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Abstract

Aptamers are single-stranded oligonucleotides that bind molecular targets with high
affinity and specificity. However, their discovery and evolution remains constrained
to conventional SELEX methods. Here we present an Aptamer Binding LanguagE
(AptaBLE) model that addresses this challenge by combining pretrained protein
and nucleic acid sequence encoders with a cross-attention architecture to capture
the determinants of aptamer-protein binding, enabling robust prediction of binding
interactions across diverse protein targets. The model employs a transformer-based
architecture with multi-head cross-attention mechanisms, optimizing sequence-
specific features and positional embeddings to learn the complex binding patterns
between aptamers and their protein targets, while maintaining sequence-length
diversity across diverse aptamer libraries. Our extensive evaluations across var-
ious benchmarks demonstrates AptaBLE’s superiority over existing methods in
recapitulating experimental binding profiles. AptaBLE exhibits strong/favorable
generalizability to unseen proteins and generated aptamers. In real world ap-
plications, AptaBLE identified several experimentally validated CD117 ssDNA
aptamers previously missed by traditional SELEX, and generated a novel ssDNA
aptamer that shares a comparable binding profile with that of Apt62 to human CD4.
These results showcase the ability of AptaBLE to capture molecular interactions
that underpin aptamer-protein binding.

1 Introduction

Understanding and predicting molecular interactions between proteins and their binding partners is
fundamental to molecular biology and drug discovery. Among the various molecules that can bind
proteins, aptamers have emerged as particularly promising therapeutic and diagnostic agents due to
their high specificity and affinity for target molecules. Aptamers are single-stranded DNA or RNA
oligonucleotides that can form complex tertiary structures enabling them to bind molecular targets
with antibody-like specificity but with several key advantages including greater stability under diverse
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conditions, lower immunogenicity, and more cost-effective production. Additionally, aptamers have
emerged as promising alternatives to antibodies in analytical, diagnostic and therapeutic applications
due to their unique ability to provide spatial complementarity for molecular targets through their
tertiary structures.

The conventional approach for discovering aptamers that bind specific protein targets relies on
Systematic Evolution of Ligands by EXponential enrichment (SELEX) [26]. The SELEX technique
consists of five primary stages: library generation, binding, separation, amplification, and replication.
While SELEX has been instrumental in aptamer discovery, it faces significant limitations including
extended timeframes often spanning weeks to months per round, with multiple rounds typically
required. Additionally, success rates can be modest, yielding only a limited number of candidate
aptamers for subsequent characterization. Recent analysis has also revealed that the conventional
SELEX approach may miss identifying potentially valuable aptamer sequences due to PCR bias
during the amplification stage, where certain sequences can be preferentially amplified or lost due to
differential PCR efficiency. Furthermore, analysis of SELEX data from intermediate rounds, not just
final rounds, could provide valuable insights into the evolution of binding sequences, but this data is
rarely available nor analyzed.

Aptamer design is inherently modifiable, and affinity maturation is a hallmark of aptamer design. This
often requires the analysis of various truncations of a full-length aptamer, as well as single- or multi-
point mutations, and motif identification. The truncation of an aptamer typically involves the removal
of a contiguous subsequence within the full-length aptamer. The primary goal of truncation analysis
is find truncants that preserve the full-length aptamer’s binding kinetics with minimal sequence length
so as to reduce cost of manufacturing. There are many instances where a truncated aptamer has
maintained or even improved its binding affinity to its intended target over the full-length aptamer
(18} 28} 12].

Another means of maturation concerns the insertion, deletion or substitution of particular bases within
an aptamer sequence, often with the objective of introducing stability or inducing a structural motif
(e.g. G-quadruplexes). Several groups have demonstrated this capability [|32,[19}|3]l. It is common
for researchers to leverage structural tools to facilitate these analyses and preserve key structural
motifs within the full-length aptamer [33]], but such tools give no indication towards the functional
consequences, e.g., impact on binding kinetics, of any user-imposed modifications.
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Figure 1: AptaBLE architecture. A) Protein and nucleic acids are represented via their constituent
primary structure strings and are embedded via pretrained encoders (left). The fusion module com-
bines embeddings into a shared representation, which is reduced into a prediction is made following
several linear layers (right). B) The cross-attention module. Note that the original embeddings are
added back to the cross-attended representation. C From our cross-attention formulation, we can
extract and analyze attention maps to identify which amino acid residues or nucletide bases most
inform the output binding score.

