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ABSTRACT

Rings of single-stranded RNA are promising for many
practical applications, but the methods to prepare
them in preparative scale have never been estab-
lished. Previously, RNA circularization was achieved
by T4 RNA ligase 2 (Rnl2, a dsRNA ligase) using
splints, but the yield was low due to concurrent inter-
molecular polymerization. Here, various functional
RNAs (siRNA, miRNA, ribozyme, etc.) are dominantly
converted by Rnl2 to the rings without significant lim-
itations in sizes and sequences. The key is to design
a precursor RNA, which is highly activated for the
efficient circularization without any splint. First, sec-
ondary structure of target RNA ring is simulated by
Mfold, and then hypothetically cut at one site so that a
few intramolecular base pairs are formed at the termi-
nal. Simply by treating this RNA with Rnl2, the target
ring was selectively and efficiently produced. Unex-
pectedly, circular RNA can be obtained in high yield
(>90%), even when only 2 bp form in the 3′-OH side
and no full match base pair forms in the 5′-phosphate
side. Formation of polymeric by-products was fur-
ther suppressed by diluting conventional Rnl2 buffer
to abnormally low concentrations. Even at high-RNA
concentrations (e.g. 50 �M), enormously high selec-
tivity (>95%) was accomplished.

INTRODUCTION

Circular single-stranded RNAs (C-RNAs) are RNA rings
without terminals, which are promising for many practi-
cal applications both in vivo and in vitro. Recently, for ex-
ample, thousands of circular RNAs (circRNAs) have been
found almost in all kingdom of organisms (1–5), and their
biological roles as miRNA or RNA inhibitors have been
reported (6–12). Many circRNAs have also been found to

be translated or regulate functions of other proteins (6).
Accordingly, artificial synthesis of C-RNAs has attracted
much more interest for significant applications (13–15). One
of the most advantageous properties of C-RNAs, which
greatly facilitates their practical applications, is that they
are strongly resistant against exo-ribonucleases, compared
with non-cyclic linear RNAs (L-RNAs) (16–24). For exam-
ple, siRNA effects of dumbbell-shaped C-RNAs were very
high in living cells, primarily because of their long life-time
(16–19). By combining the ring of antisense RNA strand
with linear sense strand, off-target effects were reduced (20).
Cyclic ribozymes (15) and cyclic RNA aptamers (21–23)
were also developed to regulate their functions. Rolling cir-
cle translation of C-RNAs in cells was reported (25,26).
Furthermore, circularization of L-RNAs is also useful to
temporarily cage their intrinsic functions (e.g. ribozyme ac-
tivity and gene-silencing) (18–20). By opening the rings with
photo-irradiation or other outer stimuli, the latent func-
tions were restored at desired place and timing (18,19).
Valuable roles of C-RNAs in nanoarchitectures are also ev-
ident (27,28). All these results confirm enormously signif-
icant and promising features of C-RNAs for versatile ap-
plications. However, the information on their synthesis has
been seriously insufficient, and there has been no way to pre-
pare C-RNAs of desired sequences and sizes in preparative
scale.

In most cases, C-RNAs are synthesized by circularizing
L-RNAs with the use of enzymes. T4 RNA ligase 2 (T4
Rnl2) has been often used (13–15,29–32). The pioneering
work by Yin et al. (29) showed that some L-RNAs were cir-
cularized by this enzyme to the rings. However, direct appli-
cations of this finding to preparation of various C-RNAs
are not very successful, since the efficiency of circulariza-
tion is highly dependent on the structure of L-RNA. Ac-
cordingly, in most cases, auxiliary oligonucleotide (called as
splint), which is complementary with the terminal portions
of L-RNA, was added to place the two ends close to each
other (Scheme 1A) (26,31). The resultant nick structure is
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Scheme 1. Two strategies to circularize L-RNA to C-RNA by Rnl2. (A)
Previous strategy using a splint, which is complementary with both the 3′-
OH and 5′-phosphate ends of L-RNA. The splint has to be digested later
by DNase or other nucleases. This method produces significant amounts
of polymeric by-products, as shown in Figure 1. (B) The ‘terminal base-
pair strategy’ in this study. On the basis of the secondary structure of C-
RNA, C-RNA is hypothetically cut at a new site so that a few base pairs
are formed near the ligation site. By treating the resultant L-RNA with
Rnl2 (no splint is required), C-RNA is efficiently produced. Without the
base-pair formation near the ligation site, Rnl2 hardly ligates the two ends
to form C-RNA. (C) Scheme of C-RNA preparation using the substrate
of L-miR-21c, the complementary sequence (inhibitor) of mircoRNA-21,
as an example (41). The optimal substrate L-miR-21c(1,2) is obtained by
hypothetically cutting the C-RNA between U1 and C2 on the basis of the
predicted structure of C-miR-21c by Mfold (40).

recognized by Rnl2 (a dsRNA ligase). A similar method-
ology is being employed to prepare the rings of single-
stranded DNA (32–34). It has been found that appropriate
efficiency is favourable to suppress intermolecular ligation
of ssDNA circularization (33,34). With this method, how-
ever, desired intramolecular RNA circularization is always
accompanied by troublesome intermolecular polymeriza-
tion of L-RNA, especially for higher RNA concentrations
(Figure 1B). This concurrent polymerization notably low-
ers the yields of C-RNAs, and complicates the synthetic
procedures. Furthermore, smaller-sized rings are hardly ob-
tainable with this strategy, since cyclic intermediates involv-

ing short L-RNA (e.g. <30 nt) and splint are sterically un-
stable (33,34). Even with the use of T4 RNA ligase 1 (a
single-stranded RNA specific ligase), intermolecular poly-
merization is dominant at high-substrate concentrations in
many cases (13,26). In order to reduce the polymerization,
specially designed DNA templates (helper) must be used
(13,15). Circularization by ssRNA circligase™ (Epicentre
Co.) requires Mn2+ as an essential cofactor, and relatively
large amount of ligase is essential for high yield of ligation
even at a low concentration of substrates (35–37).

