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ABSTRACT: DNA damage can occur naturally or through
environmental factors, leading to mutations in DNA replication
and genomic instability in cells. Normally, natural D-nucleotides were
selected by DNA polymerases. The template L-thymidine (L-T) has
been shown to be bypassed by several types of DNA polymerases.
However, DNA replication fidelity of nucleotide incorporation
opposite L-thymidine in vivo remains unknown. Here, we
constructed plasmids containing a restriction enzyme (PstI)
recognition site in which the L-T lesion was site-specifically located
within the PstI recognition sequence (CTGCAG). Further, we
assessed the efficiencies of nucleotide incorporation opposite the L-T
site and L-T lesion bypass replication in vitro and in vivo. We found
that recombinants containing the L-T lesion site inhibited DNA replication. In addition, A was incorporated opposite the L-T lesion
by routine PCR assay, whereas preference for nucleotide incorporation opposite the L-T site was A (13%), T (22%), C (46%), and G
(19%), and no nucleotide insertion and deletions were detected in E. coli cells. In particular, a novel restriction enzyme-mediated
method for detection of the mutagenic properties of DNA lesion was established, which allows us to readily detect restriction−
digestion of the L-T-bearing plasmids. The study provided significant insight into how mirror-image nucleosides perturb the fidelity
of DNA replication in vivo and whether they elicit mutagenic effects, which may help to understand both how DNA damage
interferes with the flow of genetic information during DNA replication and development of diseases caused by gene mutation.

■ INTRODUCTION

Nucleic acids (NAs) carry genetic information and are
responsible for the construction and function of organisms.1

D/L-Nucleosides exist as mirror molecules in which D-
nucleosides are used to construct organisms.2,3 By contrast,
the mirror images of natural D-nucleosides (L-A, L-T, L-C, L-G,
and their corresponding 2′-deoxy derivatives) and NAs (L-
RNA and L-DNA) are uncommon in natural biomacromole-
cules and are found to be antiviral compounds.4 Differences in
the electronic energy levels between D- and L-RNA have shown
that D-NAs lead to improved stability.5 While only D-
nucleosides or D-nucleotides are recognized by natural
enzymes with L-stereoselectivity in vivo, L-dNTPs or their
analogues can be incorporated by many DNA polymerases
with D-stereoselectivity.6 As such, L-nucleosides might hinder
or block construction and function of nucleic acids. Similar to
protein conformational diseases such as bovine encephalopathy
BSE,7 oligonucleotide conformational diseases may occur
because of chaotic structure. Moreover, mutations in one or
more genes may cause diseases such as cystic fibrosis,8,9 sickle
cell anemia,10,11 Tay−Sachs disease,12,13 phenylketonuria,14

color blindness,15 and even cancer.16,17 Commonly, only
natural dNTPs can be incorporated into DNA by DNA

polymerases for biological function. However, recently, based
on L-DNA templates, a chemically synthesized D-amino acid
polymerase was shown to catalyze DNA polymerization and
transcription into RNA, exploiting enzymatically produced
mirror-image biomolecules as research and therapeutic
tools.18,19

In recent years, several non-native β-L-nucleosides have been
reported to fight HIV and hepatitis B virus (HBV).20 In
addition, several studies have used L-nucleosides as drugs for
clinical research, such as lamivudine, emtricitabine, and
telbivudine, showing that their clinical side effects are related
to human DNA polymerase.6 Deleterious mutations that are
lethal in living organisms have garnered great interest. For
example, apurinic/apyrimidinic (AP) sites as a common type
of endogenous DNA damage are replicated in cultured human
cells, which induced A → T (72−76%), C (10−20%), G (4−
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6%), and A (1−2%) mutations.21 Moreover, 8,5-cyclo-2-
deoxyadenosine (cdA) caused by reactive oxygen species can
lead to DNA damage, inhibit DNA replication, and increase
the mutation frequencies at lesion sites.22 O4-Alkylthymidine
(O4-alkyldT) lesions were shown to affect DNA replication in
E. coli cells.23 Tsujikawa et al. also24 found that lesions in the
DNA template containing an equimolar mixture of Sp and Rp
diastereomers could partially inhibit primer extension catalyzed
by T4 DNA polymerase but could be bypassed by E. coli DNA
polymerase I. In addition, our previous study found that a
series of polymerization reactions directed by a DNA template
containing L-thymidine (L-T) was catalyzed by several kinds of
DNA polymerases, demonstrating that 5′−3′ primer extension
of natural nucleotides bypassed chiral modification sites using
B-family DNA polymerases.25

