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ABSTRACT

Mirror-image L-(deoxy)ribose nucleic acid aptamers (L-aptamers) enable high-affinity, selective 

recognition of native structured RNAs via shape-based, cross-chiral interactions rather than 

Watson–Crick base pairing. However, achieving this level of specificity has typically required de 

novo selection from fully randomized libraries for each new target. Here, we report the first 

application of mutagenesis-based evolution to an existing cross-chiral L-aptamer to rapidly 

reprogram target specificity. Starting from a parental aptamer recognizing the HIV-1 TAR RNA 

hairpin, we generated two evolved aptamers that, together with the parent, form a set of 

orthogonal binders capable of discriminating RNA hairpins differing by a single nucleotide. Deep 

sequencing revealed that retargeting requires extensive remodeling of the aptamer fold rather 

than incremental sequence changes, reflecting the dependence of cross-chiral interactions on 

global RNA architecture rather than local sequence complementarity. Finally, RNA pulldown 

experiments demonstrate that these orthogonal L-aptamers retain strict selectivity in a competitive 

and structurally complex context, including extended flanking sequences and multiple RNA 

targets. Taken together, this work establishes mutagenesis-based evolution as a versatile 

strategy for rapidly retargeting cross-chiral L-aptamers and reinforces the unique advantages of 

structure-based RNA recognition, providing a framework for developing adaptable and 

multiplexable RNA-targeting strategies.

Page 2 of 23RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 1

:2
6:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6CB00057F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00057f


INTRODUCTION

Due to its single-stranded nature, RNA can form complex three-dimensional structures 

driven by intramolecular base pairing interactions.1 These structures, which include helices, loops, 

and bulges, facilitate interactions with proteins and other RNAs, enabling participation in critical 

regulatory and gene expression processes. Recent research has increasingly demonstrated 

relationships between structured RNAs and diverse disease states, including cancer,2-4 viral 

infection,5-7 neurological disorders,8-10 and immune responses.11, 12 These discoveries have made 

structured RNAs attractive targets for both diagnostic and therapeutic applications.13-15

Traditionally, RNA is targeted using hybridization-based technologies, such as antisense 

oligonucleotides (ASOs) or small interfering RNAs (siRNAs); however, the inaccessibility of 

sequences within pre-existing structures presents significant challenges to these methods.16 

Structural-based approaches and helper strands can be implemented to increase potency, but 

these strategies still do not fully overcome barriers posed by more stable RNA structures. Small 

molecules have emerged as a promising platform for targeting RNA structures. In recent years, 

small molecules targeting distinct structural elements with specific sequences have progressed 

from laboratory research to FDA-approved drugs.17 Nevertheless, the discovery of RNA-binding 

small molecules with high affinity and structural specificity remains challenging due to RNA’s 

negatively charged backbone, inherent flexibility, and structural redundancy. Limited structural 

data for nucleic acid further limits the structure-based approach using small molecules.15 

A promising alternative is the use of aptamers—nucleic acid sequences selected to bind 

target ligands with high specificity and affinity. The process used to generate aptamers, 

systematic evolution of ligands by exponential enrichment (SELEX),18 allows for the discovery of 

aptamers against targets ranging from single metal ions19 to  whole cells.20, 21 Notably, work from 

our group and others22-29 has shown that aptamers composed of L-DNA or L-RNA, which are the 

synthetic enantiomers of natural D-nucleotides, can be evolved to bind tightly to RNA structures, 

and may be particularly well suited for this purpose. Although D- and L-oligonucleotides share 

identical physical and chemical properties, they cannot form contiguous Watson–Crick base pairs 

with one another. As a result, so-called “cross-chiral” interactions between D- and L-

oligonucleotides must occur independently of primary sequence. This unique feature is leveraged 

during in vitro selection to evolve L-aptamers that adaptively bind structured D-RNA targets 

through tertiary, shape-driven interactions rather than sequence complementarity.30 We have 

demonstrated that cross-chiral recognition occurs with low-nanomolar affinity and high 

selectivity.22-26, 31 Notably, L-aptamers can distinguish their cognate D-RNA targets from those with 
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single-nucleotide substitutions or small structural perturbations.22, 24, 30 Combined with the inherent 

nuclease resistance of L-oligonucleotides,32 these properties position L-aptamers as versatile and 

powerful reagents for targeting structured RNA.

