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Aptamers have proven to be valuable tools for the detection of small molecules due to
their remarkable ability to specifically discriminate between structurally similar mole-
cules. Most aptamer selection efforts have relied on counterselection to eliminate
aptamers that exhibit unwanted cross-reactivity to interferents or structurally similar
relatives to the target of interest. However, because the affinity and specificity character-
istics of an aptamer library are fundamentally unknowable a priori, it is not possible to
determine the optimal counterselection parameters. As a result, counterselection experi-
ments require trial-and-error approaches that are inherently inefficient and may not
result in aptamers with the best combination of affinity and specificity. In this work, we
describe a high-throughput screening process for generating high-specificity aptamers
to multiple targets in parallel while also eliminating the need for counterselection. We
employ a platform based on a modified benchtop sequencer to conduct a massively par-
allel aptamer screening process that enables the selection of highly specific aptamers
against multiple structurally similar molecules in a single experiment, without any
counterselection. As a demonstration, we have selected aptamers with high affinity and
exquisite specificity for three structurally similar kynurenine metabolites that differ by a
single hydroxyl group in a single selection experiment. This process can easily be
adapted to other small-molecule analytes and should greatly accelerate the development
of aptamer reagents that achieve exquisite specificity for their target analytes.
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Aptamers are a class of oligonucleotide-based affinity reagents that have proven highly
effective for the detection of small molecules in applications including molecular diagnos-
tics (1, 2), live-cell imaging (3, 4), and real-time monitoring of drugs in live animals
(5, 6). This is because the aptamer selection process can be tailored to achieve desired lev-
els of specificity, and there are even examples of aptamers that can distinguish molecules
that differ by only a single methyl group (7). To increase the likelihood of generating
aptamers with such high specificity, researchers typically incorporate a process known as
counterselection into their standard positive selection-based systematic evolution of ligands
by exponential enrichment (SELEX) workflow. Here, the aptamer pool isolated after a
given round of selection for binding to the target is incubated with one or more “counter
targets” that represent common interferents or other structurally similar molecules, and
aptamers that bind to the counter targets are removed from the pool.
While conceptually straightforward, the implementation of effective counterse-

lection is extremely challenging because most of the key variables that govern the
outcome of the selection cannot be readily measured (8–10). For example, research-
ers must determine the number of counterselection steps to perform and when to
implement them within the overall selection process. Furthermore, the stringency
of each individual counterselection step must be optimized in terms of incubation
time and counter-target concentration. Since the initial affinity and range of specif-
icities for an aptamer library are fundamentally unknowable a priori, optimal coun-
terselection parameters cannot be identified in advance and can only be determined
through time-consuming trial-and-error testing. The consequences of poor counter-
selection conditions can include selection of low-quality aptamers or the outright
failure of the selection (8, 9). For example, excessive counterselection may remove
desirable aptamers that offer an ideal balance of affinity and specificity but are pre-
sent only at low copy numbers in the aptamer pool (11). On the other hand, inade-
quate counterselection may result in cross-reactive aptamers with poor specificity.
Furthermore, the process of characterizing aptamers for specificity requires signifi-
cant effort due to the well-known challenges of measuring binding interactions
between small molecules and aptamers (12). As such, an alternative strategy to
counterselection that can facilitate the efficient and reliable generation of high-
specificity aptamers is urgently needed.
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In this work, we describe a high-throughput screen that can
characterize the specificity of millions of aptamers toward a
group of structurally related molecules in a single experiment
and generate exquisitely specific aptamers without any counter-
selection process. Our approach builds upon our previously
published nonnatural aptamer array (N2A2) system, in which
we modified an Illumina MiSeq sequencer such that vast num-
bers of aptamer clusters can be generated and characterized for
binding on a sequencing flow cell (13). Our screening proce-
dure consists of three steps: a multiplexed enrichment step,
high-throughput sequencing, and a high-throughput specificity
screen. First, a conventional capture-SELEX technique is used
to enrich a DNA aptamer library toward a combined pool of
structurally similar molecules. Next, the enriched library is
sequenced on an Illumina MiSeq, generating millions of
aptamer clusters on the surface of the flow cell. Finally, we
characterize the binding of the aptamer clusters to each of the
target molecules to identify highly specific aptamers. To dem-
onstrate the utility of our platform, we characterized the specif-
icity of an enriched aptamer library toward the tryptophan
metabolite kynurenine and four structurally related kynurenine
metabolites. Without any counterselection, we were able to
identify high-specificity aptamers for three of the metabolites,
including multiple aptamers that can differentiate molecules
differing by only a single hydroxyl group. The entire selection,
sequencing, and screening process is faster than a traditional
selection campaign and typically requires �2 wk from the
beginning of the experiment to the isolation and characteriza-
tion of multiple aptamers with high specificity for closely
related molecules.