These limitations have motivated the development of computational approaches to predict and
optimize aptamer-protein interactions. Recent advances in deep learning have shown promise in this



domain, with models demonstrating remarkable performance even with limited training data [23]].
However, as highlighted by [4], many current computational approaches face challenges in generating
physically plausible binding poses and struggle to generalize to proteins with low sequence similarity
to training data. Early computational approaches focused primarily on sequence-based analysis,
such as calculating frequency of appearance or enrichment between consecutive SELEX rounds
[11]. However, these methods often overlooked the crucial role of nucleic acid secondary structure
in determining binding interactions. More recent approaches have begun incorporating structural
information, recognizing that aptamers bind their targets by forming tertiary structures that provide
spatial complementarity, though with a limited amount of data [29].

The field of molecular docking faces two key computational challenges: accurately predicting how
molecules orient themselves when binding (pose generation) and reliably evaluating the likelihood
and strength of these predicted interactions (scoring). Traditional ligand docking methods employ
heuristic or exhaustive search algorithms to explore potential ligand conformations [4}[25] [22}27]], but
the vast configurational space makes comprehensive sampling computationally intractable, leading
to overlooked feasible binding poses. Current scoring functions use simplified approximations of
molecular forces to rank potential binding modes, but these approximations often fail to capture
the full complexity of molecular recognition [4]. While deep learning methods have attempted to
address these limitations, they frequently overlook the crucial fact that interactions occur at the
residue-structure level rather than purely through sequence correlations.

Recent innovations have been proposed to address these limitations [5} [8, [17]. However, these
methods were primarily developed for small molecule ligands and may not fully capture the unique
characteristics of aptamer-protein interactions, including the greater conformational flexibility of
nucleic acids and the extensive potential contact surfaces involved in aptamer binding. Further
progress has been made in the peptide learning space [20, [21, 7], though many such approaches are
not applicable with aptamer learning due to the scarcity of data. Recent structure-based methods show
promise [10]], though it is debated whether learning from aptamer crystal (or predicted) structures can
capture functional capability due to the wide distribution of conformations that nucleic acids can take.

More recently, AptaTrans introduced a transformer-based method to model aptamer and protein
sequences at the monomer level, utilizing pretrained encoders for representing monomers [23]]. While
AptaTrans demonstrated improved performance and efficiency over previous methods, its reliance on
local interactions due to the convolution-centric method may not fully capture the complex three-
dimensional interactions govern aptamer-protein binding. The model’s architecture, which employs
separate encoders for proteins and aptamers followed by a dot-product based interaction scoring
mechanism, while effective for basic sequence-structure relationships, introduces a bottleneck and
may oversimplify the complex spatial relationships involved in aptamer-protein binding. Additionally,
the model’s training only implicates the use of RNA sequences and an RNA encoder, which point to
the need for more flexible, comprehensive approaches.

To address these limitations, we present AptaBLE, a novel deep learning framework that combines
pretrained protein and nucleic acid sequence encoders with a cross-attention architecture. Our
approach innovates beyond previous methods by explicitly modeling the determinants of aptamer-
protein binding while maintaining sequence-length diversity. The transformer-based architecture
with multi-head cross-attention mechanisms optimizes sequence-specific features and positional
embeddings to learn complex binding patterns between aptamers and their protein targets. This design
enables robust prediction of binding interactions across diverse protein targets while maintaining the
ability to handle variable-length aptamer sequences.

The model successfully predicts the formation of a complex for both DNA and RNA aptamers
with their corresponding protein targets and can generate novel sequences with conditioned bind-
ing targets. AptaBLE represents a significant advance in aptamer development, accelerating the
discovery and optimization of therapeutic and diagnostic molecules. To democratize access to
this technology, we have developed a freely available web application that enables researchers
to predict aptamer-protein binding and generate optimized aptamer sequences without requiring
specialized computational expertise or infrastructure. This platform represents a significant step
toward making advanced aptamer design tools accessible to the broader scientific community:
[https://huggingface.co/spaces/binderhunt/aptaBLE|