We present here a facile and straightforward method to
solve these problems on the basis of ligation mechanism of
Rnl2. This enzyme binds to the 3′-OH side of a nick prior to
the adenylation of the 5′-phosphate (37,38). We also found
that even only small number of base pairs (≤4 bp) at liga-
tion site greatly promote the ligation (39). Accordingly, we
have here optimized the structures of L-RNA substrates for
the circularization by Rnl2 through a rational design, so
that a few base pairs are formed by the aid of Rnl2 at the
ligation site. Note that all the L-RNAs formed by one-site
scission of C-RNA at various positions yields the same C-
RNA after circularization. Surprisingly, very efficient circu-
larization can be accomplished, when only two base pairs
are placed in the 3′-OH side. Without the use of any splint,
a variety of functional L-RNAs (siRNA, miRNA and ri-
bozymes) are circularized in high selectivity and yield. For-
mation of polymeric by-products is minimized even at high-
substrate concentrations (e.g. >20 �M). Furthermore, the
selectivity can be further promoted by using highly diluted
Rnl2 buffer and elevating reaction temperature. By combin-
ing our findings, practical method to synthesize C-RNAs in
preparative scale and high selectivity has been developed.

Outline of the present ‘terminal base-pair strategy’ for dom-
inant preparation of C-RNA

The present strategy is schematically depicted in Scheme 1B
and C. The key point is the design of L-RNA substrate with
appropriate reactivity for T4 Rnl2 ligation, which is efficient
enough for intramolecular circularization but not reactive
for intermolecular ligation. First, the secondary structure
of target C-RNA is determined by Mfold prediction (40,41).
Then, the ring is hypothetically cut at one position to give
the optimal L-RNA substrate. The optimal substrate is cho-
sen from a pool of L-RNAs obtained by the hypothetical
scission of the desired C-RNA. The criterion of choice is
the numbers of base pairs formed in the 3′-OH side and the
5′-phosphate side of the ligation site. Wobble base pairs are
acceptable. As shown later, 2 bp in the 3′-OH side of joining
site is enough for circularization, and additional one base
pair in the 5′-phosphate side can further accelerate the cir-
cularization. It should be noted that these base pairs for L-
RNA substrate are allowed to be unstable in the absence of
Rnl2. In the presence of Rnl2, however, the strong binding
of Rnl2 can stabilize the nick structure (39). Most RNAs
can take notable secondary structures (>3 continuous base
pairs), and thus the optimal L-RNA is in almost all the cases
easily designable.

The determined optimal L-RNA is prepared by a syn-
thesizer, and finally treated with T4 Rnl2 in the absence
of any splint. By this simple method, target C-RNA is se-
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Figure 1. Preparation of the ring of c-erbB-2-specific hammerhead ribozyme by Rnl2 through either the conventional (A and B) or present strategy (C
and D). (A) Structure of conjugate between the original c-erB-2 hammerhead ribozyme (L-Rz(36,1)) and 20-nt splint. The ligation site by Rnl2 is shown by
dotted line. (B) 12% dPAGE analysis of the ligation products (P) using the original strategy. Lane 2, 16-nt splint; Lanes 3 and 6, [L-RNA]0 = 2 �M; Lane
5, 20-nt splint; Lanes 4 and 7, [L-RNA]0 = 10 �M. Here, ‘S’ refers to linear RNA (L-RNA). (C) Structure of precursor L-RNA (L-Rz(24,25)) used for the
present strategy. According to the prediction by Mfold, C-Rz was cut between C24 and G25. (D) About 12% dPAGE analysis of the ligation products using
the present strategy. Lane 2, [L-RNA]0 = 2 �M; Lane 3, [L-RNA]0 = 10 �M. Circularization conditions: [T4 Rnl2] = 0.2 U/�L, 1 × T4 Rnl2 buffer,
[splint] / [L-RNA] = 2, 25◦C. The reaction time is 2 h for [L-RNA]0 = 2 �M, and 6 h for [L-RNA]0 = 10 �M, respectively.

lectively obtained in high yields, with minimal production
of polymeric by-products. No complicated purification of
the products is necessary, because no additional oligonu-
cleotides are present.

MATERIALS AND METHODS

Materials

All oligoRNAs used in this study were synthesized by GE-
NEWIZ, Inc. (Suzhou, China), and the sequences are listed
in Supplementary Table S1. For ligation experiments, a
phosphate was in advance introduced to the 5′-position of
L-RNA by using T4 polynucleotide kinase (Thermo Sci-
entific; Pittsburgh, PA, USA). RiboLock RNase Inhibitor
was also from Thermo Scientific. Ultra GelRed was from
Vazyme (Nanjing, China). T4 Rnl2 and Exonuclease T
were purchased from NEW ENGLAND BioLabs (Beijing,

China). All other chemicals were from Sigma-Aldrich (St.
Louis, MO, USA).

