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affinity to a target molecule. Specifically, non-natural nucleotides can be introduced onto aptamers immobilized on the surface of
beads. The non-natural nucleotides can then be subsequently chemically modified to include additional binding agents. For example,
copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions can be used to introduce a wide range of binding agents onto non-
natural nucleotides on beads.
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COMPOSITIONS AND METHODS INVOLVING RON-NATURAL
APTAMER LIBRARIES

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT
{0601]  This invention was made with Government support under Grant No. N66001-14-2-
4055, awarded by the Defense Advanced Research Projects Agency (BARPA} The

Government has certain rights in this invention.

BACKGROUND OF THE DISCLUOSURE
{0002]  Interactions between glycans and carbohydrate-binding proteins mediate many
biological processes, including cell-cell imteraction, cellular signaling, entry of pathogens into
host cells, and discrimination between “self” and “nonself” by immune cells (Boukerb et al,
2014; Gabius et al, 2011, Macauley et al, 2014; Solis et al, 2015},  Accordingly, there is
considerable interest in developing synthetic affinity reagents that can potentially modulate these
interactions for both research and clinical applications. It is critical that such reagents bind
strongly and specifically to the target protein but not to other, related carbohydrate-binding
proteins. Unfortunately, this has proven extremely challenging. For example, many lectins - one
of the most prominent classes of carbohydrate-binding proteins - are structurally homologous
(Gabius et al, 2011} As a result, the majority of current lectin affinity reagents exhibit only
modest or poor specificity (Amaud et al, 2013; Jin et al., 2009; Sears and Wong, 1999; Yang et
al., 2011). This greatly reduces their utility as research tools, and creates an unacceptable risk of

off-target effects in potential therapeutic applications (Ernst and Magnani, 2009).

{8083} Synthetic “glycomumetic” reagents that display key elements of a glycan’s protein-
binding agent represent a promising solution to this problem. To this end, several groups have
adopted rational design-based approaches - for example, achieving synergistic binding by
coupling glvcomimetic affinity reagents to secondary binding motifs that recogrize peripheral
groups surrounding the carbohydrate binding site on the target protein (Cecioni et al, 2015;

FHegger etal, 2013; Kelm et al, 2013; Prescher et al., 2014, Shelke et al, 2010; Feng et al., 2011}
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Although some of these rationally designed reagents exhibit high affinity for their target, this
approach requires detailed structural information about the carbohydrate binding site, and such
high-resolution structural data are only available for a subset of lectins (Committee on Assessing

the Importance and Impact of Glycomic and Glycoscience - National Research Council, 2012).

{B084]  As an alternative, others have pursued sirategies based on the directed evolution of
large combmatorial molecular libraries (Bittker et al, 2002). This approach also offers
considerably higher throughput relative to rational design strategies, which entail a laborious
process of synthests, testing, and optimization. For example, Krauss and coworkers have used
library-based selection approaches with both nucleic acid- and polypeptide-based glycan
scaffolds to select affimity reagents for 2G12, a protein that binds glycans associated with the
HIV envelope protein gpl20 (Horya et al., 2014; Macpherson et al, 2011; Temme et al |, 2014).
Some of these affinity reagents exhibited impressive affinities for 2G12, but their specificities
were not established. Derda and coworkers combined directed evolution and fragment-based
approaches to discover a class of mannose-modified short peptides that exbubit modest
{micromolar) affiuty and specificity for the lectin concanavalin A (ConA), but these reagents
also bound other lectins belonging to the same family (Ng et al, 2015).  As such, there 15
currently no rehable, generalizable strategy for efficiently generating glycomimetic affinity

reagents that exhibit excellent atfinity and specificity for a given carbohydrate-binding protein.

BRIEF SUMMARY OF THE DISCLOSURE
[B005]  1In one aspect, the disclosure features a plurality of beads linked to aptamers comprising
at least one non-natural nucleotide, wherein sequences of aptamers hinked to different beads are
different and wherein beads in the plurality are linked to multiple copies of only one aptamer,

wherein the base of the non-natural nucleotide 13 covalently bonded to a binding agent.

[0006] In some embodiments, the non-natural nucleotide 1s covalently bonded to the binding
agent via a triazole moiety. In some embodiments, the non-natural nucleotide 18 C8-alkyne-

dUTP.

{6067} The aptamers linked to the beads may comprise at least first and a second non-natural
nucleotides that are structurally-different. In some embodiments, the first non-natural nucleotide
is hinked to the binding agent and the second non-natural nucleotide 15 not linked to a binding

agent. In particular embodiments, the second non-natural nucleotide comprises an aldehyde.
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{0008]  In some embodiments, the first non-natural nucleotide 1s linked to the binding agent
and the second non-natural nucleotide is linked to a second binding agent. The binding agent
may be an amino acid {e.g., a natural or non-natural amino acid), a sugar {¢.g., a monosaccharide
or a polysaccharide}, a peptide {e.g., a synthetic peptide such as a peptide comprising one or
more non-natural amino acids), or a protein {e.g, a synthetic protein such as a protein
comprising one or more non-natural amino acids). In particular embodiments, the sugar may be
a mannose. In some embodiments, the binding agent is an azide-modified tyrosine or an azide-
modified tryptophan. In other embodiments, the binding agent is an azide-modified boronic

acid.

[8009] The plurality of beads may comprise at least 100 beads {e.g., at least 500, 1,000, 5,000,

10,000, 50,000, or 100,000 beads) each linked to a different aptamer having a different sequence.

{8010} In another aspect, the disclosure features a method of making the plurality of beads
linked to aptamers as described herein. The method comprises providing a plurality of aqueous
droplets wherein a majority of the droplets comprise only one bead linked to a forward primer
and only one aptamer template polynucleotide, wherein the droplets in the majority each
comprise an aptamer template polynucleotide having a different sequence; performing
amplification within the droplets, wherein the droplets contain nucleotide triphosphates (NTPs)
and a non-natural nucleotide triphosphate having a nucleotide base linked to a functional group,
wherein the forward primer hybridizes to the aptamer template polynucleotide and 1s extended
by a polymerase using the aptamer template polvnucieotide as a template to generate an
extension product linked to the bead and comprising an aptamer sequence and wherein the non-
natural nucleotide 1s incorporated into the aptamer sequence, thereby forming a plurality of beads
hinked to aptamers comprising at least one non-natural nocleotide; and reacting the functional
group with a reactive species comprising a binding agent such that the non-natural nucleotide 15
covalently bonded to the binding agent. In some embodiments, the droplets o the method of
making the plurality of beads linked to aptamers contain deoxynucleotide triphosphates (dNTPs)
and a non-natural deoxynucleotide triphosphate having a nucleotide base linked to a functional
group. In such cases, once the forward primer hybrnidizes to the aptamer template

polynucleotide, the forward primer 1s extended by a DNA polymerase using the aptamer

(V8]
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template polynucleotide as a template to generate an extension product linked to the bead and

COMPIISing an aptamer sequence.
{0011} Insome embodiments of the method, the functional group is an alkyne or an azide.

{6012} 'The droplets in the method may contain at least a first and a second non-natural
nucleotide triphosphate that are structurally-different and the first and the second non-natural
nucleotide are incorporated into the aptamer sequence. In some embodiments, the first non-
natural nucleotide comprises an alkyne or an azide functional group and the second non-natural

nucleotide comprises an aldehyde.

{0013] Insome embodiments, the method further comprises combining contents of the droplats

after the performing of the amplification and before the reacting.
{0014] The non-natural nucleotide 1n the method may be C8-alkyne-dUTP.

{6015} In some embodiments, a first non-natural nucleotide comprises an alkyne and the
reactive species comprises an azide and during the reacting the azide undergoes Cu-catalyzed
azide-alkyne cycloaddition (CuAAC) with the alkyne in the non-natural nucleotide to form a

covalent bond.

[6016] In some embodiments of the method, the binding agent comprises a sugar {(e.g, a

mannose).

{6017} In another aspect, the disclosure features a method of 1dentifving an aptamer that binds
a target molecule. The method comprises contacting the plurality of beads described herein to
the target molecule; enriching the plurality of beads for beads that bind the target molecule; and
determining the sequence of aptamers that bind the target molecule. In some embodiments, the
target molecule is a peptide, a protein, a small molecule {e.g., less than 1500 daltons), 3 mixture
of cellular membrane fragments, or a microorganism. In some embodiments, the target molecule

15 labeled.

{B018] Insome embodiments, the contacting in the method further comprises contacting the
plurality of beads with a labeled non-target molecule and the enriching comprises enriching for
beads that do not bind the labeled non-target molecule, in which labels of the target molecule and

the non-target molecule are different.
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Definitions

[6819] The terms "label” and "detectable label" may be used interchangeably herein to refer to
a molecule capable of detection, including, but not hmited to, radicactive isotopes, fluorescers,
chemiluminescers, chromophores, enzymes, enzyme subsirates, enzyme cofactors, enzyme
mnhibitors, chromophores, dyes, metal ions, metal sols, ligands {e.g., biotin, avidin, strepavidin or
haptens) and the like. Exemplary detectable moieties suitable for use as detectable labels include

affinity tags and fluorescent proteins

3020] As used herein the term "aptamer" or "aptamer sequence" refers to a nucleic acid
p p 4

having a specific hinding affinity for a target, e.g, a target molecule, wherein such target 1s other

than a polynucleotide that binds to the aptamer or aptamer sequence through a mechanism which

predominantly depends on Watson/Crick base pairing.

{8021} The terms "nucleic acid", "nucleic acid sequence”, "nucleic acid molecule” and
"polynucleotide” may be used interchangeably herein and refer to a polymeric form of
nucleotides of any length, either deoxyribonucleotides or ribonucleotides, or analogs thereof, and
may include naturally occurring nucleotides and/or modified nucleotides. Polynucleotides may
have any three-dimensional structure, and may perform any function, known or unknown. Non-
hmuting examples of polynucleotides include a gene, a gene fragment, exons, introns, messenger
RNA (mRNA), transter RNA, nibosomal RNA, ribozvmes, ¢DNA, recombinant polynucleotides,
branched polynucleotides, plasmids, vectors, isolated DNA of any sequence, control regions,
isolated RNA of any sequence, nucleic acid probes, and primers. The nucleic acid molecule may

be hinear or circular,

[0022] As used herein, the term "oligonucleotide” can refer to a polynucleotide chain, typically
less than 200 residues long, most typically between 15 and 100 nucleotides long, but also
mtended to encompass longer polynucleotide chains. Oligonucleotides can be single- or double-

stranded.

[8023] “Non-natural nucleotide” refers to a nucleotide that 15 different from the natural
nucleotides of adenosine, thymudine, guanosine, cytosine, and uracil. Non-natural nucleotides
will generally include a sugar molecule {e.g., a five-carbon sugar such as ribose or deoxyribose},
a nitrogenous base, and a phosphate group {(when a free nucleotide as a triphosphate or when

incorporated nto a nucleic acid 2 monophosphate).
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{0024] "Complementary”, as used herein, can refer to complementarity to all or only to a
portion of a sequence. The number of nucleotides i the hybridizable sequence of a specific
oligonucleotide can be such that stringency conditions used to hybridize the oligonucleotide
primer can prevent excessive random non-specific hybridization. The number of nucleotides
the hybridizing portion of the oligonucleotide primer can be at least as great as the defined
sequence on the target polynucleotide that the oligonucleotide hybridizes to, namely, at least 5, at
least O, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least 14, at
least 15, at least about 20, or from about 6 to about 10 or 6 to about 12, or 12 to about 200

nucleotides, or about 10 to about 50 nucleotides.

BRIEF DESCRIPTION OF THE DRAWINGS
[6025] FIGS. 1A and 1B: Click-PD strategy for the synthesis and screening of lectin-specific
non-natural aptamers. FIG. TA: After conjugating the mitial DNA library to forward primer-
coated magnetic beads (step 1), emulsion PCR (step 2) was performed to produce monoclonal
aptamer particles in which dT and dC are substituted with non-natural pyrimidine nucleotides |
and 2, respectively. The emulsions (step 3) were then broken and a click chemistry approach
{(step 4) was used to conjugate carbohydrate azides (3) to the alkyne group on . These are
converted to single-siranded aptamers (step 3) containing carbohydrate-modified deoxyuridine
(4), and then combined with both target and noun-target lectins, each labeled with a distinct
fluorophore (step 6). FACS screening allows the exclusive isolation of those molecules that
exhibit strong and specific binding to the target but not the non-target lectin (step 7). The
selected non-natural aptamers are then converted back to natural DNA via a “reverse
transcription”-like PCR reaction (step 8) and subjected either to sequencing analysis {step 9) or
further screening. FIG. 1B: Structures of non-natural pyrimidine nucleotides and carbohydrate

azides, and 1Hustration of the non-natural aptamer synthesis process.

[8026] FIG 20 Screen for polymerase-mediated incorporation of modified pyrimudine
deoxyribonucleotides 1 and 2. PCR template: an 81-nt DNA cligonucieotide, T1. Lane 1: DNA
ladder; lane 2: KOD-XL; lane 3: Pwo; lane 4. Deep Vent. The arrow indicates the full-length

product. KOD-XL DNA polymerase gives the highest yield without a major byproduct.

{6027} FIGS. 3A-3F: Optimization of chick chemustry using a 21-nt oligonucleotide substrate

with three consecutive alkyne side chains. FIG. 3A: Structures of azido-sugars screened for ¢lick
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conjugation to alkyne-bearing 21-nt DNA oligonucleotide with three consecutive 1s, 81, FIGS.
3B-3F: HPLC analysis of click conjugation under different conditions with different substrates.
Click chemustry conditions are as follows: FIG. 3B: conjugation of 3 0.4 mM CuS04 + 2 mM
THPTA + 4 mM sodium ascorbate; FIG. 3C. conjugation of 3 with 0.4 mM CuS04 + 0.4 mM
TBTA + 0.8 mM TCEP; FIG. 3D: conjugation of 3 with 0.4 mM CuBr + 0.4 mM TBTA; FIG
3E: conjugation of I-Man with 0.4 mM CuBr + 0.4 mM TBTA; FIG 3F: conjugation of 6-Gal
with 0.4 mM CuBr + 0.4 mM TBTA DP: desired product. SM: starting material. +1 sugar and
+2 sugar: products with one or two carbohydrate substrates conjugated. Only click conjugation
of substrates 3 and AeGla (results not shown} with 0.4 mM CuBr + 0.4 mM TBTA gave

quantitative vield of the desired product without major byproducts.

[6028] FIGS. 4A and 4B: Optimization of Click Conjugation. FIG. 4A: The click chenustry
reaction efficiently modified M1, the PCR product generated from the T1 template (after
removing the antisense strand}, which contains numerous 1 and 2 nucleotides. Gel lanes
represent the template before (lane 1) and after strand separation either mamediately after PCR
(lane 2) or after subsequent chick conjugation with 3 (lane 3). FIG. 4B: ESI-MS characterization
of M1 (expected: 31901.2 Da, observed: 31899 4 Da).

[6029] FIG 5. Charactenization of non-natural aptamer particle synthesis using flow
cytometry.  Fluorescent signal from the Alexa Fluor 647-labeled reverse primer shows two
populations: blank particles, and particles coated with non-natural aptamers (red box). In this

representative sample, 18% of the particles are coated with non-natural aptamers.

