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IN SILICO RNA APTAMER DESIGN

ALEXANDER WANG*

Abstract. A variety of molecules have been implicated in different physiological and patho-
physiological roles. Advances in structural biology have facilitated characterization of the binding
domains of many of these molecules, and this has led to discovery and/or development of ligands
that can bind a subset of them. However, many of these molecules still lack readily accessible ligands
that can reliably be used to selectively bind them and thereby interact with the biological pathways
that they are associated with. RNA aptamers are an intriguing modality for such ligands. They offer
many advantages, including mobility within biological systems and relatively easy chemical synthesis,
but there currently is not a straightforward and unbiased method for generating specific aptamers.
Recent advances in parallel computing and scientific machine learning are particularly applicable to
the biophysical problem of in silico RNA aptamer design. In this paper, we apply parallelization to
the problem of searching RNA sequence space for sequence candidates and then model aptameric
binding affinity using a neural network whose structure is informed by the sequence-structure rela-
tion underlying the biophysics of RNA. We aim to ultimately incorporate both components into a
comprehensive computational platform for de novo design of RNA aptamers for novel targets.

Key words. parallel computing, scientific machine learning, synthetic biology, biomolecular
engineering, RNA design

1. Introduction. In the field of synthetic biology, there is a significant emphasis
on engineering molecules, particularly RNAs and proteins, but the problem of search-
ing the entire sequence space of RNAs or proteins to find a molecule optimized along
a certain modality is both experimentally and computationally intractable [55]. Fur-
thermore, while machine learning and other data-driven techniques have been applied
to many biological problems, they often ignore the biophysical constraints that gov-
ern those systems. In this project, we design and implement a computational pipeline
for designing RNA aptamers that is informed by the biophysics underlying aptamer
function and stability.

1.1. Diverse Molecular Targets. Since the completion of the human genome
project, innovations in multi-omics technologies and assays have led to the discovery
and characterization of a variety of molecular targets involved in various biological
mechanisms, such as natural product off-target interactions, and diseases, including
cancer and, most recently, COVID-19 [51, 61, 32]. For some of these targets, such as
transmembrane G-protein-coupled receptors and kinase families, traditional in vitro
screening-based drug discovery has yielded useful binders [4], but effective ligands for
others, such as Bcl-2, p53, and RAS, have been more elusive, leaving these targets
yet undruggable [60].

To date, discovery and design of such ligands has primarily focused on small
molecules and proteins. Small molecules offer advantages in terms of more straight-
forward development and synthesis, as well as low molecular weight and, therefore,
easier penetrance of cells [31], while proteins allows for greater binding specificity and
more complex structures and functions [29]. However, more recent characterization
of the biophysical properties of ribonucleic acid, or RNA, suggests it as an effective
alternative ligand modality.

1.2. RNA Tertiary Structure. RNA was originally characterized as a single-
stranded nucleic acid intermediate for information transfer between DNA and proteins
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2 A. WANG

but has since been implicated in a variety of other functions, including regulation of
gene expression and chromosome maintenance [5, 6], which has spurred interest in
its biophysical properties beyond sequence. While most noncoding RNAs (ncRNAs)
form RNA-protein complexes, some, such as riboswitches, function via their own
structure [8]. Investigation of RNA structure was originally focused on secondary
(2-dimensional (2D)) structure, which outlines Watson-Crick base-pairing, but more
recently, researchers have begun to place more emphasis on understanding and mod-
eling the tertiary (3-dimensional (3D)) structure of RNA [36].

As understanding of RNA structure and function has grown, researchers have
also begun to engineer synthetic RNAs with various functions, including sensing
biomolecules and controlling biological systems [58, 16]. In particular, improved un-
derstanding of RNA 3D structure is unlocking the potential of engineering a specific
class of RNAs: aptamers.

1.3. RNA Aptamers. Nucleic acid aptamers are short, single-stranded oligonu-
cleotides that bind molecular targets with high sensitivity and selectivity, functioning
as chemical analogs of antibodies [38]. Because aptamers exhibit 3D structure, they
can bind many molecular targets with high affinity, enabling interactions with many
biological systems.

1.3.1. Attributes. Compared to antibodies, aptamers are smaller and easier to
synthesize [35]. Their smaller size equips them with various advantages, including
greater tissue penetration, higher mobility within biological systems, and the ability
to interact with a wider range of targets, all of which are particularly relevant in the
context of drug development. Their relative ease of chemical synthesis, which does
not rely on an immune response, also makes them more practical and cost-efficient to
produce and more applicable to widespread use. In fact, since synthesis of aptamers
does not require a host, they can be generated for a wider array of targets, including
some that may otherwise be toxic to the host [49].

