds and PCR amplification of chemically-modi
fied DNA. Finally, we have developed protocols for next
generation DNA sequencing and quantitative analysis of the 
barcodes. 
[0136] The present platform allows for multiple alterna
tive DNA scaffolds, synthetic tethers, DNA polymerases, 
and catalyst selection strategies. As a backnp reaction that is 
mechanistically related, we will expand the approach toward 
C-N bond-forming methodology. We will expose the Cu
nitroxyl DNA nanoscaffold library directly to the biotin
amine probe to evaluate which catalysts are capable of 
oxidative alcohol-amine coupling (to form amides). 

Example 1.2. Catalysts for Debenzylation of 
Protected Amines 

[0137] The selective removal ofbenzyl protecting groups 
from amines under mild conditions remains an outstanding 
challenge in organic synthesis. Commonly used reductive 
hydrogenolysis conditions necessitate the use of precious, 
noble metals and the harsh conditions limit the functional 
group tolerance of the method. A further challenge is intro
duced when the method necessitates the removal of just one 
benzyl group from a dibenzylated amine, or the selective 
removal of one benzyl group from a substrate containing 
multiple benzyl protecting groups. Oxidative methods for 
the debenzylation of amines represent a promising alterna
tive to hydrogenolysis, and careful choice of oxidant can 
lead to some chemoselectivity. Methodologically diverse, 
these oxidative methods often rely on the use of stoichio
metric oxidants such as DDQ, CAN, or hypervalent iodine 
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reagents, and are only sometimes catalytically accelerated, 
making selectivity through catalyst-control challenging, 
instead relying on native substrate reactivity or subtle tweak
ing of reaction conditions to govern selectivity. Oxidative 
debenzylation using CAN has been demonstrated for com
plex cage-like amines such as a hexaazaisowurtzitane struc
ture, suggesting that novel milder, catalyst-controlled oxi
dative debenzylation methods will be promising for complex 
polyamine structures. 
[0138] Our platform can be used to identify a catalytic 
system that uses molecular oxygen as the terminal oxidant 
for the straightforward and selective debenzylation of ami
nes. The commonly proposed mechanism for oxidative 
debenzylation is single-electron oxidation of the benzylam
ine followed by formal loss of an electron and a proton to 
generate the imine, which then hydrolyzes to give the 
unprotected amine and an aldehyde byproduct. Existing 
transition metal-mediated methodology for the oxidation of 
amines to imines using oxygen as the terminal oxidant is 
frequently challenged by harsh reaction conditions (above 
100° C.) and reaction conditions that are not water compat
ible. In addition to ligand design to optimize reactivity, a 
common strategy is the use of co-catalytic systems. 
[0139] Many of these methods incorporate additives and 
co-catalysts, the mechanisms are often complex, with poorly 
defined coordination equilibria, and they usually require 
heating above 100° C. For example, Backvall combined 
ruthenium catalysts with quinone and cobalt co-catalysts to 
oxidize amines to imines, but even though their conditions 
allowed for air to serve as the terminal oxidant, refluxing in 
toluene was still necessary. Similar approaches in Cu-cata
lyzed oxidations have yielded remarkable improvements in 
the milduess of reaction conditions. Cu-catalyzed amine 
oxidations often require high temperatures, but through 
choice of coordinating groups and nitroxyl radical co
catalysts Hu, Kerton, and Xu were able to demonstrate the 
preparation of imines under remarkably mild conditions 
using molecular oxygen as the terminal oxidant. Interest
ingly, no hydrolysis of the resulting benzylamines was 
observed, even in semiaqueous media. This suggests that the 
application of these oxidative methods towards debenzy
lation will require the development of novel reactive sys
tems. 
[0140] The myriad of catalytic systems (different metal 
centers, accelerating ligands, and additives) and the wide 
variety of substrate classes (dibenzylamines, cyclic benzy
lamines, primary and secondary benzylamines, aliphatic, 
activated, aromatic) make oxidative debenzylation a prom
ising reaction for our DNA-scaffolded catalyst discovery 
platform, which will allow us to rapidly screen a wide 
variety of ligands, co-catalysts, and additives. The strin
gency of the reaction conditions will help us to select for 
DNA-scaffolded catalysts that enable mild, aqueous, DNA
compatible transition metal catalyzed oxidative debenzy
lation of amines using air as the terminal oxidant. 
[0141] To develop this reaction, we propose to follow a 
similar workflow to that described in Example 1.1. A DNA 
library will be constructed (FIG. 13) that features a variety 
of metal-binding ligand architectures known to enable the 
oxidation of amines, a wide panel of co-catalytic groups 
known to promote the transition-metal-catalyzed oxidation 
of amines and alcohols, weak acids and bases to help 
facilitate proton transfer, and monodentate and labile coor
dinating groups to tune the coordination sphere of the 
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catalytic metal. By assembling a combinatorial library with 
100 ligands, 100 substrates, and 100 different additives at the 
two remaining positions of the DNA architecture, 108 unique 
reaction combinations can be assayed for debenzylation 
activity under aqueous conditions. By screening a variety of 
substrate classes (di- vs. monobenzylated, primary vs. sec
ondary, cyclic vs. acyclic, benzyl esters vs. benzyl amines, 
and a PMB-analogous substrate), we will gather data about 
the selectivity of each catalytic system and confirm gener
ality. Ligands to be attached will include salens, phosphines, 
polypyridyl ligands, pincer ligands, and triazole-containing 
ligands. Additives and co-catalysts will include N-hydroxy
imides, nitroxyl radicals, phenols, aromatic bases and sec
ondary/tertiary amines (as both additives, and precursors to 
in situ N-oxidation), monodentate ligands, and a variety of 
acids and bases for proton transfer. Attachment to DNA will 
be performed using standard bioconjugation techniques 
(peptide couplings, CuAAC click chemistry, DNA-compat
ible reductive amination, and SuFEx click chemistry). In 
screening the library, multiple selections will be set up in 
parallel using different metal pre-catalysts (including Co, 
Cu, and Ru salts) that have been used for aerobic oxidations 
of amines under mild conditions at concentrations known to 
preserve the DNA's PCR amplifiability. 