Mutagenesis-based aptamer selection is a strategy used to evolve the target specificity of 

an existing aptamer by deliberately introducing mutations into its sequence and then rescreening 

the resulting library. This differs from the standard SELEX process, which starts with a fully 

random library. The mutagenesis-based approach allows for fine-tuning of an aptamer's binding 

properties to discriminate between closely related targets or to evolve new specificity entirely.33, 

34 For example, Huang et al. used this approach to alter an ATP aptamer to bind GTP, with 

aptamers binding GTP emerging after five rounds of selection from a mutagenized library against 

a GTP analogue.33 Given the high selectivity of cross-chiral interactions between L-aptamers and 

RNA, along with their unique structure-based mode of recognition, we were curious whether 

mutagenesis-based selection could be used to evolve L-aptamers with altered substrate 

specificity. Although mutagenesis-based selection has not previously been attempted with cross-

chiral aptamers, such a strategy could greatly expand the toolkit of mirror-image technologies. 

Not only would this provide a convenient and rapid strategy for generating L-aptamers against 

new RNA targets, but the results may also reveal important insights into the relationship between 

specificity and structure, aiding in the design of future cross-chiral L-aptamers.

In this study, we introduce mutagenesis-based SELEX as a rapid strategy for retargeting 

cross-chiral L-aptamers to new structured RNA targets. We show that closely related RNA 

structures previously disfavored by the parental aptamer can be selectively recognized without 

restarting selection from fully randomized libraries. Deep sequencing reveals that altered target 

specificity arises from extensive remodeling of the aptamer fold rather than incremental sequence 

adjustments, highlighting the structure-driven nature of cross-chiral recognition. Enrichment 

analysis further demonstrates the rapid emergence of orthogonal, highly specific L-aptamer–RNA 

pairs, providing a foundation for scalable and multiplexable RNA-targeting strategies.

RESULTS AND DISCUSSION

Library and Target Design

The aptamer chosen for this study was L-6-4t (Figure 1a), which binds tightly (Kd = 100 ± 

30 nM) to the trans-activation response element RNA (D-TAR) from Human Immunodeficiency 

Virus type 1 (HIV-1), shown in Figure 1b.23 Previous in-line hydrolysis probing showed that L-6-4t 

binds D-TAR through its 6-nucleotide (nt) distal loop.23 Importantly, using a library of TAR hairpins 
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containing all possible 6-nucleotide loops, we previously showed that L-6-4t binds with high 

selectively to the 5'-(C/U)UGGG(A/G)-3' loop motif (Figure 1b).25 This strict sequence requirement 

provided an ideal opportunity to test whether we could evolve altered target specificity. Therefore, 

we chose to incorporate either a transition mutation (D-TARA) or transversion mutation (D-TARU) 

at position G4 within the invariable 6-nt loop domain (Figure 1b). Because the distal loop 

constitutes the primary aptamer recognition interface, mutations within the stem region were not 

expected to directly impact binding specificity and were therefore not examined in this study. 23, 31 

We hypothesized that the overall structural change for a transition mutation would be less 

significant than for a transversion and, thus, would require fewer compensatory mutations within 

the aptamer to accommodate. We prepared L-RNA versions of these hairpins (L-TARA and L-

TARU) in which the target loop sequences were grafted onto a minimum stem scaffold to reinforce 

loop-based interaction (Figure S1a and Figure S2). As expected, an electrophoretic mobility shift 

assay (EMSA) revealed that D-6-4t was unable to bind the mutated L-TAR targets (Figure S1c).

We next prepared a library of D-6-4t aptamers (D-Lib14) such that the original random 

sequence domain was mutagenized to a degeneracy of 14% at each position (Figure S1b), 

yielding a population carrying an average of 6 mutation per member (see Supplementary Methods 

and Figure S3a,b). The binomial distribution strongly favors low mutation counts; consequently, 

unique sequences with fewer mutations are more abundant in the pool. We expected that favoring 

a lower number of mutations would drive repurposing of the existing structural motif rather than 

major structural reorganization. To facilitate the SELEX process, the primer binding site 

sequences used for isolating the parent 6-4t aptamer were appended to the ends of the 

mutagenized library (Figure S1b). As with the parent aptamer, D-Lib14 did not bind to either of the 

mutated L-TAR hairpins (Figure S1c).
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Figure 1. Sequences and predicted secondary structures of the parent L-6-4t aptamer and its 

TAR RNA ligand. Black and blue lettering indicate D- and L-oligonucleotides, respectively. (a) 

Cross-chiral L-aptamer L-6-4t. (b) Wild-type TAR RNA and single-nucleotide variants TARA and 

TARU. The boxed region denotes the distal loop domain.

