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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus that causes COVID-19, has
resulted in an ongoing global pandemic that has already claimed more than 4 million lives. While most
antiviral efforts have focused on essential SARS-CoV-2 proteins, RNA structural elements within the viral
genome are also compelling targets. In this study, we identified high-affinity L-DNA aptamers against a
SARS-CoV-2 stem-loop Il-like motif (s2m), a highly conserved RNA structure with promising diagnostic
and therapeutic potential. Optimized L-C1t and L-C3t aptamers bind selectively to s2m RNA with Ky
values in the nanomolar range, and are capable of differentiating the monomeric s2m stem-loop from
the proposed homodimer duplex. This structure-specific mode of recognition also allows L-Clt and
L-C3t to discriminate between s2m RNAs from SARS-CoV-2 and SARS-CoV-1, which differ by just two
nucleotides. Finally, we show that L-Clt and L-C3t induce dramatic conformational changes in s2m
structure upon binding, and thus, have the potential to block protein—s2m interactions. Overall, these
results demonstrate the feasibility of targeting SARS-CoV-2 RNA using L-aptamers, which has important
implications in the diagnosis and treatment of COVID-19. Moreover, the high affinity and selectivity of
L-Clt and L-C3t, coupled with the intrinsic nuclease resistance of L-DNA, present an opportunity for
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Introduction

Coronaviruses (CoVs) are a large family of positive-sense single-
stranded RNA (+ssRNA) viruses that commonly cause upper-
respiratory illnesses in humans." Betacoronaviruses in particu-
lar have resulted in several serious and widespread diseases,
including the current COVID-19 pandemic, which has already
claimed the lives of more than 4.9 million people worldwide.>”?
Despite extensive research and clinical efforts to combat severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
virus that causes COVID-19, there are a lack of efficacious
antiviral therapies to treat infected individuals. Remdesivir
remains the only FDA-approved drug and provides only modest
benefits to COVID-19 patients.’ In order to combat the current
COVID-19 pandemic, and to prepare for potential future out-
breaks by existing and/or novel coronaviruses, there is an
urgent need for additional strategies for targeting SARS-CoV-2.

While the majority of recent antiviral efforts have focused on
targeting essential SARS-CoV-2 proteins, RNA structural elements
within the SARS-CoV-2 viral genome are also compelling targets for
clinical and basic research applications.®** In particular, the
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generating new tools and probes for interrogating s2m function in SARS-CoV-2 and related viruses.

3’ UTR of SARS-CoV-2 genomic RNA contains a 41-nucleotide
stem-loop IIllike motif (s2m) that has been identified as having
high diagnostic and therapeutic value (Fig. 1)."**> The s2m is a
rigorously conserved RNA sequence element found in 3’ UTRs of
astroviruses, some noroviruses, and several coronaviruses, includ-
ing SARS-CoV-2 and SARS-CoV-1, the causative agent of the 2003
epidemic in China.'®"® Remarkably, only 2 nucleotides differ
between s2m elements in SARS-CoV-2 and SARS-CoV-1, contrasting
the overall 20% genome-wide sequence difference."" This high level
of sequence conservation is likely due to the requirement of the
s2m RNA to maintain an elaborate three-dimensional structure.
Indeed, a crystal structure of s2m from SARS-CoV-1 shows that it
consists of a long stem-loop structure with several non-helical
motifs and a unique 90° kink of the helical axis."”> Both chemical
mapping and NMR studies indicate that s2m from SARS-CoV-2 also
forms an extended stem-loop structure, but the single G to U
mutation (position 32 herein) leads to destabilization of the upper
stem-loop region and an altered secondary structure relative to
SARS-CoV-1 (Fig. 1).”%'*'° Importantly, the broad conservation of
the s2m RNA structure implies that it confers a selective advantage,
making it an attractive antiviral target with low probability of
evolving resistance-inducing mutations.'® Moreover, reagents tar-
geting the s2m RNA structure represent powerful tools to study its
function, which remains poorly understood.