2 Results

2.1 Development and Architecture of AptaBLE

AptaBLE employs a symmetric architecture that processes both protein and aptamer sequences
through specialized pretrained encoders (ESM2-650m for proteins, nucleotide-transformer-v2-50m
or RNA-FM for aptamers), followed by a fusion mechanism for combining embeddings into a
shared aptamer-protein representation (Figure 1A). The core of our model consists of symmetric
cross-attention modules that enable bidirectional information flow between protein and aptamer
representations, capturing complex interaction patterns without providing any structural information
(Figure 1B). The fusion architecture comprises two cross-attention modules and two self-attention
modules, the outputs of which are summed, pooled, and concatenated to arrive at a joint representation.
This is ultimately processed by a multi-layer perceptron to generate binding predictions.

The cross attention module, adapted from [30]], allows us to capture both global (long range) and local
interactions across tokens. This demonstrates an improvement over prior work, where convolution
mechanisms may be limited to capturing interactions within small communities of monomers.
For generating an aptamer-attended protein representation, we pass the protein embedding as the
queries () and the aptamer embedding as key and value matrices K, V' (Figure 1C). The converse
is done to generate a protein-attended aptamer representation. We also process embeddings via
self-attention. These self-attended representations are added to the cross-attended representations to
generate an attention-enhanced representation of both the protein and aptamer. The aforementioned
cross-attended representations yield attention maps connecting amino acids to bases, providing a
glance into which interactions most inform the model output.
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Figure 2: AptaBLE benchmarking. A Performance of baseline models across validated binding and
non-binding ssDNA aptamer datasets. B Performance of baseline models across validated binding
and non-binding RNA aptamer datasets. C Comparison of key model metrics across four well-studied
aptamer-protein systems.

2.2 Benchmark Performance Against Existing Methods

AptaBLE was trained on validated, published aptamers, validated proprietary aptamers, and artificially
generated pseudo-negative derivatives of those aptamers. Further details regarding our dataset and
implementation can be found in the Supplementary section. We evaluated AptaBLE against existing
methods using comprehensive benchmark datasets for both DNA and RNA aptamers (Figure 2A,
B). Our model achieved superior performance across multiple metrics, including accuracy. Notably,



AptaBLE outperformed both the prevalent sequence-based method, AptaTrans, and the prevalent
structure-based approach, AlphaFold3, in predicting stable aptamer-protein complexes (Figure 2C).
Through the recall score (not depicted), we found that AptaBLE is far less susceptible to false
positives as AptaTrans, which largely influences our improved metrics performance.

2.3 Attention Maps

To investigate the model’s representation of both nucleic acids and amino acids, we studied attention
maps generated during inference on two aptamer-protein complexes with known crystal structures.
These aptamers, RBD-1C and RBD-4C, bind to the SARS-CoV-2 Spike protein receptor binding
domain (RBD) [15]]. The spike protein, or S-protein, is a highly-immunogenic glycoprotein which
mediates viral entry into host cells by interacting with cell surface receptors. The S1 region contains
the receptor-binding domain, which has been targeted before in aptamer discovery studies.

We see that one of our attention heads in the cross attention fusion module representing protein-
attended nucleic acids reflects atomic interactions seen at the binding interface between the S-protein
and the aptamer (Figure 3A, B). Here, the protein residues are the key and the constituent aptamer
nucleic acids are the keys and values to produce the attention map. We did not explore the converse.
Notably, we find that each nucleic acid implicated in the binding interface is “more’ attended to in
both cases. However, we do not always see that the corresponding amino acid participating in the
hydrogen bonding interaction also is relatively attended to within that column.
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Figure 3: Connecting cross-attention maps to protein-aptamer binding interfaces. A A cross attention
map from one attention head generated from predicting RBD-1C binding to SaRS CoV-2 S-Protein
RBD and the experimentally-determined binding interface. B A cross attention map from one
attention head generated from predicting RBD-4C binding to SaRS CoV-2 S-Protein RBD and the
experimentally-determined binding interface.

We also note that each column in the attention map reflects a disjoint group of 6 nucleic acids, as we
follow the nucleotide transformer-50m tokenization scheme.



2.4 CD117 Case Study

Focusing on the DNA aptamers, we investigate performance on a proprietary CD117 aptamer selection
(Figure 2). We note here that neither CD117 nor any CD117 aptamers were included in our model
training dataset.