Mutagenesis-based SELEX alters the substrate specificity of cross-chiral interaction

Similar to the isolation of the parent aptamer L-6-4t, we carried out cross-chiral 

mutagenesis-based SELEX using the “selection reflection” technique.35-37 In this process, a D-

nucleic acid library (i.e., D-Lib14) is selected against the enantiomer of the target ligand (i.e., L-

TARA or L-TARU), which facilitates enzymatic amplification of the library after the selection step. 

Once the SELEX process is complete and lead D-aptamers are identified, they can be chemically 

synthesized in the L-form and used to bind the intended D-RNA ligand.35, 37 Accordingly, D-Lib14 

was incubated with 3-biotinylated L-TARA or L-TARU (L-TARA-BIO and L-TARU-BIO, respectively; 

Figure S1a and Table S1) at room temperature in the presence of 50 mM NaCl, 10 mM MgCl2, 

0.1% (v/v) Tween-20, and Tris (pH = 7.6). Sequences bound to a biotinylated hairpin target were 

immobilized on magnetic streptavidin beads. The beads were then washed thoroughly with the 

same buffer and bound sequences were eluted by denaturation with NaOH. Eluted sequences 

were reverse transcribed and amplified by PCR. The resulting dsDNA libraries were subjected to 

in vitro transcription to generate the corresponding ssRNA library to be used in the next round of 

SELEX.

During the first four rounds, selection of D-Lib14 was performed against L-TARA and L-

TARU simultaneously to enhance SELEX efficiency. After round 4, an EMSA revealed that the 

enriched library had substantial affinity for L-TARA, with no detectable binding to L-TARU (Figure 

S4a). To avoid further skewing the library away from the L-TARU target, all subsequent rounds 

were carried out using individual targets (referred to as “deconvolution” rounds) (Figure 2a). 

Because the library was already highly enriched for L-TARA-binding sequences after round 4, only 

one round (round 5A) of deconvolution was performed to further enrich sequences that bound to 

L-TARA. However, L-TARU required four additional deconvolution rounds (rounds 5U through 8U, 

8 in total) before appreciable binding was observed by EMSA (Figure S4b). Nevertheless, these 

results indicated that we had successfully obtained cross-chiral aptamers against both mutant 

targets. 

High-Throughput Sequencing Analysis
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The amplified eluates isolated from each SELEX round were subjected to next-generation 

sequencing (NGS), resulting in over 105 processed reads per round. This high-level sequence 

analysis enabled quantitative tracking of sequence enrichment throughout the SELEX process. 

Initially, read per million (RPM) values were used to rank the relative abundance of each individual 

sequence emerging from a round. After verifying the sequence distribution of the round 0 library 

(Figure S3a-c), we first considered the top five most abundant sequences observed after the 

single deconvolution round for target L-TARA (Round 5A). These sequences, referred to as 5A-1 

through 5A-5, constituted nearly half (48.5%) of the total reads found in the final pool while being 

considerably diverse (Figure 2b and Figure S5a). In addition, four out of these five sequences 

were further enriched in deconvolution round 5A, which is in agreement with the observed 

prominent L-TARA affinity of the overall pool after the initial four rounds. By tracking the abundance 

of these sequences through each round, we also found that the top three sequences by RPM in 

round 5A (5A-1, 5A-2, and 5A-3) were already highly enriched by round 3, differing from round 5A 

only in their relative ranking (Figure 2b and Figure S6a). Not only did this result show that the 

population converged rapidly, but it also indicated that new cross-chiral aptamers with altered 

selectivity could be effectively identified within as few as three rounds of mutagenesis-based 

SELEX for this target. 