We and others have shown that r-oligonucleotide aptamers
(or Spiegelmers)*® composed of 1-DNA and 1-RNA, synthetic
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Fig.1 Sequence and secondary structure of s2m RNA elements from
SARS-CoV-2 (s2m-CoV?2) and SARS-CoV-1 (s2m-CoV1). Sequence differ-
ences are highlighted using blue and red text. The boxed G/C base pair
was added for structural stability and is not present in the native s2m
structure. The s2m-CoV1 sequence used herein contained a U to C
transition at position 6.

enantiomers of native p-DNA and p-RNA, respectively, can be evolved
to bind structured RNAs.>'>* Because p- and 1-oligonucleotides are
incapable of forming contiguous WC base pairs with each other,***”
L-aptamers must instead interact with native p-RNA through tertiary
interactions. This so called ‘“cross-chiral” mode of nucleic acid
recognition results in highly selective binding because it depends
on both the sequence and structure of the RNA target.** These
interactions are also high affinity, often achieving low nanomolar
dissociation constants under physiological conditions. Importantly,
cross-chiral aptamers have been shown to modulate RNA function
upon binding their targets, for example, by blocking RNA-protein
interactions.”*>* Given these properties, along with the intrinsic
nuclease resistance of 1-oligonucleotides,®? cross-chiral aptamers
represent a promising strategy for the development of RNA-targeted
therapeutics and probes to study RNA function.

In the current study, we isolated and characterized two
1-DNA aptamers that bind tightly to s2m RNA. We show that both
L-aptamers can differentiate the monomeric s2m hairpin from the
proposed homodimer duplex, highlighting the structure-specific
nature of these interactions. Accordingly, both r-aptamers are
unable to bind s2m from SARS-CoV-1, which exists almost
exclusively as a homodimer in isolation. Finally, footprinting
studies show that the structure of s2m RNA changes extensively
upon r-aptamer binding, potentially leading to altered function,
for example, by preventing recognition of s2m by protein targets.
Overall, these results demonstrate the feasibility of targeting
SARS-CoV-2 RNA using r-aptamers, providing impetus for future
development of r-aptamer-based antiviral therapeutics to treat
COVID-19. Moreover, due to their intrinsic nuclease resistance
and advantageous binding properties, L-aptamers represent pro-
mising biochemical tools for interrogating s2m RNA function.
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Results and discussion
Isolation of cross-chiral aptamers for s2m RNA

In order to isolate an L-DNA aptamer capable of binding SARS-
CoV-2 s2m RNA (p-s2m-CoV2), we carried out a mirror image
in vitro selection experiment against the L-RNA version of s2m
(1-s2m-CoV2).>" Here, 1-DNA aptamers are initially selected as
p-DNA aptamers against the enantiomer of the intended RNA
target, which enables enzymatic amplification of the p-DNA
library during the selection process. L-s2m-CoV2 was prepared
by solid-phase synthesis using L-nucleoside phosphoramidites.
The 5’ end was conjugated with a biotin moiety for downstream
immobilization and the P1 stem was further stabilized through
the addition of a terminal G/C base pair (Fig. 1 and Table S1,
ESIT). The selection experiment was initiated by mixing a
single-stranded p-DNA pool consisting of a 45-nucleotide ran-
dom domain (~10"* unique molecules) together with biotiny-
lated 1-s2m-CoV2. p-DNA molecules that bound to r-s2m-CoV2
were captured using streptavidin-coated magnetic beads, and
unbound DNA was subsequently washed away. p-Aptamers that
remained bound to the beads were eluted by denaturation
using NaOH (25 mM) and amplified by PCR. The resulting
double-stranded DNA was used to generate the corresponding
pool of single-stranded DNAs for the next selection round.

The selection pressure was gradually increased during suc-
cessive rounds by decreasing the concentration of 1-s2m-CoV2
and by increasing the bead washing time (see Table S2, ESIT for
details). Importantly, a negative selection step was introduced
during later rounds of the selection experiment, wherein the
single-strand DNA library was first incubated with an L-RNA
version of s2m from SARS-CoV-1 (1-s2m-CoV1). In this case,
only DNA molecules that did not bind to 1-s2m-CoV1 were
advanced into the positive selection step against r-s2m-CoV2.
The s2m-CoV1 RNA used during the negative selection contains
a U — C transition at position 6 such that the only difference
between s2m-CoV1 and s2m-CoV2 is at position 32 (Fig. 1).
Because these two RNA targets differ by only a single nucleo-
tide, we expected this approach to yield aptamers with high
selectivity for the sequence and structure of L-s2m-CoV2.

After a total of eight rounds of in vitro selection, the enriched
pool of DNA was cloned and sequenced (Table S3, ESIT). Of the
18 clones obtained, one sequence, p-C1, appeared 8 times,
indicating a strong selective advantage. This clone along with
three others were tested for their ability to bind r-s2m-CoV2 by
electrophoretic mobility shift assay (EMSA) (Fig. S1, ESIf).
Clones p-C1 and p-C3 emerged as the tightest binders, with
respective K4 values of 87 + 3 nM and 161 + 8 nM (Fig. 2 and
Fig. S2, ESIT). Therefore, all further studies were based on these
two sequences.

