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Terminal deoxynucleotidyl transferase (TdT) has been characterized as template-independent polymerase
using single-stranded DNA (ssDNA) as primers to generate random oligonucleotides. However, the ex-
tension performance of TdT to single-stranded RNA (ssRNA) is vague. By systematically comparing and
contrasting the performance of TdT-catalyzed ssDNA and ssRNA extension, it is indicated that the cat-
alytic efficiency of ssRNA as primers was about 3 times lower than ssDNA as primers. Collectively, it is
believed that understanding the catalytic performance of TdT will help to design the strategy to synthe-
size chimeric DNA on 3’-OH of ssRNA, which becomes invaluable.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nucleic acid (DNA and RNA) plays a central role in the continu-
ity of life. Due to the unique structural property and inherent abil-
ity [1,2], DNA and RNA are usually widely used in drug delivery
[3], biosensing [4], silencing [5,6], and switching [7]. The key point
for these applications lies in DNA or RNA extension synthesis [8-
11]. To date, in addition to the synthesis of short-stranded nucleic
acids by solid-phase synthesis, enzymatic synthesis was often used
to synthesize high-molecular-weight nucleic acids, which catalyze
the extension of 3’-hydroxy terminus (3’-OH) single-stranded DNA
(ssDNA) and single-stranded RNA (ssRNA), and templates are usu-
ally essential for the extension of primers [12-16], which leads to
the formation of DNA or chimeric RNA-DNA. For the most synthe-
sis of chimeric RNA-DNA, templates were required. The template-
independent synthesis of chimeric RNA-DNA was rarely reported.
However, the requirement for using templates is not universal as
exists a unique enzyme, denoted terminal deoxynucleotidyl trans-
ferase (TdT), which was first extracted from the calf thymus by
F. J. Bollum [17-21]. TdT has been characterized as a template-
independent polymerase using ssDNA as primers to generate ran-
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dom oligonucleotides [22-24]. Traditionally, the function of the
TdT-catalyzed ssDNA extension has been preliminarily studied, in-
cluding the influence of divalent metal cofactors for catalytic activ-
ity, and the crystal structures of the TdT [25-29].

This special template-independent property has led to numer-
ous applications in biosensing [30,31], gene engineering [10], and
gene editing [11]. By examining the past publications, it is found
that a few reports about the template-independent polymerases
catalyzing the 3’-OH of RNA to add ribonucleotides, such as
poly(U) polymerase and poly(A) polymerase [32,33]. Yet, these en-
zymes were selected to use ribonucleotide substrates that greatly
limit their capacity for diverse biotechnology applications. Poly-
merase theta (Pol ) is essential for the double-strand break repair
pathway alternative end-joining [34,35]. Pomerantz group proved
that the Pol € can also perform one-step modification of ssRNA's
3’-termini in a manner of snap-back self-template-dependent ex-
tension activity [16,36]. The limitation lies in the fact that Pol 6
has a strong dependence on the structure of primers, requiring the
3’-end primer to form a pair with itself [16,36].

In previous work, single-chain poly(T) was synthesized by TdT
based on this trait to activate the self-assembly of copper nanopar-
ticles to detect Parkinson’s disease-related microRNA153-3p [37].
However, when all DNA can be effectively blocked, a false positive
signal was still observed with a relatively high concentration of
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Fig. 1. The principle of TCED and TCER. (A) The illustration of ssDNA (in green) and
ssRNA (in red) extension. (B) The image of 8% PAGE showed that 10-5 mol/L ssSRNA
and 10-% mol/L ssDNA can be extended by TdT.

RNA in the process of the experiment. It is speculated that in addi-
tion to ssDNA, TdT could catalyze the extension of ssSRNA by incor-
porating deoxyribonucleotide (dNTPs) to form chimeric RNA-DNA.
Therefore, according to relevant literature, it is known that TdT can
be extended with ssRNA as primers, but there are only several re-
lated kinds of literature [38,39]. In this work, TdT polymerization
reactions with ssRNA and ssDNA as primers were contrasted in de-
tail to synthesize chimeric RNA-DNA, which has a wide range of
applications such as gene targeting, PCR primers, and biosensors
[40-42]. If chimeric RNA-DNA can be constructed by TdT, it will
open a new window in which ssRNA extends DNA by adding dNTPs
in the absence of templates.

Therefore, we detailed studied the extension performance with
ssRNA as primers, by comparison with ssDNA, the TdT for its
ability to perform DNA synthesis without templates using ssDNA
and ssRNA primers was uncovered. In this work, considering that
chimeric RNA-DNA has demonstrated extensive growth and shown
increasing importance in medicine, we were devoted to exploring
the function of TdT-catalyzed 3’-OH ssRNA extension (TCER), tar-
geting to find out the detailed performance of both TCER and TdT-
catalyzed 3’-OH ssDNA extension (TCED).