Figure 2. Enrichment of aptamer candidates during mutagenesis-based SELEX. (a) Schematic 

overview of the mutagenesis-based SELEX workflow. Early selection rounds (purple) were 

performed against both L-TARA and L-TARU targets simultaneously. The black box denotes the 

deconvolution phase, during which the enriched pool was split and independently selected against 

Page 7 of 23 RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 1

:2
6:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6CB00057F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00057f


either L-TARA (red) or L-TARU (blue). (b) Abundance (reads per million, RPM) of representative L-

TARA-binding sequences across selection rounds. (c) Abundance (reads per million, RPM) of 

representative L-TARU-binding sequences across selection rounds.

We performed the same analysis with the L-TARU target. The top-5 most enriched 

sequences in round 8U, referred to as 8U-1 through 8U-5, demonstrated the same dominance in 

relative abundance, accounting for 48.8% of the total reads (Figure S5c). Interestingly, the most 

abundant sequences in the final round (round 8U) were also highly enriched in round 6U before 

plateauing or declining in later rounds (Figure 2c and Figure S6b,c). In fact, many of the TARU-

binding sequences that became enriched early on during the deconvolution process (e.g., by 

round 6U) decreased in abundance by round 8U. A plausible explanation is that sequences 

appearing early in the deconvolution process were simply more competitive against L-TARA-

binding sequences during the mixed-pool phase of selection, even if they were not the highest-

affinity L-TARU binders. If correct, we would expect sequences becoming more enriched during 

later rounds to have higher affinity towards L-TARU.

The library’s unique bias towards L-TARA in early rounds makes it an interesting case for 

studying specificity of cross-chiral interactions. During the deconvolution rounds for L-TARU, the 

absence of the L-TARA target resulted in a drastic and rapid decrease in the abundance of the 

most enriched L-TARA-binding sequences (Figure S7). This observation suggested that these 

sequences are highly selective for L-TARA, being able to distinguish the single nucleotide 

difference between the two hairpin targets. Unfortunately, the comparable analysis was not 

possible for L-TARU binding sequences because the most abundant sequences in rounds 6U and 

8U were not detectable by sequencing during the earlier rounds (Figure S6b-c). However, 

comparison of the top enriched sequences from round 5A and 8U revealed low sequence 

similarities (Figure S5a,c), adding more evidence for the specificity of emerged sequences. The 

selectivity of specific sequences is examined later in the study. 

Comparative sequence analysis between mutant aptamers and parent L-6-4t
The mutagenized library D-Lib14 was designed to favor a low mutation rate (Figure S3) 

due to our initial hypothesis that specific compensatory mutations would be able to accommodate 

the single-base mutation on the target hairpin. Therefore, we determined the Levenshtein edit 

distance (LED) values for each sequence compared to the parent aptamer L-6-4t. LED values 

measure the minimum number of single-nucleotide edits (insertions, deletions, or mutations) 

needed to transform one sequence into another. As deletions and insertions are only introduced 
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through synthetic impurities and enzymatic errors, this value can be approximated to mutations 

in this work. 

Scatter plots of individual sequences with RPM versus LED allows clear visualization of 

changes in mutation numbers among emerging sequences (Figure 3a,b and Figure S8). As 

predicted via our sequence distribution model, the abundance of each unique sequence is in a 

negative relationship to its mutation number, as seen in the starting library and enriched round 1 

pool (Figure S3a,b). However, starting at round 2, sequences with a high number of mutations 

(>10) started to emerge from the population, which continued through rounds 3 and 4 (Figure S8). 

In the deconvolution round for L-TARA, round 5A, sequences with 11 mutations were the most 

abundant, accounting for 49.9% of the total population (Figure 3a and Figure S9a). This included 

5A-1, the most abundant sequence overall for binding to L-TARA (Figure S5a). A similar trend was 

observed during the deconvolution rounds for L-TARU (Figure S8). During this process, 

sequences with different LED values were rapidly enriched, while remaining distributed around 

11. In the terminal round for L-TARU, round 8U, sequences with LED values of 10 and 11 were 

most abundant, attributing to 40% and 34% of the population, respectively (Figure 3b and Figure 

S9b). The most abundant sequence in round 8U, 8U-1, has an LED of 11 (Figure S5c).
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Figure 3. Extensive sequence divergence is required to accommodate a single-nucleotide 

mutation in the target RNA hairpin. (a,b) Scatter plots showing RPM as a function of Levenshtein 

edit distance (LED) relative to the parent aptamer for individual sequences in round 5A (a) and 8U 

(b). Each semi-transparent red circle represents a unique sequence; increased color intensity 

reflects accumulation of distinct sequences with similar RPM and LED values. Highlighted 

sequences include 5A-1 (magenta square), 5A-16 (green diamond), and 8U-1 (blue square). (c, d) 

Positions of acquired mutations in round 5A (c) and 8U (d) overlaid on the secondary structure of 

the parent 6-4t aptamer. The 1000 most abundant sequences from each round were used. 