Results and Discussion

The High-Throughput Specificity-Screening Platform. Our
workflow consists of three stages: multitarget enrichment,
MiSeq sequencing, and a high-throughput specificity screen
(Fig. 1 A–C). In the first step, the DNA aptamer library (SI
Appendix, Table S1) is enriched for sequences that bind a group
of small-molecule targets using a previously established capture-
SELEX protocol (14, 15) (Fig. 1A; see Methods and SI
Appendix, Fig. S1 for more details). Briefly, a DNA library with
a 30-nt variable region is hybridized to complementary 15-nt
biotinylated capture strands that are coupled to a column of
streptavidin-functionalized agarose resin. The column is then
washed with buffer to remove unbound sequences, after which
the pooled target solution is added to the column. We then col-
lect the flow-through, which contains structure-switching
aptamers that are released from the complementary capture
strand upon binding to a small-molecule ligand. As proof of
principle, we chose five molecules from the kynurenine path-
way (KP)—kynurenine (Kyn), kynurenic acid (KA),
3-hydroxykynurenine (3HK), xanthurenic acid (XA), and
3-hydroxyanthranilic acid (3HA) (Fig. 1D)—with 100 lM of
each metabolite in the pooled target solution. The aptamers
eluted from the column were then PCR amplified and con-
verted to single-stranded DNA for use in a subsequent round
of screening. We performed seven rounds of this enrichment
process. During the PCR amplification step, we utilized a
fluorescein-labeled forward primer, which enabled us to moni-
tor the relative amount of the aptamer pool that survived each
round of capture-SELEX (16).
Selections conducted against pools of structurally similar tar-

gets tend to favor the selection of cross-reactive aptamers, and
it can be exceedingly difficult to identify rare aptamers that are

truly specific to individual targets. Our previously described
N2A2 system gives us a platform to identify these “needle-in-a-
haystack” target-specific aptamers, in which we can measure the
affinity and specificity of millions of distinct aptamer sequences
on the flow cell of a high-throughput sequencer in a single
experiment (Fig. 1 B and C) (13). While the aptamer pool is
being sequenced, this also results in aptamer clusters being gen-
erated on the MiSeq flow cell. Following the first read of
sequencing, the sequence following the reverse primer is
removed by exploiting an EcoRI cut site within the reverse-
primer region in order to minimize target interactions with
Illumina adapter sequences.

The final, specificity-screening stage of our assay employs a
strand displacement–based readout mechanism. Every aptamer
cluster on the flow cell is hybridized to a Cy3-labeled displace-
ment strand, which uses the same complementary sequence as
the capture strand from the selection step. As in the enrichment
step, aptamers that bind to a given target molecule undergo a
conformational structure switch that results in the displacement
of the fluorescently labeled strand, resulting in a reduction in
signal. We interrogate the specificity of each aptamer cluster by
conducting a series of “buffer cycles” followed by “target
cycles.” In the buffer cycles, aptamer clusters are annealed with
the labeled displacement strand, washed with buffer, and then
imaged on the flow cell. In the target cycles, aptamer clusters
are incubated with one of the targets at a 100 lM concentra-
tion for 15 min, washed with buffer, and imaged again. These
cycles were repeated for each of the five KP metabolites, with at
least one additional replicate cycle for each target. By compar-
ing the relative reductions in fluorescence between the five dif-
ferent KP targets, we can identify highly specific aptamers that
do not show appreciable cross-reactivity toward the other
metabolites.