[60306] FIG 6 Confirmation of the generation of particle~-displayed non-natural aptamers. 7op:
structure of the “scar” of the disulfide linker after non-natural aptamer cleavage. The disulfide
linker between the forward primer and the particle 15 cleaved by TCEP treatment followed by
alkylation using iodoacetanude.  Borfom: the click chemistry reaction conditions efficiently
modified particle-coupled non-natural aptamers. Lane 1 contamns the reaction product M1 formed
in solution (see FIG. 4A), and lane 2 contains non-natural aptamer cleaved from beads after

emulsion PCR and on-bead click reaction.

[0031] FIGS 7A and 7B: Tag polymerase efficiently converts non-natural aptamers back to
natural DNA via a ‘reverse transcription’ PCR process. FIG. 7A: Polymerase screen for the

reverse transcription step. Lane 1. DNA ladder; lane 2: Tag polymerase, without template; lane

~1
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3. Tag polymerase, using canonical DNA template T1, lane 4. Tag polymerase, using non-
natural aptamer particles as template; lane 5. KOD-X1 using non-natural aptamer particles as
template; lane 6 Pwo, using non-natural aptamer particles as template; lane 7: Deep Vent, using
non-natural aptamer particles as template. The arrow indicates the full-length product. FIG. 7B:
Confirmation of successful reverse transcription using Tag DNA polymerase. Lane 1. PCR
without template; lane 2: PCR using natural DNA, T1, as the template; lane 3. PCR using non-

natural aptamer (M1) displayed on beads as template.

{8032} FIG. 8 Sanger sequencing of the product of reverse-transcription. PCR product from
reverse-transcription were cloned imnto a TOPO vector and transfected into TOP10 chemically
competent cells. Colonies were harvested and sent for Sanger sequencing. All 20 colonies
sequenced were either sequence matched with Tl or the complementary sequence of T1,

demonstrating good fidelity for the reverse-transcription reaction.

[6033] FIGS. 9A-9D: Affinity and specificity of Con A aptamers. FIG. 9A: Binding curves of
3-1 and 3-1m to Con A and PSA based on particle-based fluorescent measurements. FIG. 9B:
Binding activity for various 3-1 derivatives m the presence of 10 nM Con A, Fluorescence
mitensities were normalized first to particle coating, then to the relative signal of 3-1. FIG. 9C:
The strong specificity of 3-1m remains clearly apparent on a larger array of 40 lectins. White
open circles show the position of each lectin spot. Each lectin s spotted in duplicate. The short
names of the lectins are written under the spots; pos and neg denote positive and negative
controls, respectively.  FIG. 9D Quantitation of binding of 3-1m to the array at lectin
concentrations ranging from 40 pM to 400 oM. Data are normalized to the tluorescence intensity
of the positive control. The signals of the VVA spot were subtracted from the intensity at 0 nM
due to the false positive response of this lectin. Positive and negative control array data were not
included in the plot. The shghtly lower fluorescence signal at the highest concentration was
attributed to the self-quenching effect of the fluorophores at high local concentrations on the

array surface.

[6034] FIGS. 10A-10C: ESI-MS characterization of solution-phase 3-1, 3-1m, and D1 with 5°-
biotinylation. FIG. 10A: 3-1. Expected mass: 30352.6; observed mass: 30348.7. FIG. 10B: 3-
Im. Expected mass: 30040.5; observed mass: 30039.5. FIG. 10C: D1, Expected mass: 29766.2;

observed mass: 29764 4.
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{B035] FIGS. 11A and 11B: BLI analysis of 3-1m and 3-1. Big-layer mnterferometry (BLI)
measurement of ConA interacting with surface-immobilized aptamers. Global fitting of target
assoctation and dissociation at each concentration was performed to generate Kd, kon, and koff

values.

{0036] FIGS. 12A-12C: Structure-activity relationship of 3-1m. FIG. 12A: Folding structure
of 3-1m predicted by mFold. Note that modified nucleotide 4 has been substituted with dT in the
simulation. The circled nucleotide positions were mutated to dA individually or in pairs, and the
binding of the mutant non-natural aptamers was characterized in a particle-based fluorescent
assay. FIG. 12B: The relative fluorescence signals of the mutant sequences, which are shown in
FIG. 12C. The error bars were derived from three experimental replicates. The fluorescence

signals were first normalized to particle coating, and then to the relative signal of 3-1m.

{8037} FIG 13: 3-1m exhubits little binding to NPA, LeH, and VFA lectins. Particles coated
with 3-Im were mcubated with fluorescently-labeled mannose-binding lectins. These were then
washed and analyzed by FACS based on mean fluorescence of the population. Error bars were

derived from three experimental rephicates.

{8038} FIG. 14 Fluorescence intensity measurements of YV A and Con A on the lectin array.
Fven at low concentrations of fluorescently labeled 3-1m, the fluorescence intensity of the VVA
spot 18 fairly high. The signal slightly decreases at higher concentrations of 3-1m. Overall, this
change 1s not significant compared to the signals of Con A, which rises from near zero to
~18,000 a.u. over the concentration range from 40 pM to 400 nM. The VVA spot was therefore

ruled a false positive.

[0039] FIGS 15A and 15B: Chck-PD screening generates non-natural aptamers with high
affinity and specificity for Con A, FIG. 15A: FACS plots of non-natural aptamer-displaying
particles from the starting hibrary and Rounds 1-3, where [Con A}l =1 nM and [PSA] = 250 oM.
Percentages represent the subpopulation of particles in each quadrant. Quadrant IV (outlined in
red) represents aptamers with high Con A and low PSA affinity, which were collected in each
round. FIG. 15B: High-throughput sequencing shows several highly-enriched clusters of closely
related sequences in the Round 3 pool. Each cucle represents one enriched sequence, with

colors indicating related clusters. The dotted hine depicts our threshold for the most highly-

9
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enriched sequences (>100-fold}.  Aptamer 3-1 (red arrow) was selected for further

characterization.

{0040] FIG 16 Binding of selected sequences to fluorescently labeled ConA in a particle-
based assay. Two criterta were considered to identify the top-performing non-natural aptamer.
First, over 60% of non-natural aptamer-displaying particles bound ConA in a particle-based
fluorescent assay. Second, the non-natural aptamer should onginate from a cluster that has

undergone >2 000 enrichment. 3-1 met both of these criteria.

{6041} FIGS. 17A and 17B: Affinity and specificity of a DC-SIGN non-natural aptamer, D1
FIG. 17A: FACS plots depict binding of non-natural aptamer-displaying particles from the
starting library and Round 3 of Click-PD. Percentages represent the subpopulation of particles in
each quadrant. Quadrant IV (outlined in red} represents selected particles with high target
specificity.  FIG. 17B: Binding curves of D1 to fluorescently-labeled human and mouse DC-

SIGN and human MBL based on particle-based fluorescent measurements.

{8042} FIG 18: Microscale thermophoresis (MST) analysis of D1, The experiment was
conducted using fluorescently labeled DC-SIGN and free D1 in solution in two independent
technical repeats, which yielded measured Kd of 20.4 nM and 22.7 nM. The average value of

Kd =121.5 nM was adopted as the final result of the MST assay.

{8043} FIGS. 19A-19E: 3-1m 1s a potent mhibitor of ConA-induced hemagglutination. FIG.
19A: Various concentrations of 3-1m were incubated with a human erythrocyte suspension
containing 150 nM ConA, a concentration known to induce complete hemagglutination. The
deposition of erythrocytes onto the bottom of the wells indicates inhibition of ConA activity.
The positive control well contains only human erythrocytes, with no ConA. FIG. 19B: Inhibition
of hemagglutination, as measured by increased absorbance at 655 nm. It was observed that 3-Im
mhibited 150 nM ConA with an IC50 of 950 nM. The error bar was derived from four
rephicates. FIGS. 19C-19E: 40X microscopic images of normal human erythrocytes (FIG. 19C)
and human erythrocytes incubated with 0.65 uM ConA (FIG. 19D) or 0.65 pM ConA with 0.8
uM 3-1m (FIG. 19E). Scale bars = 40 ym.

10
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DETAILED DESCRIPYION OF THE DISCLOSURE

I. Intreduction

{0044] The inventors have discovered how to efficiently chemically modify aptamer libraries
to generate greater diversity and improved aptamer binding. Specifically, 1t has been discovered
that non-natural nucleotides can be mtroduced onto beads and then subsequently chemically
modified to include additional binding agents. For example, copper-catalyzed azide-alkyne
cycloaddition {CuAAC) reactions can be used to introduce a wide range of binding agents onto
non-natural nucleotides on beads. A resulting library of beads, each having multiple copies of a

unique modified aptamer sequence, can be screened for aptamers that bind to the target.

. Introduction of non-natural nuclesotides

{6045] In some embodiments, methods and compositions described herein comprise non-
natural aptamers in which each non-natural aptamer contains at least one non-natural nucleotide.
Non-natural nucleotides may be introduced into aptamers for example by a polymerase. The
plurality of beads linked to aptamers comprising at least one non-natural nucleotide may be made
i a plurality of aqueous droplets wherein a majority of the droplets comprise only one bead
linked to a forward primer and only one aptamer template polynucleotide. The droplets in the
majority may each comprise an aptamer template polynucleotide having a different sequence.
Polynucleotide amplification may be performed within the droplets, which may contam
nucleotide triphosphates (NTPs) and a non-natural nucleotide triphosphate having a nucleotide
base hinked to a functional group. The forward primer hinked to the bead may hybridize to the
aptamer terplate polynucleotide and may be extended by a polymerase using the aptamer
termplate polynucieotide as a template to generate an extension product hinked to the bead and
comprising an aptamer sequence, in which the non-natural nuclectide 15 incorporated mto the
aptamer sequence, thus, forming a plurality of beads linked to aptamers comprising at least one

non-natural nuclectide {(see, e.g., US Patent Publication No. 2016/0130575).

Polymerases
[0046] Non-patural nucleotides may be mtroduced into aptamers using a polymerase.
Polymerases may tolerate minor modifications in certain nucleotides. In some embodiments,
polvmerases may also be engineered to enable processing of modified or non-natural

nucleotides.  Polymerases may be used for nucleic acid amplification and/or sequencing
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apphications, including real-time applications, e.g., in the context of amplification or sequencing

that include incorporation of non-natural nucleotides into BNA or RNA by the polymerase.

{0047]  In some instances, the methods and compositions described herein include polymerases
that incorporate non-natural nuclestides into a growing template copy, e.g., during aptamer
amplification. In some embodiments, the polymerase can be modified such that the active site of
the polvmerase i1s modified to reduce steric entry inhibition of the non-natural nuclectide into the
active site. In some embodiments, the polymerase may be modified to improve charge-charge or
hydrophobic interactions between the non-natural nucleotide and the polymerase. In some
embodiments, polymerases can be modified to accommodate one or more non-natural features of
the non-natural nucleotides. Polymerases can be modified using methods pertaining to protein
engineering. For example, molecular modeling can be carried out based on crystal structures to
identify the locations of the polymerases where mutations can be made to modify a target
activity. A variety of polymerases may be used in a method or composition set forth herein
meluding, for example, protein-based enzymes isolated from biological systems and functional
variants thereof Reference to a particular polymerase (e.g., KOD-XL polymerase (see, e.g,
Nishioka et al, J. Biotechnol. 88:141, 2001)) will be understood to mclude functional variants
thereof unless indicated otherwise. In some embodiments, a polymerase 15 a wild-type
polymerase. In some embodiments, a polymerase i1s a modified, or mutant, polymerase. In some
embodiments, a modified polymerase has a modified nucleotide binding site.  In some
embodiments, a modified polymerase has a specificity for a non-natural nucleotide (e.g., a non-
natural nucleotide containing a modified base) that 1s at least about 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, 95%, 97%, 98%, 99%, 99.5%, or 99.99% the specificity of the wild-type

polymerase toward the natural nucleotide.

[0048] Nucleic acid polymerases generally useful in the methods described herein include
DNA polymerases, RNA polymerases, reverse transcriptases, and mutant or altered forms
thereof. DNA polymerases and their properties are described m detail in, among other places,
DNA Replication 2nd edition, Kornberg and Baker, W. H. Freeman, New York, N.Y. {1991)
Examples of DNA polymerases useful 1 the disclosure mnclude, but are not limited to,
Pyrococcus furiosus (Pfu) DNA polymerase, Pyrococcus woesei {(Pwo) DNA polymerase,

Thermus thermophilus (Tthy DNA polymerase, Bacillus stearothermophilus DNA polymerase,
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Thermococcus litoralis (Ti) DNA polymerase, 9° Nm™ DNA polymerase, Thermo Sequenase®
{Amersham Pharmacia Biotech UK}, Therminator™ {(New England Biolabs), Thermotoga
maritima (Tma) DNA polymerase, Thermus aquaticus {Taq) DNA polymerase, Pyrococcus
kodakaraensis KOD DNA polymerase, JDF-3 DNA polymerase (from Thermococcus sp. JDF-
3}, Pyrococcus GB-D (PGB-D) DNA polymerase, UlTma DNA polymerase (from thermophile
Thermotoga maritima}, Tgo DNA polymerase (from Thermococcus gorgonarius), E. coli DNA
polymerase I, T7 DNA polymerase, and archaeal DP1UVDP2 DNA polymerase {I.  Further,
particular examples of thermophilic DNA polymerases include, but are not linted to,
ThermoSequenase®, 9° Nm™ Therminator™, Taq, Tne, Tma, Pfu, Tfl, Tth, Th, Stoffel
fragment, Vent™ and Deep Vent™ DNA polymerase, KOD DNA polymerase, Teo, JDF-3, and
mutants, variants and derivatives thereof Further examples of polymerases include, but are not
limited to 9° N DNA Polymerase, Tag DNA polymerase, Phusion® DNA polymerase, Pfu DNA
polymerase, RB6S DNA polymerase, KOD DNA polymerase, and VentR® DNA polymerase.

[0049] In some embodiments, the polymerase may be @29, B103, GA-1, PZA, ®15, BS32,
M2Y, Nf, G1, Cp-1, PRD1, PZE, 8FS, Cp-5, Cp-7, PR4, PRS, PR722, L17, ThermoSequenase®,
9° Nov'™, Thernunator™ DNA polymerase, Tne, Tma, Tfl, Tth, Thi, Stoffel fragment, Vent™
and Deep Vent™ DNA polymerase, KOD DNA polymerase (Sawai, H., et al 2002
Bioconjugate Chem. 13, 309, Sawai, H., et al. 2001, Chem. Commun. 24, 2604), Tgo, JDF-3,
Pfu, Tag, T7 DNA polymerase, T7 RNA polymerase, PGB-D, UlTma DNA polymerase, F. coli
DNA polymerase 1, I coli DNA polymerase I, archaeal DP1I/DP2 DNA polymerase II, 9° N
DNA Polymerase, Taq DNA polymerase, Phusion® DNA polymerase, Pfu DNA polymerase,
SP6 RNA polymerase, RB69 DNA polymerase, Avian Myeloblastosis Virus (AMV) reverse
transcriptase, Moloney Murine Leukerma Virus (MMLV) reverse transcriptase, SuperScript® 11
reverse transcriptase, or SuperScript® IH reverse transcriptase.  Unnatural nucleoside
triphosphates can be introduced for example, as described in Malyshev ef af., Nature 509 (2014);

385-388.

[6050] Polymerases from native sources or vanants thereof may be screened using an assay
that detects incorporation of a noon-natural nucleotide having a particular structure. In one
example, polymerases can be screened for the ability to incorporate a8 non-natural nucleotide.