Circularization of L-RNA by T4 Rnl2

Reactions in 1 × T4 Rnl2 buffer. A typical mixture (10 �l)
was composed of 1 �M L-RNA, 2 U Rnl2 and 20 U Ri-
boLock RNase Inhibitor in 1 × T4 Rnl2 buffer (50 mM
Tris–HCl (pH 7.5), 2 mM MgCl2, 1 mM DL-Dithiothreitol
(DTT) and 400 �M adenosine triphosphate (ATP)). We
pre-treated RNA samples at 80◦C for 3 min, and cooled to
the reaction temperature at a rate of 6◦C/min. Then, the
reaction was carried out at 25◦C for 2 h (unless noted oth-
erwise), and terminated by heating the mixture at 75◦C for
10 min (details are presented in Supplementary Materials).
The cyclic structures of reaction products were confirmed
by treating them with Exonuclease T (5 U) at 25◦C for 6 h.
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Reactions in diluted Rnl2 buffers. The commercially ob-
tained T4 Rnl2 ligase buffer was diluted by water, and used
for the ligation. Otherwise, all the procedures were exactly
the same as described above.

Prediction of the secondary structures of RNAs by Mfold

The secondary structures of C-RNAs and L-RNAs were
predicted at [NaCl] = 1.0 M and 37◦C by the Mfold
Web Server using ‘RNA Folding Form (version 2.3
energies)’. The website: http://unafold.rna.albany.edu/?q=
mfold/RNA-Folding-Form2.3 (40).

Evaluation of the yield and selectivity for the formation of
RNA rings

After the enzymatic reactions, the products were diluted
and subjected to the electrophoresis with 12% denaturing
polyacrylamide gel containing 8 M urea (dPAGE), stained
by Ultra GelRed, and then imaged with a UV Gel imager
from BIO-RAD (Hercules, USA). Quantitative data were
obtained by using Image Lab software. The yield and selec-
tivity for the formation of RNA rings were calculated by the
following equations:

Yield(%) = C
S + P

× 100

Selectivity(%) = C
P

× 100

Here, C, S and P were the band intensities of the circu-
lar RNA (C-RNA) to be synthesized, linear substrate RNA
(L-RNA) and all products derived from L-RNA (consisting
of C-RNA, AppRNA (adenylated intermediate) and poly-
meric by-products), respectively. Each experiment has been
repeated at least three times, and the quantitative error of
band brightness was within 10%.

RESULTS

In the present methodology, a few base pairs were inten-
tionally placed at the ligation site of precursor L-RNAs to
promote the circularization by T4 Rnl2. The numbers of
base pairs, as well as the reaction conditions, were system-
atically changed to optimize the yield and the selectivity.
Cyclic structures of the ring products were confirmed by
their complete resistance against Exonuclease T. It is note-
worthy that all the L-RNAs used here have biological and
other important functions (siRNA, miRNA, ribozyme and
others).

Improved efficiency of the present ‘terminal base-pair strat-
egy’ compared to ‘conventional (template-mediated) strategy’

In Figure 1, c-erbB-2-specific hammerhead ribozyme was
treated by Rnl2 through the two strategies (42). Its circu-
lar form has been shown to have much less activity (43).
In Figure 1A and B (conventional template-mediated strat-
egy), the original ribozyme (L-Rz(36,1)) was directly em-
ployed as the substrate for the enzymatic circularization (its

detailed structure for RNA cleavage is presented in Sup-
plementary Figure S1). In the presence of a splint (either
16- or 20-nt), L-Rz(36,1) was mostly converted to polymeric
by-products (Figure 1B). With the use of 20-nt splint, for
example, almost no desired circularization product (C-Rz)
was obtained (lanes 6 (2 �M) and 7 (10 �M) in Figure 1B).
With 16-nt splint, some amounts of C-Rz were produced,
but the selectivity values were only 43 and 12% when 2 and
10 �M of L-Rz(36,1) were used, respectively (lanes 3 and 4).
All the attempts to improve the efficiency by optimizing the
reaction conditions, such as temperatures (37◦C and 45◦C),
buffer concentrations (0.5 × and 0.1 ×), splint lengths ( > 12
nt) and substrate adding method (changed from ‘one-pot’
to ‘step by step’), were not successful. It was concluded that
conventional template-mediated method is hard to provide
C-RNA efficiently.

To solve above problems, ‘terminal base-pair strategy’
was employed as shown in Figure 1C and D. The confor-
mation of C-Rz was first predicted by Mfold, and L-RNA
precursor was designed by hypothetically cutting C-Rz be-
tween C24 and G25. In the resultant RNA (L-Rz(24,25) in Fig-
ure 1C), three Watson-Crick base pairs are formed in the
3′-OH side of the ligation site. On the other hand, there
exists no stable Watson–Crick pairs in the 5′-phosphate
side (only the third, fifth and sixth pairs are matching). It
has been reported that consecutive non-Watson–Crick pairs
can form, stabilizing the coaxial stacking with 3′-OH side
duplex (44,45). Figure 1D shows the ligation result of L-
Rz(24,25) by Rnl2 without using a splint. As shown in lanes
2 and 3, targeted C-Rz was efficiently produced (the strong
bands at the bottom). The selectivity for the formation of
C-Rz was 91% at [L-Rz(24,25)] = 2 �M (lane 2). Even when
[L-Rz(24,25)] was increased to 10 �M, this new strategy pro-
vided C-Rz in 61% selectivity (lane 3). These values are
much higher than those for the template-mediated strategy
shown in Figure 1B. As Rnl2 has been considered as an en-
zyme to ligate nicks for a long time, it is surprising that effi-
cient ligation occurred with only 3 bp formed at 3′-OH side.