Generating a Map of Aptamer–Metabolite Specificity. We ana-
lyzed 2.8 million aptamer clusters during our high-throughput
specificity screen of the five KP metabolites, 87% of which rep-
resented unique sequences. We processed the fluorescence
intensity data to remove outliers, extremely low- or high-
intensity clusters, and clusters that exhibited high variance
between cycles. We measured the intensity data in terms of per-
cent change from each buffer cycle to the subsequent target
cycle, in which a higher percent change indicates a greater drop
in fluorescence intensity. To normalize for cycle-to-cycle differ-
ences, the percent changes for each cluster in response to each
target were converted to Z-scores. This was done by subtracting
the mean percent change for all clusters in a cycle from each
individual percent change measurement; this value was then
divided by the SD of the percent change for all clusters in that
cycle. Finally, we averaged these Z-scores across all replicates
for each sequence–target combination. We set a cutoff Z-score
of 2.576—corresponding to a 0.5% chance of false-positive
binding—to identify target-binding sequences. These aptamers
were further designated as target specific if their “specificity
ratio”—that is, the ratio of their target Z-score to the largest
off-target Z-score—was greater than 3.

We then created a “map” to compare the overall binding of
the aptamer pool to each pair of targets (Fig. 2). We achieved
the greatest success with 3HK, with the largest number of
monospecific aptamers (902 candidates)—indeed, the majority
of the 3HK aptamers were monospecific to 3HK (Fig. 2 K–O,
gray diamonds). In contrast, we only identified six candidates
that were monospecific for XA (Fig. 2 U–Y, orange squares)
and one that was monospecific for KA (Fig. 2 F–J, red inverted
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triangle) and were unable to identify any monospecific
aptamers for either 3HA or Kyn. In order to rule out the possi-
bility that the large number of monospecific 3HK sequences
were primarily mutants of a small number of aptamers that
were present in the initial naïve library by chance, we grouped
these sequences into families using a Levenshtein edit distance
of #5. We identified 784 families among the 902 candidate
clusters, indicating that the majority of the 3HK-specific
aptamers were not closely related and thus arose independently.
These results clearly indicate that 3HK is more amenable to
aptamer recognition than the other KP metabolites.
In contrast, only a small proportion of the XA aptamer can-

didates (6/77) and KA aptamer candidates (1/90) were classi-
fied as target specific. Most of the cross-reactive KA and XA
aptamers bound both molecules with similar affinity, which
was not surprising, since the two metabolites only differ by a
single hydroxyl group. We did note that additional monospe-
cific aptamers for these two targets could be identified by using
a less stringent specificity ratio cutoff. For example, with a spe-
cificity ratio cutoff of 2, we identified 47 more 3HK candidates
and two more KA candidates (SI Appendix, Fig. S3).
We were not able to identify any monospecific Kyn and 3HA

aptamer candidates using our stringent screening thresholds (Kyn,
Fig. 2 A–E; 3HA, Fig. 2 P–T), although there were some cross-
reactive aptamer candidates that displayed at least some degree of

binding to each target (six sequences for Kyn, 13 sequences for
3HA). This result was unexpected—particularly for Kyn due to
its structural similarity to 3HK, for which selection was highly
successful. Although we expected many aptamers to be cross-
reactive to both targets, as with XA and KA, the majority of 3HK
binders did not show any cross-reactivity with Kyn (Fig. 2K). We
hypothesized that there might be extremely rare Kyn- or 3HA-
binding aptamers present in the multitarget enrichment pool that
were not expressed as clusters on the flow cell during sequencing.
To address this possibility, we conducted two additional rounds
of selection with that pool using only 3HA and Kyn. When we
repeated the specificity screen on this pool, we noted that 3HK-,
XA-, and KA-specific aptamers were far less abundant, as
expected. Even though some highly cross-reactive 3HA and Kyn
aptamers were enriched this time around, we were still unable to
identify any monospecific aptamers for these targets (SI Appendix,
Fig. S4). Subtle chemical features may account for the variable
success rates of these screens. For example, although 3HA and
3HK share a similar aromatic moiety in their neutral forms, 3HA
almost solely exists in its carboxylate form at pH 7.5 (17).