24.1 CD117 Benchmarking

First, we evaluated model performance on a series of CD117-selective aptamers with known binding
affinities. This diagnostic comprises of 13 binding aptamers, 5 validated non-binding aptamers and a
series of scrambles of the aptamer with the highest binding affinity. The selection was performed
via SELEX and affinities were validated via BLI. We show that the majority of binding aptamers
fall above a 0.4 score, with the least-binding aptamer falling below (Figure 4A). Notably, all of the
validated non-binding aptamers score highly, as well as a small subset of scrambles. However, this
artifact disppears upon fine-tuning our model with a subset of CD117 aptamers (Figure 4B).

We also investigated to what degree these scores correlate with experimentally-determined binding
affinities. We see that there is no observable correlation with experimental K;’s determined via
Biolayer interferometry (Figure 4C). However, we observe an emergent correlation between and
ordering of the AptaBLE scores for each aptamer according to their experimentally-determined K d’s
after fine-tuning on a subset of three aptamers within this validation set (Figure 4D).

A €D117 Apt: ing | Vali & Scrambles €D117 Apt: ing | Vali & Scrambles
104 L x Category B1 o Xy Category
* ® Ve s * % Validated Binders
v x * Velidated Negatives
@ % s % Scramoles
] x
8 x
a x % x
-]
]
g, *
- x
2 * *
a
s *
2 o * 3 «
£ * x
2 x% ,
x
xx™ x *
02 * o K o x x
x x
x* xx oy P . x
* %
® x X * x 00 e X HHAX HKK
5 o % D o % @ o % ] T o ) o E) & o )
Ranks Ranks
C Model Scores vs Kd R:0.254 D Model Scores vs Kd R:-0.712
° . . 1 .
]
g s
] g
9 @
@ o
- @
g k]
k] 2
3 3
@ g
: . :
z a
@ m©
T P}
- o
2 <
<
& e &
Log-Kd Log-Kd

Figure 4: Benchmarking against CD117 aptamers. A) A series of aptamers targeting CD117,
with K ;’s validated via BLI assay, are scored by AptaBLE. Binding aptamers (blue) are ordered by
their K 4. A set of non-binding aptamers are also shown (orange) in addition to 60 scrambles of the
top-ranked aptamer (green). B) After fine-tuning on a subset of the binding aptamers and non-binding
aptamers, an apparent ordering by K; emerges. C) A scatterplot depicting the Pearson correlation
between original model score from (A) and K4 for validated binders. One aptamer is omitted as a
K ; was not fit for it. D) A scatterplot depicting the Pearson correlation between fine-tuned model
score from (B) and K; for validated binders. One aptamer is omitted as a K; was not fit for it.

24.2 CD117 Reverse Analysis

We evolved ssDNA sequences binding to human CD117 through nine rounds of SELEX of increas-
ingly stringent elution conditions. Originally, our work culminated in the identification of a number
of clusters in the round 9 population via FastAptamer [|1]]. The most amplified, or "fittest,” aptamer
within each cluster was then tested in a binding assay to determine a dissociation constant for the
aptamer in complex with CD117. This method of selection is quite common in SELEX studies,



where a large sequencing file at the end of some number of SELEX rounds is clustered based on edit
distance to identify sub-populations of aptamers that are distinct at the sequence-level. This clustering
procedure may, however, result in clusters that are strikingly similar at the structure-level. More
alarmingly, the aptamers within the total population that are not clustered are disregarded completely,
even if they possess a high number of copies relative to the clustered sequences.

In an effort to comb through the unclustered sequences, we utilized AptaBLE to efficiently parse
through a population of unclustered sequences and identify high-affinity binders to CD117 that were
previously dismissed due to the clustering methodology. Of the total round nine library, only 536
aptamers were clustered, where the library was clustered into groups all within an edit distance
of 3 to the most copied aptamer within the group. 11 clusters were generated in total. This left
approximately 35,000 sequences unclustered, of which several had been amplified to a fair degree via
PCR in comparison to some of the clustered aptamers. The entire library was scored by AptaBLE
(Figure S1).

