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ABSTRACT

Rational design of aptamers to incorporate unnatu-
ral nucleotides and special chemical moieties can
expand their functional complexity and diversity.
Spiegelmer (L-RNA aptamer) is a unique class of
aptamer that is composed of unnatural L-RNA nu-
cleotides, and so far there are limited L-RNA aptamer
candidates and applications being reported. More-
over, the target binding properties of current L-RNA
aptamers require significant improvement. Here, us-
ing L-Apt.4-1c as an example, we develop a simple
and robust strategy to generate the first circular L-
RNA aptamer, cycL-Apt.4-1c, quantitatively, demon-
strate substantial enhancement in binding affinity
and selectivity toward its target, and notably report
novel applications of circular L-RNA aptamer in con-
trolling RNA-protein interaction, and gene activity
including telomerase activity and gene expression.
Our approach and findings will be applicable to any
L-RNA aptamers and open up a new avenue for di-
verse applications.

GRAPHICAL ABSTRACT

A general strategy for L-RNA aptamer cyclization

o Ny o
= “\/\)kN oH N N o
E\/ Cu(ll)-TBTA
—_—
o o
| = >
o=t—0/ NI\t —0

Ascorbic Acid o o
5 3 ‘

o AN,
| |

| »‘: B
o o o o

H click chemistry ] Enhanced target recognition
— Broader applications
—]
1
o

57 sy

Linear L-RNA aptamer Circular L-RNA aptamer

INTRODUCTION

DNA or RNA aptamers fold into specific secondary
and/or tertiary structures to recognize a variety of tar-
geted molecules (1-4). The superior properties of aptamer
compared to traditional protein-based antibodies, includ-
ing but not limited to the ability to bind to a broad range
of targets, automated and scalable DNA/RNA synthesis,
ease of aptamer modification and functionalization, flex-
ibility and versatility in the design of apta-sensors, made
them attractive candidates for diagnostic and therapeutic
applications (4-7). Nevertheless, unmodified nucleic acid
aptamers are unstable in biological fluids and rapidly de-
graded by nucleases, which limited their applications (8,9).
To address this, nuclease-resistant aptamers with chemical
modifications, such as a-L-threose nucleic acid (TNA) ap-
tamer, 2’-O-methyl aptamer, and locked nucleic acid (LNA)
aptamer have been developed (10-14). These modifica-
tions, if made after selection process, can potentially affect
the binding properties of aptamers (15-17). Another strat-
egy is the development of L-RNA aptamers (18-22). Re-
cently, our group have reported the first 2 L-RNA aptamers,
namely L-Ap3-7 and L-Apt.4-1c (23,24), that target RNA
G-quadruplex structure, a non-canonical nucleic acids mo-
tif of biological significance (25-28).

L-RNA aptamers (or Spiegelmers) are composed of un-
natural L-RNA nucleotides, and not able to hybridize with
natural D-RNA through Watson—Crick base-pairing (29).
Given their unnatural nature, L-RNA aptamers are resis-
tant to nucleases degradation, which make them biostable
and well-suited for biological and biomedical applications
(30,31). Despite the potential applications, so far L-RNA
aptamers have not achieved widespread use. One of the
major problems is that there are limited modification and
optimization approaches to improve the target recognition
properties of L-RNA aptamers, such as conformational sta-
bility, binding affinity and specificity. In particular, confor-
mational stability is a significant factor for the successful
use of aptamers in complex conditions. Although the con-
formational flexibility enables the aptamers to recognize
targets, the flexible regions are also exposed to non-targets
and can cause off-target interactions (32,33). In addition,
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the flexible conformation may misfold in human serum or
cell where there are lower concentrations of Mg?* and Ca>*
to maintain the tertiary structure of aptamers (34). There-
fore, new chemistries that modulate L-RNA aptamer struc-
ture for enhanced stability, binding affinity and specificity
are highly desired.

Studies on cyclization of natural nucleic acid have re-
vealed that circular structures possess better thermal stabil-
ity and increased conformational stability owing to the lack
of free ends and reduction in misfolding (35-37). Among
the various chemical- or enzymatic-based cyclization meth-
ods, click chemistry reaction can provide a simple method
to ligate nucleic acid molecules with high efficiency at mild
reaction conditions (38,39). The copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) is the best example for this
kind of reactions (36,38). Azide and alkyne groups can gen-
erally be introduced to nucleic acids easily without affecting
their biophysical properties. Thus, we hypothesize that click
cyclization can provide a simple and efficient strategy to im-
prove the diversity and performance of unnatural L-RNA
aptamers. Recently, our group have developed L-Apt.4-1c,
a linear L-RNA aptamer targeting human telomerase RNA
G-quadruplex (¢ TERC D-rG4), and demonstrated its inhi-
bition on ATERC rG4-nucleolin interactions (24). However,
the potential applications of L-Apt.4-1c, especially in com-
plex environment or in cells, has not been fully studied and
explored due to the limitations on binding affinity and sta-
bility. To substantially improve this, herein we rationally de-
sign the L-Apt.4-1c aptamer construct and chemically ligate
the 5" and 3’ terminals of L-Apt.4-1c through intramolecu-
lar CuAAC reaction with high efficiency and develop the
first chemically cyclized L-RNA aptamer (cycL-Apt.4-1c)
(Figure 1). CycL-Apt.4-1c exhibits stronger binding affinity,
better specificity, and higher conformational stability than
linear L-Apt.4-1c. Competitive binding assay with protein,
telomerase repeated amplification protocol (TRAP) assay
and dual luciferase reporter gene assay further validated the
promising applications of cycL-Apt.4-1c in in vitro and in
cells for the first time.