To our best knowledge, simple and efficient methods to de-
tect TdT-catalyzed profiles are lacking, and the gel electrophore-
sis technique is the most commonly used [16,43,44]. To visually
distinguish the extension effect of TdT on different primers, we fi-
nally chose fluorophores as labels for characterization. Herein, as
shown in Fig. 1A, to effectively distinguish between ssRNA and
ssDNA, the cyanine dyes Cy3 and Cy5 were used to label cor-
responding ssDNA and ssRNA with different colors in polyacry-
lamide gel electrophoresis (PAGE): the 5'-PO4-ssDNA was labeled
with Cy3 (ssDNA-Cy3) showing green fluorescence and the 5-POy-
ssRNA was colored with Cy5 (ssRNA-Cy5) with red fluorescence
[45-47]. To verify the feasibility of TCER and TCED, the principles
were illustrated in Fig. 1A, and the image of 8% PAGE showed that
ssRNA and ssDNA can be extended by TdT (Fig. 1B). Control exper-
iments have shown that TdT would catalyze the extension of DNA
and RNA only when all components, including dNTPs and TdT, are
present (Fig. S1 in Supporting information). The sequences of ss-
DNA and ssRNA were listed in Table S1 (Supporting information).
It is suggested that TdT can not only catalyze ssDNA-primed DNA
polymerization but also can catalyze ssSRNA-primed DNA polymer-
ization. In order to further illustrate the extension performance of
TdT, several ssRNA with different sequences were randomly se-
lected to compare their extension efficiency (Table S1). As mi-
croRNA 122 was widely used as a disease marker with high ex-
tension efficiency [48,49], it was chosen to study the performance
of TdT extension RNA (Fig. S2 in Supporting information). In ad-
dition, normal primers rather than specified primers which 3’ end
can be paired with itself were designed (Fig. S3 in Supporting in-
formation) to test the possibility of RNA extension [16].
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Fig. 2. The TCER and TCED performance at different primers concentrations and
different reaction times. Two-channel (Cy5 and Cy3) analysis of the TCER and TCED
performance at different primers concentrations (A) and different reaction times
(D), respectively by PAGE images (ssRNA and ssDNA reaction concentrations in-
crease from 10~7 mol/L to 2 x 10~ mol/L and the reaction time increases from 1 min
to 120 min). Relationship between the fluorescence intensity and the concentration
of ssRNA and ssDNA primers (B) and the reaction time (E). The proportion of ex-
tended ssRNA and ssDNA primers in the reaction in different primers concentra-
tions (C) and different reaction times (F). n=3; error bars represent standard devi-
ation.

When different concentrations of ssRNA and ssDNA were ex-
tended by TdT (Figs. 2A-C), it is clear that with a higher concen-
tration of primers, fluorescence intensity became stronger with a
wider size distribution of polymerization products. All unextended
primers have migrated out of the electrophoretic lane, and the
counted fluorescence intensity represents the fluorescence inten-
sity of the extended primers, i.e. the whole lane. A near-perfect
linear trend was observed for the plot of fluorescence intensity
with the concentration of nucleic acid (Fig. 2B). The slope for RNA
primers is lower than for DNA primers, indicating that the cat-
alytic efficiency of TCER was poorer than TCED. The fluorescence
intensity was correlated with the concentrations of ssDNA and ss-
RNA, enabling us to quantitatively analyze Cy5 and Cy3 fluores-
cence intensity, and standard curves of different concentrations of
sSRNA and ssDNA with fluorescence intensity were fitted (Fig. S4
in Supporting Information). Through calculation (detail method is
shown in Supporting information and data are shown in Figs. S5
and S6 in Supporting Information), it is concluded that when the
concentration of ssDNA or ssRNA increased, the percentage of ex-
tended primers in the reaction decreased: the case for ssRNA de-
creased sharply from around 47% to 12%; while in the case of ss-
DNA, the deduction is limited with more than about 85% of ex-
tended primers in the reaction (Fig. 2C). Furthermore, when the
amount of enzyme in the reaction system was increased to 10
folds, the proportion of extended ssRNA in the reaction was not
significantly increased, suggesting that ssDNA is more easily cap-
tured by TdT (Fig. S7 in Supporting information). From Fig. 2A and
Fig. S6, it is interesting to find out that the extension products of
ssSRNA were concentrated at the upper part of the lane no matter
with a high or low concentration of ssSRNA primers, indicating that
once ssRNA was captured by TdT and extended to form chimeric
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RNA-DNA, which may continue to be extended easily by TdT. This
was more probable to be captured by TdT again than ssRNA itself,
which may be due to its cellular function as a DNA polymerase
[50]. If we looked more detailly at the molecular weight (MW) of
the reaction products, it is found that the products of TCER stick to
the high MW part (>1200bp), and gradually extend to the lower
MW part as more ssRNA primers are available (Fig. S6C). In the
case of ssDNA primers, as the concentration of primers increased,
the products were more evenly distributed on the lane (Fig. 2A
and Fig. S6D). When the concentration of primers is low, the poly-
merization product prefers a large MW (>1200bp) product. With
ssDNA higher than 5 x 10~7 mol/L, products were concentrated on
the "100-500 bp" or "500-1200 bp" parts, consistent with previous
reports [43]. Therefore, TCER could effectively solve the problem
that current methods are difficult to produce long-chain nucleic
acids and generate products with high molecular weight, which
can be used in synthetic biology or to produce DNA tails to pro-
tect RNA from deterioration [51].