Polymerases used herein that can have the ability to incorporate a non-natural nucleotide of a
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particular structure can also be produced using a directed evolution approach. A nucleic acid
synthesis assay can be used to screen for polymerase variants having specificity for a non-natural
nuclectide. In some embodiments, such an assay is an in vifro assay, e.g., using a recombinant
polvmerase variant. Such directed evolution techniques can be used to screen variants of any
suitable polymerase for activity toward any of the non-natural nucleotides set forth herein. A
polymerase may be used that displays a modified property for the non-natural nucleotide as
compared to the wild-type polymerase. For example, the modified property may be, e.g, Kun,
kear, Vmax, polymerase processivity in the presence of a non-natural nucleotide, average template
read-length by the polvmerase in the presence of a non-natural nucleotide, specificity of the
polymerase for a non-natural nucleotide, rate of binding of a non-natural nucleotide, or any
combination thereof. In some embodiments, a polymerase described herein in its wild-type form
may be able to incorporate a non-natural nucleotide into an aptamer. In other embodiments, a
polymerase described herein may be engineered to incorporate a non-natural nucleotide into an

aptamer.

Mon-natural nucleotides
{8051} A non-natural nucleotide may contain a modification to either the base, sugar, or
phosphate motety compared to a naturally occurring nucleotide. A modification may be a
chemical modification. Modifications may be, for example, of the 3’OH or 3'OH group of the
backbone, of the sugar component, or of the nucleotide base. In some embodiments, the

nucleotide 1s a unnatural nucleoside triphosphate.

[6052] In some embodiments, one or more of the 4 naturally-occurring nucleotides (A, G, C,
T/U) are replaced with a non-natural nucleotide. In some embodiments, two, three, or all four

naturally-occurring nucleotides can be replaced by different non-natural nucleotides.

[B053] 1In some embodiments, a non-natural nucleotide may contain modifications to the
nucleotide base. A modified base is a base other than the naturally occurring adenine, guanine,
cytosine, thymine, or uracil. Examples of modified bases include, but are not himated to, 8-
alkyne-uraci, uractl-5-vl, hypoxanthin-9-yt (I}, 2-aminoadenin-9-yl, S-methylcytosine {(S-me-(C),
S-hydroxymethy! cytosine, xanthine, hypoxanthine, 2-amincadenine, 6-methy! and other alkyl
denivatives of adenine and guanine, 2-propyl and other alkyl dertvatives of adenine and guanine,

2-thiouracil, 2-thiothymine and 2-thiocytosine, S-halouracit and cytosine, S-propynyl uraci] and
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cytosine, G-azo wuracil, cytosine and thymine, S-uractl {pseudouracil), 4-thiouractl, 8-halo, &-
amino, 8-thiol, 8-thioalkyl, &-hydroxyl and other 8-substituted adenines and guanines, 5-halo
particularly S-bromo, S-trifiucromethy! and other S-substituted wracils and cytosines, 7-
methylguanine and 7-methyladenine, 8-azaguanine and B-azaadenine, 7-deazaguanine and 7-
deazaadenine and 3-deazaguanine and 3-deazaadenine. FExamples of non-natural nucleotides
include, but are not limited to, S-substituted pyrimidines, 6-azapyrimidines and N-2 substituted
purines, N-6 substituted purines, 0-6 substituted purines, 2-aminopropyladenine, S-
propynyiuracil, S-propynylcytosine, S-methyleytosine, fluorinated nucleic acids, S-substituted
pyrimidines, 6G-azapyrimidines and N-2, N-6 and O-6 substituted purines, including 2-
aminopropyladenine, S-propynyluracil and 5-propynyleytosine, S-methylcytosine (5-me-C), 5-
hydroxymethy! cytosine, xanthine, hypoxanthine, 2-aminoadenine, ©-methyl other alkyl
derivatives of adenine and guanine, 2-propyi and other alkyl derivatives of adenine and guanine,
Z-thiouracil, 2-thiothymine and 2-thiocytosine, 3-halouracil, S-halocytosine, S-propyny! cytosine,
other alkynyl derivatives of pyrimidine nucleic acids, 6-azo wracil, 6-azo cvtosine, 6-azo
thymine, S-uracil (pseudouraci), 4-thiouracil, 8-halo, 8-amino, 8-thiol, 8-thicalkyl, 8-hydroxyl
and other 8-substituted adenines and guanines, S-halo particularly S-bromo, S-trifluoromethyl,
other S-substituted uracils and cytosines, 7-methylguanine, 7-methyl adenine, 2-F-adenine, 2-
amino-adenine, 8-azaguanine, 8-azaadenine, 7-deazaguanine, 7-deazaadenine, 3-deazaguanine,
3-deazaadenine, tricychic pyrimidines, phenoxazine cytidine([5,4-b}{1,4}benzoxazin-2(3H}-one),
phenothiazine cytidime {1H-pyrimidof5,4-b]{1,4}benzothiazin-2(3H)-one}, phenoxazine cytidine
(e.g., 9-(Z-aminoethoxy -H-pyrimido]5,4-b[ 1,4}benzoxazin-2(3H}-one}, carbazole cytidine (2H-
pyrumidof4,5-bjindol-2-one), pyndomndole cyvtidine (H-pyrido[3',2":4,SIpyrrolo| 2,3-djpyromidin-
2-one), 7-deaza-adenine, 7-deazaguanosine, Z-aminopyridine, 2-pyridone, azacytosine, S-
bromocytosine, bromouracil, S-chlorocytosine, chlonnated cytosine, cyclocytosine, cytosine
arabinoside, S-fluorocytosine, fluoropyrimidine, floorouracil, 5 6-dihydrocytosine,  5-
iodocytosine, hydroxvurea, iodouraci, S-nitrocytosine, S-bromouracil, S-chlorouracil, 3-
fluorouracil, 5-iodouracil, 2-amino-adening, 6-thio-gnanine, 2-thio-thymine, 4-thio-thymine, S-
propynvi-uracil, 4-thic-uracil, N4-ethyicytosine, 7-deazaguanine, 7-deaza-8-azaguanine, 5-
hydroxycytosine, 2'-deoxyuridine, and 2-amino-2'-deoxyadenosine. Examples of other synthetic

nuclectides may be found n, e.g., Malyshev Narure. S09(7500}:385, 2014,
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{0054] In embodiments of the methods and compositions described herein, a non-natural
nucleotide comprising a functional group may be incorporated into an aptamer by a polymerase.
The ability of a polymerase to incorporate a non-natural nucleotide containing a functional group
into an aptamer can in some embodiments enable further modification of the aptamer by a
variety of molecules as long as the molecule contains a compatible functional group {(also termed
herein as a “reactive species’”) that can react with the functional group in the non-natural
nucleotide. Examples of non-natural nucleotides containing a functional group include, but are
not limited to, alkyne-modified uridine {1} and aldehyde-modified cytosine (2} as shown in FIG.
18, those described in W02015021432, and those described in Stdverman, Chem Commun

(Camb). 30:3467-85, 2008,

Functional groups
{0055] Insome embodiments, a non-natural nucleotide may have a functional group. The non-
natural nucleotide having the functional group may further be modified by reacting with it a
binding agent having a compatible functional group. The functional group in the non-natural
nucleotide and the compatible functional group in the binding agent react with each other to form
a covalent bond, thus, conjugating the binding agent to the non-natural aptamer. Functional
groups are specific, chemical reactive moieties within molecules that are responsible for certain
chemical reactions, i.e., often chemical reactions with other compatible functional groups. The
same functional group may have one or multiple compatible functional groups that 1t can react
with. Compatible functional groups may react with each other to form new bonds and chemical
entities. In some embodiments, compatible functional groups may react with each other to form
a covalent bond (7.e., covalent conjugation}, which may be used to hink to molecules together. In
some embodiments, a non-natural nucleotide containing a functional group may be used to
conjugate an amino acid, a small molecule {e.g., a sugar molecule}, a peptide {e.g., a synthetic

peptide), a protein {(e.g., a synthetic protein), or a non-brological moiety to the aptamer.

[B0%6] As described herein, a binding agent and a non-natural aptamer may be covalently
comjugated to each other by reacting their respective functional groups in a covalent conjugation
reaction. Compatible functional groups that may react with each other to form a covalent bond
are well-known n the art. Examples of compatible functional groups mclude, but are not limited

to, e.g., terminal alkyne and azide, maleimide and cysteine, amine and activated carboxylic acid,
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thiol and maleimide, activated sulfonic acid and amine, isocyanate and amine, azide and alkyne,

and alkene and tetrazine.

{B087]  For example, if one of the functional groups is an amino group, examples of functional
groups capable of reacting with amino groups include, e.g., alkylating and acylating agenis.
Representative alkylating agents include: (i) an a-haloacetyl group, e.g, XCH2CO- (where
X=Br, ], or I); (11} a N-maleimide group, which may react with amino groups either through a
Michael type reaction or through acylation by addition to the ring carbonyl group; (111} an arvl
halide, e.g., a nitrohaloaromatic group; (iv) an alky! halide; (v} an aldehyde or ketone capable of
Schiff’s base formation with amino groups; (vi) an epoxide, ¢.g., an epichlorohydrin and a
bisoxirane, which may react with amino, sulfhydryl, or phenolic hydroxyl groups; (vii) a
chlorine-containing of s-triazine, which s reactive towards nucleophiles such as amino,
sufhydryl, and hydroxyl groups; {vin} an azirdine, which 1s reactive towards nucleophiles such
as aming groups by ring opening; {(ix) a squaric acid diethy! ester; and (x) an a-haloalkyl ether.
Examples of amino-reactive acylating groups include, e.g, (i) an isocyanate and an
isothiocvanate; (u) a sulfonvl chioride; (11} an acid halide; (1iv) an active ester, g, a
nitrophenylester or N-hydroxysuccinmimudyl ester; (v} an acid anhydride, eg., a mixed,
symmetrical, or N-carboxyanhydride; (v1) an acylazide; and (vi1) an imidoester. Aldehydes and
ketones may be reacted with amines to form Schiff’s bases, which may be stabilized through

reductive amination.

[6088] It will be appreciated that certain functional groups may be converted to other
functional groups prior to reaction, for example, to confer additional reactivity or selectivity.
Examples of methods useful for this purpose include conversion of amines to carboxyls using
reagents such as dicarboxylic anhydrides; conversion of amines to thiols using reagents such as
N-acetyvlhomocysteme thiolactone, S-acetylmercaptosuccinic anhydride, 2-iminothiolane, or
thiol-contaming succinimudyl derivatives; conversion of thiols to carboxyls using reagents such
as o -haloacetates, conversion of thiols to amines using reagents such as ethylenimine or 2-
bromoethylamine, conversion of carboxyls to amines using reagents such as carbodnnudes
followed by diamines; and conversion of alcohols to thiols using reagents such as tosyl chloride

followed by transesterification with thicacetate and hydrolysis to the thiol with sodium acetate.
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{11, Introduction of hinding agents to non-natural nuclestides in aptamers

[6059] A binding agent may be introduced to a non-natural aptamer that 1s linked to a sohd
support (e.g., the surface of a particle) by conjugating to a non-natural nucleotide in the non-
natural aptamer. A non-natural aptamer containing one or more non-natural nucleotides having a
functional group may be further modified with a binding agent having a compatible functional
group. For example, an alkyne-modified non-natural nucleotide {e.g, ({1} in FIG 1B) can be
further conjugated with an azide-modified molecule, such as an azide-modified binding agent
(e.g., an azide-modified mannose}. As shown in FIG 1B, azide-modified mannose is conjugated
to alkvne-modified non-natural nucleotide (C8-alkyne-deoxyuridine} in the aptamer (step 4)
while the products are still double-stranded on the particle surface. This approach was chosen
because the alkyne side chamn at the S-position of wracil adopts an outward-pointing
conformation in the major groove of the double helix, which prevents steric hindrance caused by
single~-stranded nucleic acid folding and thus allows for more efficient and uniform modification.
The monosaccharide-modified, double-stranded PCR products are subsequently treated with
NaOH and ammomum hydroxide to remove the antisense strand and deprotect the
monosaccharide moiety, resulting in particle-displayed non-natural aptamers that incorporate

monosaccharide-conjugated nucleotides (step 53},

[B060] In some embodiments, the binding agent may serve the function of binding to a target
molecule to bring the target molecule m proximity to the aptamer during the process of screening
the aptamers for binding to the target molecule. Different functional groups that may be used in
the non-natural nucleotide and the binding agent such that the binding agent can be conjugated to
the non-natural aptamer are discussed n detail above (e.g., compatible functional groups mclude,
but are not himited to, e.g, terminal alkyne and azide, maleimide and cysteine, amine and
activated carboxylic acid, thiol and maleimide, activated sulfonic acid and amune, 1socyanate and
amine, azide and alkyne, and alkene and tetrazine). Exemplary binding agents can include, for
example, a sugar {e.g., a monosaccharide or a polysacciarde), aming acid {e.g., a natural or non-
natural amino acid; e.g., tyrosine, phenylalanine, or tryptophan), small molecule {e.g., a drug or
other molecule, optionally less than 1500, 2500, or 5000 daltons), peptide (e.g., a synthetic
peptide), protein {e.g., a synthetic protein}, non-bivlogical moiety, or other moleties. Examples
of chemical conjugation reactions that may be used to conjugate a binding agent to a non-natural

nucleotide in a non-natural aptamer are described further herein.
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Cu-LCatalyzed Azide-Alkyne Cyeloaddition (CuAAC)
{6061} In some embodiments of the methods and compositions described herein, a non-natural
nucleotide in a non-natural aptamer may contan an alkyne or azide functional group. Two
functional groups, a terminal alkyne and an azide, may undergo copper(l)-catalyzed azide-alkyne
cycloaddition {(CuAAC; also referred to as Cu-catalyzed click chemistry or simply click
chemistry} to form the covalent moiety 1,2 3-tnazole. In some embodiments, a non-natural
aptamer with a non-natural nucleotide having an alkyne functional group may be further
modified with a binding agent having an azide functional group. In other embodiments, a non-
natural aptamer with a non-natural nucleotide having an azide functional group may be further

modified with a binding agent having an alkyne functional group.

{6062] While the reaction CuAAC can be performed using commercial sources of copper(l)
such as cuprous bronude or 1odide, the reaction works much better using a mixture of copper{il}
{e.g., copper(ll) suifate) and a reducing agent {2.g., sodium ascorbate} to produce Cu(l) in situ.
As Cu{l) s unstable in aqueous solvents, stabilizing ligands (e.g, TBTA (tris-
(benzylinazolylmethyljamine), THPTA (tristhydroxypropyltriazlylmethyly amine), BTTES
(bis](tert-butylinazoylDmethyl}-[(sulfoxy  ethyltnazoylymethylj-amine), BTTAA  (bisf(tert-
butyltriazoylymethyl]-[2-carboxymethyltriazoyl) methyl}-amine) are effective for improving the
reaction outcome. The reaction can be run in a variety of solvents, and mixtures of water and a
variety of miscible organic solvents including alcohols, DMSO, DMF, tBuOH, and acetone. In
particular embodiments, the reaction condition includes CuSQy, THPTA ligand, and sodium

ascorbate i water.

[0063] As described herein, in particular embodiments, a polymerase may incorporate a non-
natural nuclectide containing a termunal alkyne into an aptamer, thus creating a non-natural
aptamer containing a terminal alkyne functional group. The terminal alkyne-containing non-
natural aptamer may be further labeled with any molecule contamning an azide as the compatible
functional group. For example, C8-alkyne-deoxyundine 15 well tolerated by commercially-
available polymerases, and enables chemical modification of an aptamer through CuAAC
without polymerase engineering.  As described herein, non-natural aptamers containing 8-
alkyne-deoxyuridine may react with azide-containing binding agents m Cu-catalyzed chick

chemustry directly on the sequencer flow cell. In other embodiments, a polymerase may
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incorporate a non-natural nuclestide contaning an azide into an aptamer, thus creating a non-
natural aptamer containing an azide functional group. The azide-containing non-natural aptamer
may be further labeled with any molecule containing a terminal alkyne as the compatible

functional group.