When L-Rz(36,1) was circularized in the absence of any
splint (Supplementary Figure S12), the circularization yield
was as high as 75% after 2 h (nearly the same as that
of L-Rz(24,25)). Surprisingly, no intermolecular polymeric
byproducts were found and the selectivity for C-Rz was
100%, which is even better than that of L-Rz(24,25) (selectiv-
ity = 91% in lane 2 of Figure 1D). The possible secondary
structures of L-Rz(36,1) (depicted in Supplementary Figure
S12A) may improve the circularization efficiency.

Even with our new strategy, polymeric by-products were
also produced to some extent, especially at higher concen-
trations (lane 3 in Figure 1D). However, this problem is suc-
cessfully solved by optimizing the reaction conditions, lead-
ing to still more effective preparation method (see below).

Applicability of ‘terminal base-pair strategy’ to circulariza-
tion of versatile L-RNAs by T4 Rnl2

At first, two kinds of 21-nt L-RNAs were treated by T4
Rnl2 at 25◦C (Figure 2). Both L-RNAs are precursors of
the ring of GAS-siRNA (C-siR-GAS) which suppresses the
expression of GFP gene (20), and have several base pairs
at the ligation site. It is noteworthy that, for both of these

http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form2.3
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Figure 2. Predominant role of terminal base pairs on the preparation of C-siR-GAS by T4 Rnl2. (A) Proposed structures of L-siR-GAS(10,11) and L-siR-
GAS(11,12). The ligation sites by Rnl2 are shown by dotted lines. These two precursors are formed by hypothetically cutting C-siR-GAS. For example,
L-siR-GAS(10,11) is formed by the scission between G10 and A11. (B) Ligation of these L-RNAs by Rnl2. Lane 1, L-siR-GAS(10,11) only; lane 2, treatment
of L-siR-GAS(10,11) with Rnl2; lane 3, L-siR-GAS(11,12) only; lane 4, treatment of L-siR-GAS(11,12) with Rnl2. Circularization conditions: [L-RNA] = 2
�M, [T4 Rnl2] = 0.2 U/�l, 1 × T4 Rnl2 buffer, 25◦C, 2 h.

two precursors, the circularization proceeded with remark-
able efficiency. In contrast with the splint-assisted ligation in
Figure 1, almost no polymeric by-products were produced.
The selectivity for the circularization was virtually 100%.
For example, L-siR-GAS(11,12) (the lower sequence in Fig-
ure 2A) is obtained by hypothetically cutting C-siR-GAS
between A11 and U12. Three Watson–Crick pairs (A11-U3,
G10-C4 and U9-A5) are formed in the 3′-OH side of the lig-
ation site, whereas no base pair exists in the 5′-phosphate
side. Upon the treatment by Rnl2, this L-RNA was rapidly
and selectively converted to C-siR-GAS, and the yield was
93% after only 2 h (lane 4). Almost no adenylated L-RNA
was accummulated, since this intermediate of enzymatic re-
action is rapidly converted to the final product. The pro-
duction of C-siR-GAS was still more efficient, when the
cutting site of C-siR-GAS was shifted by one base to-
ward 3′-OH side to form the precursor L-siR-GAS(10,11)

with 2 bp in the 3′-OH side and 1 bp in the 5′-phosphate
side (the upper sequence in Figure 2A). This precursor was
far more reactive than L-siR-GAS(11,12) (vide infra), and al-
most quantitatively converted to C-siR-GAS only in 2 h
(lane 2).

The ring of siRNA Eg5 (C-siR-Eg5), which allows tu-
mour cells to stay in the G2 phase (46), was also success-
fully prepared (lanes 2 of Supplementary Figure S2B and
C). In L-siR-Eg5(12,13), 3 bp are formed in the 3′-OH side,
and an A-T pair and a wobble G-U pair are formed in the 5′-
phosphate side. No polymeric by-products were perceived
in the gel, and the selectivity for the ring was almost 100%
at [L-siR-Eg5(12,13)] = 2 �M (Supplementary Figure S2B).
These two results show that concurrent polymerization can
be sufficiently suppressed when there exist only 2 or 3 bp in
the 3′-OH side of the ligation site.

Effects of the numbers of terminal base pairs

As shown by the time-courses in Figure 3, L-siR-GAS(10,11)

(in Figure 2A) was circularized by Rnl2 much faster than
L-siR-GAS(11,12) (see original data in Supplementary Fig-
ure S3). When [L-siR-GAS(10,11)] = 1 �M and [Rnl2] = 0.2

U/�l, more than 50% of the substrate was circularzed in
10 min to C-siR-GAS (Figure 3A). Even at the substrate
concentration of 10 �M ([Rnl2] = 1 U/�l), the yield of
ring was 49% at 10 min (Figure 3B). The corresponding
values for L-siR-GAS(11,12) were 10% at 1 �M and 5% at
10 �M. Apparently, 2 bp in the 3′-OH side (and 1 bp in
the 5′-phosphate side) for L-siR-GAS(10,11) are more favor-
able for the intramolecular circularization than 3 bp in the
3′-OH side (and none in the 5′-phosphate side) for L-siR-
GAS(11,12). In another way to say, the ligation is greatly in-
creased by the presence of only 1 bp in the 5′-phosphate side,
although such a short base pair is usually hard to form with-
out the help of Rnl2. Similar time-courses were obtained
under other conditions (Supplementary Figure S4).