To initially sift through the unclustered aptamers, we leveraged a combined approach utilizing
AptaBLE scores and sequence copy number (Figure S1A). Setting the thresholds for AptaBLE score
to 0.4 and a minimum copy number of 10, we identified a sub-population of unclustered aptamers
that could be worthy binders specific and selective to CD117. We chose four aptamers in particular,
according to their computed stabilities in testing buffer conditions (Figure S1B) and comparable
structures to ABW02, a high-affinity CD117 binder according a hierarchical clustering analysis on
their secondary structures (Figure S2). These aptamers were tested for binding to human CD117 via
Biolayer interferometry, where we found that all four bound (Table 1). These unclustered aptamers,
indicated as ’ABWUC’ followed by an arbitrary number, showed comparable and even favorable
binding kinetics than previously tested aptamers from our original SELEX selection methodology
(ABW02-ABWO07). Though none of the unclustered aptamers surpassed the K; of ABW07, two of
the apatamers finished in the top 3 overall. Additionally, 3 of the 4 unclustered aptamers we selected
had favorable binding kinetics over previously-tested aptamers, indicating that our methodology can
identify ssDNA aptamers that are omitted too early from the customary procedure. These aptamers
were also structurally distal from the known-binding ABW02-ABWO07 aptamer series (Figure S2)
[16].

Aptamer K; M) Clustered Previously tested

ABWUC1 1.99E-08 No No
ABWUC2 3.26E-08 No No
ABWUC3 ND No No
AGWUC4 6.02E-07 No No
ABWO02 2.10E-08 Yes Yes
ABWO03 6.18E-07 Yes Yes
ABWO04 1.10E-06 Yes Yes
ABWO5 3.29E-07 Yes Yes
ABWO06 1.53E-05 Yes Yes
ABWO07 1.22E-09 Yes Yes

Table 1: Aptamers identified from CD117 SELEX Round 9 pool by AptaBLE in comparison
to pre-existing standard. Note that we identified several aptamers that had been omitted from
curve-fitting with the pre-existing method of analysis. All four of these aptamers, indicated by
ABWUCH* (in bold), bind with relatively high affinity in comparison to those which were progressed.
In particular, the aptamers ABWUC1 and ABWUC2 were found to have among the best binding
affinities to human CD117 in comparison to aptamers originally tested.

From the clustered aptamers, we are also interested in determining if the strategy of selecting the
top-amplified aptamer within each cluster for binding is the most appropriate strategy for identifying
aptamers with the strongest affinities. When using AptaBLE, the aptamer with the highest copy
number is not always scored the highest within its cluster (Figure S3A). The overall distributions
of scores for each aptamer within a cluster also varies widely across clusters (Figure S3B). Further
investigation into the established leading clusters, such as cluster 2, 5 and 7, will be critical for
elucidating how trustworthy the conventional raw copy number metric is for selecting a constituent
aptamer from each cluster for binding analysis. Additionally, this work can also indicate which point



mutations within the leading aptamer can diminish binding affinity significantly or even destabilize
the aptamer structure entirely.

2.5 Generation of Novel Aptamers

AptaBLE extends beyond prediction to enable target-specific aptamer generation. Using a classifier-
guided optimization method implemented via monte carlo tree search [13]], we generated novel
aptamers targeting specific protein binding sites. This method navigates the exponentially large
search space of possible nucleic acid sequences to output an aptamer predicted to bind to a particular
protein target via iterative optimization (Figure SA). While we are capable of generating both ssDNA
and RNA aptamers via this method, we only focus on ssDNA aptamer generation here. We show
several examples of ssDNAs generated by AptaBLE-MCTS predicted to bind to a variety of targets
(Figure 5B), all of length 30.
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Figure 5: AptaBLE de-novo generation of protein target-binding aptamers. A An overview of the
monte carlo tree search algorithm used for classifier-guided de-novo, conditional generation of binding
aptamers. B Secondary structures of generated aptamers for a variety of targets predicted by mFold.
C Docking of two AptaBLE-generated ssDNA aptamers in comparison to a validated binding aptamer.
(Left) The predicted complexes of generated aptamer ABWTO08-C and validated nanomolar-affinity
aptamer RBD-1C in complex with the SaRS CoV-2 S-protein receptor binding domain, respectively.
(Right) The predicted complexes of generated aptamer ABWTO09-C and validated nanomolar-affinity
aptamer bFGF-Apt46 with the bFGF protein, respectively.