[0142] In contrast to the selection approach in Example 
1.1 , we propose to use a two-step selection. First, we will 
pursue a reverse selection where successful catalyst combi
nations will cleave a benzyl protecting group bearing a 
biotin affinity tag (FIG. 13). Upon exposure to streptavidin
beads, unsuccessful reaction combinations will bind, and the 
winning reaction combinations in solution can be isolated, 
amplified, and sequenced to identify the barcodes of the 
enabling catalyst components. At this point, a new, focused 
library will be prepared, and a second, positive selection will 
be implemented: we will synthesize a single substrate, a 
short perbenzylated polyhistidine tag, using standard solid 
phase peptide synthesis methods and attach this to the 
quadrant of the DNA nanoscaffold corresponding to the 
substrate. Successful catalysts during selection will cleave 
multiple benzyl groups, leading to increased affinity for 
Ni(NTA), allowing for both a positive, affinity-based selec
tion as well as a screen for catalytic turnover. Successful 
catalysts will be reassembled and validated for the desired 
mild debenzylation activity. 

[0143] We have already implemented a protocol for DNA
compatible reductive aminations (necessary for the attach
ment of some catalysts and preparation of some of the 
benzylated substrates), and we have confirmed the DNA 
compatibility of similar oxidative reaction conditions and 
performed reproducible alcohol oxidations. We have also 
optimized a protocol for the attachment of nitroxyl radicals 
to DNA on the library scale. Our already-developed methods 
for nanoscaffold assembly, ligation, amplification, and 
sequencing (vide infra) will be applied. 

[0144] If debenzylation is too fast and the selection leads 
to too broad of a pull-down, we can reduce the availability 
of oxygen and the reaction time, and cool the reaction to 
increase the stringency. If air does not provide rapid enough 
oxidation, we can increase the pressure of oxygen or pivot 
to DNA-compatible stoichiometric oxidants such as CAN 
and hypervalent iodine reagents. While many stoichiometric 
oxidants are capable of catalyst-free debenzylation of ami
nes, the stringency of the selection can be increased to 
exclude non-catalytic debenzylations. If the benzyl-biotin 
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protecting group with affinity tag is too difficult to remove 
due to its decreased electron density on the ring, we can 
switch to a histamine aptamer positive selection where each 
scaffold is attached to benzylated histamine, and success
fully debenzylated histamine-bearing scaffolds are isolated 
through binding to a histamine aptamer. Should the selection 
prove unsuccessful in identifying a combination of co
catalysts and additives that enable mild, aqueous debenzy
lations of amines, we can pivot to a library that includes 
photocatalysts and potential HAT additives known to facili
tate debenzylations of ethers and amines. 