To date, studies on the replication and mutations of L-
nucleosides in vivo have been limited. In this study, a series of
plasmids containing L-T at a specific site was constructed to
assess the impact of L-T on DNA replication and mutagenesis
in cultured bacterial cells. Therefore, our investigation may
provide valuable insight into the mutagenesis and cytotoxicity
of new L-nucleoside drugs.

■ EXPERIMENTAL PROCEDURES
General Reagents. All chemicals used were of analytical grade

(>99.0%). Plasmid pUC19, DH5α-competent cells, TIANgel Midi
Purification Kit, Taq DNA polymerase, agarose, X-gal, and dNTPs
were purchased from Tiangen Biotec Co., Ltd. (Beijing, China). Vent
(exo−) DNA polymerase was obtained from New England Biolabs
Inc. (Ipswich, MA, USA). Restriction enzymes (HindIII-HF, EcoRI-
HF, and PstI-HF) were from NEB (Beijing, China). SYBR gold
nucleic acid gel stain was purchased from Invitrogen, Ltd. (Paisley,
UK). Ethidium bromide (EB) was obtained from AMRESCO
Commercial Finance, LLC. (Boise, ID, USA). TAE (50×) and urea
were purchased from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai,
China). T4 DNA Ligase, IPTG, and T4 polynucleotide kinase were
purchased from Beyotime (Shanghai, China). Ampicillin (Amp) and
bromophenol blue (BPB) were purchased from Macklin (Shanghai,
China). Agar powder (bacterial culture-medium grade) and TEMED
were from Sigma-Aldrich (Shanghai, China). Plasmid small-extraction
kit, Cycle pure kit, 40% acrylamide (acrylamide:bis-acrylamide 19:1),
and EDTA-2Na were from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China). Tryptone and yeast extract were purchased
from OXOID (Basingstoke, UK). Ammonium persulfate was obtained
from Aladdin (Shanghai, China), NaCl was from Tansoole (Shanghai,
China), and deionized formamide was from Leagene (Beijing, China).
Ultrapure water was prepared using double-distilled water (UPW, 18
MΩ cm).
The following equipment was used: HPLC (San Diego, CA, USA,

C18 column 9.4 × 250 mm), gel electrophoresis (Junyi Electro-
phoresis, Beijing, China), electronic balance (Sartorius, Göttingen,
Germany), TGW16 micro high-speed centrifuge (Xiangyi, Changsha,
China), Nanodrop (Thermo Fisher, Boston, MA, USA), ChemiDoc
XRS system (BioRad, Hercules, CA, USA), MJ MiNi Thermal Cycler
(Bio-Rad, Hercules, CA, USA), digital constant temperature water-
bath pot (Xinbao Instrument Factory, Changzhou, China), constant
temperature incubator (SHIPING, Changsha, China), inverted
microscope (Leica, Solms, Germany), and TGL16 desktop high-
speed refrigerated centrifuge (Xiangyi, Changsha, China).
Simulation of Incorporation Efficiency and Bypass Effi-

ciency of Natural Nucleotides. Incorporation efficiency and bypass
efficiency were simulated by mixing 13 and pUC19 plasmids at
varying ratios. The 13 plasmid containing the insert sequence 5′-
AATTCTCCTGCAGGCTAGCACTGA-3′ was derived from pUC19
plasmid, which represents mutant progeny (i.e., L-T → T transition
with 100%). PUC19 plasmid was represented as DNA contamination
resulting from pUC19 vector self-ligation during the ligation step. The

mixtures containing 13 and pUC19 plasmids were amplified in vitro
and in vivo.