We further tested this heuristic’s generative capability by generating aptamers targeting the
SARS-CoV-2 spike protein and basic fibroblast growth factor (bFGF), demonstrating comparable or
improved binding properties compared to published sequences. bFGF is a signaling protein that



participates in a large variety of mitogenic and cell survival activities.

SELEX procedures have been conducted for both proteins, from which specifically-binding, selective,
high-affinity aptamers have been discovered. We compare our generated aptamers to such published
aptamers here, namely RBD-1C (K4: 10 p M) and bFGF-46 (K 4: 46 nM) (Figure 5C, D) [15,[9]. Our
generated aptamer ABWTO8-C showed binding to the same target site as the established RBD-1C
aptamer while providing additional surface area coverage, suggesting potential improvements in
binding efficiency.

Lastly, we also sought to improve an existing aptamer binding selectively to human CD4 (hCD4).
This hCD4 aptamer, Apt62, has a reported binding affinity of 1.59 nm [31]]. Via the aforementioned
monte carlo tree search method, we generated a library of 1000 ssDNA aptamers predicted to
bind to hCD4. We aimed to identify an aptamer with a similar structural profile as Apt62, the
published hCD4 aptamer, and achieve comparable binding. Following an analysis implicating
secondary structure clustering and docking, we were able to identify a candidate that met this criteria:
ABWT10-C (Figure SE). The predicted structures are generated via Chai-1 [6].

Via biolayer interferometry, we performed a head-to-head comparison of our aptamer, ABWT10-C,
against Apt62. Though our preliminary kinetic assays were up against detection limits, we found
that our aptamer had comparable affinity to Apt62, with no off-target binding to CD14 as a negative
control (data not shown). We aim to reconfirm these results in the future.

2.6 Workflows

While still actively in development, AptaBLE is already capable of accelerating the aptamer discovery
process. As explored above, SELEX experiments designed for aptamer discovery are time-consuming,
expensive, and labor-intensive. In most cases, high-affinity aptamer discovery requires upwards of
ten rounds of SELEX. Though next-gen sequencing has made throughput an issue of the past, it
remains expensive and a critical rate-limiting step in the discovery procedure. Rather than requiring
ten rounds of SELEX for identifying a target-binding library of aptamers that are not even guaranteed
to be selective for the intended target, AptaBLE (in combination with other in-silico tools) could
reduce the time to discovery by half, requiring half as many rounds of SELEX as typically required.
An example of this workflow is illustrated in Figure 6A. Rather than repeat ten rounds of SELEX with
increasingly stringent elution criteria, we propose the number of rounds to be cut in half. The library
remaining after selection can then be tested with AptaBLE to deduce which fraction of the library is
not only likely to bind to the target, but also less susceptible to off-target binding. Off-target binding
is not typically controlled for during SELEX, making the use of AptaBLE particularly appealing.

Furthermore, AptaBLE can aid in selecting which aptamers will be tested in a binding assay.
Typically, the final library following SELEX is clustered by sequence homology for some fixed edit
distance. Within each cluster, the sequence with the largest number of reads is often progressed to a
binding assay such as surface plasmon resonance (SPR) or biolayer interferometry (BLI). However,
this methodology is susceptible to error as certain oligonucleotides may be more amplifiable via
polymerase chain reaction (PCR). Oligonucleotide amplification occurs during every round of
SELEX, which can encourage certain PCR-friendly oligonucleotides to persist for the entirety
of selection and claim a large number of copies within the final pool. As such, oligonucleotides
that bind more effectively to the intended target may be disregarded as a result of this greedy
selection procedure. AptaBLE can control for this PCR-induced bias by verifying that each sequence
progressed to a binding assay will bind, at the very least.
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Figure 6: Prospective workflows involving AptaBLE. A) A condensed SELEX discovery procedure
of novel target-specific, selective aptamers facilitated by AptaBLE. B K-mer truncation analysis of a
known, binding aptamer for affinity optimization. C Mutagenesis of a known, binding aptamer for
affinity optimization. D A graphical user interface serving AptaBLE and supplementary predictions
to aptamer researchers, now available on Huggingface Spaces.