Cu-Free Azide-Alkyne Cycloaddition
{6064} In some embodiments of the methods and compositions described hergin, an alkyne and
an azide may undergo copper-free azide-alkyne cycloaddition (also referred to as Cu-free click
chemistry} to form the covalent moiety 1,2 3-triazole.  Copper-free azide-alkyne cycloaddition
makes use of alkynes activated by ring strain, such as cyclooctynes, to accelerate the triazole-
forming reaction. Such strain-promoted cycloadditions, even without catalysts such as Cu(l),
can proceed efficiently. Examples of cyclooctynes are available in the art and include, but are
not himited to, monofluorinated cyclooctynes, difluorinated cyclooctynes, and aryl cyclooctynes
{e.g., dibenzocyclooctyne and biarylazacyclooctynone). Examples of cyclooctynes that may be
used in copper-free azide-alkyne cyvcloaddition are described i, e.g., Sletten and Bertozzi, 4cc
Chem Res. 44(9).666, 2011, Baskin et al., Proc Narl Acad Sci USA 104(43):16793, 2007, Yao et

al., JAm Chem Soc. 134(8):3720, 2012, and Kuzmin et al,, Bicconjug Chem. 21{11):2076, 2010,

[6065] In some embodiments, a non-natural aptamer with a non-natural nucleotide having a
cyclooctyne functional group may be further modified with a binding agent having an azide
functional group. In other embodiments, a non-natural aptamer with a non-natural nucleotide
having an azide functional group may be further modified with a binding agent having a

cyclooctyne functional group.

[8066] As described berein, in particular embodiments, a polymerase may 1ncorporate a non-
natural nucleotide containing a cyclooctyne into an aptamer, thus creating a non-natural aptamer
containing a cyclooctyne functional group. The cyclooctyne-containing non-natural aptamer
may be further labeled with any molecule containing an azide as the compatible functional
group. As described herein, non-natural aptamers containing one or more cyclooctynes may
react with azide-containing binding agents in copper-free azide-alkyne cycloaddition directly on
the sequencer flow cell. In other embodiments, a polymerase may mcorporate a non-natural

nucleotide contaiming an azide nto an aptamer, thus creating a non-natural aptamer containing an
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azide functional group. The azide-containing non-natural aptamer may be further labeled with

any molecule containing a cyclooctyne as the compatible functional group.

V. Preparation of olisonucleotides en particles

{86067} A plurality of particles linked to aptamers comprising at least one non-natural
nucleotide may be generated. Each particle in the plurality of particles 1s linked to multiple
coptes of only one aptamer. [hfferent particles in the plurality of particles are linked to aptamers
having different sequences. A variety of suitable particles may be used in the generation of
particle displaying aptamers. Such particles may be sized to have at least one dimension, ¢.g.,
diameter, of from about 50 nm to about 100 um. For example, in some embodiments a suitable
particle is sized to have at least one dimension of from about 50 nm to about | um, e.g, from
about 50 nm to about 500 nm, or from about 50 nm to about 100 nm. In other embodiments, a
suitable particle 15 sized to have at least one dimension of from about 500 nm to about 100 um,

e.g., from about 1 pm to about 100 um, or from about 50 um to about 100 pm. Suitable particles

may be generally spherical or may have any other suttable shape.

{0068] Particles may be made from a variety of suitable materials known in the art  For
example, magnetic particles may be utilized in the disclosed methods and compositions.
Suitable magnetic particles may include, for example, magnetic beads or other small objects
made from a magnetic material such as a ferromagnetic material, a paramagnetic material, or a
superparamagnetic material  Magnetic particles may include, e.g., 1ron oxide (FexOs and/or
Fes(y). Additional particles of mterest may include polymer based particles, e.g., polymer based
beads. For example, polystyrene particles may be utihized. In addition, in some embodiments
ceramic particles may be utilized. In some embodiments, the particles may include or be coated
with a material which faciittates coupling of the particles to aptamers. Examples of coatings
mclude polymer shells, glasses, ceramics, gels, ete. In some embodiments, the coatings mclude
or are themselves coated with a material that facilitates couphing or physical association of the
particles with the aptamers. For example, particles with exposed carboxylic acid groups may be
used for attachment to aptamers.

[B069] In some embodiments, suitable particles may mclude one or more functional groups

positioned on one or more surfaces of the particles. Suitable functional groups may inchude, for

example, amine groups, carboxyl groups, thiol groups, biotin, Si10:, EDTA, and boronic aad
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functional groups. In some embodiments, suitable particles may include one or more members
of a specific binding pair on one or more surfaces of the particles. For example, avidin,
streptavidin, Neutravidin®, Captavidin™, or biotin may be positioned on one or more surfaces of

the particles.

{0070] Methods of immobilizing aptamers onto particles are known in the art. A variety of
methods may be used to attach aptamers to particles. In some embodiments, aptamers may be
attached to a particle having exposed carboxylic acid groups using amino group modification.
For example, 5'-amino modified oligonucleotides may be used in connection with carbodiimude
mediated anude bond formation to attach aptamers to particles. Carbodiinide mediated coupling
methods are described in e.g., Nakajima N. and fkade Y. (1995} Bioconjugate Chem., 6(1}:123-
130; Gilles et al. (1990) Anal Riochem., 184(2):244-248; Sehgal D. and Vyay IK (1994} Anal
Biochem. 218(11:87-91; and Szajani et al. (1991} App! Biochem Biotechnol 30(2):225-231. In
some embodiments, primer based enrichment methods such as PCR, reverse transcriptase PCR,
or primer extension are utilized to provide a library of particles displaying aptamers, nucleic acid
primers may be attached to particles using carbodiimide mediated coupling to facilitate these
methods. Anuno group modification may also be beneficial because this coupling s covalent
and can keep primers attached to the particles during thermal cveling.  Alternatively, biotin
labeled primers may be utilized with streptavidin-coated particles to provide primer-coated

particles.

[0071] Suitable methods for the synthesis of particles displaying immobilized aptamers
mclude, for example, emulsion PCR (see, e.g., US Patent Publication No. 2016/0130575),
Generally, emulsion PCR isolates individual template DNA molecules, along with particles, in
aqueous droplets within an oil phase. PCR amplification then coats each particle with clonal
copies of the DNA molecule.  After breaking the emuision and removing unreacted PCR
reagents, hvbridized strands may be de-hybridized and the aptamer particles may be collected for
subsequent screening. In some embodiments, where the aptamers mclude non-natural
nucleotides, a modified version of the emulston PCR method may be utilized. For example, in a
first step, starting from a non-natural nucleic acid sequence as template, a DNA primer sequence
and natural A/T/C/G building blocks may be used to PCR amphify the sequence into an amphified

pool of natural DNA sequences (the amphified DNA will have the same sequence as the

b2
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template, but not the non-natural nucleotides). In order to obtain amplified aptamers having non-
natural nucleotides on particles, the natural DNA sequences derived from first step can be used
as template in an emulsion reaction. A primer positioned on the particles can be used to pair
with the template, and a polvmerase capable of incorporating non-natural nucleotides can be
used to incorporate non-natural nucleotide building blocks to extend the primer to a full-length

complementary sequences. Suitable polymerases are known in the art.

Y. Methods of screening

{0072] The disclosure also mncludes methods of identifying an aptamer that binds a target
molecule. A target molecule may be a peptide (e.g., a synthetic peptide), a protein {e.g., a
synthetic protemn), a sugar (e.g., a monosaccharide or a polysaccharide), a lipid, a small molecule
{e.g., less than 1500 daltons), a mixture of cellular membrane fragments, or a microorganism. In
some embodiments, a target molecule excludes any nucleotide or polynucleotide molecules. A
solution containing the target molecule may be introduced into the solution containing the library
of particles displaving aptamers. A target molecule may be attached to a readable label, e.g., a
fluorescent label, such that the signal from the aptamer-bound target molecule may be read and
recorded using, e.g., FACS. 1In other embodiments, the target molecule may not contain a
readable label. In such scenarios, the aptamers in a library to be screened may have certain
scaffolds {e.g., hawrpin scaffold and displacement strand) that change thewr structures upon
aptamer binding to the target molecule. The conformational change induced by target molecule
binding may in turn generate a readable signal (for example due to FRET interactions) to be

recorded.

[0073] Conformational aptamer binding can be useful, for example, when labeling a target
perturbs the targets shape or ability to be recognized by an aptamer. Label-free generation of
aptamers may uithze a scaffold-library that changes its structure upon binding to the target
molecule. A variety of hibrary architectures have been presented in the literature {(e.g., D. P.
Morse, Biochem. Biophys. Res. Commun., vol. 359, pp. 94-101, 2007; 5. G. Trevino and M.
Levy, Chembiochem, vol. 15, no. 13, pp. 1877-81, Sep. 2014; R. Stoltenburg, N. Nikolaus, and
B. Streblitz, J. Anal Methods Chem., vol. 2012, 2012; F. Pfeiffer and G. Mayer, Front. Chem.,

vol. 4, no. June, pp. 1-21, 2016} mchuding the “hawpin scaffold” and “displacement strand”
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libraries. In some embodiments, both formats may be used in parallel to perform selections,

allowing for a direct comparison of the two library designs.

{0674] In some embodiments the presence or absence of binding is detected. For example, a
threshold binding signal can be established such that higher signal than the threshold indicates
binding to the aptamer on the surtace of at a particular particle. In some embodiments, different
concentrations of the target molecule may be probed against the particles and binding curves
may be generated, thereby allowing for determination of binding affinity. Alternatively, binding
specificity can be determined and selected by identifying aptamers that bind to a target molecule
but do not significantly {or have reduced binding) to a non-target molecule {e.g., an isoform of
the target or a molecule similar but not identical to the target molecule). In some embodiments,
the target and background proteins may be labeled with distinct fluorophores, such that the on-

and off-target binding of every aptamer can be characterized individually.

{6075] Furthermore, the methods described herein can be used to identify aptamers that bind to
a target molecule in a complex mixture. In some embodiments, the target molecule is labeled
with a first {e.g, fluorescent} label and one or more non-target molecules in the mixture are
labeled with a second label that 1s distinguishable from the first label. In this configuration, one
can select for aptamers that bind to the target molecule but do not bind to the non-target
molecules {as deternuned by lack of signal froro the second label). In some embodiroents, the
mixture 15 a complex mixture, for example a cell lysate, in which a fraction of the non-target
molecules 1n the mixture have been labeled with the second label. In some embodiments, a non-
target molecule in the mixture 1s simular but not identical to the target, for example 1s an 1soform
or a protein differing from the target by a post-translational modification. Alternatively, in some
embodiments, one can screen for aptamers that bind to similar molecules, for example more than

one members of a receptor fanuly.

[8076] To screen for aptamers that can specifically bind to the target molecule 1 serum, m
some embodiments, a screening approach as described in, e.g., Wang et al., dngew. Chemie Ini.
Fd. vol. 94305, pp. 744-747, 2017, may be used. Briefly, the target and serum proteins may be
labeled with two different-colored fluorophores. The mntensity of both fluorophores at each
particle displaying non-natural aptamers may be quantitatively measured. A naive DNA hibrary

for binding to bead-immobilized target may be pre-enriched during positive selection.  Several
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rounds of negative selection against bead-immobilized non-target {for example human serum)
may be performed to reduce the number of sequences that bind nonspecifically to non-targets.
For example, a control screen against target in buffer, in a titration series with the target protein
labeled with a first fluorophore may be first performed. Next, an 1dentical titration series may be
performed, except with labeled target diluted into second fluorophore {different from first
fluorophore) shotgun-labeled 10% human serum. Labeling may be accomplished, for example,
using active ester protein labeling kits. This dual-labeling scheme makes it possible to isolate
only the aptamers that specifically bind to target but not to non-target molecules in the negative

scéreen.

{8077} Selection in complex backgrounds introduces several challenges. The entire aptamer
library might exhibit high levels of non-specific binding to background proteins. To address this,
in some embodiments, several rounds of negative selection may be performed in a pre-
enrichment step against bead-immobilized non-target complex mixtures, collecting only
sequences that do not bind these background non-targets for further screening. The background
percentage may also be adjusted to find the maximum that allows for successful screening. Thus
may be accomplished by holding the labeled target concentration constant and titrating
mcreasing concentrations {e.g., 1, 3, 5, 7, and 10%) of shotgun-labeled background. This may

define the maxamum working range for complex background target selection.

[6078] As described herein, methods of identifying an aptamer that binds a target molecule
melude contacting the plurality of particles hinked to aptamers comprising at least one non-
natural nucleotide to the target molecule, enriching the plurality of particles for particles that
bind the target molecule; and determining the sequence of aptamers that bind the target
molecule. In some embodiments, the contacting further comprises contacting the plurality of
particles with a labeled non-target molecule and the enriching comprises enriching for particles
that do not bind the labeled non-target molecule. In some embodiments, the labels of the target

molecule and the non-target molecule are different.

V1. Compositions
[8879] The disclosure includes a plurality of beads hinked to aptamers comprising at feast one
non-natural nucleotide. The sequences of aptamers linked to different beads are different and

beads 1 the plurality are hoked to multiple copies of only one aptamer. Further, the base of the
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non-natural nucleotide in the aptamer may be covalently bonded to a binding agent. The
plurality of beads linked to aptamers comprising at least one non-natural nucleotide may be used
in screening for aptamers that bind a target molecule. A target molecule may be a peptide (e.g,, a
synthetic peptide), a protein {e.g, a synthetic protein), a sugar {e.g., a monosaccharide or a
polysaccharide), a lipid, a small molecule {e.g., less than 1500 daltons), a mixture of cellular
membrane fragments, or a microorganism. In some embodiments, a target molecule excludes
any nucleotide or polynucleotide molecules. A solution containing the target molecule may be
introduced into the solution containing the hibrary of particles displaying aptamers. As described
herein, a target molecule may be attached to a readable label, e.g., a fluorescent label, such that

the signal from the aptamer-bound target molecule may be read and recorded using, e.g., FACS.

{6080] In the composition of the plurality of beads, the non-natural nucleotide may be
covalently bonded to the binding agent via a triazole moiety. For example, the non-natural
nucleotide may be C8-alkyne-dUTP, which may react and form a triazole moiety with an azide-
modified binding agent in a CuAAC reaction. The aptamers linked 1o the surface of the beads
may also include other non-natural nucleotides having modified bases. Exarples of non-natural
nucleotides having modified bases are described herein. In particular embodiments, the aptamers
linked to the beads comprise at least a first and a second non-natural nucleotides that are
structurally different {e.g,, (1) and (2} 10 FIG 1B). In some embodiments, the first nou-natural
nucleotide i1s linked to the binding agent and the second non-natural nucleotide is not linked to a

binding agent.

{6081] A binding agent may be introduced to a non-natural aptamer linked to the surface of the
beads by conjugating to a non-natural nucleotide in the non-natural aptamer. A non-natural
aptamer contamning one or more non-natural nucleotides having a functional group may be
further modified with a binding agent having a compatible functional group. Compatible
functional groups include, but are not limited to, e.g, terminal alkyne and azide, maleimide and
cysteme, ammne and activated carboxylic acid, thiol and malemmde, activated sulfonic acid and
amine, 1socyanate and amune, azide and alkyne, and alkene and tetrazine A binding agent may
be an amino acid {e.g., a natural or non-natural ammno acid), a sugar {e.g., a monosaccharide or a
polysacchande; a mannose), a peptide {e.g., a synthetic peptide), or a protein {e.g, a synthetic

protein). The binding agent may serve the function of binding to a target molecule to bring the
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target molecule n proximity to the aptamer during the process of screening the aptamers for

binding to the target molecule.