Positions at which the evolved consensus sequences differs from the parent are circled. Filled 

circles indicate conversion from one base to another in the consensus, while open circles denote 

positions with multiple bases represented in the consensus (i.e., ambiguous). Bases not circled 

remained unchanged in the consensus sequence compared to the parent.

We next examined how mutations accumulated along the parental 6-4t aptamer sequence 

during selection. Although comparison of the most abundant sequences from key deconvolution 

rounds revealed clear differences between selections (Figure S5), this approach captures only a 
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limited snapshot of the evolving population. To obtain a more global view of mutational patterns, 

we generated consensus sequences for the round 5A and round 8U pools using the top 1,000 

most abundant sequences from each round, together accounting for over 90% of total sequencing 

reads. For each position, the consensus nucleotide was assigned as the base with the highest 

cumulative RPM, provided its frequency exceeded that of the second most abundant base by at 

least twofold; positions failing to meet this criterion were designated as ambiguous. This analysis 

revealed a concentration of mutation in or around the P2 stem-loop within the round 5A population 

(Figure 3c). The P2 stem–loop was previously shown to be essential for binding of the parent 

aptamer L-6-4t to D-TAR, indicating that this region forms key contacts with the TAR hairpin. 

Accordingly, the single-base mutation in L-TARA appears to have necessitated substantial 

reorganization of the P2 domain to preserve high-affinity binding. In contrast, far fewer mutations 

accumulated near P2 in the round 8U population (Figure 3d), despite the corresponding position 

also being mutated in the L-TARU target. Instead, mutations in round 8U were more concentrated 

around the P3 stem–loop, a region that in the parent aptamer serves primarily as a structural 

element and is not thought to engage TAR directly. This shift suggests that the selection process 

recruited or remodeled the P3 domain to create a new functional interface capable of 

accommodating the transversion mutation present in L-TARU.  Notably, these divergent mutational 

solutions highlight how selections against L-TARA and L-TARU, which differ by only a single 

nucleotide, yielded aptamer families with markedly different sequence architectures.

Characterization of individual aptamers

To identify lead aptamer candidates for each target, we screened the most abundant 

sequences emerging from the respective deconvolution rounds using EMSA (Figure 4a,b). All 

sequences tested from round 5A (D-5A-1 through D-5A-5) bound tightly to L-TARA, with a clear 

correlation between sequence abundance and binding affinity. Importantly, no cross-reactivity 

with L-TARU was observed (Figure 4a), confirming the target selectivity inferred from sequencing 

analyses (Figure S7).

We next evaluated sequences enriched during selection against L-TARU. Candidates from 

round 6U (D-6U-1 – D-6U-5), together with a representative sequence from round 8U (D-8U-1), were 

examined by EMSA (Figure 4b). Sequences were intentionally chosen from multiple rounds to 

test the hypothesis that continued selection leads to improved binding performance. Because the 

most abundant sequences in round 8U were highly similar (Figure S5c), only D-8U-1 was selected 

for screening. Consistent with this rationale, although D-6U-1 through D-6U-5 displayed strong 

selectivity for L-TARU, their binding affinities were weaker than that of D-8U-1 (Figure 4b).
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In addition to final sequence abundance, we also examined enrichment dynamics across 

selection rounds to identify candidates that expanded most rapidly during selection. This analysis 

highlighted sequence 5A-16, which exhibited the largest fold enrichment between rounds 1 and 

5A despite remaining at substantially lower abundance in the round 5A pool relative to other top-

ranking sequences (Figure S5a). Assuming a conservative baseline corresponding to a singleton 

in round 1, 5A-16 increased by at least ~1,200-fold by round 5A; because this sequence was not 

detected until round 3, its true enrichment is likely substantially greater. Notably, 5A-16 enriched 