Preparation of truncated L-DNA aptamers

To help improve the efficiency of downstream r-aptamer synth-
esis, we sought to remove extraneous nucleotides from p-C1
and p-C3, both of which were 86-nucleotides in length. Unfor-
tunately, initial attempts to rationally truncate these sequences
based on predicted secondary structures failed (Fig. S3, ESIY),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Sequence and binding affinity of L-DNA aptamers for s2m RNA. (a) Sequences of full-length aptamers C1 and C3 and their truncated variants C1t
and C3t, respectively. Guanosine residues believed to be involved in formation of G-quadruplexes are colored red. (b) Saturation plots for binding of C1
and Clt to s2m-CoV2 RNA of the opposite stereochemistry. (c) Saturation plots for binding of C3 and C3t to s2m-CoV2 RNA of the opposite

stereochemistry. Ky values reported as mean + S.D. (n = 3).

suggesting that these predictions were not representative of the
true aptamer structures. Instead, we generated a series of
aptamer variants having a succession of 5’ and 3’ truncations
and screened them individually for binding to 1-s2m-CoV2 by
EMSA (Tables S4 and S5, ESIT). This iterative process resulted in
the truncation of both p-C1 and p-C3 by 25 nt, yielding minimal
aptamers p-C1t and p-C3t, respectively (Fig. 2a). p-C1t bound
L-s2m-CoV2 with a Ky of 52 + 1 nM, while p-C3t bound L-s2m-
CoV2 with a K4 of 53 + 2 nM, when measured under in vitro
selection conditions. It is not uncommon for K4 values for
truncated aptamers to be lower than the parent sequences due
to reduced interference from steric effects.>**! As a control, we
showed that versions of both p-aptamers having scrambled
sequences failed to bind 1-s2m-CoV2 (Fig. S4, ESIT).

We then prepared 1-DNA versions of both truncated aptamers via
solid-phase synthesis using r-nucleoside phosphoramidites (Fig. S5,
ESIt). Aptamers 1-C1t and 1-C3t bound p-s2m-CoV2 RNA with Ky
values of 188 £ 12 nM and 116 + 5 nM, respectively, which is
somewhat reduced (~3-fold) relative to their p-DNA counterparts
(Fig. 2b and c). The principle of reciprocal chiral substrate specificity
dictates that the affinity of the .-DNA aptamers for native p-s2m-CoV2
should be the same as the p-DNA aptamers for 1-s2m-CoV2 RNA.*?
The discrepancy observed here likely reflects differences in the quality
of the synthetic DNAs and/or RNA targets, as well as potential human
error in the measurements. Nevertheless, 1-C1t and 1-C3t aptamers
represent the first high-affinity, non-hybridization-based reagents
reported to bind this important viral RNA target.

C1t and C3t contain G-quadruplex structures

We observed that both truncated 1-DNA aptamers contain at least
four tracks of consecutive guanine residues that are diagnostic of

© 2022 The Author(s). Published by the Royal Society of Chemistry

G-quadruplexes (Fig. 2a). Indeed, the probability that C1t and C3t
form G-quadruplex structures, based on G-score calculations,* is
similar to previously reported 1-DNA aptamers with experimentally
validated G-quadruplexes (Table S6, ESIt). This is consistent with
our inability to truncate parent aptamers C1 and C3 based on
secondary structure predictions that do not account for the for-
mation of G-quadruplexes. To verify that aptamers L-C1t and 1-C3t
form G-quadruplexes, we tested their dependence on K', which is
known to stabilize G-quadruplexes more effectively than other
monovalent jons.>* In the absence of K', both 1-DNA aptamers
failed to bind p-s2m-CoV2 RNA, even at concentrations that greatly
exceeded the observed Ky (Fig. S6, ESIT). In the presence of K', the
circular dichroism (CD) spectrum of p-C1t and p-C3t showed an
absorption minimum near 240 nm and maximum near 265 nm,
which are characteristic of a parallel-stranded G-quadruplex struc-
ture (Fig. 3).%>¢ Replacing K" in the buffer with Li*, which disfavors
G-quadruplex formation,** resulted in a CD spectrum that more
closely resembled the unfolded aptamers in the absence of any ions
(TE buffer). Taken together, these data strongly suggest that
aptamers C1t and C3t contain potassium-dependent, parallel-
stranded G-quadruplex structures and that these structures are
essential for binding to s2m-CoV2 RNA. Interestingly, we previously
showed that 1-DNA aptamers isolated against an unrelated
RNA hairpin, precursor microRNA-155, also formed an essential
G-quadruplex motif.*' Thus, potassium-dependent G-quadruplexes
may be a common structural motif for recognition between DNA
and RNA molecules of the opposite chirality.