{0082] In some embodiments, the aptamers linked to the beads comprise at least two non-
natural nucleotides (e.g., two, three, four, five, six, seven, eight, ning, or ien} non-natural
nuclectides. Some of the non-natural nucleotides may be linked to the binding agent, while other
non-natural nucleotides may not be linked to the binding agent For example, for aptamers
comprising at least two non-natural nucleotides, at least one non-natural nuclectide may be
linked to the binding agent. In other examples, for aptamers comprising three non-natural
nucleotides, one or two non-natural nucleotides may be linked to the binding agent, while the
remaining non-natural nucleotide(s} may not be linked to the binding agent. For aptamers
comprising four non-natural nucleotides, one, two, or three non-natural nucleotides may be
linked to the binding agent, while the remaining non-natural nucleotide(s) may not be linked to
the binding agent. For aptamers comprising five non-natural nucleotides, one, two, three, or four
non-natural nucleotides may be linked to the binding agent, while the remaining non-natural
nucleotide(s) may not be hinked to the binding agent. In some embodiments, the non-natural
nucleotides that are linked to the binding agents may be linked to different binding agents. In
some embodiments, the non-natural nucleotides that are not linked to the binding agent (e g., (2)
mn FIG. 1B) may serve functions such as improving aptamer folding and stability, and/or forming

mtramolecular and imtermolecular interactions.

[0083] Particles may be made from a variety of suitable matenials known in the art. Suitable
magnetic particles may include, for example, magnetic beads or other small objects made from a
magnetic matenial such as a ferromagnetic material, a paramagnetic material, or a
superparamagnetic material.  Magnetic particles may mclude, e.g., ron oxide (Fex(s and/or
Fes(a). Additional particles of mterest may mclude polymer based particles, e.g., polymer based
beads. For example, polystyrene particles may be utihized. In addition, in some embodiments
ceramic particles may be utihized. Methods of generating aptamers linked to the surface of
particles are described herein. In some embodiments of the plurality of beads linked to aptamers
comprising at least one non-natural nucleotide described herein, the plurality of beads may

comprises at least 100 beads {e.g., at least 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300,

b2
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320, 340, 360, 380, 400, 420, 440, 400, 480, or 500} each linked to a different aptamer having a

different sequence.

EXAMPLES

Example 1 — General Methods

{0084] All DNA oligonucleotides were purchased from Integrated DNA Technologies.
Primers were ordered with standard desalting. PCR templates were ordered with PAGE
purification. Other than the exceptions noted below, all commercially available reagents and lab
supplies were purchased from Aldrich 2-azidoethyl  2,3,4 6-tetra-O-acetyl-g-D-
mannopyranoside and 2-azidoethyl 2,3, 4, 6-tetra-O-acetyl-B-D-galactopyranoside were purchased
from LC Scientific Inc. KOD-XL DNA polvmerase was purchased from Thermo Fisher
Scientific.  Taq polymerase was purchased from Promega. Pwo DNA polymerase was
purchased from Roche. C8-Alkyne-dUTP was purchased from Axxora Inc. S-formyl dCTP was
purchased from Trilink Technologies. Deep Vent DNA polymerase and standard dNTPs were
purchased from New England Biolabs. Lectin Array 40 was purchased from RayBiotech, Inc.
Human erythrocytes were purchased from BioreclamationfVT., Mini-PROTEAN native and
denaturing PAGE gels (10%) were purchased from Bio-Rad. Dynabeads MyOne carboxylic acid
and streptavidin C1 beads for particle display and single-stranded PCR product generation,
respectively, were purchased from Thermo Fisher Scientitic. Recombinant Human DC-
SIGNR/CD299 and Recombinant Mouse SIGNR1/CD209b Fe Chimera Proteins were purchased
from R&D Systems. Goat anti-Human IgG Fe secondary antibodies conjugated with DyLight
488 and DyLight 650 were purchased from Thermo Fisher Scientific. Human MBL protein was

purchased from ACROBiosystems.

[0085] ESI-MS characterization was performed by Novatia. Optical microscopy imaging was
performed on an Olympus CKX-41 nverted mucroscope with color digital camera using 40X
objectives. The mages were processed with Imagel software. Reverse-phase HPLC analysis
was performed on an Agdent 1100 system using 8 PLRP-8 4.6<150 mm § pm column with 300
A packing material, with a gradient from 95% 0.1 M triethylammmonium acetate (TEAA)YS%
acetonitrile to 20% 0.1 M TEAA/65% acetonitrile over 30 mun.  Flow cytometry assays were
performed using a BD Accunt €6 flow cytometer. Fluorescence-based sorting of particles was

done using a BD FACSAna Il Bio-Layer Interferometry measurements were performed with a
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ForteBIO Octet RED384 system, and analysis was performed using Octet Data Analysis

software. MicroScale Thermophoresis measurements were carried out by 2bind.

Example 2 — Polymerase-Mediated Incorporation of Modified Pyrimidine Building Blocks

[6086] A PCR muxture containing 1X polymerase buffer, 0.2 mM dATP, ¢.2 mM dGTP, 0.2
mM S£dCTP (2), 0.2 mM C8-Ak-dUTP (1), 04 puM T-FP, 0.4 uM T-RP, 0.05 U/pL DNA
polymerase, 20 pM PCR template T1, and water for a total volume of 50 pl. was used. The
cyching conditions were as follows: 96 °C, 2 min + [96 °C, 15 s + 51 °C, 30 s + 72 °C, 30 s}*30
+ 72 °C, 2 mun + hold at 4 °C. To screen KOD-X1L, Pwo, and Deep Vent DNA polymerases for
the efficiency of modified nucleotide incorporation, 2 ul. of each PCR reaction was loaded
directly onto a 10% native PAGE gel, which was run at 150 V for 30 nun 1n 1X TBE buffer.

(Gels were imaged after staining with 1X GelStar Nucleic Acid Stain in TBE buffer.

Example 3 — Optimization of Click Conjugation Reaction

{6087} 10 pL of 100 uM 21-nt oligonucleotide substrate (containing consecutive three 1
nucleotides), 1 pL. 100 mM azido-sugar in DMSO (100 eq), and 14 pl 20 mM sodium phosphate
buffer, pH 8 (pre-degassed by bubbling Nz through) were combined m a 1.5 mL Eppendorf tube.

Click chemistry was nitiated by one of the following three conditions:

(1) Addition of premuxed 1ul. 20 mwmM  CuSOs, 1 ., 01 M
tris{3-hydroxypropyliriazolylmethyhamine (THPTA), and 20 pl water, followed by 1 pL 0.2 M

sodium ascorbate.

(23 Addition of premixed 1 pl 20 ;M CuS04 and 1 pb 20 oM tris{(1-benzyl-1H-1,2 3-triazol-
4-yhmethyljamine (TBTA}] 10 10 uL of 4:3:1 water: DMSO:t-BuOH, followed by addition of 2
ul, 20 mM tris(2-carboxyethylphosphine (TCEP).

(3) Addition of 10 pL premixed 1:1 Ca.TBTA (2 mM, prepared from 1 mg CuBr + 0.7 mL 10
mM TBTA in 4:3:1 water: DMSQ: t+-BuOH, then diluted five-fold with the same solvent).

{0088] The cap of the tube was then removed, and the de-capped tube was immediately placed
in a 20 mL vial equipped with a rubber septum, followed by Ar flushing for S min. The sealed
vial was incubated in the dark for two hours. The reaction product was purified with a Centri-

Spin 10 column (Princeton Separations). 200 plL of concentrated ammonium hydroxide (18 M)
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was added to the purified product, and the solution was incubated at room temperature for 3
hours. 400 pL n-butanol was then added, vortex mixed, and centrifuged at 16,000 xg at 4 °C for
2 vun. The top organic layer was removed and discarded. The bottom agueous layer was
purtfied by an Oligo Clean and Concentrator spin column (Zymo Research), followed by HPLC

analysis.

Example 4 - PCR Amplification, Click Conjugation of 3, Single Strand Generation, and
Acetyl Deprotection for an 81-NT Non-Natural Aptamer (M1)

[B089] For PCR mcorporation of modified nucleotides, a PCR mixture contaiming 1X KOD-
XL DNA polymerase buffer, 0.2 mM dATP, 0.2 mM dGTP, 02 mM 2, 0.2 mM 1, 0.4 uM T-FP,
0.4 uM 5’ -doubly biotinylated T-RP-2Bio, 0.05 U/uL KOD-X1. DNA polymerase, 20 pM PCR
template T1, and water in a total volume of 5 mL was prepared in a 96 well plate. Cycling
conditions were as follows: 96 °C, 2min + [96 °C, 155+ 51 °C, 305+ 75 °C, 30 s}*12 + 75 °C,

2 min + hold at 4 °C.

{8090} PCR reactions were then transferred into a 50 mb conical tube. 0.5 mL 3 M sodium
acetate {pH 5.2} and 13.75 mL of 100% ethanol were added, followed by freezing at -80 °C for
30 min. The frozen stock was then centrifuged for 30 min at 5000 RPM at 4 °C to precipitate the
DNA. The pellet was dissolved with 600 pl. water, followed by purification using MinElute
spin columns. The PCR product was eluted with 180 pL of 10 mM Tris buffer, pH 8.0. To this
DNA solution, 40 L of 3 M sodium acetate {(pH 5.2) and 1.2 mL of 100% ethanol were added,
followed by freezing at -80 °C for 30 muin. The frozen stock was then centrifuged for 30 min at
21,000 xg at 4 °C 1o preciptiate the DNA. The material was resuspended 1n 20 ulb 1X PBS
buffer.

{0091] 20 pL 106 mM 3 in BDMSQ (100 eq) and 40 pb 20 mM sodium phosphate buffer, pH &
{pre~-degassed by bubbling Nz through) were combined with 20 pul of base-modified DNA
solution in a 1.5 mL Eppendort tube. Click chemistry was mitiated by the addition in reaction of
20 ul. premixed solution of 111 Cu:TBTA (10 mM, prepared from 1 mg CuBr + 0.7 mL 10 M
TBTA m4:3:1 water: DMSQO:t-BuOH). The cap of the tube was removed, and the de-capped
tube was immediately placed in a 20 mL vial equipped with a rubber septum, followed by Ar

flushing for 5 min. The sealed vial was incubated in the dark for two hours. To this DNA
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solution, 10 pb of 3 M sodium acetate (pH 5.2) and 330 ul of 100 % ethanol were added,
followed by freezing at -80 °C for 30 min. The frozen stock was then centrifuged for 30 min at
21,000 xg at 4 °C to precipitate the DNA. The matenial was suspended in 350 pul 1X bind and
wash buffer (B&W,; 5 M Tris, 0.5 mM EDTA, 1 M NaCl, pH 7.5).

[6092] 350 pl MyOne C1 streptavidin beads was added to a 1.5 mL Eppendorf tube. The
beads were captured on the side of the tube with a magnet and the supernatant was removed.
The beads were washed three times with 350 ub 1X B&W. The click product sample was added
to the beads and muxed on a rotator for 30 mm.  The beads were then captured and the
supernatant was discarded. The beads were washed three times with 350 ul. IX B&W, and then
treated with 100 uL freshly-prepared 0.25 M NaOH solution to generate single-stranded
DNA. The beads were captured by magnet, and the supernatant was collected and desalted using

a CENTRIE-SEP column (Princeton Separations).

{6093} The acetyl groups were deprotected by adding 200 pl concentrated ammonium
hydroxide (18 M) to the collected oligos and incubating for 4 hours at room temperature.
450 ul. n-butanol was then added to the solution, followed by vortexing, and centnfuging at
21,000 =g at 4 °C for 1 muin. The top organic layer was removed and discarded. The resulting
non-natural aptamer solution was then desalted by a Centri Spin-10 column {(Princeton

Separations).

Example § — Optimization of Click-PD

[6094] Fust, several DNA polymerases were screened to identify a candidate that allows
effective replacement of dT and dC with 1 and 2 (FIG. 1B), respectively, during PCR (FIG. 2).
A series of test PCR reactions showed that KOD-XL polvmerase provided the highest vield and
purity. Next, reaction conditions were optinuzed for coupling mannose to 1 via click chemistry.
After screening various reaction conditions for the click conjugation of monosaccharides with
azido substitutions at various positions, 1t was determined that a reaction with 2,3,4,6-tetra-0O-
acetyl-protected, 2-azmidoethyl derivatives, such as 3 (FIG 1B), performed with copper(l}
bromide and tris[{1-benzyl-1H-1,2 3-triazol-4-yhimethyiljamine (TBTA), achieves guantitative
yvield of the fully-conjugated product (FIGS. 3A-3F).  The successful and efficient PCR

mncorporation of 1 and 2 and subsequent chick chemustry modification were confirmed by
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denaturing polyacrylamide gel electrophoresis (PAGE,; FIG. 4A) and electrospray ionization
mass spectrometry (ESI-MS, FIG. 4B). It was then confirmed that these non-natural aptamers
are efficiently displaved on the particle surface by fluorescently labeling the 37-end of the non-
natural aptamers to allow for FACS characterization after emulsion PCR (FIG. 5). A cleavable
disulfide hinker was incorporated between the aptamer and the particle to allow cleavage of the
modified DNA for electrophoretic analysis (FIG. 6). The slightly lower mobility of the cleaved
non-natural aptamer was attributed to the extra mass from the “scar” of the disulfide linker
Finally, the “reverse transcription” process was optimized to convert the carbohydrate-modified
DNA back to natural DNA molecules with the same nucleotide sequence. After testing a number
of DNA polymerases (FIG. 7A), 1t was found that Taq efficiently generated DNA of the correct
length from the non-natural aptamers (FIG. 78). This 15 consistent with previous findings that
family B DNA polymerases such as Taq are particularly suited for primer extension along
modified nucleic acid templates (Hili et al,, 2013; Jager et al, 2005). Sanger sequencing showed
that the product generated by Taq polymerase was identical to the starting template, confirming

the fidelity of the reverse transcription process (FIG. 8).

Example 6 ~ General Procedure for Generating Particle-Displaved Non-MNatural Aptamers

[6095] Monoclonal, particle-displayed non-natural aptamers were generated by emulsion PCR.
The oil phase was made up of 4.3% Span 80, 0.45% Tween 80, and 0.05% Triton X-100 n
mineral oil, and all reagents were purchased from Sigma-Aldrich. The aqueous phase consisted
of Ix KOD XL DNA polymerase buffer, 50 u KOD XL DNA polymerase, 0.2 mM dATP, 0.2
mM dGTP, 0.2 mM 2, 0.2 mM 1, 10 oM FP, 1 uM fluorescently labeled RP, ~1 pM template
DNA, and ~10% 1 um FP-conjugated magnetic beads. For each reaction, 1 mL of aqueous phase
was added to 7 ml of oil phase and emulsified at 620 rpm for 5 min 1 an IKA DT-20 tube using
the IKA Ulira-Turrax device. The emulsion was pipetted mto 100 pL reactions in a 96 well
plate. The following PCR conditions were used: 96 °C, 2 mun + [96 °C, 155 + 52 °C, 30s + 75

°C, 60s1*39 + 75 °C, 5 mun.