Within nucleic acid aptamers, RNA aptamers also differ from DNA aptamers,
with each having certain advantages. DNA aptamers are more chemically stable than
RNA aptamers, but the latter exhibit more nuanced three-dimensional structures
and thus are more conducive to binding complex targets [63]. Notably, the chemical
stability of RNA aptamers can be enhanced by rapid RNA circularization, which is
achieved via the Twister-optimized RNA for durable overexpression (Tornado) expres-
sion system, to improve their functionality and efficiency in intracellular applications
[33].

1.3.2. Structural Motifs. Recurring structural motifs have also been identi-
fied within characterized RNA aptamers, including various types of loops (shown in
Figure 1), whose secondary and tertiary structures have been implicated in aptamer
function, with the majority of binding sites being reported to occur in such loops
[30, 22].

1.4. Characterized Aptamers. RNA aptamers have been selected against and
generated to bind to a diverse set of molecular targets, including small molecules [9],
proteins [53, 28], cells [44], viruses [37], and bacteria [11].

1.4.1. Basic Research. Aptamers that bind various fluorophores and acti-
vate their fluorescence have been characterized. The first non-cytotoxic example
of these aptamers to be characterized was an analog of green fluorescent protein,
named Spinach, which binds the fluorophore 3,5-difluoro-4-hydroxybenzylidene imi-
dazolinone (DFHBI) [41]. The Spinach aptamer has since been optimized for living
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Fic. 1. Structural motifs in existing aptamers.

cells to yield the Spinach2 aptamer [46]. Spinach has also been miniaturized to pro-
duce the smaller Baby Spinach [57] and Broccoli [20] aptamers, and DFHBI has
been optimized for microscopy filter compatibility to form (5Z)-5-[(3,5-Difluoro-4-
hydroxyphenyl)methylene]-3,5-dihydro-2-methyl-3-(2,2,2-trifluoroethyl)-4H-imidazol-
4-one (DFHBI-1T). Researchers have also determined fluorogenic aptamers that am-
plify other colors, including the RNA Mango aptamers, which bind derivatives of the
thiazole orange (TO) fluorophore [14, 3], the complex of which is shown in Figure 2
[50].

1.4.2. Therapeutic and Clinical Examples. RNA aptamers have also been
engineered to bind a variety of clinically relevant targets, including viruses, bacteria,
and proteins [62]. Pegaptanib, an aptamer that binds the isoform of vascular endothe-
lial growth factor (VEGF) implicated in age-related macular degeneration (AMD),
has been approved by the U.S. FDA for treatment of AMD [54]. Another notable
clinically relevant target which researchers have selected aptamers against is human
immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) [53, 12, 39, 26], the
crystal structure of which is shown in Figure 2 [24]. In fact, these aptamers have been
shown to bind HIV-1 RT with high affinity, greatly inhibiting its activity, and also
with high specificity, as they bind the closely related HIV-2 enzyme with much lower
affinity.

F1G. 2. Crystal structures of HIV-1 RT aptamer complez (a, b) and Mango-TO1 complex (c).

1.5. Existing Design Methods. Systematic evolution of ligands by exponen-
tial enrichment (SELEX) is an iterative methodology that currently serves as the
gold standard for generating aptamers. SELEX involves iteration over binding, par-
titioning, recovery, and re-amplification steps to select for specific aptamers that are
best suited for a preset selection environment [52, 18]. Purified-protein-based SELEX
allows for generation of high-affinity aptamers for many protein targets at relatively
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4 A. WANG

low experimental cost but is limited by the target’s faithfulness to its native form
and function following purification. Whole-cell-based SELEX addresses some of these
limitations by allowing selection against certain targets, such as cell surface receptors,
in their native environments [42]. Live-animal-based SELEX further addresses these
limitations by enabling aptamer selection in vivo.

More recently, advances in high-throughput sequencing and bioinformatics have
offered deeper insight into individual rounds of the selection process, as opposed to
just the final selection landscape, and have also generated large aptamer sequence
datasets. However, SELEX still generally returns a single aptamer candidate, which
may best satisfy the binding conditions being selected for, but which may be biased
and not necessarily constitute the best candidate for therapeutic application [48].
SELEX is also a time-consuming and resource-intensive process. Thus, computational
approaches have the potential to augment both the effectiveness and efficiency of
targeted aptamer discovery.