7.7-fold between rounds 3 and 5A, representing the largest enrichment over this interval among 

the top-ranking sequences. In contrast, the most abundant sequence, 5A-1, exhibited a smaller 

(~380-fold) enrichment over rounds 1 to 5A. Despite its lower final abundance, D-5A-16 appeared 

to bind slightly more tightly to L-TARA than 5A-1 (Figure 4a). While this observation is based on a 

single sequence and is limited by sequencing depth, it nonetheless supports prior conclusions 

that enrichment dynamics, rather than final abundance alone, provide a more reliable indicator of 

functional aptamer performance.38, 39

Based on binding performance, subsequent analyses focused on sequences 5A-16 and 

8U-1 (Figure S5a,c). In vitro transcribed clone D-5A-16 bound L-TARA with a dissociation constant 

(Kd) of 196 ± 18 nM, whereas clone D-8U-1 bound L-TARU with substantially weaker affinity (Kd = 

3.1 ± 0.5 μM; Figure 4c,d). Although both aptamers exhibited reduced affinity relative to the 

parental L-6-4t aptamer binding to D-TAR (Kd = 100 ± 30 nM)23, the loss in binding strength was 

far more pronounced for D-8U-1, which displayed a >30-fold increase in Kd. This pronounced 

difference likely reflects the distinct structural consequences of the target mutations. The 

transversion mutation present in L-TARU is expected to introduce a larger perturbation to the RNA 

hairpin geometry than the corresponding transition mutation in L-TARA, posing a greater challenge 

for shape-based, cross-chiral recognition. Consistent with this interpretation, sequences binding 

L-TARA dominated the early rounds of selection, suggesting that smaller structural deviations from 

the parental TAR hairpin are more readily accommodated. Notably, analysis of predicted 

secondary structures revealed that neither evolved aptamer retains appreciable similarity to the 

parental L-6-4t structure (Figure S10a,e). Together, these findings suggest that even single-

nucleotide changes in the target RNA can necessitate extensive remodeling of the aptamer fold, 

highlighting the complexity of cross-chiral, structure-based recognition and the need for 

coordinated, multi-site mutational networks to restore high-affinity binding.
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Figure 4.  Functional characterization of evolved aptamer candidates. (a, b) EMSA analysis (10% 

native PAGE; 19:1 acrylamide:bis-acrylamide) of representative D-aptamers binding to L-TARA 

(a) or L-TARU (b). Reactions contained 1 μM aptamer and 5 nM FAM-labeled target RNA in 25 

mM Tris (pH 7.6), 50 mM NaCl, 10 mM MgCl₂, and 8% (v/v) glycerol, and were incubated at 23 °C 

for 30 min prior to separation. (c, d) Binding isotherms derived from EMSA experiments used to 

determine apparent dissociation constants (Kd) for full-length and truncated aptamers binding 

their cognate targets. Data represent mean ± S.D. from three independent experiments (n = 3). 

Standard EMSA conditions were used, except that aptamer concentrations were varied while 
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maintaining the corresponding cognate cross-chiral aptamer–target pair. (e, f) Predicted 

secondary structures of truncated aptamer clones L-5A-16t (e) and L-8U-1t (f).

Preparation of truncated L-RNA aptamers

We sought to remove non-essential nucleotides from 5A-16 and 8U-1, being 79-nt and 78-

nt in length, to improve downstream synthesis and potentially increase affinity due to reduced 

steric effect.22-24 Rational truncation of both aptamers was performed based on predicted 

secondary structures (Figure S10a-h). Both sequences tolerated only mild truncations of 

potentially non-functional duplex-forming sequence at both ends. The resulting truncations 

yielded sequences 5A-16t and 8U-1t (Figure 4e,f). D-5A-16t and D-8U-1t bound to their 

corresponding L-RNA targets with Kd values of 120 ± 5 nM and 2.2 ± 1.4 μM, respectively (Figure 

4c-d). The affinity of both aptamers improved after truncation, similar to what has been observed 

with prior cross-chiral aptamers.22-24, 26 Interestingly, aptamer D-8U-1t displayed self-inhibitory 

activity at higher concentration, which was not observed for the full-length sequence (Figure 4d). 