Example 1.3. Nickel-Photoredox Catalysts for 
C-N Bond-Forming Reactions 

[0145] Nickel-photoredox catalysis is a broad and expand
ing area in synthetic methodology that enables a variety of 
reactions, including C-N bond-forming reactions. The 
mechanism of nickel-photoredox catalysis is generally pro
posed to proceed through rapid oxidative addition of an aryl 
halide to Nia, followed by interception of a photocatalyti
cally-generated alkyl radical by the N{I(Ar)(X) oxidative 
adduct. The resulting alkyl-aryl N{II undergoes reductive 
elimination, releasing product. The resulting N{ complex is 
then reduced by the photocatalyst to regenerate Nia. 
[0146] Nickel-photoredox catalysis is a promising reac
tion class to explore within our combinatorial platform 
because of the breadth of accessible reactions, and also 
because Molander recently demonstrated that nickel-photo
redox can be performed under DNA-compatible, open-air 
conditions for C(sp2 )-(sp3

) cross-couplings. We will prepare 
a combinatorial DNA nanoscaffold library suitable for dis
covering DNA-compatible versions of known nickel-pho
toredox transformations, as well as for discovering novel 
reactivity. 
[0147] FIG. 14a and FIG. 14b depicts the composition of 
the nickel-photoredox DNA nanoscaffold library that we 
will prepare. The workflow for assembling this library will 
be the same as in Example 1.1. One DNA scaffold arm will 
be functionalized with diverse nickel ligands known to be 
active in cross-couplings. Another arm will be functional
ized with photocatalysts, including Ir(dF(CF3)ppy)2bpy
type photocatalysts (ppy=2-phenylpyridine) that are typi
cally used in Ni-photoredox reactions. Importantly, 
bioconjugation-compatible versions of these photocatalysts 
have been reported. A third arm will be appended to bases 
or hydrogen-atom transfer (HAT) reagents to facilitate pro
ton-coupled electron transfer (PCET). Abiotic groups will be 
appended using the standard methodologies described 
above. 
[0148] The identity of substrates appended to the fourth 
arm will depend on the specific reaction target. An example 
reaction for which we will pursue Ni-photoredox catalyst 
discovery is cascade amidoarylation of unactivated olefins 
(FIG. 14). This reactivity has been demonstrated in a con
ventional format by Molander using synergistic nickel
photoredox catalysts, in a cyclization of an amide reacting 
with an alkene, forming a radical that is subsequently 
coupled to an aryl halide. We will attach a panel of amide 
substrates bearing alkenes for arnidoarylation. We synthe
size the amide substrates starting from carboxylic acid 
precursors, then bioconjugate them to DNA through the aryl 
group on the amide nitrogen. Once the amide substrate
bearing library has been assembled, we will introduce an 
aryl halide attached to biotin; DNA nano scaffolds exhibiting 
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the desired reactivity will tag themselves with biotin, 
enabling pull-down, PCR, and DNA sequencing (as in 
Example 1.1). 
[0149] As in Example 1.1, any winning DNA scaffolds 
identified through sequencing will be re-synthesized on 
larger scale. We will characterize their catalytic properties, 
including testing of whether they operate on a free-floating 
substrate for multiple turnovers, and whether catalytic rate 
enhancement is dependent on the DNA scaffold. All high
efficiency, DNA-compatible catalytic systems will be 
explored. Specifically, high-activity amidoarylation cata
lysts will be used directly for the functionalization of DNA 
nanostructures with chiral cavities to enable stereoselective 
cyclizations. 
[0150] Synthesis of a carboxylate-bearing bipyridine 
ligand is currently in progress in our lab following the 
literature procedure by Pan et al. We have already synthe
sized the iridium precursor needed for installation of an 
attachment handle. We have successfully attached multiple 
photocatalysts (including Eosin Y and Ru(bpy)/+ analogs) 
using a variety of attachment strategies including isothio
cyanate chemistry, Cu-click, and amide bond formation. We 
have already validated the photocatalytic activity of these 
DNA-conjugated photocatalysts for amine oxidation, azide 
reductions, and controlled polymerizations. 
[0151] An admitted risk is that radical intermediates 
formed during catalysis would react detrimentally with 
DNA, quenching the desired reaction pathway. To mitigate 
this risk, we will perform catalyst selections under condi
tions previously reported to be DNA-compatible. If needed, 
we will add radical quenchers, which will decrease yield, but 
also minimize DNA damage. As an alternative, we can 
couple carbamates to unactivated secondary alkyl halides, as 
reported using a copper photoredox catalyst. We will also 
pursue the hydroamination of alkenes, which involves pho
tocatalysis but not nickel catalysis. 
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Example 2 