Identification and Characterization of Monospecific KP
Metabolite Aptamers. We next identified the most promising
monospecific aptamer candidates for 3HK, XA, and KA from
the specificity screen, selecting the highest copy-number
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Fig. 1. Overview of the high-throughput specificity-screening platform. (A) Multitarget aptamer enrichment. In the first step of the aptamer-selection pipeline,
Capture-SELEX is performed against five pooled kynurenine metabolites (Kyn, 3HK, 3HA, KA, and XA) to enrich the aptamer library for binders prior to high-
throughput screening. (B) Sequencing and cluster generation. The enriched aptamer pool is sequenced on a modified Illumina MiSeq sequencer, during which
�106 to 107 aptamer clusters are generated on the sequencing flow cell. (C) High-throughput specificity screen. After sequencing is complete, a “buffer cycle” is
conducted in which a Cy3-labeled displacement strand is annealed onto the aptamer clusters in buffer and imaged. Next, a “target cycle” is conducted, in which
the flow cell is incubated with a single metabolite target for 15 min and then imaged. This process of buffer cycles and target cycles is repeated multiple times for
each target. The flow cell is imaged at each step, capturing the fluorescence of each cluster. (D) Structures of the five KP metabolites used in this study.
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aptamer candidate from each monospecific pool. We selected
sequences 3HK-1 (Z-score ¼ 4.90 for 3HK versus a maximum
of 0.29 for other targets; Fig. 3A), KA-1 (Z-score ¼ 3.60 for
KA versus a maximum of 1.11 for other targets; Fig. 3B), and
XA-1 (Z-score ¼ 2.72 for XA versus a maximum of 0.77 for
other targets; Fig. 3C). Inspection of the flow-cell images for
these aptamer clusters during the buffer and target cycles pro-
vided further evidence of their specificity and agreed with the
extracted intensity values (SI Appendix, Fig. S5). Analysis of the
secondary structures of each aptamer revealed a single loop

stabilized by the prestructured eight- to nine-nucleotide hairpin
(SI Appendix, Fig. S6). Interestingly, we generally observed that
the highest copy-number sequence from the enrichment stage
did not exhibit significant binding to any of the five targets
(maximum average Z-score ¼ �0.51) (SI Appendix, Fig. S7A).
Furthermore, a Pearson correlation coefficient of 0.037 between
copy number and Z-score of monospecific 3HK candidates
suggests that copy number is not correlated with affinity. These
results demonstrate that our screen could overcome the effects
of PCR biases, contamination, or other experimental artifacts

A B C D E

F G H I J

U V W X Y

K L M N O

P Q R S T

Fig. 2. Specificity map of the aptamer pool toward the five KP metabolites. The metabolites in order from top row to bottom row are Kyn (A–E), KA (F–J),
3HK (K–O), 3HA (P–T), and XA (U–Y). A, G, M, S, and Y show probability density functions and histograms of the Z-scores for Kyn, KA, 3HK, 3HA, and XA, respec-
tively. The y-axis describes the probability density, indicating the likelihood that any given sequence would yield a particular Z-score. B–F, H–L, N–R, and T–X
show comparisons of Z-scores between pairs of targets for all sequences with two or more replicates. Each point represents the average Z-score for a single
sequence across multiple replicates. Sequences with equivalent scores for both targets fall on the black diagonal line in each plot. Sequences that are likely
to bind to the target shown on the y-axis (Z-score $ 2.576) and are specific for that same target (specificity ratio $ 3) fall into the gray regions on the plots.
Putative monospecific sequences are highlighted as red inverted triangles for KA, gray diamonds for 3HK, and orange squares for XA. No monospecific
sequences were found for Kyn or 3HA.
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that might lead to the unwanted enrichment of low-quality
sequences in other SELEX-based selection strategies.
While our N2A2 assay can assess each aptamer’s relative

affinity for each target during the specificity screen, it cannot
directly measure aptamer equilibrium dissociation constant
(KD). We therefore utilized a previously established plate-
reader assay (15), in which 3HK-1, KA-1, and XA-1 were
chemically synthesized and labeled at the 50 end with Cy3 and
then combined with displacement strands tagged with a
DABCYL quencher group at the 30 end. These strands were
of various lengths for each aptamer (12 to 14 nucleotides), in
which the length was selected to ensure that its KD for the
aptamer was �100 to 500 nM, as previously recommended
(see Methods for details) (15). After hybridizing the two
strands, each aptamer–displacement strand complex was
titrated with varying concentrations of the five different KP
metabolites. Target binding results in ejection of the displace-
ment strand, and the fluorescence intensity increases in the
absence of the quencher group. The KD can subsequently be
derived from a quantitative equation developed for this
competition assay (18). First, we characterized the binding
interaction between the Cy3-labeled aptamer and DABCYL-
labeled displacement strand (SI Appendix, Fig. S8). Next, we
measured the interaction between the aptamer–displacement
strand complex and the target of interest. Finally, these meas-
urements were used to compute the KD of the aptamer for
each target.
The plate-reader assay confirmed that the selected aptamers