We speculated that the truncation removed structural constraints present in the full-length 

aptamer, promoting formation of nonproductive structures (e.g., dimers) at higher concentrations.

Both truncated aptamers were then prepared in the L-RNA form through solid-phase 

chemical synthesis using L-ribonucleoside phosphoramidites (Figure S11). L-5A-16t bound to D-

TARA with a Kd of 245 ± 19 nM, while L-8U-1t bound to D-TARU with a Kd of 1.5 ± 0.2 μM.  Due to 

the reduced quality of synthetic L-RNA compared to enzymatically prepared D-RNA, it is not 

uncommon for L-aptamers to have slight increase in Kd values relative to their D-RNA 

counterparts.22-24, 26 The apparent increase in affinity observed for L-8U-1t is likely an artifact of the 

self-inhibitory behavior that complicates accurate binding quantification. Notably, cross-reactivity 

was evaluated by EMSA across all aptamer–ligand combinations. No binding was observed to 

non-cognate targets, and L-aptamers bound exclusively to the corresponding D-RNA targets, with 

no detectable interaction with the L-RNA counterparts (Figure S12).

Orthogonal recognition of structured RNA targets by cross-chiral aptamers

A central goal of this study was to generate aptamers that exhibit high specificity and 

orthogonality toward closely related structured RNA targets. To evaluate aptamer performance 

beyond EMSA, we employed an RNA pulldown experiment to directly assess target discrimination 

in a competitive and more structurally complex context. A mixture of three RNA transcripts, D-

HP80, D-HP60, and D-HP40, was prepared, each containing a terminal hairpin structure with distal 

loop sequences corresponding to TAR, TARA, and TARU, respectively (Figure 5a). These 
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transcripts differed in overall length, allowing them to be readily distinguished by denaturing PAGE. 

5′-biotinylated L-aptamers (L-5A-16t, L-8U-1t, and L-6-4t) were individually immobilized on 

streptavidin-coated magnetic beads and incubated with the RNA mixture. Following washing, the 

captured RNA was analyzed by denaturing PAGE, with transcript identity resolved by length 

(Figure 5b). The pulldown results were fully consistent with EMSA-based binding measurements. 

Both L-5A-16t and L-6-4t selectively recovered RNA transcripts containing their cognate target 

sequences, with no detectable capture of non-cognate RNAs. Under the stringency of this 

competitive assay, L-8U-1t did not recover measurable RNA, consistent with its weaker affinity for 

D-TARU determined by EMSA, and did not exhibit any nonspecific interactions. Importantly, this 

assay was performed in the presence of extended flanking sequences and direct competition 

among multiple structured RNA targets. The retention of strict target selectivity under these 

conditions highlights the robustness of the evolved aptamers and underscores their potential as 

highly specific and orthogonal RNA-binding reagents.

Figure 5. Specific recovery of RNA transcripts with embedded hairpin structures. (a) Illustration 

of three RNA transcripts with different lengths bearing a hairpin structure at 3′ terminal. (b) 

Denaturing PAGE analysis of the L-aptamer-based affinity pulldown experiment.

CONCLUSION

In this study, we demonstrate that mutagenesis-based SELEX can be successfully applied 

to cross-chiral aptamers to rapidly reprogram target specificity while maintaining high selectivity. 

Starting from a single parental L-aptamer, this approach yielded two evolved aptamers, L-5A-16t 

and L-8U-1t, which together with the original L-6-4t form a set of three orthogonal RNA-binding 

reagents capable of discriminating RNA hairpins that differ by only a single nucleotide. By 
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combining deep sequencing with enrichment analysis, we show that this process is rapid and 

highly informative. Cross-chiral aptamers with altered target selectivity can be identified within 

three or fewer selection rounds, underscoring the speed and efficiency of this approach. At the 

same time, the sequencing data reveal that retargeting efficiency is sensitive to the degree of 

structural perturbation in the target RNA, as illustrated by the distinct evolutionary trajectories 

observed for the TARU variant. Importantly, analysis of sequence evolution and predicted 

secondary structures revealed that accommodation of even a single-nucleotide change in the 

target does not arise from local or incremental adjustments to the parental aptamer. Instead, both 

transition and transversion mutations in the target RNA necessitated extensive restructuring of 

the aptamer fold through complex, distributed mutation networks. These observations underscore 

a defining advantage of cross-chiral aptamers: their ability to recognize RNA targets through 

global structure and tertiary architecture rather than sequence complementarity. As a result, 

cross-chiral aptamers can achieve levels of specificity and single-nucleotide discrimination that 

are difficult to realize with hybridization-based approaches such as antisense oligonucleotides, 

which rely primarily on Watson–Crick base pairing and are often insensitive to subtle but 

functionally important structural differences.40, 41 Structure-based recognition enables selective 

targeting of conformationally distinct RNA states, providing a powerful means to discriminate 

between closely related RNAs that differ minimally in sequence but meaningfully in shape.