[0241] This Example further demonstrates that the plat
form system can be used for library development and 
screening. 
[0242] A model of a polynucleotide nanoscaffold with a 
detailed view of the catalytic active site (inset), is shown 
with regard to a four polynucleotide barcoded building block 
oligomers that form a self-assembled polynucleotide scaf
fold (FIG. 16). The DNA can self-assemble into hairpin 
structures forming a middle cavity in which the catalytic 
components can be tethered as to bring into close proximity. 
A schematic illustration of the initial architecture which 
allows for combinatorial screening of three components is 
depicted ifFIG.17. Barcoding regions of the polynucleotide 
sequence are correlated to each unique catalytic component 
in the assembled nanoscaffold and are depicted in the same 
color to coordinate the catalytic component and barcode. 
The two larger hairpins on the left and right are the primer 
binding sites for DNA amplification and later next genera
tion sequencing. Attachment of the ligand and organic 
radical co-catalyst is demonstrated in FIG. 18. Panel A 
shows a synthetic scheme for bioconjugation that was con
firmed by HPLC and ESI-MS. Panel B shows a high
performance liquid chromatogram and panel C shows an 
electrospray ionization mass spectra confirming the syn
thetic method. This method has been demonstrated with 
additional ligands including praline, alternative bipyridine 
ligands, various alcohol substrates, alkynes, phosphines, 
aromatic and alkyl groups, and organometallic complexes 
(data not shown). Thus, this demonstrates that the single 
stranded polynucleotides can be tethered to the catalyst 
components. A schematic of successful barcode attachment 
for identifying individual catalytic components is shown in 
FIG. 19. The attachment of hairpin barcodes proceeds quan
titatively. In the gel shown there was a slight excess of 
barcoding hairpin. Further confirmation is shown in FIG. 20. 
where an electrophoretic gel demonstrates successful oxi
dation and reductive amination to attach biotin for isolating 
successful catalytic combinations. The gel shows that biotin 
attachment to an aldehyde leads to a gel shift. When all of 
the reaction components are present, oxidation if the alcohol 
creates an aldehyde in situ and biotin-PEG7-NH2 can be 
attached through reductive amination. When one or more 
components are missing, no shift is observed (not shown). 
[0243] The assembly and ligation of nanostructures is 
further demonstrated in FIG. 21. Electrophoretic gels show
ing the assembly and ligation of polynucleotide nanoscaf
folds. High-yielding assembly is observed in the native gel 
and is also demonstrated with DNA oligos with catalytic 
components attached. Denaturing gels shows that the nano
structure is successfully ligated. Downstream PCR is also 
successful. 
[0244] Further, we have demonstrated that pull-down 
enriches for the biotin-tagged structures, demonstrated in 
FIG. 22. Streptavidin pull-down can be used to enrich 
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biotin-tagged structures. Mixtures of polynucleotide struc
tures with and without biotin (with barcodes to indicate the 
presence or absence of the biotin modification) were 
exposed to magnetic streptavidin beads. Biotinylated struc
tures bound tightly, while unmodified structures were 
washed away. Amplification of the sequences before and 
after pull-down followed by sequencing shows that only the 
biotin barcode is identified after pull-down. 
[0245) Lastly, FIG. 23 demonstrates that the PCR protocol 
used in polymerase chain reaction (PCR) amplification 
tolerates catalytic components covalently linked to the DNA 
nanostructure being PCR amplified. For the internal attach
ment site, we used a commercially available attachment 
handle (internal amine C6 dT modification, from IDT) 
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which is tolerated by Taq polymerases. We have demon
strated successful amplification of nanostructures bearing 
multiple reaction components. 
[0246) The Sanger sequencing for an initial, small proof
of-principle library ( <30 library members) demonstrated 
that single-nucleotide barcodes and Sanger Sequencing are 
sufficient to confirm that the expected structures are enriched 
by the pull-down, but larger libraries will require at least 5 
nucleotide barcodes to be used. 