During comprehensive studies, we found that several base
pairs are often consecutively formed in many C-RNAs. For
example, C-miR-21c, which is complementary to endoge-
nous miRNA 21 (miR-21) and used as its inhibitor (41), in-
volves five consecutive base pairs. Accordingly, to analyze
the effects of the numbers of base pairs in both sides of the
ligation site, the position of hypothetical cutting of the ring
was systematically shifted in Figure 4. Upon the treatment
with Rnl2, all these precursors efficiently provided C-miR-
21c. However, the polymeric by-products were not negligi-
ble for the circularization of these substrates (upper part
of the gel). The contribution of concurrent polymerization
drastically increased with increasing number of base pairs in
the 5′-phosphate side. Thus, L-miR-21c(22,1) (3 bp in the 5′-
phosphate side of the ligation site) was mostly converted to
the polymers, and only minimal amount of C-miR-21c was
obtained (lane 8, Figure 4). On the other hand, the selec-
tivity for the circularization increased to around 60% for L-
miR-21c(1,2) (2 bp in the 5′-phosphate side; lane 6). With the
precursors having 0 or 1 bp in the 5′-phosphate side (L-miR-
21c(3,4) and L-miR-21c(2,3)), the formation of polymeric by-
products was minimized. Apparently, too many base pairs
in the 5′-phosphate side are unfavorable to suppress the in-
termolecular ligation by Rnl2.

From the results in Figures 1–3, it can be concluded that
the base pairs in the 3′-OH side should be two or larger.



e54 Nucleic Acids Research, 2020, Vol. 48, No. 9 PAGE 6 OF 12

Figure 3. Time-courses for the circularization of L-siR-GAS(10,11) and L-siR-GAS(11,12) by Rnl2 at 25◦C. (A) [L-RNA] = 1 �M and [Rnl2] = 0.2 U/�l.
(B) [L-RNA] = 10 �M and [Rnl2] = 1 U/�l.

Figure 4. Effects of the numbers of terminal base pairs on the circularization efficiency by T4 Rnl2. (A) Proposed structures of L-miR-21c(3,4), L-miR-
21c(2,3), L-miR-21c(1,2) and L-miR-21c(22,1). The numbers of base pairs in the 3′-OH and 5′-phosphate sides of ligation site are (5,0), (4,1), (3,2) and (2,3),
respectively. (B) 12% dPAGE for the cyclization products. Conditions: [L-RNA] = 10 �M, [T4 Rnl2] = 1 U/�l, 1 × T4 Rnl2 buffer, 25◦C, 12 h.

On the other hand, the base pairs in the 5′-phosphate side
should be kept 0 or 1, since further increase in the num-
ber deteriorates the selectivity. Too many base pairs (e.g. ≥4
bp) at 3′-OH side may also increase polymeric by-products
(implicated by the results depicted in Supplementary Figure
S2B and C). For L-siR-GAS-A(11,12), in which 4 bp form in
the 3′-OH side, and two G-U wobble pairs form in the 5′-
phosphate side, more polymers were produced as compared
with L-siR-GAS(11,12) (compare lanes 4 in Supplementary
Figure S2 with lane 4 of Figure 2). It is noteworthy that even
only 1 bp in the 3′-OH side is also acceptable, since it sim-
ply decreases the reaction rate (see the ‘Discussion’ section).
Interestingly, the intermolecular ligation can be completely
suppressed by the formation of less base pairs in the 3′-OH
side, although longer reaction time may be required to give
high yield of C-RNA (as shown later).

Optimization of reaction conditions for further promotion of
the efficiency

In order to accomplish still higher efficiency by suppressing
the polymeric by-products, the reaction conditions were op-
timized using L-miR-21c(2,3) as substrate.

Dilution of T4 Rnl2 buffer to suppress concurrent polymeriza-
tion. The selectivity for C-miR-21c formation was drasti-
cally promoted, when the concentration of T4 Rnl2 buffer
was decreased (Figure 5A). In commercially available 1
× T4 Rnl2 buffer, considerable amounts of polymeric by-
products were concurrently produced, and thus the selec-
tivity for the intramolecular circularization to the ring was
about 57% (lane 2). In 0.1 × T4 Rnl2 buffer, however, the
selectivity increased to 89% (lane 6). Assumedly, the in-
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Figure 5. Effects of (A) concentration of T4 Rnl2 buffer and (B) reaction temperature on the efficiency of circularization of L-miR-21c(2,3). In (A), [L-RNA]
= 10 �M, [T4 Rnl2] = 1 U/�l, 25◦C, 12 h. In (B), [L-RNA] = 10 �M, [Rnl2] = 1 U/�l, 1 × Rnl2 buffer, 25◦C or 37◦C, 12 h. Note that 1 × ligase buffer
contains 2 mM MgCl2, 400 �M ATP, 50 mM Tris–HCl (pH 7.5) and 1 mM DTT.

termolecular ligation to polymeric by-products was sup-
pressed in these diluted buffers, since lower Mg2+ con-
centrations enhanced the electrostatic repulsion between
L-RNA molecules. Similar suppression of intermolecular
polymerization by diluted ligase buffers was previously
found in the production of single-stranded DNA rings from
linear DNAs by T4 DNA ligase (33,34).