Preparation of DNA Inserts Containing L-T. L-Thymidine
phosphoramidite was synthesized from L-T, followed by DMT
protection as previously described by Xiao et al.25 Oligonucleotides
used in this study are shown in Table 1. According to methods

published previously by our laboratory,26 the oligonucleotide
synthesis was carried out using a 3400 DNA synthesizer (ABI) with
standard reagents and program followed by purification on an Agilent
LC-DAD liquid chromatographic system (San Diego, CA, USA) and
an Eclipse XDB-C18 column (250 mm × 9.4 mm, 5 μm). Gradient
elution was performed as follows: 0−40 min, 90−60% mobile phase A
(0.05 mol/L TEAA, pH 8.0); 40−45 mim, 40−100% mobile phase B
(100% ACN, pH 7.5); 45−50 min, 100% B; 50−55 min 0−90% A;
55−60 min, 90% A. The column was maintained at 40 °C, and the
detection wavelength was 254 nm. The flow rate of the mobile phase
was 1.0 mL/min. Oligonucleotide concentrations were determined
using Nanodrop.

Construction of Recombinants Harboring an L-T-Inserted
Site. 5′-Phosphorylation of DNA was conducted in 20 μL of reaction
buffer containing 2 μL of reaction buffer A (10×), an equimolar
amount of the original L-T-containing strand and its normal
complementary strand with C:C mismatch, 1 μL of 0.1 mM ATP,
1 μL of T4 polynucleotide kinase (10 U/μL), and nuclease-free
deionized water. The above mixture was mixed gently with a pipet and
centrifuged to precipitate, followed by incubation at 37 °C for 30 min.
The enzyme was inactivated at 75 °C for 10 min. Subsequently, the
mixtures were floated in water and preheated to 95 °C for 5 min and
cooled for 10 min at room temperature.

PUC19 plasmid DNA (300 μg) was mixed with 100 μL of 10×
NEB CutSmart buffer, 20 μL of EcoRI-HF and HindIII-HF (20 000
U/mL), and water to obtain a 1 mL solution. After incubation at 37
°C overnight, the mixtures were subjected to electrophoresis for 90
min on a 0.8% agarose. Next, 0.5 μg/mL ethidium bromide was added
to the gel. Bands corresponding to the linearized plasmid were cut
from the gel, and the linearized plasmids were recovered using the
QIAquick gel extraction kit (Qiagen, Beijing, China). Ligations were
conducted by adding 1.0 pmol linearized plasmid, 1.0 pmol equiv of
inserts containing L-T, 2 μL of 10× T4 DNA ligase buffer, 0.5 μL
(1000U/μL) of T4 DNA ligase, and distilled water to a total reaction
volume of 20 μL. The ligation mixture was incubated at 16 °C
overnight. Following ligation reactions were heated at 65 °C for 20
min to inactivate the ligase for PCR.

PAGE Analyses for PCR Products Amplified In Vitro.
Recombinant-containing ligation reactions were amplified using a
PCR protocol with C12F and C12R primers. Briefly, 2 μL of the
ligation reaction mixtures, 1 μL of C12F primer (10 μM), 1 μL of
C12R primer (10 μM), 5 μL of 10× Taq buffer, 4 μL of dNTPs
mixture (2.5 mM), 0.5 μL of Taq DNA polymerase (2.5 U/μL)/Vent
(exo−) DNA polymerase (2.0 U/μL), and water were mixed together
in a total reaction volume of 50 μL. Subsequently, PCR amplification
was initiated at 95 °C for 3 min, followed by 39 cycles at 95 °C for 30