By comparing the extension efficiency of different concentra-
tions of ssDNA and ssRNA, we continued to explore the effect of
reaction time on TdT catalysis (Figs. 2D-F). As the reaction time in-
creased, ssRNA and ssDNA primers continued to be extended with
obviously different extension characteristics. The products of TCER
were still concentrated in the upper part of the lane no matter
how long the reaction time was. With TdT reflected in the rel-
atively uniform extension using ssDNA as primers, the total MW
gradually increased with extended reaction time (Fig. 2D). Either
TCER or TCED, the fluorescence intensity significantly enhanced as
the reaction time increased (Fig. 2E). At 120 min time point, about
86% of ssDNA primers were extended, indicating that ssDNA had
a relatively equal chance of being captured and extended by TdT.
At the same time, only around 22% of ssRNA primers were ex-
tended (Fig. 2F and Fig. S8 in Supporting information). Through
quantitative analysis of fluorescence intensity and MW at differ-
ent positions on the gel band, we were able to estimate the num-
ber of base pairs participating in the reaction at different time
points. With these parameters, the reaction rates for TCER and
TCED were estimated to be (341 +12) x 102 mol min~—! mg-! and
(983 +£37) x 10-2mol min~—! mg~!, respectively (Fig. S8). This re-
sult indicated that the catalytic efficiency of TCER was about 3
times lower than TCED. The reason was that around 22% of ss-
RNA primers participated in the reaction much less than 86% of
ssDNA in 120 min, but the growth trend of ssRNA primers was to-
ward larger MW products (mostly >1200bp). The MW of single-
stranded DNA-DNA was much smaller than chimeric RNA-DNA,
leading to the final catalytic efficiency of TCER not much less than
TCED. In general, it is proved that TdT also had high catalytic
activity for ssRNA primers, which can be used for the template-
independent synthesis of chimeric RNA-DNA and is widely adopted
in biomedical research and applications.

To better understand the extension preference through differ-
ent substrates, we proceeded to investigate the effects of different
substrates (Figs. 3A and B), and the two gels and DNA marker gel
run at the same time in the same gel box (Fig S9 in Supporting in-
formation). These results demonstrated that both TCER and TCED
show a clear preference for different substrates, and the propor-
tion of extended primers in the reaction is different with different
substrates (Figs. 3C and Fig. S10 in Supporting information). dATP
and dTTP were regarded as poor substrates for TCER. Substrates
dCTP, dGTP and dNTPs showed relatively good activity for ssRNA
primers, mainly distributed in the "100-500 bp" part. And there
are two reasons for ssDNA extension with dATP affording a quite
narrow band. On the one hand, it may be the interactions of the
negatively-charged triphosphate moieties with positively-charged
amino acids in the polymerase’s active site [25]. On the other hand,
it may be related to divalent metal cations (Co?*) that were used
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Fig. 3. The performance of TCER and TCED with different substrates. (A, B) Two-
channel (Cy5 and Cy3) analysis of the TCER and TCED performance with different
substrates, respectively by PAGE images. (A) TCER and TCED are from lanes 1 to
5 and from lanes 6 to 10 using dATP, dTTP, dCTP, dGTP, and dNTPs as substrates.
(B) TCER and TCED are from lane 1 to 5 and from lanes 6 to 10 using -dATP, -
dTTP, -dCTP, -dGTP and dNTPs as substrates. (C) The proportion of extended ssDNA
and ssRNA primers in the reaction with different substrates (A). (D) The number
of base pairs of TCER and TCED products with different substrates (A). n=3; error
bars represent standard deviation.

in the experiment to promote the binding of pyrimidine bases [25].
By calculating the concentration of extended ssRNA and ssDNA in
the reaction according to fluorescence intensity based on the stan-
dard curve (Figs. S4, S5 and S10), the number of base pairs in the
products could be obtained based on the DNA marker. The results
showed that the preferred order of substrates for extension effi-
ciency of TCER was dNTPs > dCTP > dGTP > dATP > dTTP and the
order of TCED for preferred substrate was dNTPs > dTTP > dATP
> dCTP > dGTP (Fig. 3D and Fig. S10), which may be related to
the conformational change of the active center of TdT upon bind-
ing to the base and the divalent metal cation [25]. it is found that
the MW distribution was also substrate-dependent: dATP prefers
to form the "500-1200 bp" product, and dTTP, dGTP, and dCTP as
substrates mainly grow in "100-500 bp" (Figs. S10F and G).