[0247) 

Example 3 

Synthetic Schemes 

Scheme 1: Different strategies for attachment of a biotin affinity label to in-situ-generated DNA-linked aldehydes. As an alternative biotin
attachemnt strategy to the use ofreductive amination for biotin attachment in the Cu-nitroxyl alcohol oxidation described in Example 1.1 , Scheme 

1 provides alkoxyarnine-biotin/hydrazide-biotin probes as a milder alternative to reductive amination for biotin attachment. This affinity label 
attachment strategy improved biotinylation yields and the milder reaction conditions improved the quality of the PCR amplification step . This 

strategy was used to achieve the NGS results with the 8-member proof-of-principle library (next-gen sequencing results shown in Figure 24 on the 
next page). 

0 

~~~o 

NaCNBH3 

MeOH 

37° C. , 16 hr 

0 
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-continued 

Amide-Bond-Forming Bioconjugation Protocols for 
Preparation of Library Building Blocks. 

[0248] These following schemes and procedures are for 
DMTMM and EDC couplings to attach carboxylic acid
bearing reaction components to amine-modified DNA oli
gonucleotides. 

Scheme 2: DMTMM Bioconjugation. 

1 eq 

DMTMM (2,000 eq) 
250mM Borate Buffer 

pH 9.5 (45% v) 
DMSO (10%v) 

10° C., 2 hours 

0 

._'>flh . -~- ~ .. f".--.._ )l '" • • "!UI' ~ .'I,(;!!' N R 

H 

[0249] To 1 nmol amine-modified DNA (1 mM, 1 µL in 
nuclease-free water), 9 µL 250 mM Borate Buffer pH 9.5 
was added. Following this addition 250 equivalents of the 
carboxylic acid were added (0.125 M in DMSO, 2 µL) as 
well as 2 µL DMSO. Last, 2,000 equivalents of DMTMM 
( 4-( 4,6-Dimethoxy-1 ,3,5-triazin-2-yl)-4-methylmorpho
linium chloride) were added (4 µL, 0.5 Min nuclease-free 
water). The reaction was vortexed and incubated at 10° C. 
with vigorous shaking for 2 hours. The DNA was then 
purified via isopropanol precipitation (precipitate with 3 M 
sodium acetate and cold isopropanol, wash with 70% etha
nol), or via filtration with a molecular weight cut-off filter (3 
kDa cut-off). 

Scheme 3: EDC Bioconjugation. 

1 eq 

EDC-HCJ (600 eq) 
HOAT (1 24.8 eq) 
DIPEA (572.7 eq) 

1 00mM TEA Borate Buffer 
pH 8.0 (8.3% v) 

DMSO (3 7.5% v) 

25° C., 2 hours 

0 

~~V¾~)l 
N R 
H 

[0250] To 1 nmol amine-modified DNA (1 mM, 1 µL in 
nuclease-free water), 2 µL 100 mM TEA Borate Buffer pH 
8.0 was added. Following this addition, 250 equivalents of 
the carboxylic acid were added (0.125 Min DMSO, 2 µL) 
as well as 9 µL DMSO. Last, 600 equivalents of EDC-HCl 
(N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydro
chloride) (4 µL, 0.15 Min DMSO), 124.8 equivalents of 
HOAt (1-Hydroxy-7-azabenzotriazole) (4 µL , 0.03 M in 
DMSO), and 572.7 equivalents of DIPEA (N,N-Diisopro
pylethylamine) (2 µL, 0.286 M) were added. The reaction 
was vortexed and incubated at 25° C. for 2 hours. The DNA 
was then purified via isopropanol Precipitation (precipitate 
with 3 M sodium acetate and cold isopropanol, wash with 
70% ethanol), or via filtration with a molecular weight 
cut-off filter (3 kDa cut-off). 

[0251] For the photochemical C-H arylation reaction, 
two possible biotinylated coupling partners, that were not 
commercially available, were synthesized. The biotin-hy
drazide, biotin-amine, and biotin-alkoxyamine probes used 
for aldehyde labelling in the Cu/Nitroxyl Radical catalysis 
experiments are all commercially available. 
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Scheme 4: 200 mg of d-Biotin (0.82) mmol, 1.0 equivalents) were 
combined with 102 mg of N-hydroxysuccinimide (0.88 mmol, 1.1 

equivalents) in an oven-dried reaction vial with a magnetic stir bar and 
dissolved in 6 mL DMF. The vial was heated to 100° C. for 5 minutes 

with 500 rpm stirring to achieve full dissolution. The vial was then 
cooled to room temperature and 184 mg of EDC-HCl 

(0 .96 mmol , 1.3 equivalents) were added. The headspace of the vial was 
flushed with nitrogen, and then the reaction was incubated at room 
temperature for 5 hours with 500 rpm stirring. The solution was 

concentrated under reduced pressure until the total volume of the reaction 
mixture was 2 mL. To precipitate the product, 20 mL of 1 % acetic acid 