1-C1t and 1-C3t bind the upper stem-loop of s2m RNA

To gain insight into the region of binding, we performed an in-
line hydrolysis analysis of p-s2m-CoV2 in the presence and

RSC Chem. Biol., 2022, 3, 79-84 | 81
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Fig. 3 CD spectra of aptamers p-Clt (a) and p-C3t (b). All spectra were
obtained in buffer consisting of 20 mM NaCl, 25 mM Tris (pH 7.6), and
either 50 mM KCl (black line) or 50 mM LiCl (red line) at room temperature.
TE indicates a buffer containing 25 mM Tris (pH 7.6) and 1 mM EDTA
(dashed line).

absence of saturating concentrations of either 1-C1t or -C3t
(Fig. 4 and Fig. S7, ESIt).>! In-line hydrolysis (i.e. cleavage) of a
phosphodiester linkage in RNA is dependent on the overall
conformational freedom of the corresponding nucleotide, with
low conformational freedom being associated with slower
cleavage rates (and vice versa).”” Accordingly, conformational
changes within p-s2m-CoV2 RNA upon r-aptamer binding are
expected to alter hydrolytic cleavage patterns in proximity to the
binding site. As seen in Fig. 4, the presence of either r-aptamer
resulted in extensive changes to the hydrolytic cleavage pattern
within the upper portion of the p-s2m-CoV2 stem-loop compris-
ing residues 13-33, whereas very little change occurred within
the strong P1 stem and adjoining bulge. These data strongly
suggest that both -C1t and 1-C3t bind the upper portion of the
p-s2m-CoV2 stem-loop. Consistently, the strongest protection
of p-s2m-CoV2 from hydrolytic cleavage occurred within the
loop that closes the P3 stem. In particular, cleavage of A23 and
U22 was reduced by more than 3-fold in the presence of L-C1t or
L-C3t, respectively, possibly indicating a direct interaction of
these otherwise unpaired nucleotides with the r-aptamer. Inter-
estingly, the two r-aptamers had very different effects on the
conformation of the P2 and P3 stems. In the presence of 1-C1t,
the extent of in-line cleavage of several residues within the P2
and P3 stems increased significantly, suggesting that binding
of L-C1t to p-s2m-CoV2 destabilizes these secondary structures.
In contrast, many of these same residues were either unaffected
or had reduced cleavage in the presence of 1-C3t, indicating
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Fig. 4 Influence of L-Clt and L-C3t binding on hydrolytic cleavage of
p-s2m-CoV2 RNA. Fold change is indicated by colors, and was determined
by dividing the fraction cleaved in the absence of the aptamer by the
fraction cleaved in the presence of the aptamer. Values greater than one
indicate reduced hydrolytic cleavage (i.e. protection) and values less
than one indicated increased hydrolytic cleavage in the presence of the
L-aptamer. Gel images are shown in Fig. S7 (ESIT).

that binding of 1-C3t to p-s2m-CoV2 may further stabilize the P2
and P3 stems. Thus, 1-C1t and 1-C3t bind p-s2m-CoV2 using
unique heterochiral interfaces that alter the structure of p-s2m-
CoV2 in different ways.

L-DNA aptamers bind selectively to s2m RNA and do not bind
the proposed s2m homodimer

Finally, we sought to demonstrate the binding specificity of
1-C1t and 1-C3t. We first examined whether these two r-
aptamers could differentiate the intended target p-s2m-CoV2
from p-s2m-CoV1, whose sequences differ by just two nucleo-
tides (Fig. 1). As seen in Fig. 5a, p-s2m-CoV1 migrated more
slowly than p-s2m-CoV2 when analysed by native gel electro-
phoresis. This is consistent with previous observations that
s2m RNA is capable of forming a homodimer duplex structure,
with dimerization of p-s2m-CoV1 being far more favorable than
p-s2m-CoV2 in the absence of other cellular factors (Fig. 5b and
Fig. S8, ESIt).*® Not unexpectedly, both aptamers bound the
monomeric p-s2m-CoV2 hairpin but failed to bind the p-s2m-
CoV1l homodimer duplex. Thus, the minor sequence differ-
ences between p-s2m-CoV2 and p-s2m-CoV1 result in dramatic
conformational differences in vitro, that can be discriminated
by t-aptamers. It is likely that the negative selection step against
L-SARS-CoV1, which would have existed as a homodimer during
the selection experiment, contributed to the structure-specific
nature of these aptamers. These data also suggest that L-C1t
and 1-C3t could differentiate monomeric p-s2m-CoV2 RNA from
the proposed homodimer when formed. To test this, we
designed a pair of variant p-s2m-CoV2 stem-loops (p-s2m-A
and p-s2m-B) having cross-complementary lower stems that
greatly favored formation of the heterodimeric complex over
the monomeric stem-loops (Fig. 5b and Fig. S8, ESIt{). The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 L-DNA aptamers bind selectively to p-s2m-CoV2. (a) Schematic