exhibited strong affinity for 3HK (3HK-1 KD ¼ 388.4 nM),
KA (KA-1 KD ¼ 3.7 lM), and XA (XA-1 KD = 56.5 lM)
(Fig. 4). As expected, these aptamers were also remarkably spe-
cific, displaying essentially no cross-reactivity to any of the
other KP metabolites at the concentrations assayed. Nonspecific

quenching of Cy3 was observed at high concentrations of
3HK, leading to relative fluorescence unit (RFU) signals below
baseline (SI Appendix, Fig. S9). We further confirmed aptamer
affinity and specificity in a control experiment using scrambled
versions of the sequences for 3HK-1, KA-1, and XA-1, in
which we observed no meaningful target binding (SI Appendix,
Fig. S10). There are no previously published aptamers for these
molecules, but by way of comparison, the affinity of 3HK-1 for
its target is nearly an order of magnitude higher than that of a
previously published tryptophan aptamer [KD ∼2 lM (19)],
which is relevant given that Kyn is a metabolite of tryptophan.
Furthermore, 3HK-1’s target affinity is more than two orders
of magnitude greater than the majority of previously reported
DNA aptamers for amino-acid targets, which typically exhibit
KDs in the mid-micromolar to low-millimolar range (20–22).

Conclusion

In this work, we describe an aptamer generation pipeline that ena-
bles the efficient discovery of highly specific aptamers for multiple
structurally similar molecules in a single experiment without coun-
terselection. We were able to obtain specific aptamers for three of
the five kynurenine metabolites included in the selection, in which
the selected aptamers exhibited essentially no off-target binding
and can differentiate between molecules that differ by only a single
hydroxyl group. The elimination of a counterselection procedure
greatly simplifies the selection workflow, bypassing the time-
consuming trial-and-error process of optimization that is typically
required. As demonstrated by the poor target-binding properties
we observed for the most abundant sequence from our
enrichment-stage pool, the use of the N2A2 platform for screen-
ing can overcome inherent biases associated with multiround
SELEX in order to identify the top-performing aptamers in a vast

Fig. 3. Results of the high-throughput specificity screen. Z-scores for cluster intensities for buffer and the five KP metabolites for aptamers (A) 3HK-1, (B)
KA-1, and (C) 3XA-1. The discrete Z-score values are overlaid for all measurements on a box plot. The middle of the box plot represents the median value,
and the top and bottom of the box are the upper and lower quartiles. The whiskers are the minimum and maximum values. 3HK-1, KA-1, and 3XA-1 were
respectively represented by 847, 2, and 8 aptamer clusters.

Fig. 4. Measuring the target affinity and specificity of the 3HK-1, KA-1, and XA-1 aptamers via plate-reader assay. Binding assays for aptamers (A) 3HK-1, (B)
KA-1, and (C) XA-1 for the five KP metabolites. The points represent the mean of three independent experiments, and the error bars represent the SD.
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sequence pool (SI Appendix, Fig. S7). Finally, our platform greatly
increases the throughput of selection such that we can identify
high-specificity candidate aptamers for multiple targets in a single
experiment, with the entire process of selection and characteriza-
tion of individual aptamers requiring just 2 wk from start to finish.
Although this study focused on monospecific aptamers,

which are the most desirable for many molecular detection
applications, we would like to note that this same approach can
also be used to identify cross-reactive aptamers with defined
specificities (SI Appendix, Fig. S11). Technologies such as
“Toggle-SELEX” have been previously utilized to purposely
select such cross-reactive aptamers that can bind proteins
expressed by different two different species of animal (23).
Such species cross-reactivity enables the preclinical evaluation
of potentially therapeutic aptamers in animal models. Further-
more, cross-reactive aptamers that can bind promiscuously to
entire families of small molecules with a shared chemical scaf-
fold could be useful in many contexts, such as detecting illicit
drugs and their metabolites, for which detecting a family of
small molecules is more efficient than the use of multiple highly
specific assays (24). In our prior work, we have highlighted the
use of N2A2 to map sequence determinants that influence tar-
get affinity (13), and we envision that data derived from this
screening process could likewise uncover sequence and struc-
tural elements that inform target specificity. Given the central
importance of target specificity in determining the practical
utility of an affinity reagent for clinical or research applications,
we believe our platform will deliver immediate value as a means
for generating superior aptamers in a far more efficient manner
than was possible before.