[6096] After PCR, the emulsions were collected mto an emulsion collection tray (Laife
Technologies) by centrifuging at 300 x g for 2 min. The emulsion was broken by adding 10 mL
2-butanol to the tray, and the sample was transferred to a 50 mk tube. The tube was vortexed for

30s, and the particles were pelleted by centrifugation at 3,000 x g for 5 min. The oil phase was
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carefully removed, and the particles were resuspended in 1 mL of emulsion breaking buffer (100
mM NaCl, 1% Triton X-100, 10 mM Tris-HCL pH 7.5, and 1 mM EDTA) and transferred to a
new 1.5 mlL tube  After vortexing for 30s and 90s of centrifugation at 15,000 x g, the
supernatant was removed. The tube was placed on a magnetic separator {(MPC-5, Life
Technologies), and the remaining supernatant was removed. The particles were washed three

times with 1x PBS buffer using magnetic separation, then stored in 200 yL PBST at 4 °C.

{6097} For the click conjugation of 3, the particles were resuspended in 10 yL PBS. 20 mM
sodium phosphate buffer, pH 7.3 was degassed for at least 15 min with N2 before preparing the
reaction. The 10 pL bead suspension was combined with 25 pb 20 mM Na;HPOsand 5 ull 10%
Tween 20 in a 1.5 mL Eppendorf tube. The click reaction was mnitiated by the addition of 5 uLL
Z-azidoethyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside {AeMan, 100 mM in methanol) and
2.5 ul premixed solution of CuTBTA (10 mM, 1 mg Cu(D)Br + 10 mM TBTA mn 31
DMSO:tBuOH). The reaction was vortexed briefly, placed m a 20 mL vial with a septum,
flushed with N» for § min, and incubated 1n the dark with constant vortexing for 2 hours. The
reaction tube was placed on the magnetic separator, and the supernatant was removed. The

particles were washed 5 times with 50 uL. TE buffer.

[6098] To generate single-stranded DNA, the particles were resuspended 1 200 yL 01 M
NaOH solution and incubated for 5 min at room temperature. The supernatant was removed
using the magnetic separator, and the particles were resuspended i 200 pL concentrated
ammontum hydroxide (18 M) to deprotect the AeMan. The particles were incubated for three
hours on a slow rotator. The particles were washed five times with TE buffer and resuspended in

200 pL 10 mM Trs.

Example 7 - Optimization of “Reverse-Transcription” of Particle-Displayed Non-Natural
Aptamers

[6099] Non-natural aptamer-displayed particles as templates were subjected to PCR with 1X
polymerase buffer, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM dCTP, 0.2 mM dTTP, 0.4 uM T-FP,
0.4 uM T-RP, 0.05 U/uL DNA polymerase, 10* non-natural aptamer (M1)-displayed particles,
and water in a total volume of 50 . Cycling conditions were as follows: 96 °C, 2 min + [96

°C, 158+ 51°C, 30+ 72°C, 30 s]*30+ 72 °C, 2 min + hold at 4 °C.
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{0180] Four DNA polymerases: Tag, KOD-XL, Pwo, and Deep Vent were screened for the
efficiency of reverse transcription, 2 uL of each PCR reaction was loaded directly onto a 10%
native PAGE gel and run at 150 V for 30 min in 1X TBE buffer  Gels were imaged after

staining with 1X GelStar Nucleie Acid Stamn in TBE buffer.

Example 8§ - Click-PD Screening

[0101] For Cond: For each round of screening, ~10% non-natural aptamer particles were
meubated with 1 oM biotinylated ConA and 250 nM FITC-conjugated PSA n selection buffer
(SB, 1 x PBS, 2.5 mM MgClz, 1 mM Callz, 0.1 mM MnClz, 0.01% Tween 20} for 1 hour in the
dark on a rotator. After incubation, the particles were resuspended in a 500-fold dilution of
streptavidin-conjugated Alexa Fluor 647 to fluorescently label bictinylated ConA bound to the
non-natural aptamer parsticles, and incubated for 1¢ min in the dark on a rotator. The particles
were washed once and resuspended in 8B. The sample was then analyzed with the BD FACS
Aria IH, and the sort gate was set to collect non-natural aptamer particles in quadrant 1V, the
population that exhibits high binding to ConA and low binding to PSA (FIG. 9A). 0.2-1% of the
total singlet population was coliected in each round. After sorting, the collected non-natural
aptamer particles were resuspended in 20 pL PBS and reverse transcribed into canonical DNA

by Taq polymerase.

{0102]  For DC-SIGN: Prior to incubation with non-natural aptamer particles, human DC-
SIGNR and mouse SIGNR1 were labeled with goat anti-human IgG Fc antibodies conjugated
with DyLight 488 and DyLight 650, respectively. 10 pL of 2 uM human DC-SIGN/mouse
SIGNR1T was incubated with 1yl of 0.5 mg/mb DyLight 488/650 conjugated antibody in SB
with a total volume of 100 uL for at least | hour in the dark on a rotator at 4 °C. The labeled
proteins with ~10® non-natural aptamer particles in SB were incubated for 1 hour in the dark on a
rotator. The hibrary, Round 1, and Round 2 non-natural aptamer particles were incubated with 10
nM human DC-SIGNR and 10 nM mouse SIGNRI. For Round 3, the concentration was
dropped to 1 nM human DC-SIGNR and 1 nM mouse SIGNR1. After incubation, the particles
were washed once and resuspended in SB. As in the ConA screen, the sample was then analyzed
with BD FACS Aria 1, and the desired non-natural aptamer particles were collected. In the first
sort with the library non-natural aptamer particles, all particles with high binding to human DC-

SIGNR (quadrants T and TV) were collected. In the subsequent three rounds of screening with
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Rounds 1, 2, and 3 particles, only particles exhibiting high binding to human DC-SIGNR and
low binding to mouse SIGNRI (quadrant IV} were collected. 0.2-1% of the total singlet
population was coliected in each round. After sorting, the non-natural aptamer particles werg

resuspended in 20 uL PBS and reverse transcribed into canonical BNA by Taq polymerase.

Example 9 - High-Throughput Sequencing of the Enriched Libraries

[6103] Preparation of DNA pools for high-throughput sequencing was done by following the
steps described 1n /68 Metagenomic Sequencing Library Preparation by Hlumina. Overhang
adaptor sequences for the forward and reverse primers were ordered from IDT. DNA pools from
rounds 1, 2, and 3 were indexed using the Nextera XT DNA Library Preparation Kit (Illumina)
and then pooled for sequencing. Sequencing was performed using an Hlumina MiSeq at the
Stanford Functional Genomics Facility. Sequences with low quality were filtered out using the
“Filter by quality” Galaxy NGS tool, accepting only sequences with more than 90% of the bases
having a quality score of 20 or above. For each round, 23-27% of the sequences were discarded
because of low quality. The FASTAptamer toolkit was used to identify sequence clusters
(sequences varying by 2 or fewer bases) and calculate the degree enrichment of each sequence

from round o round.

Example 10 - General Procedure for Particle-Based Binding Assay for Fluorescently
Labeled Targets

[0104] ~10° particles were incubated with varying concentrations of fluorescently labeled
protein in SB for 1 hour on a rotator. After incubation, the particles were washed once and
resuspended in SB. The particles were analyzed using the BD Accurt C6 flow cytometer, and
the mean fluorescence and/or percentage of bound particles were measured m the relevant

fluorescence channel(s).

Example 11 - Generation of Solution-Phase Non-Natural Aptamers with 3’-Bistinyiation

[6165] PCR using modified substrates was performed mn a PCR muxture containing 1X KOD-
XL polymerase buffer, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM 2, 0.2 mM 1, 04 pM §’-
biotinylated C-FP-Bio, 0.4 uM C-RP, 0.05 U/ul. KOD-XL DNA polymerase, 20 pM PCR
template, and water in a total volume of 5 mL in a 96 well plate. Cycling conditions were as
follows: 96 °C, 2min + [96 °C, 15 s + 52 °C, 30 s + 75 °C, 30 s}*12 + 75 °C, 2 min + hold at 4

°C.
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{#186] PCR reactions were transferred into a 50 mL conical tube. To this PCR mixture, 0.5
mlL 3 M sodinm acetate (pH 5.2) and 13.75 mL of 100% ethanol were added, followed by
freezing at -80 °C for 30 min. The frozen stock was then centrifuged for 306 min at 5000 RPM at
4 °C to precipitate the DNA.  The pellet was dissolved with 600 pl. water, followed by
purification using MinElute spin columns. The PCR product was eluted with 180 pl of 10 mM
Tris buffer, pH 8.0. To this DNA solution, 40 pl of 3 M sodium acetate (pH 5.2) and 1.2 mL of
100% ethanol were added, followed by freezing at -8C °C for 30 min. The frozen stock was then
centrifuged for 30 nun at 21,000 xg at 4 °C to precipitate the DNA. The DNA was resuspended
in 20 uL 1 X PBS buffer.

{6167} 20 uL of the base-modified DNA solution was combined with 20 pl. 100 mM 3 i
DMSO (100 eq) and 40 pl. 20 mM sodium phosphate buffer, pH 8 (pre-degassed by bubbling N
through) in a 1.5 mL Eppendorf tube. Click chenustry was initiated by the addition of 20 ull of a
premixed sohution of 1.1 CuTBTA (10 mM, prepared with 1 mg CuBr + 0.7 mL 10 mM TBTA
in 4:3:1 water: DMSO:1-BuOH). The cap of the tube was removed, and the de-capped tube was
mmmediately placed a 20 mL vial equipped with a rubber septum, followed by Ar flushing for S
min. The sealed vial was incubated in the dark for two hours. To this BNA solution, 10 uL of 3
M sodium acetate (pH 5.2) and 330 uL of 100% ethanol were added, followed by freezing at -80
°C for 30 min. The frozen stock was then centrifuged for 30 nun at 21,000 xg at 4 °C to

precipitate the DNA. The DNA was suspended in 350 ul IX B&W.

{6168] 350 pL MyOne (1 streptavidin beads were added to a 1.5 mbL Eppendorf tube. The
beads were captured on the side of the tube with a magnet and the supernatant was removed.
The beads were washed three times with 350 uL 1X B&W. The click product sample was added
to the beads and mixed on a rotator at room temperature for 30 mun. The beads were then
captured and the supernatant was discarded. The beads were washed three times with 350 pL 1X
B&W, then treated twice with 100 ul 0.25 M freshly prepared NaOH solution to generate
single~stranded DNA. The supernatant was discarded. Deprotection of the acetyl group on the
mannose was effected by the addition of 300 pl. of concentrated ammonium hydroxide (18 M)
and incubation at room temperature for three hours. This tube was then sealed tightly before

heating on a thermal block at 70 °C for 10 min. The sample was cooled in an ice bath before
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opening the cap. The tube was placed on the magnet, and the supernatant was transferred to a
separate tube. 100 pL more ammonum hydroxide (18 M) was added to the beads, and the

heating procedure was repeated once more.

[0189] The supernatants from the two ammonium hydroxide treatment steps were combined
and then combined with 4.5 mL n-butano] before vortexing and centrifuging at 16,000 xg at 4 °C
for 10 min. The supernatant was removed and discarded. The sample was dried over vacuum
centrifugation, and then resuspended in 100 gl water. To this solution, S0 ull of 5 M NHsOAc
and 415 pL of cold 100% ethanol were added before freezing at -80 °C for 30 min. The solution
was centrifuged for 30 mun at 21,000 =g at 4 °C to precipitate the non-natural aptamer. The

pellet was washed once with 70% cold ethanol in water, then dissolved in 100 ulL water.

Example 12 - Bio-layer Interferometry Measurement of Selected Non-Natural Aptamers

{0116] The binding characteristics of 3-1 and 3-Tm was further validated using an alternative
measurement method, bio-layer interferometry (BLI) (Abdiche et al, 2008). This allowed the
confirmation that these binding results are independent of the particles on which the aptamers are
immobilized, and to measure association rate (kon} and dissociation rate {koff) constanis.
Solution-phase non-natural aptamers were prepared using conventional PCR instead of emulsion
PCR, with bistinylated FP instead of particle-conjugated FP and with ESI-MS confirmation after
click conjugation with 3 (FIGS. 10A and 10B). Biotinvilated 3-1 and 3-1m were immobilized
onto the streptavidin-coated surface of the biosensor and incubated with ConA at various
concentrations, followed by dissociation in blank buffer (FIG. 11A). For 3-Im, the resulting
response curves were globally fitted for each concentration to generate rate constants of kon =
(7.1 £0.3) x 104 M—1 s, and koff = (2.3 £ 0.02) x 10-4 s-1, corresponding to a Kd of 3.2+ 0.2
nM. Notably, the off-rate (koff) of both 3-1 and 3-1m when bound to ConA was comparable to
or lower than that of many antibody-antigen interactions (Ernst and Magnani, 2009; Steckbeck et
al., 2005). The maximum response measurements were also fitted from each concentration to a
cooperative binding model, vielding a K7 of 5.3 &+ 0.7 nM for 3-1m. These affinity values are in
reasonable agreement with the measurement from the particle-based binding assay. In
comparison, the Kd of 3-1 for ConA 15 5.8 = 0.8 oM by BLI (FIG 11B), confirming that the
substitution of dC with 2 does not enhance lectin binding, and indeed shightly reduces affinity 1n

the BLI assay.
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{0111} To further determine the extent to which each mannose side chain contributes to 3-1m’s
mnteraction with ConA, particles displaying mutants of 3-1m in which either individual
occurrences or pairs of nuclectide 4 within the sequence {excluding the primer region} were
substituted with dA were generated, and screened their affinity for ConA (FIGS. 12A-12C). It
was determined that essentially all of the mannose groups, with the exception of those at
nucleotide positions 45 and 46, are critical for binding, and that the loss of even one mannose

side-chain in the sequence significantly reduced the affinity of the mutant.

{6112] 'The experimental procedures used were described as follows. 3-1 and 3-1m were
diluted to 50 nM in SB. Solutions of 0, 1, 2, 4, &, 16, 32, and 64 nM ConA were prepared in 8B.
The solutions were loaded into a 384 well plate, with 100 ul of SB, 80 ul of biotinylated
aptamer, and 100 ul of ConA solution for each reaction. The following steps were run on the
ForteBIO Octet RED384 with Super Streptavidin biosensors: 60s in buffer for equilibration, 5
min in aptamer solution to load the aptamer onto the biosensors, 60s in buffer for a baseline
measurement, 10 min in ConA solution to measure association, and 10 minutes in buffer to
measure dissociation. Analysis was performed using Octet Data Analysis software, including the
alignment of the different measurements and global fitting of the experimental data to a binding

model to extract K, kon, and kop:

Example 13 - Lectin Array Assay to Probe Non-Natural Aptamer Specificity

{0113] The following procedure was adapted from the vendor’s product manual. First, the
glass shde was dried. The shde with the pre-prinied lectin array was equilibrated to room
temperature inside the sealed plastic bag for 20- 30 nunutes. 30 pll 0.5 uM 3-1m in 1 X PBS was
annealed by incubating the solution at 95 °C and slowly cooling down to 4 °C at a ramp rate of
0.1 °C/second. The solution was incubated at 4 °C for S min. 100 puL. sample diduent (included
in the lectin array package) was added into each well of the array and incubated at room
temperature for 30 muin to block the shides. The buffer was removed from each well. After
diluting 3-1m to the desired concentration with SB, 100 puL of diluted 3-1m was added to each
well and the arrays were incubated at room temperature for 3 hours. The samples from each well
were removed, and each well was washed five times (5 mun each) with 150 ul of 1X wash
buffer I (included n the lectin array package, supplemented with 2.5 mM MgCl, 1| mM CaCly,

and 0.1 mM MnChl) at room temperature with gentle shaking. The buffer was removed
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completely between each wash step. The samples were then washed two times {5 min each)
with 150 pL of 1X wash buffer If {(included in the lectin array package, supplemented with 2.5
mM MgClz, 1 mM CaCly, and 0.1 mM MnClz} at room temperature with gentle shaking. The
wash buffer was completely removed between each wash step. The (y3 equivalent dye-
conjugated streptavidin tube (included in the lectin array package) was spun down, and 1.4 mL
of sample diluent was added to the tube and mixed gently. 80 ybL of Cy3 equivalent dye-
conjugated streptavidin was added to each well and incubated in the dark at room temperature
for 1 hour. The samples from each well were decanted, and washed five times with 150 pb of
IX wash buffer I at room temperature with gentle shaking. The wash buffer was completely
removed after each wash step. The shde assembly was dissembled by pushing the clips outward
from the slide side and carefully removing the slide from the gasket. The slide was placed in the
slide washer/dryer (a four-slide holder/centrifuge tube included in the lectin array package), and
enough 1x wash buffer T {(about 30 mL} was added to cover the whole slide, and then the slide
was gently agitated at room temperature for 15 minutes. After decanting wash buffer [, the shide
was washed with 1x wash buffer I {about 30 mL) with gentle shaking at room temperature for 5
minutes. Finally, the shde was dried by centrifugation at 200 xg on a microscope shide spinner

and the shde was scanned on a microarray scanner, monitoring the Cy3 dye channel at PMT 500.