in ethanol were added to the reaction mixture and stirred for 5 minutes to 
allow a white precipitate to form. The resulting suspension was vacuum 

filtered and the white solid collected on the Hirsch funnel was rinsed 
with two 15 mL portions of 1 % acetic acid in ethanol and then two 5 mL 
portions of diethyl ether, then air-dried on the filter for 15 minutes and 
further dried under vacuum. This yielded 207 mg of product as a fine 
white solid (74% yield). The NHS ester was then used without further 

purification. 

\\ OH 

/-NH ~ 
'"'---·()....... 0 

s 

NHS , EDC- HCl 
DMF 

[0252) 1H NMR (400 MHz, DMSO) o 6.42 (s, lH), 6.36 
(s, lH), 4.30 (dd, J=7.7, 5.0 Hz, lH), 4.18-4.10 (m, lH), 
3.15-3.06 (m, lH), 2.91-2.80 (m, lH), 2.81 (s, 4H), 2.67 (t, 
1=7.4 Hz, 2H), 2.58 (d, J=12.4 Hz, lH), 1.73-1.33 (m, 6H). 

Scheme 5: 200 mg of NHS-biotin (0.59 mmol, 1 equivalent) and 
148.2 mg of3,5- dimethoxybenzylamine (0.89 mmol, 1.5 equivalents) 
were combined in a reaction v ial w ith a stir bar, and dissolved in 6 mL 
DMF with 0 .2 mL triethylamine. The reaction mixture was then stirred 
for 18 hours at room temperature. The mixture was then concentrated 

under reduced pressure to a volume of about 1 mL, and this was dripped 
into 100 mL chilled diethyl ether to precipitate. This suspension was 
stirred for 10 minutes and then filtered. The white solid was washed 

with 5 mL of ethanol, threee 10 mL portions of diethyl ether, and then 
air-dried on the filter for 15 minutes followed by further drying under 

vacuum. This yielded 221.7 mg of product as a white powder (93 
% yield). 

MeOyy y NH, 

OMe 

TEA,DMF 
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-continued 

[0253) 1 H NMR (500 MHz, DMSO) o 8.25 (t, 1=6.0 Hz, 
lH), 6.41 (d, J=l.7 Hz, lH), 6.40 (d, J=2.3 Hz, 2H), 6.35 (t, 
J=2.3 Hz, lH), 6.34 (s, lH), 4.30 (ddt, J=7.7 , 5.3 , 1.1 Hz, 
lH), 4.19 (d, 1=6.0 Hz, 2H), 4.12 (ddd, J=7.7, 4.4, 1.9 Hz, 
lH), 3.71 (s, 6H), 3.09 (ddd, J=8.6, 6.2, 4.4 Hz, lH), 2.82 
(dd, J=12.4, 5.1 Hz, lH), 2.58 (d, J=12.4 Hz, lH), 2.14 (t, 
1=7.4 Hz, 2H), 1.70 -1.22 (m, 6H). 

Scheme 6: 50 mg of NHS-biotin (0.15 mmol, 1 equivalent) and 37.4 
mg of the hydrochloride salt of 1-tryptophan methyl ester (0.15 mmol, 

1 equivalent) were combined in a reaction vial with a stir bar, and 
dissolved in 1 mL DMF with 0.1 mL triethylamine. The reaction 

mixture was filtered to remove precipitate, and then dripped directly 
into 15 mL of ice water and stirred to precipitate product. The 

resulting white precipitate was vacuum-filtered, rinsed with two 1 mL 
portions of ice water, then dried under vacuum. This yielded 23 .8 mg 

of product as a waxy whilte solid (37% yield). 
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[0254) 1H NMR (500 MHz, DMSO) o 10.90-10.79 (m, 
lH), 8.21 (d, J=7.6 Hz, lH), 7.48 (dd, J=7.9, 1.0 Hz, lH), 
7.33 (dt, J=8.1, 0.9 Hz, lH), 7.13 (d, 1=2.4 Hz, lH), 7.06 
(ddd, J=8.1 , 6.9, 1.2 Hz, lH), 6.98 (ddd, J=7.9, 7.0, 1.1 Hz, 
lH), 6.40-6.29 (m, 2H), 4.51 (td, J=8.2, 5.8 Hz, lH), 
4.33-4.26 (m, lH), 4.09 (ddd, J=7.7, 4.4, 1.9 Hz, lH), 3.58 
(s, 3H), 3.14 (dd, J=14.6, 5.6 Hz, lH), 3.08-2.97 (m, 2H), 
2.82 (dd, J=12.4, 5.1 Hz, lH), 2.57 (d, J=12.4 Hz, lH), 
2.16-2.00 (m, 2H), 1.68-1.13 (m, 6H). 

1. A polynucleotide barcoded building block oligomer 
system for preparing a catalyst library system, the poly
nucleotide system comprising at least two sets of single 
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stranded polynucleotides, each set of single stranded poly
nucleotides characterized by a catalytic component selected 
from a panel of catalytic components linked to single 
stranded polynucleotides of the set, 

wherein each single stranded polynucleotide of a set 
comprises a polynucleotide barcode indicative of the 
catalytic component selected from the panel of catalytic 
components linked to the single stranded polynucle
otide, a domain complementary to a domain possessed 
by single stranded polynucleotides of a second set of 
single stranded polynucleotides and optionally a 
domain complementary to a domain possessed by 
single stranded polynucleotides of a third set of single 