Materials

The DNA library, primers, capture strand, displacement strands, and adaptor
sequencing strands were all chemically synthesized by Integrated DNA Technolo-
gies (IDT) (SI Appendix, Table S1). Fluorophore- or biotin-tagged strands were
high-performance liquid chromatography (HPLC) purified, and all other sequen-
ces besides the library were purified via polyacrylamide gel electrophoresis.
GoTaq DNA polymerase was purchased from Promega (No. M3005). The five
kynurenine metabolites (3-hydroxyanthranilic acid, L-kynurenine, XA, KA, and 3-
hydroxyl-DL-kynurenine) were all ordered from Sigma-Aldrich (Nos. 148776,
K8625, D120804, 67667, and H1771, respectively). Pierce streptavidin agarose
was ordered from Thermo Fisher Scientific (No. 20349), and the Micro Bio-Spin
chromatography columns used during the selection were ordered from Bio-Rad
(No. 7327204). Dynabeads MyOne Streptavidin C1 magnetic beads used for the
single-strand generation of the amplified aptamer pool were purchased from
Thermo Fisher Scientific (No. 65002). Cy3-labeled aptamer candidates were syn-
thesized by the Stanford Protein and Nucleic Acid (PAN) Facility and cartridge
purified (SI Appendix, Table S1). The DABCYL quencher-tagged displacement
strands were ordered from IDT HPLC purified (SI Appendix, Table S1). The plate-
reader assays were measured in Corning 96-well half-area black flat-bottom poly-
styrene microplates (Thermo Fisher Scientific, No. 07-201-205).

Methods

Multitarget Selection. The multitarget-selection protocol was adapted from
previously published protocols (15). In each round, we included five times more
biotinylated capture strand than aptamer DNA in a final volume of 250 lL selec-
tion buffer (20 mM Tris�HCl, 120 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM
CaCl2, and 0.01% Tween-20 in nuclease-free water). The first round used 1 nmol
DNA library, and subsequent rounds used 100 to 500 picomoles of single-
stranded DNA. At the start of each round, the aptamer pool was annealed to the
biotin-capture strand and folded by heating to 95 �C for 5 min and then incubat-
ing at room temperature for at least 30 min. Two separate first-round batches
were performed using 1 nmol DNA library each and combined as an input for
the second round.

A total of 250 lL streptavidin resin was added to a column and washed five
times with selection buffer, discarding the flow-throughs. This and all other
washes were performed with one column equivalent (250 lL) of solution unless
otherwise stated. The annealed library was then added to the column, and the
library flow-through was collected and added back to the column three addi-
tional times to maximize library capture. The column with captured library was
then washed with selection buffer to remove noncaptured strands. Over the
seven rounds of selection, the number of washes was increased for stringency
from 10 washes in rounds 1 through 4 to 12 washes in rounds 5 and 6 and,
finally, 15 washes in round 7. Fifteen washes were used for rounds 8 and 9 with
3HA and Kyn. The five KP metabolites were pooled together at individual con-
centrations of 100 lM in selection buffer (final volume 750 lL) and then added
to the column in three 250-lL aliquots. Target concentrations were consistent
across all rounds of selection. Each column flow-through was collected separately
and measured for fluorescence on the Qubit Fluorometer (Themo Fisher Scien-
tific) from round 2 onward. After measurement, the flow-throughs from each
round were pooled and concentrated in 3-kDa columns (spin at 14,000 � g for
15 min) to a final volume of�75 lL.