illustration of the proposed s2m dimerization. Boxes indicate sequence
differences between s2m-CoV2 and the two variants s2m-A and s2m-B,
which favour formation of the s2m-A/B heterodimer (Fig. S8, ESIf). (b)
Binding of L-Clt (top) and L-C3t (bottom) to different 5'-[>2P]-labelled
RNAs. Plus (+) and minus (=) symbols indicate with and without 2 uM
L-aptamer, respectively. (c) Binding of L-aptamers to 5'-[*?P]-s2m-B or the
s2m-A/B heterodimer. Asterisk indicates L-aptamer—p-s2m-B complexes.
Binding to p-s2m-CoV2 and p-s2m-CoV1 is shown as a reference.

sequence changes made to the s2m variants fall outside of the
aptamer binding site proposed above (Fig. 4), and the structure
of the corresponding heterodimer formed between p-s2m-A and
p-s2m-B (p-s2m-A/B) is predicted to be identical to the homo-
dimer formed by p-s2m-CoV2 (Fig. S8, ESIt). Accordingly,
mixing of p-s2m-A and p-s2m-B resulted in the formation of a
slower moving band that co-migrated with the p-s2m-CoV1
homodimer, suggesting formation of a heterodimer between
the two s2m variants (Fig. 5c¢). Importantly, while both 1-C1t
and 1-C3t bound p-s2m-B alone, neither aptamer bound the
dimer p-s2m-A/B, based on the absence of a gel shift. As an
additional control for specificity, we showed that both L-DNA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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aptamers also failed to bind several precursor microRNAs (pre-
miRs), which also form extended stem-loop structures (Fig. 5a
and Table S7, ESIt). Together, these data demonstrate that t-
C1t and 1-C3t have high selectivity for binding p-s2m-CoV2 RNA
hairpin and are unable to bind the corresponding homodimer
duplex structure.

Conclusions

In summary, we identified and characterized two L-DNA apta-
mers (L-C1t and 1-C3t) against the conserved s2m RNA element
from the SARS-CoV-2 genome, thereby demonstrating the fea-
sibility of targeting SARS-CoV-2 and other coronaviruses using
L-aptamers. In addition to their nanomolar affinity (<200 nM),
both r-aptamers could discriminate the s2m stem-loop target
from the proposed dimeric duplex structure, despite the lack of
sequence changes at the proposed r-aptamer-s2m interface.
Accordingly, 1-C1t and t-C3t were unable to bind s2m RNA from
SARS-CoV-1, which existed exclusively as the homodimer in our
hands. This result further highlights the profound specificity
that can be obtained using r-aptamers, which are dependent on
the sequence and structure of the RNA target. To the best of our
knowledge, this is the first example of an aptamer (of any
stereochemistry) that can differentiate between two different
structural states of the same RNA sequence. Structure-specific
binding of RNA is challenging to achieve with other classes of
reagents, such as antisense oligonucleotides and small mole-
cules, and probes capable of discriminating between two
different structures of the same RNA are rare. Therefore, the
L-aptamers reported herein may provide a unique opportunity
to develop molecular switches, sensors, and other devices
based on programmable, structure-dependent RNA interac-
tions. Most importantly, due to their intrinsic nuclease resis-
tance and advantageous binding properties, L-C1t and r-C3t
represent promising biochemical tools for interrogating s2m
function, and can potentially be utilized as affinity reagents for
clinical applications related to COVID-19. Indeed, the program-
mability of WC base pairing allows aptamers to be readily
engineered into biosensors for imaging and diagnostic
application.*® Finally, although several challenges remain, -
C1t and 1-C3t could serve as lead compounds to develop
potential RNA-targeted antiviral agents. Thus, the application
of these r-aptamers to cellular models of SARS-CoV-2 is a future

priority.
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