When the buffer concentration was too low (0.05 ×
buffer), the selectivity decresed to 64% due to the accumu-
lation of notable amounts of adenylated L-miR-21c(2,3) as
the reaction intermediate (lane 7). In addition, the enzy-
matic ligation was very slow, and some of L-miR-21c(2,3)

was left unchanged even after 12 h of reaction (see also Sup-
plementary Figure S6). In order to fulfill both high selectiv-
ity and satisfactorily high yield for C-RNA, the most ap-
propriate concentration of T4 Rnl2 buffer is around 0.1×.
Similar results were also obtained by using diluted buffers
for L-miR-21c(1,2) and L-miR-21c(22,1) (Supplementary Fig-
ure S5). Compared with the reaction in 1 × T4 Rnl2 buffer,
the rate in 0.1 × buffer was considerably smaller (Supple-
mentary Figure S6). However, the reactions were completed
within 10 h, and sufficiently fast for most of practical pur-
poses.

Temperature effects. When the L-miR-21c(2,3) was treated
by T4 Rnl2 at 37◦C for 12 h, the targeted ring was pro-
duced in 85% selectivity (lane 3 of Figure 5B). This selec-
tivity was considerably higher than that (57%) for the re-
action at 25◦C (lane 2). This remarkable temperature effect
is ascribed to the decrease of intermolecular hybridization
between two L-RNA molecules upon the increase of tem-
perature from 25◦C to 37◦C. On the other hand, the in-
tramolecular secondary structure of L-RNA is sufficiently
stable to be bound by Rnl2 even at 37◦C, and proceeds to
the intramolecular circularization as we design.

Preparative-scale synthesis of target RNA rings by combining
‘terminal base-pair strategy’ with ‘low-buffer concentration’
and ‘high temperature’

In Figures 6 and 7, ‘terminal base-pair strategy’ was ac-
complished in 0.1 × T4 Rnl2 buffer at 37◦C, and C-RNAs

Figure 6. Highly selective preparative-scale circularization of L-miR-
21c(2,3) by employing ‘terminal base-pair strategy’ in 0.1 × T4 Rnl2 buffer
at 37◦C. Lane 1, L-miR-21c(2,3) only; lane 2, [L-RNA] = 1 �M, [Rnl2] =
0.2 U/�l; lane 4, [L-RNA] = 20 �M, [Rnl2] = 2 U/�l; lane 6, [L-RNA]
= 50 �M, [Rnl2] = 2 U/�l. [ATP (supplied by 0.1 × Rnl2 buffer)] = 40
�M. The reaction time was 12 h. In Ianes 3, 5 and 7, the products in lanes
2, 4 and 6 were treated with Exonuclease T.

Figure 7. Highly selective preparative-scale circularization of L-Rz(24,25).
Lane 1, L-Rz(24,25) only; lanes 2–4, circularization by Rnl2 for 1, 6 and 10
h. Reaction conditions: [L-RNA] = 20 �M, [T4 Rnl2] = 2 U/�l, [ATP] =
400 �M, 0.1 × Rnl2 buffer ([Mg2+] = 200 �M), 37◦C.
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were selectively synthesized in a preparative scale. In Fig-
ure 6, the concentration of L-miR-21c(2,3) was increased to
20 and 50 �M, and the amount of Rnl2 was also increased
from 0.2 to 2 U/�l. Even when the concentration of L-
miR-21c(2,3) was 50 �M (the largest value investigated), the
selectivity for the circularization was as high as 74% (lane
6) and the purity was almost 100% after digestion of linear
RNA molecules (unreacted L-miR-21c(2,3) and its adeny-
lated product) with Exonuclease T (lane 7). Formation of
polymeric by-products, observed in 1 × Rnl2 buffer (lane 4
in Figure 4B), was completely inhibited. The yield was fur-
ther increased about 10% by increasing [ATP] (Supplemen-
tary Figure S7).

The optimal conditions for the synthesis of C-miR-21c,
determined by vigorous systematic studies, were as follows
(Supplementary Figure S8). In 0.15 × buffer, the concen-
tration of ATP was adjusted to 200 �M ([L-miR-21c(2,3)] =
50 �M, [MgCl2] = 300 �M and [T4 Rnl2] = 2 U/�l). Af-
ter 32 h at 37◦C, C-miR-21c was obtained in 97% selectiv-
ity and 85% yield. These values correspond to the produc-
tion of about 30 mg of C-miR-21c from 100 ml of reaction
mixture. The product is sufficiently pure for most of the ap-
plications. When necessary, further purification can also be
carried out simply by Exonuclease T treatment. Further in-
crease of [ATP] was not very successful, probably because
of the interaction between ATP and Mg2+ (Supplementary
Figure S9) (34,47–49).

Preparative-scale preparation of C-Rz was also success-
ful by ligation at 37◦C using 0.1 × T4 Rnl2 buffer (Figure
7). The yield from 20 �M of L-Rz(24,25) was almost 90%.
The polymeric by-products were never produced even for
a prolonged reaction (data not shown). This is a great im-
provement as compared with Figure 1D, in which 1 × T4
Rnl2 buffer was used at 25◦C. About 21 mg of C-Rz are
obtainable from 100 ml (20 �M) of reaction mixture. Com-
pared with conventional splint-mediated method involving
notable concurrent polymerization (Figure 1A), superiority
of the present method is more conclusive.