The pool was then amplified for subsequent rounds. PCR reagents were
added to the concentrated flow-through (20 lL 100 lM fluorescein isothiocya-
nate-conjugated forward primer (FITC FP), 20 lL 100 lM Biotin reverse primer
(RP), 1 mL GoTaq Master Mix, and water to a final volume of 2 mL). This mix
was divided over 20 tubes and subjected to 95 �C for 2 min followed by cycles
of 95 �C for 15 s, 54�C for 15 s, and 72 �C for 30 s, followed by 72�C for 1
min and then holding at 4�C. We performed 10 cycles for rounds 1 through 3,
12 for round 4, 10 for round 5, 8 for round 6, 7 for round 7, and 8 for rounds
8 and 9. The amplified material was then collected and cleaned using a MinE-
lute PCR Purification Kit (Qiagen) and quantified on a NanoDrop 2000 (Thermo
Fisher Scientific) spectrophotometer and Qubit Fluorometer.

The amplicons were then converted to single-stranded DNA on beads. A total
of 300 lL streptavidin beads were washed three times with 400 lL 20 mM
NaOH (with 15-min incubations for each wash) and then three times with 800
lL selection buffer. The double-stranded DNA library was then added, with addi-
tional selection buffer to a total volume of 500 lL. The DNA and beads were
incubated for 1 h at room temperature and then washed twice with 800 lL
selection buffer and once with 800 lL water. The supernatant was removed, and
then 200 lL 20 mM NaOH was added and incubated for 8 min at room temper-
ature. A total of 35 lL of 1 M Tris�HCl and 500 lL selection buffer were then
added to the supernatant, after which the solution was concentrated using
10-kDa size-exclusion columns from Amicon (No. UFC501096), with two buffer
exchanges in water (400 lL). Single-stranded DNA was measured using the
NanoDrop and Qubit Fluorometer. This process was repeated for all rounds. The
use of a fluorescein-labeled forward primer for PCR enabled us to monitor the
convergence of the aptamer pool.

Preparation for High-Throughput Sequencing and Screening. Approxi-
mately 125 ng of single-stranded DNA was added to a 300 lL PCR volume with
overhang adaptor RP and FP and amplified using the same protocol as above
for the round DNA. The adaptor product was cleaned using an Axygen AxyPrep
Mag PCR Clean-up Kit (Thermo Fisher Scientific). The pool then was indexed
using the Nextera XT DNA Library Preparation Kit, cleaned with the AxyPrep kit,
after which �135 ng DNA was run on a 10% Tris-borate-EDTA (TBE) gel. The
desired DNA bands were cut out and sheared, mixed with 400 lL of Tris-EDTA
(TE), and incubated overnight at room temperature. The supernatant was then
separated from the gel using 0.2-lm VWR filters (spun at 14,000 � g for 3
min). The product was then concentrated using 10-kDa size-exclusion columns,
with buffer exchange in TE.

High-Throughput Sequencing and Specificity Screen. The modified Illu-
mina MiSeq sequencer previously developed by our laboratory for the N2A2 pro-
cess was used to screen �107 aptamer clusters (13). The MiSeq first uses the
aptamer pool and bridge amplification steps to generate monoclonal DNA clusters
containing�1,000 strands per cluster. In the first read, the MiSeq determines the
sequence and location of every cluster on the flow cell. Instead of performing the
second read, however, these cycles are used to introduce custom reagents includ-
ing the complementary strands and fluorescently labeled target molecules. Before
measuring cluster response to targets, the DNA strand beyond the reverse-primer
sequence is removed using a built-in EcoRI cut site.
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The high-throughput screening process measures cluster binding to each
individual target over multiple cycles. Alternating buffer and target cycles are
used to monitor displacement of the labeled strand upon aptamer–target bind-
ing. In buffer cycles, residual bound strands and targets are removed with 750
lL 0.05 M NaOH plus 0.25% sodium dodecyl sulfate (SDS). Next, the flow cell is
washed with 500 lL selection buffer before adding 0.2 lM displacement strand
in 515 lL selection buffer. The flow cell is then heated to 80�C and slowly
ramped down to 22�C over�30 min. Finally, the flow cell is washed with 6 mL
selection buffer and then imaged. The target cycles begin with a 1.25-mL buffer
wash before adding the target of interest. Over a period of 42 min, 605 lL 100
lM target in selection buffer is added, with 500 lL initially followed by seven
periodic additions of 15 lL, with 5-min pauses in between. The flow cell is then
washed with 6 mL selection buffer and imaged. We performed triplicate buffer/
target cycle measurements for Kyn, KA, and 3HK and duplicate buffer/target
cycle measurements for 3HA and XA. Fluorescence measurements from each
cycle were automatically quantified using the MiSeq software, and the
sequence-intensity data were linked using our previously published custom
Python code (13) (https://github.com/sohlab/non-natural-aptamer-array).