MATERIAL AND METHODS

Materials

All the L-RNA oligonucleotides with the sequences listed
in Supplementary Table S1 were synthesized and char-
acterized by Bio-Synthesis Inc (USA). All the D-RNA
and D-DNA oligonucleotides listed in Supplementary Ta-
ble S1 were synthesized by Integrated DNA Technologies
Inc. (USA) and Genewiz Biotechnology Co., Ltd. (Suzhou,
China), respectively. The ESI mass spectrum of cycL-
Apt.4-1c was characterized by Genewiz Biotechnology
Co., Ltd. (Suzhou, China). Cu(Il)-TBTA (Tris((1-benzyl-
4-triazolyl)methyl)amine) complex in 55% aq. DMSO (10
mM) was bought from Lumiprobe Corporation (USA). L
(+)-Ascorbic acid and urea were purchased from Acros Or-
ganics (USA). Thioflavin T (ThT) was ordered from So-
larbio Life Science (Beijing, China). SYBR Gold nucleic
acid gel stain, D-Sucrose, potassium chloride (KCl) so-
lution (3 M), RNase A, fetal bovine serum (FBS) and
Lipofectamine® 2000 were ordered from Thermo Fisher
Scientific (USA). Magnesium chloride (MgCl,) solution
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(1 M) and NaOH solution (10 M) were bought from
Sigma-Aldrich (USA). Potassium acetate (KAc) was pur-
chased from J&K Scientific Co., Ltd. (Beijing, China).
DHX36 protein was synthesized by OriGene Technologies
Inc. (USA). TRAPeze® Telomerase Detection Kit (Merck
Millipore, USA) was used for TRAP assays. PsiCHECK-2
vector (Promega, USA) and Dual-Luciferase Reporter As-
say kit (Promega, USA) were used in reporter gene assays.
RNase Plus Mini Kit (Qiagen, Germany), SuperScript 111
reverse transcriptase (Thermo Fisher Scientific, USA), ran-
dom Primers (Thermo Fisher Scientific, USA) and SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad, USA)
were used in qRT-PCR tests. All the stocks and buffers
were prepared using nuclease-free ultrapure distilled water
(Thermo Fisher Scientific, USA).

Methods

Cyclization of L-Apt.4-1c using click chemistry reaction.
The click reaction was performed based on the previously
reported method with further optimization (36). The 5'-
alkyne and 3’-azide labeled L-Apt.4-1c was synthesized by
company. We have chosen 5-alkyne and 3’-azide due to
its cheaper cost and easier synthesis as compared to other
options for click cyclization, and in our hands this option
yields >95% as shown in Figure 2. One may also choose dif-
ferent combination or orientation of functional groups ac-
cording to their specific application and requirement. The
oligonucleotide was dissolved by nuclease-free ultrapure
distilled water to get a stock solution of 100 puM. L-Apt.4-
1c (500 nM) was denatured at 95°C for 3 min in Tris—HCI
buffer (25 mM Tris-HCI, 50 mM KCI, and 5 mM MgCl,,
pH 7.5) and then quickly cooled down on ice before cycliza-
tion. Under the optimized condition, 25 wM Cu(II)-TBTA
and 250 uM freshly prepared ascorbic acid were added to
L-Apt.4-1c. The click chemistry reaction was carried out
at 37°C for 2 h. The reaction solution was desalted using
Zymo-Spin IC Columns and analyzed on 12% denaturing
polyacrylamide gel (PAGE) with SYBR Gold staining. The
same procedures were also used for D-Apt.4-1¢ cyclization.

Fluorescence detection of cycL-Apt.4-1c|/L-Apt.4-1c with
ThT. Fluorescence detection was performed on a
HORIBA FluoroMax-4 fluorescence spectrophotometer
(Japan) using 1-cm path length quartz cuvette. CycL-
Apt.4-1c (or L-Apt.4-1c) (300 nM) was heated at 95°C for
3 min and cooled down on ice for 10 min before use. ThT
(2 M) was mixed with cycL-Apt.4-1c (or L-Apt.4-1c) in
Tris—HCI buffer (25 mM Tris—HCI, 150 mM KCI/LiCl,
and 1 mM MgCl,, pH 7.5). The samples were incubated
at room temperature for 30 min followed by fluorescence
measurement. Spectra of ThT were excited at 425 nm and
scanned from 450 nm to 600 nm. Excitation and emission
slits were set at 5 nm.

Circular dichroism (CD) spectroscopy. CD spectra were
recorded on a Jasco CD J-150 spectrometer with 1-cm
path length quartz cuvette. CycL-Apt.4-1c (or L-Apt.4-1c¢)
(500 nM) in Tris—HCI buffer (25 mM Tris—HCI, 150 mM
KCI/LiCl, and 1 mM MgCl,, pH 7.5) was heated at 95°C
for 3 min and cooled down on ice for 10 min before CD
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Figure 1. Schematic representation of the preparation of cycL-Apt.4-1c. Alkyne and azide residues are introduced at the 5" and 3" end of linear L-Apt.4-1c
aptamer construct for CuAAC reaction. Cu(II)-TBTA and ascorbic acid are used in the click reaction to catalyze the cyclization.
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Figure 2. Cyclization of L-Apt.4-1c using click chemistry. Denaturing gel
shows cyclization result of linear L-Apt.4-1c to circular L-Apt.4-1c under
the optimal concentrations of ascorbic acid and Cu(II)-TBTA.

measurements. Three scans from 220 to 310 nm at 1 nm in-
tervals were accumulated and averaged.