Example 14 - ConA Aptamer Demonsirates Extraordinary Lectin-Specificity

[0114] Having shown 3-1w’s strong specificity for ConA versus PSA, its ability to
discrinunate agamnst a wide variety of other closely-related lectins that also preferentially bind
mannose was also demonstrated. Plant-derived mannose-binding lectins such as Lens culinaris
agghutinin (LcH), Narcissus pseudonarcissus lectin (NPA), and Vicia faba agglutinin (VFA} all
belong to the same carbohydrate spectficity group as ConA and PSA and share high structural
homology (Hemperly et al, 1979) and are therefore good models for testing specificity.
Critically, 3-1m exhibited virtually no binding to LeH, NPA, or VFA at 10 aM. Even at a 100-
fold hugher concentration {1 pM), 3-1m showed little binding to L.cH and NPA, and only modest
binding to VFA (FIG. 13} This low level of binding to VFA at high concentrations can be
attributed to the especially high degree of homology between ConA and VFA (Hemperly et al,
1979).
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{0115] Next, the analysis of 3-1m was expaned to an extended group of 40 structurally related
and unrelated lectins using a lectin array (FIGS. 9C and 9D). In addition to the lectins studied
above, this array also included lectins belonging to different specificity groups with varving
degrees of homology to ConA (Table 1). This assay further confirmed the remarkable specificity
of 3-1m: across a broad range of concentrations from 0.04—400 nM, ConA was the only lectin
that generated a strong signal. It should be noted that although VVA showed slightly higher
signal than the other non-target lectins, this was subsequently determined to be a false positive.
This array feature produced a significant signal even in the absence of 3-1m, and this signal did

not increase at higher 3-1m concentrations {see FIG. 14 for details).
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Table 1. Additional information on lectins spotted on the lectin array.

{Note: the following information 1s replicated from Lectin Array 40 product manual)

Lectin Abbreviation Source Carbohydrate Specificity
AEA AiA Artocarpus integrifolia {Jackfruit) seeds atal
Aleuria curontic AlL Aleurio aurantic mushrooms FucabGloNac
Allium sativarm ASA Allium sativum agglutinin {Garlich adan
Amaranthus caudaius ACEL ACA Amuaranihus coudatus seeds GalB3GaiNAc
Anguilia onguifia JLYY:N Anguille anguifia {Fresh Water Eel) afuc
Bouhinia purpures BPA BLP Bauhinio purpures aiba {Camel’s Foot Trea} seads GalB3GaiNAc
Concanavalin A Con A Cunavalia ensiformis {Jack Bean) seeds aMan, aGic
Dature stramonivm DSA, DSL Datura stramenium (Thorn Apple, limson Weed) seeds  |{GlcNAC) 4
Dolichos biflorus DBA Doficos biflorus {Horse Gram) seeds olsal NAC
Erythring cristagalli ECA, ECL Epythiing cristegeili {Coral Tree) seeds GalBaGicNAc
EUnonymus europaeus EEL Euncaymus europaeus {Spindle Tree) seeds Gala3Gal
Galanthus nivalls GNA, GNL Galanthus nivalis {Snowdrop} bulbs adan
Griffonia {Bandeiraen )
simplicifolia | GS-, GSI-, BSI-t [ Griffonio {(Bandeiroen ) simplicifolio seeds aGal, aiGalNAC
Griffonia {Bandeiraea} GS-11, GSL-1, BSL-1t {Griffonia {Bundeiraea ) simplicifolia seeds o or PaicNac
Hippeastrum hybrid HHA, HRL AL Hippeastrum hybrid {Amaryliis} bulbs adan
Jacaiin Jacalin, AL Artocarpus integrifolia (Jackiruit) seads Galf3GaiNAc
Lens sulingris Lol 1A Lens cufinars {lentil) seeds adan,aGle
Lectin Abbreviation Source Carbohydraie Specificily
. . . . Lotus tetragencivbus, Tetragonciobus purpurea
Lotus tetragonolobus Lotus, LTL {Winged Pes, Asparagus Pea) seeds afuc
{ycopersicon esculentum LEA LEE TL lycopersicon asculentum {tomato} fruit {GleNAC) ..
Maackia amurensis | MAA, MAL, MAL-l  [Maackio gmurensis seeds GalBaGicNAC
Madlura pomifera MPL, MPA Maclre pomifera {Osage Orange} seeds GalB3GaiNAC
Narcissus pseudonorcissus [NPA NPL DL Narcissus pseudonarcissus {Daffodil} bulbs adan
Peanut PNA Arachis hypogues peaniis GalB3GaiNAc
Phasealus lunatus LBA Phaseolus lungtus {Lima Bean) seeds GalNaca{1,3)Fucu(l,2}Gal
e yen 3 =S 1 .
if;:zg’:g‘;iﬁ:s PHAE Phoseolus vulgaris {Red Kidney Bean) seads ;;Lﬁg;; ;32?3!2 %}i‘\;?{;‘:igmmm)
Leucoaggiutinin PHAL Phaseolus vuigaris {Red Kidney Bean) seeds GalBAGIcNACBB{GIcNAC B2 Mana3Manad
Pisum sativum PSA, PEA Pisum sativum (Pes) seeds adan, afic
Psophocarpus PTL PTLH, WBAY [ Psophocarpus tebrogonolobus {Winged Bean) seeds GaiNAC, Gal

NANAR{2,6)Gal MAC » GalNAC = Lac »

Sambucis nigra | SNAA Sambucus nigra {Elderberry) bark SalNANAQ(2,6)a]
Sambucus nigra | SNA- Sarmbucus nigra {Elderberry) bark GalNAC > Gal
Solenum tuberosum STL PL Sofanum tuberosum , {potato) tubers {GleNAC)k .«
Saphora japonica SEA Sophora joponice {Japanese Pagoda Tree) seeds BGaiNAc

Soybean $8A Giycine miax {soybean} seeds o > BGalNAC

Ulex europaeus | UEA Wex europaeus {Furze Gorse) seeds afuc

Utex europoets 1} UEA-L Ulex eurppaeus {Furze Gorse) seeds Poly Bi1,4)GIcNAC
Urtica disica UDA Urtico dioico {Stinging Nettle) seeds GieNAs

Vicia faba VFA Vicio foba {Fava Bean) seeds aMan

Vicia vitlosa VYA, WL Vicia villoso {(Hairy Vetch) seeds GaiNAg

Wheat Germ WA Triticum vulgaris {wheat germ) GleNAS

Wisteria floribunda WFA Wisteria floribunda {Japanese Wisteria} seeds GaiNAC

Sugar Abbraviations

Fuc: L-Fucose

Gal: D-Galactose

GalNAc: N-Acetylglactosamine

Gle: D-Glucess

GleMAc: N-Acetylgiucosamine

{ac: lactose fMan: Mannose
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Example 15 - Click-PD Screening for Highly Specific ConA Non-Natural Aptamers

[0116] For the ConA screen, ~10® non-natural aptamer-displaving particles were used. A
fraction of this starting population already had strong affinity for ConA at a concentration of 1
nM (FIG. 15A); however, the majority of these mitial derivatives were lacking in specificity, as
shown by the significant binding to PSA. This lack of specificity was expected, given that both
lectins hind strongly to mannose. Three rounds of screening were performed, collecting only the
particles that exhibited strong ConA binding without binding PSA (FIG 15A). A clear increase
in the specificity of the selected particles was observed from round to round, and by the end of
Round 3, 17 8% of the population bound strongly to 1 nM ConA without binding to PSA, even

in the presence of a 250-fold higher concentration of the competitor.

{6117} High-throughput sequencing of the Round 1, 2, and 3 pools was performed to identify
sequences that had become highly enriched during the Click-PD process. After filtering out low-
quality sequences {(where >10% of bases had a quality score <20} using Galaxy NGS tools (see
Methods), 182,499 umgque sequences (684,179 reads) were obtained in the Round 1 pool,
150,680 unique sequences (043,462 reads) were obtained in the Round 2 pool, and 2,867 unique
sequences (470,426 reads) were obtained in the Round 3 pool 132 sequence clusters were
identified, defined as groups of closely-related sequences that differ from one another by two or
fewer routations (Alam et al., 2015) i the Round 3 pool. The degree of enrichruent from Round
I to Round 3 varied for the sequences within each cluster, with some of the most enriched
clusters containing sequences that had undergone 100-fold to >1000-fold enrichment (FIG. 15B).
14 sequences exhubiting >100-fold ennichment were selected for further testing. Particles
displaying each of these sequences were synthesized and their fluorescence intensity was
measured after mcubating with 1 nM ConA (Table 2}, Sequence 3-1 (Table 3) was selected for
further characterization due to its strong binding to ConA and the fact that it belonged to a highly

enriched (>2,000-fold) sequence cluster (FIG. 16).

Table 2. Selected sequences from high-throughput BNA sequencing for binding analysis.

Seguence Random region only
i-1 TATCATGGACTATACGGAGGTAGATCGGATATGCGAACCA (SEQ

ID NO:16)
2-1  CTCCGCGGATCAATGCAGAGGATTGCAGATCCTCGACATG (SEQ
1D NO:17)
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Seguence  Random region only

2.2 CTTCGCGGATCAATGCAGAGGATTGCAGATCCTCAACATG (SEQ
D NO:18)

3-1  GTTGCATCTGCACGACTGGTGAGCTTGAGTGGCAGAAGAA (SEQ
D NO:19)

3-2  GTTGCATCTGCACTACTGGTGAACTTGAGTGGCAGAAGAA (SEQ
D NO:20)

33  GITGCATCTGCACGACTGGTGAACTTGAGTGGCAGAAGAA (SEQ
1D NO:21)

41  AGCGATAGGTGCACTGGGGTCCTCTAAGCGCGTTAACGAG (SEQ
1D NO:22

51  TAGTACGGAGGAACGTGCGAGCGGTAGCATTATAGCGAGA

(SEQ 1D NO:23)

6-1  CACGTACTGCTACGGGGGAGGGAGGTATCTGTCGCGGA (SEQ ID
NO:24)

62  CACGTACTGCTACGGGAAGGGAGGTATCTGTCGCGGA (SEQ ID
NO:25)

7.1 TCTGTGACGGTACGTCGCTGGAAGAAGTTGGGACGTATTA (SEQ
D NO:26)

9.1  GAAGCAAGTTGGTCTITAACGATACAACAGCTTGCGGAAC (SEQ
1D NO:27)

11-1  GGAGGTGTTACTGGCCGGGGAAGATTGAGGGTGGCGTGG (SEQ
1D NO:28)

17-1  GITGAATCTGGATACGATTTCTGAGTTCTTAATGGGAAGA (SEQ
1D NO:29)

Table 3. DNA sequences

Name DNA sequence

Oligos used in Click-PD optimization

Si SCGG AAC GTC 111 GTA ACT TGA-3' (SEQ 1D NO:30)
T1 57- ATC CAG AGT GAC GCA GCA CGG AACGTCTTT GTA ACT

TGA AAT ACC GTG GTA GGT TGG CTA GGT TGG ACA CGG
TGG CTT AGT -3’ (SEQ ID NO:31)

M1 5’- ATC CAG AGT GAC GCA GCA 2GG AA2 G42 444 G4A A24
4GA AAd A22 G4G GAA GG4 4GG 24A GG4 4GG AZA 2GG 4GG
244 AG4 -3° (SEQ ID NO:32)

T-FP 57- ATC CAG AGT GAC GCA GCA -37 (SEQ ID NO:33)
T-RP 5= ACT AAG CCA CCG TGT CCA 37 (SEQ 1D NO:34)

T-RP-2Bio 57- /52-Bio/ACT AAG CCA CCG TGT CCA -3° (SEQ ID NO:35)

43



WO 2019/236571 PCT/US2019/035378

Oligos used in Click-PD screens

C-Lib 5°- GAT CCC AGT CCG AAG TAA TCON NNN NNN NNN NNN NNN
NNN NNN NNN NNN NNN NNN NNN NNN CTT GTG CAA ACG
GCT ATA GG-37 (SEQ ID N(O:36)

C-FP S-GAT CCC AGT CCG AAG TAA TC-3' (SEQ 1D NO:37)

C-FP-Bio 5-/5Biotin TEG/GAT CCC AGT CCG AAGTAA TC-3' (SEQ ID
NO:38)

C-RP 5-CCT ATA GCC GITTGC ACA AG-3' (SEQ 1D NO:39)

3-1 5 -GAT CCC AGT CCGAAG TAA TCG 446 2A4 24G 2A2 GA2 4GG

4GA G24 4GA G4G G2ZA GAA GAA 244 G4G 2AA A2G G24 AdA
GG-3’ (SEQ ID NO:40)

3-1m 5-GAT CCC AGT CCG AAG TAA TCG 44G CA4 C4G CAC GAC
4GG 4GA GC4 4GA G4G GCA GAA GAA (44 G4G CAA ACG GC4
Ad4A GG-3 (SEQ ID NO:4 1)

3-1a 5°-GAT CCC AGT CCG AAG TAA TCG TTG 2AT 27G 242 GA2
TGG TGA G2T TGA GTG G2A GAA GAA 2TT GTG 2AA A2G GaT
ATA GG-3’ (SEQ ID NO:42)

3-1nc 5°-GAT CCC AGT CCG AAG TAA TCG 11G 2A1 21G 2A2 GA2 1GG
1GA G21 1GA G1G G2A GAA GAA 211 GIG 2AA A2G G21 AlA
GG-3’ (SEQ ID NO:43)

3-1n 5°-GAT CCC AGT CCG AAG TAA TCG TTG CAT CTG CAC GAC
TGG TGA GCT TGA GTG GCA GAA GAA CTT GTG CAA ACG
GCT ATA GG-3° (SEQ ID NO:44)

3-lmser 5’- GAT CCC AGT CCG AAG TAA TCA GCA G44 AA4 G44 AGG
A4G CGG AGG CGC AdA CG4 CG4 ACG C44 G4G CAA ACG GC4
AdA GG-3° (SEQ ID NO:45)

CT 5’- GAT CCC AGT CCG AAG TAA TCC CCC C4C CC4 CCC 4CC
C4C CC4 CCC 4CC C4C CC4 CCC 4CC C44 G4G CAA ACG GC4
AdA GG-3° (SEQ ID NO:46)

D1 5’- GAT CCC AGT CCG AAG TAA TCC AAG GG4 AA4 4GG GAA
AdA AGG A4G GGG 4AA 4A4 GCA ACC C44 G4G CAA ACG GC4
AdA GG-3° (SEQ ID NO:47)

Example 16 - Non-Natural Aptamer 3-1 Exhibits High Affinity and Specificity for ConA

[6118] 3-1 bound strongly to ConA, and also exhibited remarkably high specificity for this
particular lectin.  Particles displaying 3-1 were incubated with different concentrations of
fluorescently-labeled ConA and PSA, and measured the proportion of particles with high
fluorescence intensity using FACS. A binding isotherm was established by plotting the

percentage of target-bound particles over the total population at each lectin concentration. This
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revealed strong affinity for ConA (Kq = 20 nM)}, with a much weaker affinty for PSA (Ka> 1000

nM)}, clearly demonstrating the excellent specificity of this molecule (FIG. 9A).