1.6. Computational Approach to Engineering RNA. RNA design has long
been posited as a computational problem, and for three decades, researchers have
developed algorithms for reliably identifying RNA sequences that exhibit specific,
desired structures. These algorithms have employed various computational method-
ologies, including adaptive random walks [21], stochastic local search [2], genetic al-
gorithms [47], Monte Carlo tree search [59], and most recently, reinforcement learning
[17]. However, until recently, these algorithms have almost exclusively optimized for
secondary structure. Most existing RNA design benchmarks, such as the EteRNA100,
also evaluate algorithms based on their ability to predict secondary structure [1]. Re-
searchers have developed one community-sourced benchmarking dataset for RNA ter-
tiary structure, RNA-Puzzles [10, 34], based on an analogous community experiment
for protein structure prediction, Critical Assessment of Protein Structure (CASP)
[27].

1.6.1. Computational Aptamer Design. Many computational tools have
also been constructed for designing aptamers. Initially, researchers drew inspiration
from the SELEX procedure and attempted to devise a computational analog of that
procedure, resulting in such tools as APTANI [7]. More recently, with the increased
spotlight on generative deep learning models, researchers have begun applying this
computational paradigm to aptamer design, creating models such as RaptGen [23]
and a Restricted Boltzmann Machines-based model [13]. While these models tend to
take sequence or secondary structure information as input, they perform modestly
well in aptamer discovery.

1.6.2. RNA Tertiary Structure-Based Aptamer Design. The RNA design
problem for optimizing for tertiary structure draws many similarities to the secondary
structure version. Notably, it likely entails algorithms that also contain a computa-
tional model, a fitness function, and a search algorithm [56]. This problem is also simi-
lar to the analogous protein design problem, which is focused on the three-dimensional
structure of proteins. Just as accurate protein structure prediction by AlphaFold has
been a significant boon to in silico protein design [25], accurate prediction of RNA
tertiary structure will also greatly enhance design of RNAs, particularly in the case of
aptamers, whose ability to bind a target is directly a function of its tertiary structure.
However, unlike in the case of proteins, for which an abundance of structural data
exists in the Protein Data Bank, there is a relative dearth of well-characterized crystal
structures of RNAs, but the search space for RNAs is of similarly large magnitude
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IN SILICO RNA APTAMER DESIGN 5

as that of proteins. This lack of high-resolution training data has thus far been the
main obstacle in the way of reliable 3D RNA structure prediction.

1.6.3. RhoFold. Our lab and collaborators have employed various data sam-
pling and augmentation techniques to train RhoFold (formerly named E2EFold-3D),
a deep learning model which makes accurate and rapid de novo predictions of RNA
three-dimensional structure from sequence [45]. Given the nature of the existing crys-
tal structures that were used for training data, RhoFold is most accurate for predicting
structure for short sequences, between 16 and 256 nucleotides, and is thus particu-
larly relevant for RNA aptamers. The performance of existing computational tools for
aptamer design, based solely on sequence and/or secondary structure suggests that
a model that also considers tertiary structure input, via RhoFold predictions, would
be able to produce even more precisely designed aptamers, particularly for existing
targets which have well-characterized binding pockets.

2. Parallelized Search of RNA Sequence Space. In the first part of this
project, we applied the parallelization principles described in the first part of the
course to an RNA aptamer design algorithm.

2.1. RNA Aptamer Design via Sequence Space Search. To design RNA
aptamers, we developed an algorithm which explores RNA sequence space, searching
for sequences which exhibit a desired three-dimensional structure by using RhoFold
to evaluate the three-dimensional structural similarity of candidate sequences to the
desired structure. The algorithm is described in Algorithm 2.1.

Algorithm 2.1 Search of RNA Sequence Space Starting from Given Sequence

while search has not converged and max iterations not reached do
for each position ¢ in the current sequence s do
for each base b in the set {A,U,C,G} N{s[i]} do
Replace (mutate) s[i] with b to construct the sequence s’
Use RhoFold to predict the tertiary structure of s’
Compute and store the structural difference between s’ and the target
end for
end for
Apply the mutation which yielded the closest structure to the target to s
If no mutations improve the structural similarity to the target, end search
end while

Essentially, the algorithm takes an initial sequence and performs a succession of
local searches. At each iteration, it considers all sequences that are a single-base
mutation away and, in aggregate, constructs a path of the single-base mutations
which improve the tertiary structural similarity to the target structure the most, as
visualized in Figure 3 [43].