In addition to single substrate performance, we further carried
out single substrate knock-out experiments to test the polymeriza-
tion characteristics of TCER and TCED (Fig. 3B and Fig. S11A in
Supporting information). With the absence of dATP (-dATP), the
products of TCED were evenly distributed in the lane, indicating
that the dATP as the substrate in TCED is critical in determining
the high MW characteristics of the products. When dNTPs lacked
dCTP or dGTP (-dCTP or -dGTP), TCER showed poor growth with
the products mainly concentrated on "500-1200 bp" and "1200-
1800 bp" parts (Figs. S11B and C in Supporting information). The
results suggested that dCTP and dGTP played a major role in the
extension. In the process of TCED, the lack of any kind of deoxynu-
cleotide alone had little effect on the extension, and the products
were almost distributed in "100-500 bp" and "500-1200 bp" parts
(Figs. S11D and E in Supporting information). The choice of sub-
strates also had a significant effect on the behavior of polymeriza-
tion, overall, data in Figs. 3A and B demonstrated that TdT exhib-
ited a strong preference for different substrates providing a valid
reference for the growth of nucleic acid strands of different de-
oxynucleotides in the absence of templates.

Since TdT could catalyze the polymerization using both ss-
DNA and ssRNA primers, it would be necessary to understand the
competitive behavior between ssDNA and ssRNA. Here, different
sSRNA/ssDNA primer ratios ranging from 1:1 to 20:1 were tested
with a constant concentration of ssRNA (106 mol/L) (Fig. 4 and
Fig S12 in Supporting information). From Figs. 4A and B, it is clear
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Fig. 4. The characteristics of ssRNA and ssDNA coexisting in the same reac-
tion system catalyzed by TdT. (A) Two-channel (Cy5 and Cy3) analysis of ssRNA
and ssDNA coexisting in the same reaction system catalyzed by TdT by PAGE
images (Lane 1: 10-5mol/L RNA, Lane 2: 10-%mol/L DNA, Lane 3: 10-°mol/L
RNA+10-®mol/L DNA, Lane 4: 10-%mol/L RNA+5 x 10-7 mol/L DNA, Lane 5:
10-% mol/L RNA +2 x 10~7 mol/L RNA, Lane6: 106 mol/L + 10-7 mol/L DNA, Lane 7:
10-6 mol/L+ 6 x 10~ mol/L DNA, Lane 8: 10-6 mol/L+5 x 10~ mol/L DNA). (B) Flu-
orescence intensity of sSRNA and ssDNA coexisting in the same reaction system cat-
alyzed by TdT. n=3; error bars represent standard deviation.

that when the ratio is less than 5, TdT prefers to extend ssDNA. As
the ssDNA concentration decreased with ssRNA/ssDNA ratio higher
than 10, ssRNA was preferentially captured and extended by TdT.
Although the exact affinity of nucleic acid to TdT is unknown, it
is estimated that the ssDNA could bind tighter than ssRNA, be-
cause TdT is a DNA polymerase. TdT can catalyze the formation
of polynucleotides at 3’-OH of ssRNA with higher concentration
which can be preferentially captured and extended by TdT. This
also explained the background of our previous work [37].

TdT is well known for its ability to add dNTPs on 3’-OH of ss-
DNA with the characteristic of template-independent. In this pro-
cess of studying TdT, we described that TdT has strong catalytic
activity for ssRNA as primers without any templates in detail. It is
proposed that ssRNA can be extended by TdT to produce DNA tails
to protect RNA from deterioration. When ssRNA is extended by TdT
to form chimeric RNA-DNA, high MW products at 3’-OH of ssRNA
were preferred. The catalytic efficiency of TCED was about 3 times
higher than TCER. TCER was found to depend on substrates with
the order of dNTPs > dCTP > dGTP > dATP > dTTP. The presented
study offers a promising launching point for the development of a
practical template-independent extension of 3’-OH of ssRNA tech-
nology. Finally, it is believed that understanding the performance
of TCER and TCED will help to design the strategy to synthesize
chimeric DNA on 3’-OH of ssRNA. The crystal structure of TCED
had been understood [25], while we are now studying the crys-
tal structure of TCER to detail the interaction of TdT with ssRNA,
trying to fully understand the extending mechanism shortly.
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