DISCUSSION

‘Terminal base-pair strategy’ as an efficient method to pre-
pare ssRNA rings in preparative scale

During RNA circularization, co-occurrence of intermolec-
ular ligation to give troublesome polymeric byproducts has
puzzled us for a long time. This problem is really difficult
to solve because any change of reaction condition affects
both intermolecular and intramolecular reactions. Fortu-
nately, we found that target RNA ring can be obtained in
high yield and selectivity through rational design of linear
RNA precursor (L-RNA). There is no obvious limitation
in the sequence and ring size. When the desired circular
RNA is hypothetically cut at one position, the most ap-
propriate L-RNA substrate can be designed by comparing
the secondary structures of these substrate candidates. Un-
expectedly, we found that the design is so easy to be real-
ized, because it only requires 2–3 bp in the 3′-OH side at
the ligation site, and even the absence of base pair in the
5′-phosphate side is acceptable (Figures 2 and 3). More in-
terestingly, the intermolecular ligation can be almost com-
pletely suppressed by decreasing the number of base pairs

in the 5′-phosphate side to 1 or 0. As a result, the desired cir-
cular RNA can be obtained in nearly 100% selectivity. The
reaction is sufficiently fast enough to finish in several hours.
This highly selective circularization is ascribed to the en-
largement of the rate difference between intramolecular lig-
ation and intermolecular ligation by the design of L-RNA
precursor. The high selectivity is mainly attributed to the
efficient suppression of intermolecular polymerization.

These results are fairly interpretable in terms of the re-
ported characteristics and the mechanism of Rnl2. The ac-
tivity of Rnl2 is pretty high, as compared with other ligases,
probably due to its availability to the repair of many kinds
of RNA damage in vivo. Accordingly, several base pairs at
ligation site are enough to give efficient ligation, as we pre-
viously reported (39). The base pairs in the 3′-OH side at
ligation site are absolutely essential for the present circu-
larization, since they provide the binding site of Rnl2 to
precursor L-RNA. During the closure of a nick in RNA
duplex by Rnl2, the enzyme predominantly contacts with
the 3′-OH side of the nick, as concretely evidenced by Nan-
dakumar et al. (37). Then, the adenylated Rnl2 transfers the
adenylyl group to the 5′-phosphate. At last, the adenylated
phosphate is attacked by the 3′-OH to complete the forma-
tion of phosphodiester linkage (38,39). On the other hand,
the base pairing in the 5′-phosphate side serves to mini-
mize structural perturbation of the transition state for the
circularization. As the result, the intramolecular ligation is
greatly accelerated by these two kinds of base pairs. It is
noteworthy that the pairings of such small number of con-
secutive base pairs successfully occur only intramolecularly,
since they are promoted by less entropy loss as well as by
binding affinity of Rnl2 (see the next section). In contrast,
these base pairs can be only weakly formed between two L-
RNA molecules. Thus, intermolecular polymerization is al-
most completely suppressed throughout the present study,
and nearly 100% selectivity for C-RNA is accomplished.
Consistently, the intermolecular ligation notably increases
as the numbers of consecutive base pairs in both sides in-
crease (Figures 1C and D, and 4). This side-reaction is
more obvious, when the ligation is too fast (Supplemen-
tary Figure S10) (33,34). The formation of polymeric by-
products is avoidable by using the conditions under which
only intramolecular ligation occurs. Probably, the relatively
favourable formation of intramolecular secondary structure
as compared with intermolecular one can be strengthened
when the ligation conditions are weak enough (or appropri-
ate).

Since most RNAs fold to stable secondary structures, ap-
propriate L-RNA precursor is easily obtainable. In many
cases, almost 100% selectivity is easily accomplished only
with ‘terminal base-pair strategy’. For the other cases, in
which this technology alone is insufficient for dominant
production of RNA rings, simultaneous use of both ‘low
buffer concentration strategy’ (Figure 5A) and ‘higher reac-
tion temperatures’ (Figure 5B) are effective. By combining
these three factors, highly pure circularization can be easily
accomplished and desired RNA ring is obtained in a large
scale (Figures 6 and 7; Supplementary Figure S8). Another
merit of our apporach is that we can make different designs
according to different requirements. If low concentration of
substrate is acceptable, we can design and use the substrate



PAGE 9 OF 12 Nucleic Acids Research, 2020, Vol. 48, No. 9 e54

Figure 8. Circularization of L-RNA having smaller number of terminal base pairs. (A) Proposed structures of L-siR-GAS(12,13), L-siR-GAS(8,9), L-siR-
GAS(7,8), L-siR-GAS(21,1), L-siR-GAS(20,21) and L-siR-GAS(9,10). These structures are some possible structures, which we propose to be formed due to
Rnl2 binding for ligation. (B) About 12% denaturing PAGE. In lanes 2, 5, 8, 11, 14 and 17, [L-RNA] = 2 �M and [T4 Rnl2] = 0.2 U/�l, 25◦C, 2 h, 1 ×
buffer; in lanes 3, 6, 9, 12, 15 and 18, [L-RNA] = 10 �M and [T4 Rnl2] = 1 U/�l, 12 h, 1 × buffer. Lanes 1, 4, 7, 10, 13 and 16 refer to the substrates alone.

with more base pairs in both terminals. If large amount of
C-RNA is required, we can use the substrate with less base
pairs, especially in the 5′-phosphate side.