Electrophoretic mobility shift assay (EMSA). CycL-
Apt.4-1c was heated at 75°C for 3 min and cooled down
at room temperature for 10 min before use. FAM-labeled
hTERC D-rG4 (30 nM) was mixed with different concen-
trations of cycL-Apt.4-1c (0-200 nM) in Tris—-HCI buffer
(25 mM Tris—HCI, 150 mM KCI and 1 mM MgCl,, pH
7.5), and incubated at 37°C for 30 min. Sucrose (8%) was
added to samples before loading onto a 12% native PAGE

(19:1, acrylamide:bis-acrylamide). The gel was prepared
with Tris—HCI buffer (25 mM Tris—HCI, 50 mM KAC and 1
mM MgCl,, pH 7.5), which was also used as running buffer.
The electrophoresis was carried out at 4°C for 50 min with
a consistent current at 70 mA. The gel was scanned by Fu-
jiFilm FLA-9000 Gel Imager at 650 V and quantified by
Imagel. The binding curve was fitted by Graphpad Prism
using the one site-specific binding model. Three replicates
were performed for each concentration and the standard de-
viation of them was calculated as error bar. The same proce-
dures were also used for the other binding tests in this work.

Microscale thermophoresis (MST) assay. CycL-Apt.4-1c
was heated at 75°C for 3 min and cooled down at room tem-
perature for 10 min before use. FAM-labeled /' TERC D-rG4
(100 nM) was mixed with different concentrations of cycL-
Apt.4-1c (0-2 pM) in Tris—HCI buffer (25 mM Tris—HCl,
150 mM KCl and 1 mM MgCl,, pH 7.5), and incubated at
37°C for 30 min and subsequently applied to MST assay.
MST assays were carried out on a Monolith NT.115 instru-
ment (NanoTemper, Munich, Germany) using the ‘nano-
blue’ channel. Data were fitted by NanoTemper Analysis
with a K4y model from the MST machine. Three replicates
were performed for each concentration and the standard de-
viation of them was calculated as error bar. The same pro-
cedures were also used for the MST tests of other oligos in
this work.



Specificity test of cycL-Apt.4-1c to hTERC D-rG4. FAM-
labeled A TERC D-rG4 (30 nM) and other DNA/RNA oli-
gos (30 nM) listed in Supplementary Table S1 were mixed
with 100 nM of pre-annealed cycL-Apt.4-1c¢ in Tris-HCI
buffer (25 mM Tris—HCI, 150 mM KCI, and 1 mM MgCl,,
pH 7.5). Then the samples were incubated at 37°C for 30
min. After that, sucrose (8%) was added and samples were
loaded to a 12% native PAGE. The performing and analysis
procedure of PAGE were the same as EMSA section.

Stability tests. The stability of cycL-Apt.4-lc in urea
was analyzed by 12% native PAGE (19:1, acrylamide:bis-
acrylamide). The gel was prepared with Tris—HCI buffer (25
mM Tris-HCI, 50 mM KAC and 1 mM MgCl,, pH 7.5),
which was also used as running buffer. Pre-annealed cycL-
Apt.4-1c (100 nM) or L-Apt.4-1c (100 nM) were mixed with
500mM, 1 M, 2 M and 5 M urea in Tris—HCI buffer (25 mM
Tris—=HCI, 150 mM KCI and 1 mM MgCl,, pH 7.5) and in-
cubated at 37°C for 30 min. Then the samples were loaded
to gel with sucrose (8%). The electrophoresis was carried
out at room temperature for 30 min with a consistent cur-
rent at 70 mA followed by SYBR Gold staining.

The stability of cycL-Apt.4-1c against RNase A, FBS,
cell lysate and NaOH solution was analyzed by 12% de-
naturing PAGE containing 8 M urea and 1x Tris borate
EDTA (TBE) buffer. CycL-Apt.4-1c (100 nM) was mixed
with 100 ng/pl of RNaseA, 5% FBS, HEK293T cell lysate
(600 cell/ul) and NaOH solution (1 and 100 mM), re-
spectively. The samples were incubated at room tempera-
ture for 0 to 120 min and analyzed by denaturing PAGE
with SYBR Gold staining. The stability tests of L-Apt.4-1c
against RNase A, FBS and cell lysate were performed with
the same procedures as that of cycL-Apt.4-1c.

Competitive inhibition of hTERC D-rG4-DHX36 binding by
cycL-Apt.4-1c. FAM-labeled hTERC D-rG4 (30 nM) was
mixed with different concentrations of cycL-Apt.4-1c (0-1
M) and fixed amount of DHX36 (100 nM) in Tris—HCI
buffer (25 mM Tris—HCI, 150 mM KCI, and 1 mM MgCl,,
pH 7.5). The mixtures were incubated at 37°C for 30 min
and loaded to a 8% native PAGE (37.5:1, acrylamide:bis-
acrylamide). The gel was prepared with Tris—HCI buffer (25
mM Tris-HCI, 50 mM KAC and 1 mM MgCl,, pH 7.5),
which was also used as running buffer. Then the gel was
performed at 70 mA for 30 min. Inhibition curve of cycL-
Apt.d-1c on hTERC D-rG4-DHX36 complex formation
was fitted by Graphpad Prism using the dose-response inhi-
bition model. IC50 value was calculated using the log[cycL-
Apt.4-1c] and normalized response. Three replicates were
performed for each concentration and the standard devia-
tion of them was calculated as error bar.