We also envision additional workflows to be made possible by AptaBLE in the near future. These
pertain to aptamer affinity maturation, the optimization of an aptamer’s design across a variety of
metrics including binding affinity, binding specificity, cost to manufacture, size, etc. One such
methodology is mutagenesis, which implicates the substitution of bases in the primary structure of
an existing aptamer for improving its binding kinetics (Figure 6B). Additionally, k-mer analysis
describes the procedure by which the shortest truncant or subsequence is identified that maintains (or
in some cases, improves) the binding kinetics of the original aptamer (Figure 6C). These workflows
have not yet been validated with AptaBLE, but we believe further optimization to our training data
can yield precision at the single-base level.

We include a schematic of a graphical user interface which aptamer researchers can use to design and
optimize their aptamers (Figure 6D).

3 Discussion

AptaBLE represents a significant advance in computational aptamer development, addressing key
limitations of both traditional SELEX methods and existing computational approaches. By operating
directly on sequence data, our model circumvents the scarcity of structural information while capturing
the complex interaction patterns critical for aptamer-protein binding. The model’s ability to identify
overlooked high-affinity binders in SELEX data demonstrates its potential to enhance current aptamer
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discovery workflows. The successful validation of AptaBLE’s predictions through experimental
binding assays, particularly in the hCD4 study and CD117 case study, highlights its practical utility in
real-world applications. Our framework’s capability to generate novel aptamer sequences with desired
binding properties opens new possibilities for rational aptamer design, potentially reducing the time
and resources required for aptamer development. We acknowledge certain limitations in our current
implementation. The performance disparity between DNA and RNA aptamer prediction suggests
room for improvement in RNA-specific modeling, particularly for modified nucleotides. Additionally,
while our sequence-based approach has proven effective, integration with structural prediction tools
could potentially enhance design capabilities further. Current challenges in RNA model performance
may be attributed to existing RNA encoders not incorporating chemically-modified ribonucleic acids,
which many RNA aptamers contain. Similarly, while we have not observed any drastic issues to
this point, the need for an encoder trained specifically on ssDNA rather than genomic DNA could
emerge as structures exhibited by both are not identical. Looking forward, we aim to elucidate
the key interactions at the token level which contribute to the overall binding score by analyzing
attention maps, in addition to refining how to interpret our model score. We believe that addressing
these observations could bridge the gap between the wide-scale adoption of our model in aptamer
design and generation. AptaBLE has the potential to significantly accelerate the development of
aptamer-based therapeutics and diagnostics by streamlining the discovery process and enabling more
rational design approaches.
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4 Supplementary

4.1 Datasets

We combine the training data from [2] and [14] in addition to proprietary aptamer binding data
to form our ssDNA and RNA aptamer datasets. From [2] and our proprietary data, we take all
aptamers with sub-micromolar K ;’s as positive examples and all others as negatives. Additionally,
we augment our training daataset by creating artificial negative examples through shuffling each
positive aptamer’s sequence to distort its secondary structure and pairing it with the same protein.
We generate 4 artificial negatives per positive sample in this manner. Train-validation splits are
performed via sequence homology clustering using the default 0.8 minimum sequence identity and
0.8 sequence alignment coverage [24].

Our benchmark datasets were constructed separately as largely non-overlapping with our training
and validation datasets at both the aptamer and protein levels. Both the benchmark aptamesr and
corresponding protein targets are not shown during training, though we do not explicitly control for
sequence homology otherwise.

4.2 Environment

We train and perform our experiments on a single a2-ultra-gpu machine type available via the Google
Cloud Platform. This machine has 170 GB RAM across 12 vCPUs, an Intel Cascade Lake processor,
and an NVIDIA A100 80gb GPU. We implement our model using Python 3.9 and PyTorch 2.3.0.

However, we note that our model could be trained on any compute platform supporting a GPU with
at least 48gb memory.

4.3 Training Details

We use the MultiStepLR Scheduler with an initial learning rate of le — 5 which decays by 0.1
every 5 timesteps. We use AdamW as our optimizer and binary cross-entropy as our loss function,
implemented by PyTorch. Our batch size is fixed to 16 across both versions of our model. Training
time takes approximately 4 hours until convergence, corresponding to 20 epochs. We performed a hy-
perparameter sweep over the initial learning rate, batch size and random seed for model configuration.
We test several checkpoints across several trained models, of which we report the best-performing
results here as determined purely through benchmark dataset performance.