Unfortunately, RhoFold [45] and the current structural similarity function are
both implemented in Python, and the PyCall package for calling Python functions
in Julia does not work with multi-threading in Julia, so to still demonstrate the par-
allelization in this framework and evaluate its performance, I used two simple Julia
functions to simulate tertiary structure prediction and structural similarity computa-
tion.

2.2. Parallelization Performance. While the main loop of the algorithm con-
tinually updates the current sequence being considered and is not conducive to par-
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Fitness

Fic. 3. Successive local searches from a single starting sequence.

allelization, the local search within each iteration of all single-base mutations of the
current sequence can be parallelized, as consideration of each mutation does not affects
that of others. The performances of the serial and parallel versions of this algorithm
are described in Table 1.

TABLE 1
Benchmarks for serial and parallel versions of single starting sequence algorithm.

Threads 1 16
Range (min ... max) 3.552 ms ... 8.892 ms | 948.655 us ... 41.415 ms
Time (median) 4.238 ms 2.195 ms
Time (mean + o) 4.260 ms + 521.851 us 2.752 ms + 3.163 ms

2.3. Further Parallelization. We also modified the overall sequence space
search algorithm to further apply parallelization by adding an additional outer loop
to consider multiple starting sequences simultaneously, as described in Algorithm 2.2
and visualized in Figure 4 [43]. Since the single-base mutation path sought for each
starting sequence does not affect or depend on that of any other starting sequence,
this outer loop is also conducive to parallelization.

Algorithm 2.2 Search of RNA Sequence Space Starting from Multiple Sequences
for each starting sequence (parallelized) do
while search has not converged and max iterations not reached do
for each position ¢ in the current sequence s (parallelized) do
for each base b in the set {A,U,C, G} N{s[i]} do
Replace (mutate) s[i] with b to construct the sequence s’
Use RhoFold to predict the tertiary structure of s’
Compute and store the structural difference between s’ and the target
end for
end for
Apply the mutation which yielded the closest structure to the target to s
If no mutations improve the structural similarity to the target, end search
end while
end for

This manuscript is for review purposes only.
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Fitness

FiG. 4. Successive local searches from a single starting sequence.

The performances of the serial and parallel versions of this improved algorithm
are described in Table 2.

TABLE 2
Benchmarks for serial and parallel versions of multiple starting sequence algorithm.

Threads 1 16
Range (min ... max) | 10.625 ms ... 17.991 ms | 1.987 ms ... 172.053 ms
Time (median) 12.561 ms 3.244 ms
Time (mean + o) 12.491 ms £+ 1.072 ms 5.581 ms £ 10.064 ms

2.4. Discussion. For the algorithm which conducted the search from only a
single starting sequence, parallelization with 16 threads resulted in about a 1.5x to
2x speedup. For the algorithm which conducted the search from multiple starting
sequences, parallelization with 16 threads resulted in about a 2x to 4x speedup.
Notably, the range of the multi-threaded algorithm runtime is much wider than that
of the single-threaded algorithm, suggesting that there are certain cases in which
multi-threading is actually detrimental to the performance of the algorithm. In the
same vein, using 16 threads does not produce a 16x speedup, but the speedup is
instead more muted, although still very apparent.

Although the structural prediction and similarity functions used in this analysis
are much simpler than the true functions, this speedup via parallelization should
translate to when using the true functions as well.

3. Scientific Machine Learning to Model Aptamer Function. In the sec-
ond part of this project, we applied the scientific machine learning principles described
in the second part of this course to model the aptameric binding affinity data gener-
ated by ordering and experimentally testing the sequence candidates identified in the
first part of the project.

3.1. Biophysics-Informed RNNA Sequence Input Encoding. To build this
binding affinity model, we employed a technique inspired by a previously described
approach to protein design [40]. We used the sequence-structure relation underlying
the biophysics of RNAs to inform the structure of our input and the hidden layers of
our neural network. Specifically, we encoded our RNA sequence input as a one hot
embedding at each residue, as each residue must be one of four bases (A, U, C, G),
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resulting in a 4 X n matrix input, where n is the length of the aptamer/sequence we
are modeling. We then unraveled this matrix into a 4n-vector to use as the input to
our neural network.

While this current implementation did not necessarily follow the formal physics-
informed neural network paradigm described in class leveraging partial differential
equations (PDEs) governing the system being modeled, it does follow a broader sci-
entific machine learning paradigm wherein it incorporates biophysical characteristics
of this system into the training process and construction of the model. Our current
data also only includes overall binding affinity. Upon expanding our data collection
and methodology to model the molecular docking interactions between aptamers and
their targets driving this binding affinity, we will be able to employ true physics-
informed neural networks governed by the PDE systems underlying such molecular
docking interactions.