stranded polynucleotides, 

wherein each single stranded polynucleotide of one set is 
capable of hybridizing with each single stranded poly
nucleotide of at least one other set to form a self
assembled polynucleotide nanoscaffold, and 

wherein the self-assembled polynucleotide nanoscaffold 
comprises a catalytic active site comprising the cata
lytic components and a barcode signature indicative of 
the catalytic active site. 

2. The polynucleotide system of claim 1, wherein one set 
of single stranded polynucleotides comprises a catalytic 
component selected from a panel of catalysts or catalyst 
binding ligands and another set of single stranded polynucle
otides comprises a catalytic component selected from a 
panel of substrates. 

3. The polynucleotide barcoded building block oligomer 
system of claim 1 comprising 3, 4, or 5 sets of single 
stranded polynucleotides. 

4. The polynucleotide barcoded building block oligomer 
system of claim 3, wherein a first set of single stranded 
polynucleotides comprises a catalytic component selected 
from a panel of catalysts or catalyst binding ligands, a 
second set of single stranded polynucleotides comprises a 
catalytic component selected from a panel of substrates, and 
a third set of single stranded polynucleotides comprises a 
catalytic component selected from a panel of co-catalysts, 
additives, acids, bases, H-donors, H-acceptors, aptamers, or 
any combination thereof. 

5. The polynucleotide barcoded building block oligomer 
system of claim 1, wherein the catalytic component is linked 
to the single stranded polynucleotide by carboxylic acid
amine bioconjugation. 

6. The polynucleotide barcoded building block oligomer 
system for preparing a catalyst library system of claim 1, 

wherein each single stranded polynucleotide of the first 
set comprises a first polynucleotide barcode indicative 
of a first catalytic component selected from a first panel 
of L catalytic components linked to the single stranded 
polynucleotide and a domain complementary to a 
domain possessed by single stranded polynucleotides 
of a second set of single stranded polynucleotides, 

wherein each single stranded polynucleotide of the second 
set comprises a second polynucleotide barcode indica
tive of a second catalytic component selected from a 
second panel of M catalytic components linked to the 
single stranded polynucleotides of the second set, and 

wherein each single stranded polynucleotide of the first 
set and each single stranded polynuclcotide of the 
second set are capable of hybridizing with each other to 
form a self-assembled polynucleotide nanoscaffold, 
and 
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wherein the self-assembled polynucleotide nanoscaffold 
comprises a catalytic active site comprising the first 
catalytic component and the second catalytic compo
nent and a barcode signature indicative of the catalytic 
active site comprising the first polynucleotide barcode 
and the second polynucleotide barcode. 

7. The polynucleotide barcoded building block oligomer 
system of claim 6, 

wherein each single stranded polynucleotide of the second 
set comprises a domain complementary to a domain 
possessed by single stranded polynucleotides of a third 
set of single stranded polynucleotides, 

wherein each single stranded polynucleotide of the third 
set comprises a third polynucleotide barcode indicative 
of a third catalytic component selected from a third 
panel of N catalytic components linked to the single 
stranded polynucleotides of the third set, and 

wherein each single stranded polynucleotide of the first 
set, each single stranded polynucleotide of the second 
set, and each single stranded polynucleotide of the third 
set, are capable of forming a self-assembled polynucle
otide nanoscaffold, and 

wherein the self-assembled polynucleotide nanoscaffold 
comprises a catalytic active site comprising the first 
catalytic component, the second catalytic component, 
and the third catalytic component and a barcode sig
nature indicative of the catalytic active site comprising 
the first polynucleotide barcode, the second polynucle