Telomerase repeated amplification protocol (TRAP) assay.
According to the manufacturer of the TRAPEZE® gel-
based telomerase detection kit, a three-step TRAP proce-
dure was performed: (i) addition of telomeric repeats to
the telomerase substrate by telomerase, (ii) amplification of
telomerase product by PCR, (iii) detection of telomerase
products by electrophoresis. HEK293T cell extracts were
prepared first using the CHAPS lysis buffer provided by
the kit. Under best conditions, cell extracts from 500 cells
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were mixed with different concentrations of pre-annealed
cycL-Apt.4-1¢ (0-8 wM) (or other control oligos/ligands)
in Tris—HCI buffer (25 mM Tris—HCI, 150 mM KCI and 1
mM MgCl,, pH 7.5) and incubated at 37°C for 1 h. Then the
reaction mixture was added to the master mix containing
TRAP buffer, dNTP, primers (TS primer, reverse primer, K1
primer), TSK1 DNA template and Tag DNA polymerase.
After that, the samples were allowed to incubate at 30°C for
30 min for extension followed by 30-cycle PCR reaction.
The extended telomerase products are amplified by PCR
using the TS primer and reverse primer (RP), generating a
ladder of products with 6 base increments starting at 50 nu-
cleotides: 50, 56, 62, 68, etc. TS plus five telomeric repeats
(50 bp) are normally seen as the smallest TR APeze product
using this kit. Smaller products (<50 bp) will appear when
the telomerase activity is high. TSK1 template is amplified
with TS and K1 primer as a 36-bp internal control to moni-
tor PCR inhibition and inhibit false-negative results. Reac-
tion products were run on an 8% native PAGE and stained
with SYBR gold.

Dual luciferase reporter gene assay. Firefly/Renilla dual
luciferase reporter vector, psiCHECK-2 was used in this as-
say. Wildtype and mutant A/ TERC D-G4 DNA sequences
were inserted into the 5 terminal of Renilla luciferase gene
at the Nhel restriction enzyme site by Genewiz. Wildtype
and mutant reporter plasmids were mixed with 0, 50 and
100 nM cycL-Apt.4-1c or cycD-Apt.4-1¢c and transfected
into HEK293T cells (cell line authenticated and tested with-
out mycoplasma contamination) in 96-well black-wall opti-
cal plates using Lipofectamine®) 2000 with 10 ng plasmids
each well. The DMEM medium (Gibco) supplemented
with 10% heat-inactivated fetal bovine serum (Gibco) was
changed to fresh medium after 24 h of transfection, and
cells were incubated for another 24 h. Then luciferase re-
porter gene assay was conducted using Dual-Luciferase Re-
porter Assay kit according to the manufacturer’s manual.
Luciferase activities were recorded by Molecular Devices
SpectraMax IDS5 Microplate Reader. The intensity of firefly
luciferase is used as an internal control. The luciferase ac-
tivity ratio of Renilla to firefly was calculated for data anal-
ysis. All the measurements were performed with four repli-
cates and the standard deviation was plotted as the error
bar. The significance level of samples was evaluated using
P-value obtained from two-tailed unpaired Student’s t tests.

Total RNA extraction and gRT-PCR test. The transfection
and cell incubation processes are the same as mentioned
above for reporter gene assay. After pelleting cells, total
RNA was extracted and purified using RNase Plus Mini
Kit following the manufacturer’s manuals. The concentra-
tions of total RNA samples were detected by NanoDrop
spectrophotometer (Thermo Fisher Scientific, USA). Then
100 ng of total RNA was reverse transcribed to cDNA using
SuperScript III reverse transcriptase and random primers.
After that, qRT-PCR tests for Firefly and Renilla mRNA
were conducted, respectively with SsoAdvanced Universal
SYBR Green Supermix and corresponding primers using a
Bio-Rad CFX96 Touch™ Real-Time PCR Detection Sys-
tem (USA). All the samples were performed with three
replicates and the standard deviation was plotted as the er-



7284 Nucleic Acids Research, 2021, Vol. 49, No. 13

ror bar. The significance level of samples was evaluated us-
ing P-value obtained from two-tailed unpaired Student’s t
tests.

RESULTS

Design of linear L-RNA aptamer construct and click cycliza-
tion

Linear L-Apt.4-1c is a 25-nt long L-RNA oligonucleotide
sequence (24), folding into a hairpin structure with 5 base
pairs in stem and 15 bases in loop according to Mfold RNA
secondary structure prediction (Figure 1) (40). To gener-
ate the circular L-RNA aptamer (cycL-Apt.4-1c in this
case), we have designed 5'-hexynyl-L-(rArA) and 3'-azide-
L-(rArA) to append to the 5 and 3’ end of the linear L-
Apt.4-1c, where the 5'-hexynyl group contains a 5’ terminal
alkyne group (Figure 1). The 5" alkyne and 3’ azide chemi-
cal moieties provide the essential functional groups for the
Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
(38,39), whereas the incorporation of the extra two L-rAs at
the 5 and 3’ end sequence of the L-Apt.4-1¢ provide flexi-
bility during intramolecular click reaction and minimize the
effect of the formed triazole unit on the RNA secondary
structure of cycL-Apt.4-1c (Supplementary Table S1). In
the presence of ascorbic acid, Cu(II) in Cu(II)-TBTA is re-
duced to Cu(I) and catalyze the intramolecular click chem-
istry ligation between 5'-alkyne and 3’-azide of the linear
precursor, producing the cyclized L-RNA aptamer (Figure

1.