{0119] As 3-1 contains multiple modifications, the next objective was to determine the extent
to which these modifications contribute to its strong and specific interaction with ConA.
Particles displaying various mutant sequences were synthesized based on 3-1 with different
modification profiles (Table 3}. 3-1a no longer contained 4, but still had dC substituted with 2,
displaying aldehyde groups. On the other hand, 3-1m lacked 2 but still had dT substituted with
4. A construct composed entirely of canonical bases (3-1n) was prepared, as well as a version of
3-1 that was not subjected to subsequent click conjugation of 3 (3-1nc). Finally, to confirm that
the affinity of 3-1 is sequence-specific, a "CT-only’” sequence was prepared that was the same
length as 3-1 but only contained dC and 4, where the number of 4 nucleotides was equal to that
of 3-1 {CT). A sequence with the same nucleotide composition as 3-1m but in a scrambled order

(3-1mscr) was also prepared.

{81208} 3-1a, 3-1n, and 3-Inc showed essentially no binding to 10 nM ConA (FIG. 9B),
indicating that ConA binding was mannose-dependent. Both €T and 3-1mscr showed only low
levels of binding to 10 nM ConA, which i1s most likely attributable to the presence of the
mannose functional groups n this polymer. Notably, 3-1m showed only shightly lower levels of
binding to 10 oM ConA than 3-1, despite the absence of aldehyde modifications (FIG. 9B). This
unexpected finding prompted the further mvestigation of 3-1m’s binding profile. It was
determined that the affiruty of 3-1m for ConA 15 in fact shightly superior to 3-1 (Ka = 17 M),
and that the absence of modified nucleotide 2 did not affect 3-1ns specificity against PSA (K
>1000 oM} (FIG 2A). This indicates that the aldehyde functional groups do not contribute
meaningfully to 3-1’s affinity or specificity, and that only the mannose modifications are

absolutely requured for binding to ConA.

Example 17 - Non-Matural Aptamers Can Discriminate Human from Mouse DC-SIGN

[0121] Having demonstrated the capabilities of Click-PD with ConA, a suular strategy was
used 1o target a mammalian protein with relevance to therapeutic apphications. DC-SIGN, a C-
type lectin present on the surface of dendritic cells that recognizes highly glycosylated viral
envelope protems, was selected  This binding event allows wviruses such as human

immunodeficiency virus (HIV) and Ebola to enter and infect dendritic cells (Alvarez et al,, 2002;
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Geijtenbeek et al, 2000; Hlescas et al, 2017). The human and mouse DC-SIGN proteins are
closely related, with 57% sequence homology, and no previous affinity reagents have shown the

capacity to distinguish between the two (Caminschi et al., 2006).

{6122} Using Chck-PD, non-natural aptamers with remarkable specificity, which proved
capable of distinguishing between these two highly similar targets, were produced. Three rounds
of Click-PD were performed, enriching non-natural aptamer particles that exhibit higher affinity
to human DC-SIGN and purging those binding to mouse DC-SIGN (FIG. 17A). For the minal
library of non-natural aptamer particles, only 0.08% bound to human DC-SIGN and 2.8% bound
to the mouse analogue.  After three rounds of selection, 3.9% of the aptamer particles bound to
human DC-SIGN, with only 0.05% of the aptamer particles binding to mouse DC-SIGN. High-
throughput sequencing revealed a single sequence that underwent 1,300-fold enrichment over the
course of those three rounds, D1. Affinity measurement with particles displaying D1 and
fluorescently-labeled human and mouse DC-SIGN indicated a Kd of 3.6 nM for human DC-
SIGN and 12.5 nM for mouse DC-SIGN (FIG. 17B). This 3.5-fold difference in binding affinuty
is striking, given the high degree of homology between the two proteins.  Additionally, D1
exhibited essentially no binding to a lower-homology C-type lectin, mannose-binding lectin
(MBL, FIG. 17B) at concentrations ranging from 0.1 to 100 nM. Solution-phase D1 (FIG. 10C)
was subsequently generated and the binding affinity of D1 to human DC-SIGN was confirmed
using microscale thermophoresis (MST), yielding a Kd of 21.5 nM (FIG. 18). The difference in
measured Kd values between the particle-based binding assay and the MST method 1s within the
level of varation previously seen across different methods for affinity measurements (Fer et al,,

2011; Jing and Bowser, 2011; Sun et al,, 2008).

Example 18 - Microscale Thermophoresis Measurement of Mon-Natural Aptamer

[0123] Biotinylated D1 was prepared by PCR amplification, click conjugation, single strand
generation, and acetyl deprotection as described above. 25 pl of 3.9 uM DI, 60 pl of 2 uM
DC-SIGNR, and 25 mL of 8B were sent to 2bind for analysis. At 2Zbind, the samples were
analyzed on a Monolith NT. 115 Pico at 25 °C, with 40% LED power and 40% laser power. The
concentration of fluorescently labeled DC-SIGNR was held constant at 1 nM, and the
concentration of D1 ranged from 30.6 pM to 1 uM. Two technical repeats were performed, and

the Ks was calculated based ona 1:1 binding model.
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Example 19 - Determining ConA Concentration {o Induce Complete Hemagglutination

{6124] Human ervthrocytes were washed and resuspended m 1X PBS in a 96-well U-shaped
well plate at 1% hematocrit, with ConA concentrations ranging from 250 ug/mL to 2 pg/mL.
The plate was let stand at room temperature for 1 hour before visualizing the deposition of
erythrocytes at the bottom of the well. The optical densities at 655 nm of the cell suspensions

were then measured on a plate reader.

Example 20 - Hemagglutination Inhibition Assay

{6125} 30 pL 05 pM 3-1m was annealed in 1X PBS by heating the solution to 95 °C and
slowly cooling down to 4 °C at a ramp rate of 0.1 °C/second, followed by incubation at 4 °C for
S min. The annealed non-natural aptamer was incubated at a range of concentrations from 9.6
oM to 300 nM with 150 nM ConA 1 1X PBS for 30 min n a 96-well U-shaped well plate.
Human ervthrocytes were added to produce a cell suspension of 1% hematocrit in a total volume
of 50 ul per well. After 1 hour of incubation at room temperature, the hemagglutination status
of the samples was visualized, and the optical densities of the cell suspensions at 655 nm were

monitored by a plate reader.

Example 21 - Microscopic Characterization of Human Ervthrocyfe Aggiutination

[0126] 2 ul of 4 uM 3-Im was annealed in 1 X PBS by incubating the solution at 95 °C and
siowly cooling down to 4 °C at a ramp rate of 0.1 °C/second, and then incubated at 4 °C for 5
min. To this non-nataral aptamer solution, 1 pub of 6.5 uM ConA was added and the solution
mecubated for 30 min at room temperature. An erythrocyte suspension was prepared to a final
hematocrit of 20% mm PBS. 7 pL of each erythrocyie suspension was combined etther with the
ConA-~-non-natural aptamer complex or 3 ul. 1X PBS. 10 pL of this muxture was loaded onto
glass slides, covered with coverslips, and immediately visualized using 10X and 40X objective

lenses on a microscope.

Example 22 - ConA Aptamer Inhibits Erythrocyte Agglutination with Remarkable Potency
{#127]  (Given the strong affinity and specificity of the glycomimetic reagent for ConA, it was
hypothesized that it might act as a highly effective imhibitor of ConA’s biological activity. ConA
induces clumping of human erythrocytes in a process known as hemagglutination {Glenney et
al., 1979), and hemagglutination assays are a standard approach for quantifying activity of this

lectin. As a baseline, it was established that complete hemagglutination occurs at 150 nM ConA,
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based on visual observation of the deposition of erythrocytes in a 96-well plate. This was
confirmed by monitoring absorbance of the cell suspension at 655 nm, which correlates to the
size of the agglutinated clump (Martins et al., 2014). The extent to which 3-1m can inhibit this
process was tested by incubating various concentrations of 3-1m with 150 nM ConA for 30 min
at room temperature before adding erythrocytes at 1% hematocrit.  Concentration-dependent
inhibition of ConA-induced hemagglutination was observed, with complete inhibition at 150 nM
and a half-maximal inhibitory concentration {IC50) of 95 aM (FIGS. 19A and 198} The
observation that complete inhibition occurs when both ConA and 3-1m are at the same
concentration {150 nM) indicates a stoichiometric relationship, confirming the strong and stable
interaction between the binding partners. The mhibition of ConA-mduced hemagglutination by
3-1m was also microscopically monitored; the erythrocyte clumps that formed upon the addition

of ConA were absent when ConA was incubated with 3-1m betforehand (FIGS. 19C-19E).

{0128] Notably, 3-1m mhibits ConA-induced hemagglutmation with ~107-fold greater potency
than methyl a-D-glucopyranoside, a commonly used inhibitor that achieves maximal effect at 50
mM (Mortell et al, 1994). Furthermore, 3-1m s about three-fold more potent than the best
known mhibitor described to date for ConA, a mannose glycopolymer reported by Kiessling et
al., which achieves complete imhibition at 500 nM. Thas 1s particularly striking given that 3-1m
contains  120-fold fewer mannose side chains (14 wmits) compared with the mannose
glycopolymer {~1,700 units), suggesting that its carbohydrate presentation more closely aligns

with the active sites of this lectin (Mortell et al., 1996).
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and scope of the appended claims. All publications, patents, and patent applications cited herein

are hereby incorporated by reference in their entirety for all purposes.
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WHAT IS CLAIMED IS:

1. A plurality of beads linked to aptamers comprising at least one non-natural
nucleotide, wherein sequences of aptamers linked to different beads are different and wherein
beads in the plurality are linked to multiple copies of only one aptamer, wherein the base of the

non-natural nucleotide is covalently bonded to a binding agent.

2. The plurality of beads of claim 1, wherein the non-natural nucleotide 1s

covalenily bonded to the binding agent via a triazole moiety.

3 The plurality of beads of claim 1, wherein the non-natural nucleotide 1s

{8-alkyne-dUTP.

4. The plurality of beads of any of claims 1 to 3, wherein aptamers linked to
the beads comprise at least first and a second non-natural nucleotides that are structurally-

different.

S. The plurality of beads of claim 4, wherein the first non-natural nucleotide
1s linked to the binding agent and the second non-natural nucleotide 13 not hinked to a binding

agent.

6. The plurality of beads of claim 5, wherein the second non-natural

nucleotide comprises an aldehyde.

7. The plurality of beads of claim 4, wherein the first non-natural nucleotide
is linked to the binding agent and the second non-natural nucleotide 1s hnked to a second binding

agent.

8. The plurality of beads of any of claims 1 to 7, wherein the binding agent is

an amino acid, a sugar, a peptide, or a protein.

9. The plurality of beads of claim 8, wherein the sugar is a monosaccharide

or a polysaccharide.

10. The plurality of beads of claim 8 or 9, wherem the sugar is a mannose.
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It The plurality of beads of claim 8, wheremn the peptide 15 a synthetic
peptide.

12, The plurality of beads of claim 8, wherein the protein is a synthetic
protem.

3. The plurality of beads of claim 8, wherein the binding agent 1s an azide-

modified tyrosine.

14 The plurality of beads of claim 8, wherein the binding agent is an azide-

modified tryptophan.

1S. The plurality of beads of claim 8, wherein the binding agent is an azide-

modified boronic acid.

16, The plurality of beads of any of claims 1 to 15, wherein the plurality of
beads comprises at least 100 beads each linked to a ditferent aptamer having a different

sequence.

17. A method of making the plurality of beads linked to aptamers of any one
of claims 1 to 16, the method comprising,

providing a plurality of agueous droplets wherein a majority of the droplets
comprise only one bead linked to a forward primer and only one aptamer termplate
polynucleotide, wherein the droplets in the majority each comprise an aptamer template
polynucleotide having a different sequence;

performing amplification within the droplets, wherein the droplets contain
nucleotide triphosphates (NTPs} and a non-natural nucleotide triphosphate having a nucleotide
base hinked to a functional group, wheremn the forward primer hybridizes to the aptamer template
polynucleotide and 15 extended by a polymerase using the aptamer template polynucleotide as a
template to generate an extension product linked to the bead and comprising an aptamer
sequence and wherein the non-natural nucleotide 1s incorporated into the aptamer sequence,
thereby forming a plurality of beads linked to aptamers comprising at least one non-natural

nuclectide; and
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reacting the functional group with a reactive species comprising a binding agent

such that the non-natural nucleotide 1s covalently bonded to the binding agent.

8. The methods of claim 17, wherein the functional group 1s an alkyne or an
azide.
19 The method of claim 17 or 18, wherein the droplets contain at least a first

and a second non-natural nucleotide triphosphate that are structurally-different and wherein the

first and the second non-natural nucleotide are mcorporated into the aptamer sequence.

20, The method of claim 19, wherein the first non-natural nucleotide
comprises an alkyne or an azide functional group and the second non-natural nucleotide

comprises an aldehyde.

21 The method of claim 17, further comprising combining contents of the

droplets after the performung of the amplification and before the reacting.

22, The method of claim of any of claims 17 to 21, wherein the non-natural

nucleotide 1s C8-alkyne-dUTP.

23, The method of any of claims 17 to 22, wherein a first non-natural
nucleotide comprises an alkyne and the reactive species comprises an azide and during the
reacting the azide undergoes Cu-catalyzed azide-alkyne cycloaddition (CuAAC) with the alkyne

in the non-natural nucleotide to form a covalent bond.

24, The method of claim 21, wherein the binding agent comprises a sugar.
25 The method of claim 24, the sugar is a mannose.
26. A method of identifving an aptamer that binds a target molecule, the

method comprising
contacting the plurality of beads of any of claimus 1 to 16 to the target molecule;
enriching the plurality of beads for beads that bind the target molecule; and

determining the sequence of aptamers that bind the target molecule.
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27. The method of claim 26, wherein the target molecule 1s a peptide, a
protein, a small molecule (e.g, less than 1500 daltons), a mixture of cellular membrane

fragments, or 8 MICTOOrganism.
28. The method of claim 26, wheremn the target molecule 15 labeled.

29, The method of claim 26, wherein the contacting further comprises
contacting the plurabity of beads with a labeled non-target molecule and wherein the enriching
comprises enriching for beads that do not bind the labeled non-target molecule, wherein labels of

the target molecule and the non-target molecule are different.
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FIG. 1A
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