We reproduced AptaTrans and trained their model as described in their methods, choosing the best-
performing checkpoint for comparison as done for AptaBLE. We trained their model using their own
dataset, as described in their method. Benchmark comparisons relied on converting DNA aptamers
to their RNA homolog re AptaTrans inference by substituting thymine (T) for uracil (U), while a
one-to-one comparison was done for the RNA aptamer inference.

4.4 Hyperparameters
We list our hyperparameters here.

1. Cross-attention module: The hidden size and number of heads are 512 and 8..
2. Self-attention module: The hidden size and number of heads are 512 and 8.

3. Reshape layer: We reshape ESM2 embeddings to have a hidden dim of either 512 or 640
from 1280 for compatability with Nucleotide-Transformer or RNA-FM, respectively.

4. MLP: We pass the fused representation through an MLP with linear layers mapping from
either 1024 or 1280 (depending on DNA or RNA, respectively), to 512, to 256, to 1. Each
layer is followed by a ReLU activation and 1-D Batchnorm.

4.5 Formalism

We take a vectorized protein P € W of length m and aptamer A € W" of length n and map the
pair to a score between 0 and 1.
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(P, 4) = [0,1] M

To do this, we leverage two pretrained encoders to produce embeddings of the protein P — P and

the aptamer A — A. These are subsequently fused via a cross attention fusion module to generate a
combined representation of the pair, U. For each cross attention fusion module, we learn three weight
matrices: Wy, Wy, W, € R"*h which are used to generate the queries, keys and values, or Q, K, V,
for the module. We therefore generate the following matrices:

p = PWP, K, = PWP,V, = PW?. 2
Qo = AWP K, = AW2,V, = AW?. A3)
We also learn another set of weight matrices for the self-attention module:
Q; = PWI K = PWE.,V; = PWE.. )
Qi =AWSL, K = AWE V) = AWE.. 5)
From these matrices, we generate the fused representations as below:
1 .
P* = 5[MHA(QP,KP,V;)+MHA(QP,KG,V,1)} + P 6)
* 1 A
A" = 5[MHA(QQ,KQ,VG)+MHA(QQ,KP,V},)} + A @)

To combine P* € REr-h and A* € RLa:l we mean-pool each matrix and concatenate the result
to yield a vector V; € R?", This vector is finally downsized by a series of linear-ReLU-batchnorm
modules until a prediction score is produced via a sigmoid activation.

FF;(V;) = BatchNorm(ReLU (W;V;)) for i in [0, 3]. (8)

where each W; € R/ i:h/2,
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A AptaBLE Binding Predictions: Prediction vs. Log Copy Number
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Figure S1: ssDNA Aptamers sequenced following nine rounds of SELEX selection for targeting
CD117. A) CD117 aptamers from round 9 colored according to whether they were clustered or
not. Clustering was sequence-based and performed via FastAptamer with a maximum edit distance
set to 3. Red lines indicate selection thresholds used for identifying initial selection of unclustered
aptamers for testing, with minimum AptaBLE score set to 0.4 and minimum copy number set to 10
reads. Encircled unclustered aptamers were chosen for binding experiments. B) Secondary structures
for ABWO02, a validated CD117 ssDNA aptamer with 20 nm K4, and the four unclustered aptamers.
Adjacent to each structure is the name of the aptamer and its computed free energy score from mFold
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Figure S2: Hierarchical clustering of all tested aptamers according to their dot-bracket repre-
sentations. The 4 unclustered aptamers advanced for binding experiments are labeled as ’ABWUC*’.
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CD117 Count File, Reads vs AplaBLE Score
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Figure S3: ssDNA aptamers clustered by FastAptamer. A) Only clustered aptamers from FastAp-
tamer are shown, colored by their cluster. Circled aptamers were the most frequently observed within
their respective cluster, according to the number of copies. B) Distribution of AptaBLE scores for
each cluster.

DNA Model Loss Curves RNA Model Loss Curves

T Type /
- ~. —e— Train o7 E

™~ T — Train
080 dl \x\v —— Test . / \\// \\\ — Iest

“ B N\ .
050 A S P W08 / \
w0 - R @ ' ———
ki s -

|

. 02
., -
035 ey, ! ——————
75 150 175 200

15 20 25 30 25 50 100 125
Epochs Epochs

Type

Figure S4: Model loss curves.
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