Proposed mechanism for the enormous promotion of circular-
ization by small number of terminal base pairs

It is a great surprise that only very small number of base
pairs at the ligation site promote in such an enormous mag-

nitude the intramolecular ligation by Rnl2. We suppose that
the enzyme efficiently traps the terminal base pairs which
are temporarily formed in the solutions, and this transient
specie is eventually converted to stable enzyme–substrate
complex. The base pairing in the 3′-OH side should be criti-
cally important. Thus, the enzymatic reaction is enormously
accelerated by only a few base pairs in the 3′-OH side. Then,
the 5′-phosphate group enters the binding pocket of the en-
zyme, and adenylated through adenylyl transfer from the
lysine residue of the enzyme.
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The proposed mechanism is further confirmed by the fol-
lowing experiments showing that even smaller number of
base pairs is sufficient for circularization under strong re-
action conditions, although the reaction rate is relatively
slower (Figure 8). Here, C-siR-GAS was cut at various po-
sitions other than the best position for ‘terminal base-pair
strategy’. In L-siR-GAS(7,8), for example, the first and third
pairs in the 3′-OH side (C7-G16 and A5-U18) are match-
ing for circularization, but the second one (C6-U17) is mis-
matching. There exists no full match base pair in the 5′-
phosphate side. Even under these situations, the circular-
ization by Rnl2 selectively proceeded (lanes 8 and 9). In L-
siR-GAS(8,9), only the first pair (U8-G16) in 3′-OH side is
matching for circularization. The 5′-phosphate side is also
unstable (only the second pair G10-C14 is matching). When
this L-RNA was treated by 0.2 U/�l T4 Rnl2 for 2 h, C-siR-
GAS was produced in 58% yield (lane 5). Upon the increase
of both the amount of Rnl2 and reaction time (1 U/�l for 12
h), the circularization was almost quantitative (lane 6). It is
noteworthy that the circularization was successful for all the
L-RNA precursors in Figure 8. Accordingly, the decrease in
the number of terminal base pairs only decreases the reac-
tion rate, without losing the selective feature. In these ex-
amples, at least, only 1 bp in the 3′-OH side is sufficient
for circularization. These findings further extend the scope
of practical applications of the present ‘terminal base-pair
strategy’. Even when one cannot find a very good candidate
of circularization precursor, the RNA ring is still obtainable
simply by increasing the amount of Rnl2 and achieving the
reaction for a longer period of time (or other favorable con-
ditions).

It should be noted that these base pairs for L-RNA sub-
strate are not necessarily stable in the absence of Rnl2. Dur-
ing circularization, Rnl2 can help the formation of a nick-
like structure (39). For some cases, even when other more
stable secondary structures form (circularization cannot oc-
cur with these structures, Supplementary Figure S11), the
circularization could also be carried out with acceptable
efficiency (Figure 8), although these structures slow down
the circularization. It has been well accepted that the in
vivo role of Rnl2 is to repair cleaved RNA, although its de-
tailed mechanism is not clear (37). As shown in this paper,
the structure requirements of this enzyme on the substrate
are rather small, which could be advantageous for repairing
many kinds of RNA damages. Consistently, the structure
requirement for nick sealing is also not so strict. Only the
3′-OH side of the nick must be RNA, and both of the 5′-
phosphate side of the nick and the template strand can be
replaced by DNA (10,30,39).

The present method may be applied to obtain circu-
lar ssRNA with various sizes (as shown in Supplementary
Figure S13). For example, Daròs et al. reported in 2018
that a viroid-derived system was used in Escherichia coli
to produce large amounts of recombinant RNA for down-
stream applications (50,51). By using our approach, these
long circular RNA may also be produced, because most of
these long-stranded RNAs have stable secondary structures
(>5 continuous base pairs). By combining these two ap-
proaches, many functional RNA may be produced. One of
the problems is that long ssRNA of desired sequences with
high-purity is difficult to be obtained at present. Develop-

ment of highly efficient in vitro transcription, which can give
exact RNA sequences, may solve this problem to some ex-
tent.

CONCLUSION

Based on the design of RNA precursor for circularization
by T4 Rnl2, highly efficient preparation method of short
RNA rings has been established. The secondary structure
of targeted RNA ring is first predicted, and the precur-
sor RNA is designed so that a few base pairs are formed
at the ligation site. For efficient intramolecular circulariza-
tion without producing observable polymeric by-products,
formation of two or more base pairs in the 3′-OH side
of the ligation site, and 0 or 1 bp in the 5′-phosphate
side, is preferable. For most of RNAs, appropriate precur-
sor RNA is easily designed by using Mfold or other soft-
ware (52) for structure prediction (Supplementary Figure
S14). Simply by treating this optimized precursor by Rnl2
(without using a splint), the RNA ring is selectively pro-
duced. The production of polymeric by-products, which is
a critical problem in splint-mediated circularization, is ef-
fectively suppressed. Accordingly, various functional RNAs
(e.g. siRNA, miRNA and ribozyme) are circularized with
high efficiency and high selectivity even at high concentra-
tions (e.g. 50 �M). The selectivity for the formation of RNA
ring is further promoted by diluting T4 Rnl2 ligase buffer
and also by employing higher reaction temperatures. The
present method is useful for large-scale production of RNA
rings which are highly potent for medicine, nanotechnol-
ogy and many other applications. Circularization of longer
RNAs is underway in our laboratory to shed light on the
roles of functional RNA such as circRNA and riboswitch
in cancer, diabetes and other diseases (6).
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