Table 1. Single-Strand Oligonucleotides Used in This Study

name sequence

ODN13T 5′-AATTCTCCTLGCAGGCTAGCACTGA-3′
ODN14T 5′-AATTCTCCTTLCAGGCTAGCACTGA-3′
ODN15T 5′-AATTCTCCTGTLAGGCTAGCACTGA-3′
ODN16T 5′-AATTCTCCTGCTLGGCTAGCACTGA-3′
ODN13 5′-AATTCTCCTGCAGGCTAGCACTGA-3′
ODN14 5′-AATTCTCCTTCAGGCTAGCACTGA-3′
ODN15 5′-AATTCTCCTGTAGGCTAGCACTGA-3′
ODN16 5′-AATTCTCCTGCTGGCTAGCACTGA-3′
COM20 5′-AGCTTCAGTGCTAGCCTGCACGAG-3′
C12F 5′-TTAGCTCACTCATTAGGCACCC-3′
C12R 5′-GGGCCTCTTCGCTATTACGC-3′
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s, 52.2 °C for 30 s, 72/55 °C for 1 min, a final extension at 72/55 °C
for 5 min, and held at 4 °C. Further, 35 μL of PCR products was
purified using an E.Z.N.A. Cycle pure kit (Omega Biotek, Doraville,
GA, USA) and stored at −20 °C.
For PAGE analysis, 25.8 μL of the PCR fragments was treated with

12 units of PstI-HF and HindIII-HF and 3 μL of the 10× NEB
CutSmart buffer in a total reaction volume of 30 μL for 4 h at 37 °C.
The polymerase reactions were terminated by adding 30 μL of loading
buffer (95% formamide, 0.05% bromophenol blue, 0.05% xylene
cyanol, and 20 mM EDTA). A 30 μL aliquot of the mixtures was
subjected to a 20% denaturing polyacrylamide gel containing 7 M
urea. The products were analyzed by gel electrophoresis for 1.5 h at
150 V in the presence of 1× TBE buffer using 20% denatured
polyacrylamide gel (acrylamide:bis-acrylamide 19:1) and visualized by
the ChemiDoc XRS System (BioRad).
Cell Culture, Transfection, and Cellular DNA Replication.

DH5α-competent cells (0.1 mL aliquot) stored at −80 °C were
immediately thawed in an ice bath for 30 min. Subsequently, 10 μL of
recombinants was added to the 50 μL of competent cells, and the tube
was gently rotated to mix and placed on ice for 30 min and in a water
bath at 42 °C for 90 s. Then the centrifuge tube was quickly
transferred to ice for 3 min. Next, 0.4 mL of LB liquid medium
preheated at 37 °C was added, and the cells were grown at 37 °C with
shaking (225 rpm) for 1 h to allow expression of the antibiotic-
resistant gene. Further, 100 μL of the above bacterial solution was
added to 5.0 mL of LB liquid medium, and the cells were grown at 37
°C with shaking (225 rpm) for 24 h. The cells were harvested, and the
progenies of the plasmid were isolated using the Qiagen Spin Kit
(Qiagen).
In addition, 10 μL of the above bacterial solution was applied to an

Amp-containing LB agar plate with X-gal and IPTG and cultured in a
constant temperature incubator at 37 °C for 1.5 h until the bacterial
solution was completely absorbed by the medium. Following, the
culture was inverted overnight at 37 °C. Images of bacteria grown on
LB agar plates were captured by Nikon AF-S. Further, blue single
clones grown on LB solid medium were selected and inoculated into
50 mL of LB solid medium containing ampicillin using a sterilization
ring and then cultivated at 37 °C with shaking (225 rpm) overnight.
The cells were harvested at 24 h after transfection, and the progenies
of the plasmid were isolated using the Qiagen Spin Kit (Qiagen).
Gel Electrophoresis Analyses for Opposite L-T Incorpora-