Optimization of click reaction conditions for L-RNA ap-
tamer cyclization

To improve the efficiency of click cyclization, we first opti-
mized the reaction conditions including the concentration
of Cu(IT)-TBTA and ascorbic acid (AA), reaction time, re-
action temperature, and post-reaction processing (Supple-
mentary Figures S1-S4). Under optimal conditions, cycL-
Apt.4-1c was synthesized and purified by Zymo-Spin IC
Columns. Then the reaction products were analyzed on
denaturing polyacrylamide gel (PAGE) with SYBR Gold
staining. As shown in Figure 2, when the cyclization reac-
tion was carried out without Cu(II)-TBTA or AA, the re-
action product migrated similarly to the linear control, sug-
gesting that only linear substrate was present in the product.
In the presence of both Cu(II)-TBTA and AA, Cu(II) was
reduced to Cu(I) by AA and worked as a catalyst for click
reaction. A new band was observed to migrate faster than
the linear form, which we referred as circular form (Fig-
ure 2, lane 4). The faster migration of circular form com-
pared to linear form is not uncommon, and likely caused by
its more compact structure after cyclization (36,37,41). Im-
portantly, we found no evidence of slower migration band
above the linear form band that may indicate intermolecu-
lar click reaction caused by two linear L-Apt-4-1c (Figure
2), suggesting that our rational aptamer construct design
and optimized click reaction conditions favor intramolecu-
lar cyclization. The linear precursor and cyclization prod-
ucts were further characterized by ESI-MS (Supplemen-
tary Figures S5 and S6). The observed mass in mass spec-
trum (9956.0) of cycL-Apt.4-1c matches the calculated mass

(9955.16) of intramolecular cyclization product (Supple-
mentary Figure S6). The linear form was cyclized to the
circular form with approximately 95% efficiency (Figure 2,
lane 4), while omitting any of the key components in the re-
action resulted in no cyclization (Figure 2, lanes 1-3). Over-
all, these results support our hypothesis that through ratio-
nal design of sequence and incorporation of new chemical
moieties, L-RNA aptamer can be intramolecularly cyclized
using click reaction quantitatively.

Characterization of secondary structure and target binding
affinity of circular L-RNA aptamer

Using a series of biophysical, biochemical and mutagene-
sis experiments, L-Apt.4-1c was reported by us to adopt
a stem-loop structure containing an rG4 motif under
physiological-relevant conditions (24). To examine whether
the additional triazole group and sequences affect the sec-
ondary structure of the cycL-Apt.4-1c, firstly we conducted
the G4 ligand enhanced fluorescence assay using Thioflavin
T (ThT), one of the well-studied G4 fluorescent turn-on
ligands (42). Given that the formation of G4 structure is
highly dependent on cations in the order of K* > Na* >
Li* (25), we performed fluorescence measurements of cycL-
Apt.4-1c with ThT in two different buffers containing either
150 mM K™ (G4 stabilizing) or Li* (G4 non-stabilizing),
respectively. A 3-fold fluorescence enhancement in the pres-
ence of K* than Li* conditions was detected (Figure 3A),
which verified the formation of rG4 in cycL-Apt.4-1c. Com-
pared with the 2.2-fold fluorescence enhancement of linear
L-Apt.4-1c in the two conditions (Supplementary Figure
S7), cycL-apt.4-1c is more likely to form rG4 structure after
cyclization. Then we investigated the conformation behav-
ior of cycL-Apt.4-1c using CD measurements. Under both
K* and Li* conditions, the CD spectrum of cycL-Apt.4-1¢c
showed a positive band at 236 nm and a negative band at
266 nm (Figure 3B), similarly to L-Apt.4-1c (Supplemen-
tary Figure S8), suggesting the formation of left-handed
parallel G-quadruplex. These results clearly verified that cy-
clization did not affect the folding topology of L-Apt.4-1c.

To evaluate the effect of cyclization on target recogni-
tion ability, we performed the binding of cycL-Apt.4-1c to
hTERC D-rG4 target using electrophoretic mobility shift
assay (EMSA) (Figure 3C and D, Supplementary Figure
S9). The dissociation constant (Ky) was determined to be
7.76 £ 0.95 nM for cycL-Apt.4-1c, which is approximately
10 times lower than linear L-Apt.4-1c (Supplementary Fig-
ure S10) (24). To corroborate the result, we also used mi-
croscale thermophoresis (MST) assay and found that the Ky
was determined to be 6.24 + 1.65 nM (Supplementary Fig-
ure S11), which is consistent with the EMSA result (Figure
3C and D). We reasoned that the 10-fold improvement in
binding affinity (lower K4 value) for circular form is caused
by its improved conformational stability as compared to
the linear form, as chemical denaturation experiment us-
ing urea suggested that the circular form is predominately
in the functional folded state (Supplementary Figure S12).
As shown in Supplementary Figure S12, in the native state
without urea, cycL-Apt.4-1c is in a unitary folded confor-
mation and migrated as a single band (Supplementary Fig-
ure S12B, lane 1), while two bands were displayed for L-
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Figure 3. G-quadruplex structure characterization of cycL-Apt.4-1c and binding affinity test to /”TERC D-rG4 target. (A) Fluorescence emission spectra
of G4-specific ligand ThT (2 wM) with cycL-Apt.4-1c (300 nM) under 150 mM KCl (pink) and LiCl (blue) condition. ThT without cycL-Apt.4-1c is used
as control (black). The K*-dependent enhanced fluorescence in ThT supports the formation of rG4 in cycL-Apt.4-1c. (B) CD spectrum of 500 nM cycL-
Apt.4-1c under 150 mM KCl and LiCl condition. CD spectra suggests the formation of a left-handed parallel G-quadruplex structure in cycL-Apt.4-1c.
(C) EMSA shows the binding between cycL-Apt.4-1c and FAM-ATERC D-rG4 target. With increasing concentration of cycL-Apt.4-1c (lanes 1-10: 0,
1, 2,5, 10, 25, 50, 75, 100, 200 nM), the unbound band intensity decreases and the bound band intensity increases, indicates the interaction between the
FAM-hTERC D-rG4 and cycL-Apt.4-1c. (D) Binding curve of FAM-ATERC D-rG4 against cycL-Apt.4-1c based on data from (C). The Ky is determined
to be 7.76 &+ 0.95 nM. The error bar represents the standard deviation of three independent replicates.