While the present conclusions are derived from a defined set of cross-chiral aptamer–

hairpin pairs, the broader implications extend well beyond the TAR system. RNA hairpins and 

stem–loop motifs are ubiquitous in biology, serving as regulatory elements, protein-binding 

platforms, and conserved functional structures in viral and cellular RNAs.1, 42 Unlike hybridization-

based approaches such as antisense oligonucleotides or siRNAs, which rely on Watson–Crick 

base pairing and therefore require access to linear sequence elements, cross-chiral aptamers 

recognize RNA targets through tertiary structure and global shape complementarity.16 This feature 

may enable selective targeting of structured RNA motifs that are difficult to access using 

traditional hybridization-based technologies. The ability to rapidly retarget an existing aptamer to 

closely related structural variants offers a practical route to generate new reagents against 

evolving RNA targets, such as viral genomes that accumulate point mutations during strain 

evolution while preserving overall secondary structure. In this context, mutagenesis-based 

evolution enables parallel diversification of aptamer specificity from a common scaffold, allowing 

rapid adaptation to emerging variants without restarting the selection process. Future applications 

of this framework could extend beyond the single-nucleotide loop mutations examined here to 

explore larger sequence and structural perturbations, further defining the scope and adaptability 
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of cross-chiral aptamer evolution. While mutagenesis-based selection is inherently biased toward 

sequence space proximal to the parental aptamer, the substantial mutational divergence and 

structural remodeling observed here indicate that this approach can access a diverse range of 

sequence and structural solutions. Nonetheless, de novo selection from fully randomized libraries 

may yield alternative aptamer architectures with distinct and potentially improved binding 

properties, and these strategies should therefore be viewed as complementary depending on the 

intended application. Importantly, even within the limited sequence space examined here, the 

robustness of the evolved aptamers is already evident. RNA pulldown experiments demonstrated 

that the evolved aptamers retain strict target selectivity in a competitive and structurally complex 

environment that includes extended flanking sequences and multiple RNA species. The 

maintenance of orthogonality under these conditions underscores their robustness and highlights 

their potential for diverse applications, including RNA-selective biosensors, diagnostic tools, and 

affinity reagents for isolating specific structured RNAs from complex biological samples.30 An 

important future direction will be structural characterization of cross-chiral aptamer–RNA 

complexes to better understand the molecular basis of these interactions. While current 

computational prediction tools are largely optimized for natural biopolymers, advances in RNA 

structural biology and modeling may eventually enable high-resolution characterization of cross-

chiral recognition mechanisms.

Recent discussions surrounding mirror-life have emphasized the possibility that mirror 

biopolymers could be largely orthogonal to natural biological systems.43 However, cross-chiral 

aptamers provide clear experimental examples of selective molecular recognition between mirror-

image nucleic acids. The results presented here further demonstrate that such cross-chiral 

interactions can evolve to discriminate structured RNA targets that differ by only a single 

nucleotide, highlighting the precision achievable through tertiary, structure-based recognition. 

These findings illustrate that while mirror biopolymers are incompatible with canonical Watson–

Crick hybridization, highly specific interactions between chiral systems can nevertheless arise 

through alternative structural recognition mechanisms.

Taken together, this work establishes mutagenesis-based SELEX as a versatile strategy 

for rapidly reprogramming cross-chiral L-aptamers and reinforces the unique advantages of 

structure-based RNA recognition for discriminating closely related structured RNA targets. More 

broadly, it provides a framework for developing adaptable RNA-targeting reagents capable of 

keeping pace with dynamic and mutating RNA landscapes, positioning cross-chiral aptamers as 

powerful tools in chemical biology and RNA-focused biotechnology.
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