3.2. Neural Network Architecture. We designed our neural network to have
the architecture described in Figure 5 to attempt to learn specific biophysically-rooted
relationships. Specifically, we used two sets of weights in our model, with the first
aimed at learning relationships between specific individual residues in the sequence
and the second aimed at learning more complex relationships between larger domains
of multiple residues identified via the first. Figure 5 shows an example architecture
of the network that would be used to model a sequence of length 3.

Q

QO Q Q0 00 0 0 O

Input Layer = R12 Hidden Layer e 712 Output Layer e &2

F1G. 5. Neural network architecture.

3.3. RNA Mango Results. We first trained our neural network on binding
affinity data obtained by experimentally testing our first set of RNA Mango aptamer
candidates that we generated in the first part of the project. We can see from Figure 6
that the model converges pretty quickly.

Since our dataset was small, we evaluated the performance of our neural network
by examining its edge weights. Specifically, we found the edge weights to modestly
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Fi1G. 6. Loss function for neural network trained on RNA Mango aptamer data.

emphasize certain motifs previously identified in literature as playing important roles
in the original Mango aptamer’s function [3].

3.4. HIV RT Results. We then trained a neural network with the same ar-
chitecture (Figure 5) on binding affinity data obtained by experimentally testing our
first set of HIV RT aptamer candidates that we also generated in the first part of the
project. We can see from Figure 7 that the model again converges pretty quickly.

Gradient Descent Loss Function (HIV Aptamers) Gradient Descent Loss Function (HIV Aptamers)
4 a |
3 b
L L
%) %)
= =
2 2
|
EI N S -
0 2500 5000 7500 10000 0 500 1000 1500
epoch epoch

Fic. 7. Loss function for neural network trained on HIV RT aptamer data.

Due to the small size of our dataset, we again evaluated our model by considering
its edge weights and again found modest emphasis on motifs reported in literature as
important in HIV RT aptamer function [53]. Notably, these HIV RT aptamer motifs
were more heavily weighted than those emphasized in the Mango aptamer model.

3.5. Discussion. Since both the Mango aptamer and HIV RT aptamer experi-
mental datasets were relatively small, the models trained on them likely vastly overfit
the data, decreasing their effectiveness at designing novel, dissimilar aptamers that
recapitulate the respective binding affinities. However, we did find the biophysics-
informed design of the model to allow us to identify certain motifs known to be
important to aptamer function, which suggests that, with more data, this method-
ology could be used to identify additional novel motifs involved in aptamer binding
affinity.

4. Conclusions. RNA aptamers present an interesting modality with which to
design ligands for binding many currently undruggable biological targets. However,
there remains a need for a reliable methodology for designing these aptamers for

This manuscript is for review purposes only.



283
284
285
286
287
288
289
290
291
292
293

294
295

296

10 A. WANG

specific targets de novo. In this study, we applied parallelization to optimize the
performance of an RNA design algorithm which works by searching RNA sequence
space and identifying candidate sequences by evaluating their predicted structural
similarity. We then applied a scientific machine learning framework to model the
binding affinities of candidate sequences by training a neural network whose structure
was informed by RNA sequence-structure biophysics on experimental data. Both
of these computational methodologies will be integrated into an overarching general
RNA aptamer design algorithm, which we ultimately aim to use the engine to power
an RNA aptamer design pipeline, described in Figure 8, that will be able to take as
input any biological or chemical target with a well-characterized binding domain and
design an RNA aptamer which binds it with high specificity and affinity.

Novel Target Binding Pocket Desired Aptamer
with Structure Modeling Tertiary Structure
)l

I3

Generated Aptamer RNA Design
Sequences [ Tammge: Algorithm
NN O
PV Vo VN «"z 2"

- \_ 9-0-0.
VALV VN = «""s| “_“eXe -
: >\<. ®X® " prediction
gitgiiaieg Testing set el @ .\ algorithm
_ o XOX0 X0 -9
PaVaVaVal ~e-e-e~
FPAYAYAY AN
PAY AV VLN

Fi1a. 8. Proposed RNA aptamer design pipeline. Novel target crystal structure (human mutant
p58) and pipeline figure adapted from [19] and [15], respectively.

5. Code Availability. A Jupyter Notebook containing the code described in
this paper can be found at https://github.com/azhwang5 /parallel-computing-sciml-
rna-aptamer-design.
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