Apt.4-1c (Supplementary Figure S12A, lane 1), suggest-
ing a mixed conformation occurring for linear form. With
increasing concentrations of urea to denature secondary
structures, more and more L-Apt.4-1¢c went to the lower
band and finally the upper band disappeared, which indi-
cating that the upper and lower bands are folded structure
and non-folded open structures, respectively. CycL-Apt.4-
Ic maintained stable folded structures in lower concentra-
tions of urea and transformed to non-folded open form only
under 5 M urea. Collectively, these results provide strong ev-
idence that cyclization can enhance the conformational sta-
bility of linear aptamer, resulting to a higher percentage of
functional folded aptamers for target recognition, thus lead-
ing to strong binding affinity of cycL-Apt.4-1c to hTERC
D-rG4 target observed. Furthermore, the increased binding
affinity of cyL-Apt.4-1c can be explained by Gibbs free en-
ergy change of aptamer after cyclization, which is discussed
in Note S1.

Characterization of target binding specificity and stability of
circular L-RNA aptamer

To investigate the impact of cyclization on target binding
specificity, we conducted the binding of cycL-Apt.4-1c to

nine different targets that cover different structural motifs in
nucleic acids, including single-stranded polyA/C/U RNAs,
hairpin DNA/RNA, h/TERC D-rG4 mutants, and DNA
G4 (dG4) sequences, and none of them showed binding
to cycL-Apt.4-1c (Figure 4). Notably, while the /TERC D-
dG4 showed a weak binding to linear L-Apt.4-1c with a K4
value of 315 £ 81 nM previously (24), no observable binding
was found to cycL-Apt.4-1c, suggested an improvement in
binding selectivity (Figure 4). These results revealed that the
L-RNA aptamer cyclization and the additional sequence
in cycL-Apt.4-1c did not produce new binding motifs for
non-target structural motifs, and the much stronger binding
affinity of cycL-Apt.4-1c to h-TERC D-rG4 target also pro-
motes its binding specificity to some extent, as evident by
the reduced binding affinity to /TERC D-dG4 non-target
(Supplementary Figure S13).

Having demonstrated the ideal stability of L-Apt.4-1c in
nuclease-containing and complex conditions (Supplemen-
tary Figure S14), we then assessed the stability of cycL-
Apt.4-1c in different biological conditions. We initially
tested its stability in ribonuclease A (RNase A), and found
that no degradation of the cycL-Apt.4-1c was observed
within the two hour reaction window (Figure 5). Other
nuclease-containing conditions, such as in fetal bovine
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Figure 5. CycL-Apt.4-1c displays high stability in nuclease-containing and
complex conditions. Denaturing PAGE gel shows that cycL-Apt.4-1c is
highly stable in RNase A, FBS, and cell lysate conditions. No degradation
was observed from 0-120 min treatment (lanes 1-8), indicating that the
circular L-RNA aptamer is nuclease-resistant and biostable under these
complex conditions.

serum (FBS) and cell lysate conditions were also carried out
similarly, and again no degradation of the cycL-Apt.4-1c
was observed, which was attributed to the nuclease-resistant
property of L-RNA. This also suggested that the additional
triazole-containing linker is biostable and aptamer remains
in circular form in biological conditions in the reactions
(Figure 5). As a control, we measured the stability of cycL-
Apt.4-1c in strong alkaline conditions, to demonstrate that
cycL-Apt.4-1c can indeed be degraded under very high pH
(i.e. pH 13 in our case) owing to the base-catalyzed hydroly-
sis (Supplementary Figure S15). Taken together, the results

above highlight the enhancement of cycL-Apt.4-1c in bind-
ing selectivity toward its target, as well as its strong stabil-
ity in nuclease-containing conditions, making it suitable for
different downstream applications in more complex condi-
tions.

Applications of circular L-RNA aptamer in controlling
RNA-protein interaction and gene activity in vitro and in vivo

To showcase the potential applications of circular L-RNA
aptamer, we next studied the utility of cycL-Apt.4-1c in
three important ways. First, we assessed its ability to inhibit
the rG4-protein interaction. RNA helicase associated with
AU-rich elements (RHAU), or often known as DHX36, was
reported to associate with A-TERC D-rG4 to interfere telom-
erase activity (43), and was therefore used in this inhibition
assay. The result showed that by increasing the concentra-
tion of cycL-Apt.4-1c, the iTERC D-rG4-DHX36 complex
was found to be weaker, while the rG4-cycL-Apt.4-1c com-
plex was found to be stronger (Figure 6A), indicating that
the cycL-Apt.4-1C can competitively displace the A”TERC
D-rG4-DHX36 complex. The half maximal inhibitory con-
centration (IC50) value was determined to be 11.45 £+ 1.06
nM (Figure 6B). The low IC50 value arises from the strong
binding affinity of cycL-Apt.4-1c to h'TERC D-rG4 (Figure
3C and D), which allows it to dissociate the A”TERC D-rG4-
DHX36 complex effectively.