Identification of Aptamer Candidates. Screening data were first cleaned
and filtered to find sequences with consistent binding behavior. Clusters with
<80 RFU were removed to account for background signal, while clusters with
>3,000 RFU were removed to account for quantification errors or imaging arti-
facts. We used a constant cutoff based on the coefficient of variance (cv ¼ r=μ)
to remove clusters that did not have consistent RFU across cycles with the same
target. The filtered data were then converted to percent changes and Z-scores to
improve consistency across cycles. The percent change from buffer cycles
(%change ¼ ðIbuffer � ItargetÞ=Ibuffer ) was first calculated, and these were shown to
be normally distributed (SI Appendix, Fig. S2). These percent changes were nor-
malized to Z-scores (Z ¼ ð%change, cluster � μcycleÞ=rcycle), where μcycle is the
mean percent change for the cycle and rcycle is the SD of the percent change for
the cycle. Normalization using Z-scores was used to compensate for the gradual
decrease in percent change with each subsequent cycle due to cluster degrada-
tion and other factors. Finally, the Z-scores for each target were used to calculate
the average Z-score for each sequence. These were then averaged to derive a
Z-score that reflects every replicate for a given sequence–target combination. This
average Z-score served as a proxy for aptamer binding to the target, with higher
Z-score indicating a higher likelihood of binding the target. To ensure a greater
number of measurements for each sequence, only sequences present at two or
more clusters were considered.

To identify sequences with relatively high binding for a target, we chose a crit-
ical value of Z ¼ 2.576. For specificity, we assessed relative binding in terms of
the ratio between the Z-score for a given target relative to the maximum Z-score
for any of the off-target KP molecules: Ratiozaptamer ¼ ztarget

zoff�target
. A Z-score ratio cutoff

of 3 was chosen to designate target-specific aptamers. Thus, for a target t, an
aptamer was considered monospecific if both zt > 2:576 and zt

zx
> 3, where zx

reflects the maximum Z-score for all other targets and buffer. Monospecific
aptamer candidates with the highest copy number and Z-score were ordered
from the Stanford PAN facility, so that their KD could be measured.

Characterization of Aptamers via Plate Reader. We used a previously
established assay for measuring the affinity of small molecule–binding structure-
switching aptamers to characterize each aptamer’s KD for each target (15). Over-
all, aptamer KD is determined as the ratio of two KD values (KD,1/KD,2) for the
displacement strand (KD,1) and for binding of target to the annealed aptamer
and displacement strand (KD,2). We first tested DABCYL-tagged displacement
strands of various lengths to find a length that achieves�90% quenching of the
Cy3-labeled aptamer (50 nM) with KD in the range �100 to 500 nM. The
50-nM aptamer was annealed with the chosen displacement strand and then
incubated with each target over a range of concentrations at a final volume of
100 lL selection buffer at room temperature. Fluorescence spectra for all sam-
ples were measured in an opaque black half-well plate at 25 �C on a Synergy
H1 microplate reader (BioTeK), with filter cube (emission: 590/35, excitation:
538/63, gain: 55). Fluorescence data were fitted using the Hill equation with n
¼ 1: RFU¼ BmaxXn=ðKnD þ XnÞ þ c. Curve fitting was performed in Python
using the “curve_fit” function from the “scipy” library. The final concentrations
we chose based on titrations with each displacement strand (SI Appendix, Fig.
S8) were 800 nM 13-mer displacement strand for 3HK-1, 400 nM 13-mer dis-
placement strand for KA-1, and 200 nM 14-mer displacement strand v2 for
XA-1. For the control experiments with scrambled aptamer sequences, the final
concentrations were 200 nM 14-mer displacement strand v2 for 3HK-1 scramble,
400 nM 14-mer displacement strand v2 for KA-1 scramble, and 200 nM 14-mer
displacement strand v2 for XA-1 scramble.

Data Availability. All study data are included in the article and/or supporting
information. Data underlying the manuscript figures are provided in Dataset S1.
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