otide barcode, and the third polynucleotide barcode. 

8. A catalyst system library comprising a plurality of 
self-assembled polynucleotide nanoscaffolds prepared from 
polynucleotide barcoded building block oligomer system 
according to claim 1. 

9. The catalyst system library of claim 8, wherein the 
self-assembled polynucleotide nanoscaffolds comprise a 
single stranded polynucleotide selected from each set of 
single stranded polynucleotides. 

10. The catalyst system library of claim 9, wherein the 
self-assembled polynucleotide nanoscaffolds comprise a 
continuous polynucleotide sequence. 

11. The catalyst system library of claim 10, wherein the 
self-assembled polynucleotide nanoscaffolds comprise at 
least one hairpin structure. 

12. The catalyst system library of claim 8, wherein the 
self-assembled polynucleotide nanoscaffolds comprise a 
reporter attached to the polynucleotide nanoscaffold. 

13. The catalyst system library of claim 12, wherein the 
reporter is biotin, optionally wherein the biotin is conjugated 
to the polynucleotide nanoscaffold by alkoxyamine-biotin or 
hydrazide-biotin. 

14. A method of assembling a catalyst system library, the 
method comprising: 

preparing a polynucleotide barcoded building block oli
gomer system according to claim 1, wherein a set of 
single stranded polynucleotides is prepared by 
(i) distributing a first single stranded polynucleotide 

comprising a domain complementary to a domain 
possessed by a second single stranded polynucle
otide and optionally a domain complementary to a 
domain possessed by a third stranded polynucleotide 
between a set of containers, 

(ii) adding to each container of the set of containers a 
catalytic component selected from a panel of cata-
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lytic components and a polynucleotide barcode 
indicative of the catalytic component selected from 
the panel, 

(i ii) attaching to the single stranded polynucleotide the 
catalytic component selected from a panel of cata
lytic components, and 

(iv) ligating the single stranded polynucleotide and the 
polynucleotide barcode, 

combining the two or more sets of single stranded poly
nucleotides under conditions sufficient to prepare self
assembled polynucleotide nanoscaffolds; and 

ligating the self-assembled polynucleotide nanoscaffolds 
to prepare a continuous polynucleotide sequence. 

15. A method of identifying catalytic activity, the method 
comprising exposing the catalyst system library according to 
claim 8 to catalytic reaction conditions and identifying 
self-assembled polynucleotide nanoscaffolds that react 
under the catalytic reaction conditions. 

16. The method of claim 15, wherein identifying self
assembled polynucleotide nanoscaffold that react under the 
catalytic reaction conditions comprises, 

isolating self-assembled polynucleotide nanoscaffolds 
with catalytic activity, 

amplifying a portion of the self-assembled polynucleotide 
nanoscaffolds comprising the barcode signature, and 
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sequencing the portion of the self-assembled polynucle
otide nanoscaffolds to determine the barcode signature. 

17. The method of claim 16, wherein isolating the self
assembled polynucleotide nanoscaffolds comprises isolating 
the self-assembled polynucleotide nanoscaffolds comprising 
a reporter, wherein self-assembled polynucleotide nanoscaf
folds comprising the reporter is associated with catalytic 
activity. 

18. The method of claim 16, wherein isolating the self
assembled polynucleotide nanoscaffolds comprises isolating 
the self-assembled polynucleotide nanoscaffolds lacking a 
reporter, wherein self-assembled polynucleotide nanoscaf
folds lacking the reporter from the scaffold indicates cata
lytic activity. 

19. The method of claim 16, wherein the portion of the 
self-assembled polynucleotide nanoscaffolds comprising the 
barcode signature is amplified by a polymerase chain reac
tion. 

20. The method of claim 20, wherein the portion of the 
self-assembled polynucleotide nanoscaffolds comprising the 
barcode signature is sequenced by next generation poly
nucleotide sequencing. 

* * * * * 