Second, we examined whether cycL-Apt.4-1c can inhibit
telomerase activity (Figure 6C). We first tested the telom-
erase activity of telomerase-positive HEK293T cell by set-
ting up telomerase repeated amplification protocol (TRAP)
assay with serial dilutions of HEK293T cell extracts, and
observed a cell number-dependent amplification (Supple-
mentary Figure S16). Next, we assessed the inhibition ef-
fect of cycL-Apt.4-1c on telomerase activity of 293T cell
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Figure 6. cycL-Apt.4-1ccaninhibit /”TERC D-rG4-DHX36 interaction and suppress telomerase activity. (A) EMSA shows that the binding of DHX36 and
FAM-ATERC D-rG4 is inhibited by cycL-Apt.4-1c (lanes 3-10: 0, 10, 20, 50, 100, 200, 500, 1000 nM). (B) Inhibition curve of cycL-Apt.4-1c on hATERC
D-rG4-DHX36 complex generated from data in (A). IC50 was determined to be 11.45 4+ 1.06 nM. The error bar represents the standard deviation of
three independent replicates. (C) The workflow of the TRAP assay. CycL-Apt.4-1c is pre-incubated with telomerase-positive HEK293T cell extracts before
TRAP assay. TSK 1 templates is amplified with TS and K1 primer as a 36 bp internal control. The telomerase product is amplified by TS primer and reverse
primer (RP) to generate 50 bp + 61 (n =0, 1, 2...) telomerase products. (D) TRAP assay shows that the telomerase activity is suppressed by cycL-Apt.4-1c
treatment in HEK293T cell lysate. With increasing concentration of cycL-Apt.4-1c added (lanes 1-7: 0, 200 nM, 500 nM, 1 uM, 2 pM, 5 uM, 8 uM), the

telomerase products are weaker (lanes 2-7).

extracts, and found that the intensity of telomerase prod-
ucts dropped with increasing concentrations of cycL-Apt.4-
lc (Figure 6D), which suggests that cycL-Apt.4-1c can bind
to h"TERC D-rG4 in cell extracts and suppress telomerase
activity effectively. CycD-Apt.4-1¢ and another stem-loop
L-RNA oligo (L-SLRNA), which are unable to bind to
hTERC D-rG4 (Supplementary Figures S17 and S18), were
used as a negative control in the same experimental set up,
and no inhibition effect was observed (Supplementary Fig-
ures S19 and S20). G4 ligand BRACO-19, which was previ-
ously reported by others to reduce telomerase activity (44)
and was used as a positive control in the same experimental
set up, and inhibition effect was observed (Supplementary
Figure S21). This result provides substantial evidence the
effect of cycL-Apt-4-1c reported herein is G4-specific.

Last, we investigated whether cycL-Apt.4-1c can be used
to control gene activity in cells. To do so, the " TERC
wildtype dG4 and mutant dG4 motifs were incorporated
into the 5 untranslated region (5UTR) of the Renilla lu-
ciferase gene reporter plasmid constructs separately (Fig-
ure 7A), and the dual luciferase gene reporter assays were
conducted. Our data showed that in the absence of cycL-
Apt.4-1c aptamer in both constructs, the wildtype con-
struct has approximately 2.2 times lower luciferase activ-
ity than the mutant construct (Figure 7B, C), which sug-
gests that A”TERC D-rG4 sequence can fold into rG4 in
cell and negatively regulates the gene expression. The rG4-
mediated gene suppression is consistent with other 5 UTR
rG4s reported elsewhere (45,46). Notably, the luciferase ac-
tivity of the wildtype construct, but not the mutant con-
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Figure 7. cycL-Apt.4-1c can regulate gene activity in cells. (A) Schematic illustration of the design of luciferase reporter plasmids. The A”TERC G4 wildtype
or mutant DNA sequence is inserted into the 5UTR of Renilla luciferase. The firefly luciferase is used as internal control to account for transfection
variation. (B) Normalized luciferase activity of cells transfected with /”TERC dG4 wildtype plasmid (WT) and cycL-Apt.4-1c. With increasing cycL-Apt.4-
1c (0, 50, 100 nM) treatment in cells, the luciferase activity level of the WT construct decreases. (C) Normalized luciferase activity of cells transfected with
hTERC dG4 mutant plasmid (MT) and cycL-Apt.4-1c (0, 50 nM, 100 nM). No significant changes are observed. The error bar represents the standard
deviation of four independent replicates. *P < 0.05, **P < 0.01, NS: not significant. (D) Relative luciferase mRNA expression levels of wildtype " TERC
dG4 plasmid (WT) with addition of 0 nM, 50 nM and 100 nM cycL-Apt.4-1c. (E) Relative luciferase mRNA expression levels of mutant /TERC dG4
plasmid (MT) with addition of 0, 50 and 100 nM cycL-Apt.4-1c. The error bar represents the standard deviation of three independent replicates. NS: not

significant.

struct, were lowered significantly with cycL-Apt.4-1c ad-
dition (Figure 7B, C), indicated the suppression in gene
expression. As a control, cycD-Apt.4-1¢c were added in-
stead of cycL-Apt.4-1c, and no significant difference was
observed (Supplementary Figure S22). To study whether
cycL-Apt.4-1¢ regulates the gene expression on transcrip-
tional and/or translational level, the mRNA level of Firefly

and Renilla luciferase was also measured by quantitative re-
verse transcriptase-polymerase chain reaction (QRT-PCR),
and no significant difference was observed (Figure 7D, E),
highlighting that cycL-Apt.4-1c did not interfere with the
transcription and regulate gene expression at translational
level by interacting with A”TERC D-rG4. This result also
supported with the fact that cycL-Apt.4-1c interacts only



with D-ATERC rG4, but not D-hZTERC dG4 (Figure 4).
Overall, these data demonstrate novel applications of circu-
lar cycL-Apt.4-1c in controlling RNA—protein interaction,
and gene activity including telomerase activity and gene
expression.

DISCUSSION

In this study, we have demonstrated for the first time the
successful development of unnatural, circular L-RNA ap-
tamers. While cyclization of linear D-aptamers and appli-
cation of circular D-aptamers have been reported in the
past (33,37,47,48), to the best of our knowledge, there is
no report that shows the strategy and feasibility to syn-
thesize circular L-aptamer. Besides that, through our sys-
tematic optimization of the click reaction, we were able to
achieve almost quantitative intramolecular ligation, with
approximately 95% yield (Figure 2). Another key feature is
that no intermolecular ligation was observed in our opti-
mized click reaction, which simplify the post-click reaction
cleanup steps and allow the circular L-RNA aptamer to be
readily used for aptamer characterization and downstream
applications. Importantly, the cyclization not only did not
impart any undesirable effect in terms of the secondary
structure folding of the circular L-RNA aptamer, as evi-
dent by the proper folding of rG4 motif in our data (Figure
3A, B), but also helps to improve the binding affinity and
selectivity as compared to the linear L-aptamer counterpart
(Figures 3C, D and 4). Based on our data, we reasoned that
the enhancement in target binding affinity and selectivity
for circular L-RNA aptamer as compared to the linear L-
RNA aptamer counterpart is likely caused by the increased
conformational stability mediated by the aptamer cycliza-
tion (Supplementary Figure S12). This general method al-
lows more functional fold of the L-aptamer to be populated
under the reaction conditions to recognize the desired tar-
get, providing a simple and robust strategy to potentially
apply to other L-aptamer system to recognize diverse target
of interest.

The nuclease-resistance and biostability of unnatural L-
RNA aptamer enable it to be promising tool for appli-
cations in more complex conditions, such as nuclease-
containing conditions or in vivo applications. Here, we re-
ported for the first time that through targeting rG4 structure
motif of ATERC RNA, the circular L-RNA aptamer we de-
veloped, cycL-Apt.4-1c can be employed to control gene
functions such as telomerase activity and gene expression
in cells. We wish to note that linear L-RNA aptamers that
target rG4 have been developed and applied to disrupt rG4-
peptide/protein interactions by us recently (23,24), how-
ever, in those studies the experiments were performed un-
der standard buffer conditions (23), and its performance
dropped drastically in the presence of nuclease-containing
or cell lysate environment (24), limiting its applications
in complex environment. On the other hand, it should
be noted that aptamer cyclization cannot always provide
improved biological results. Riccardi and co-authors re-
ported a cyclized thrombin-binding aptamer (cycTBA) by
cyclizing a 15-mer G-rich thrombin-binding DNA aptamer
(TBA) using copper(I)-assisted azide-alkyne cycloaddition
(47). The cyclized DNA aptamer showed increased stabil-
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ity and serum resistance, but with much reduced throm-
bin inhibition compared to unmodified TBA owing to its
lower binding affinity to thrombin. Riccardi concluded that
this probably results from the increased rigidity of the ap-
tamer G4 core after cyclization. Thus, they optimized the
length of connecting linker from 20 atoms to 48 atoms to
achieve higher structural flexibility (48). Finally, the best
candidate was proved to be cycTBA II with a 30 atom-
long linker, which showed increased structure stabilization
and nuclease resistance, as well as improved binding affin-
ity to thrombin and anticoagulant activity. This suggested
that the best compromise between stabilizing the initial
aptamer core structure and maintaining structural flexi-
bility for improved target recognition can be realized by
optimizing the length or chemical structure of connecting
linker.

In this work, we rationally designed the connecting linker
by adding additional sequences with chemical moieties to
the linear L-Apt.4-1c. Before cyclizing L-Apt.4-1c, we op-
timized the sequence using D-Apt.4-1c and A”TERC L-rG4
as target. Three D-RINA sequences with different number of
terminal D-rAs were tested for D-Apt.4-1c cyclization (Sup-
plementary Table S1). Based on the cyclization and binding
results (Supplementary Figures S23-S26), we selected the
sequence with connecting linkers of 5'-hexynyl-rArA and
3’-azide-rArA and converted it to L-RNA sequence for cy-
clization. The developed circular L-RNA aptamer, a new
class of modified aptamer is stable in diverse conditions in-
cluding RNase A, FBS and cell lysate (Figure 5), and even
at high pH such as pH 11 for an extended reaction time
period (Supplementary Figure S15). Notably, we illustrated
that cycL-Apt.4-1c, besides having the ability to dissociate
hTERC D-rG4-DHX36 complex in vitro, can be employed
in cell lysate and in vivo to control gene activity effectively
(Figures 6 and 7). It will be interesting in the future to detect
telomerase activity in cells and apply cycL-Apt.4-1c to in-
vestigate telomere, telomerase, and cancer biology. Overall,
our proof-of-concept study and findings here should open
up new avenues for targeting RNA structure via circular L-
RNA aptamer to regulate gene functions, which will provide
valuable insights into the further development of modified
aptamer-mediated tools for gene regulation and other bio-
logical applications.

CONCLUSION

In sum, through rational design and incorporation of chem-
ical moieties and sequences into linear L-RNA aptamer, we
have reported a novel approach to generate the first circular
L-RNA aptamer, cycL-Apt.4-1c. Notably, we demonstrated
its superior binding affinity and specificity to its linear coun-
terpart, and highlighted its utility through multiple in vitro
and in vivo applications. These results clearly illustrated that
the head-to-tail intramolecular cyclization can be a general
and robust way to strengthen the performance of L-RNA
aptamer in standard buffer or complex conditions that are
of physiological relevance in vitro or in cells. Furthermore,
our general strategy should be applicable for any L-RNAs
to expand their functional complexity and diversity for dif-
ferent applications.
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