tion In Vivo. The progeny genome generated by cell replication was
amplified using a PCR protocol with a pair of primers to be extended
over the initial L-T site within the PstI recognition sequence. The
primer used included C12F 5′-TTAGCTCACTCATTAGGCACCC-
3′ and C12R 5′-GGGCCTCTTCGCTATTACGC-3′. PCRs were
carried out in 50 μL of reaction buffer containing 1 μL of C12F (10
μM) and C12R (10 μM), 5 μL of 10× Taq buffer, 4 μL of dNTPs
(2.5 mM), 2 μL of recombinants (300 ng/μL), and 0.5 μL of Taq
DNA polymerase. PCR amplification was initiated at 95 °C for 3 min,
followed by 39 cycles at 95 °C for 30 s, 52.2 °C for 30 s, and 72 °C for
1 min, a final extension at 72 °C for 5 min, and held at 4 °C. The PCR
products were purified using an E.Z.N.A. Cycle pure kit (Omega
Biotek) and stored at −20 °C. PAGE analyses were performed
according to the above method in vitro.

■ RESULTS

Construction of L-T Lesion-Bearing Plasmid for
Replication. PUC19 plasmid is small and has a high copy
number in E. coli cells. It can be cut with restriction
endonuclease EcoRI-HF (5′-G/AATTC-3′) and HindIII-HF
(5′-A/AGCTT-3′). To produce linearized plasmid with “sticky
ends”, we constructed four recombinant plasmids containing L-
T sites and four control plasmids containing D-T on the
“original lesion-containing strand”. Clone inserts containing
C:C mismatch resulted from the annealing of both the
complement strand (vector with COM20) and original lesion-
containing strand (vector with ODN). A schematic diagram is

shown in Figure 1. Eight duplexes were ligated into the
linearized plasmids at a ratio of vector to insert of 1:1. DNA

sequences of inserts used in this study, substituted by D-T and
L-T, for plasmid construction are listed in Table 1. Insert
sequences ODN13, ODN14, ODN15, ODN16, ODN13T,
ODN14T, ODN15T, and ODN16T correspond to DNA
recombinants 13, 14, 15, 16, 13T, 14T, 15T, and 16T,
respectively. Digestion of the recognition sequence by
restriction endonuclease PstI-HF (5′-CTGCA/G-3′) only
occurred when D-T, D-G, D-C, and D-A were in one-to-one
correspondence with the recognition sequence in the original
lesion-containing strand.
Figures S1 and S2 show the workflow of control experiments

for replication products and digestion, respectively, when the
lesion site was substituted by natural T. Specifically, of all of
the control groups, the recognition sequence (5′-CTGCAG-
3′) of vector 13 (as a positive control system) was digested by
restriction endonuclease PstI-HF, which worked with HindIII-
HF to produce 12-mer (5′-GGCTAGCACTGA-3′) and 20-
mer (5′-AGCTTCAGTGCTAGCCTGCA-3′) ODNs. Repli-
cation products of other control groups (14, 5′-CTTCAG-3′;
15, 5′-CTGTAG-3′; 16, 5′-CTGCTG-3′) with T replacing G,
C, and A of 5′-CTGCAG-3′, respectively, showed that inserts
could be cleaved by restriction endonuclease HindIII-HF but
not PstI-HF, whereby 12- and 20-mer ODNs were not
produced. Similarly, to determine which kind of nucleotide was
incorporated on the opposite L-T whether digestion by
restriction endonuclease PstI-HF for replication products of

Figure 1. Schematic diagram of assay workflow; 24-mer ODNs inserts
containing the C:C mismatch site and L-T were ligated into the
linearized vector.
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plasmids containing L-T sites was assessed. Replication
products (5′-CTGCAG-3′) were found to be further digested
by PstI-HF when A was incorporated on the opposite L-T
lesion of 13T (5′-CTLGCAG-3′) during DNA replication,
resulting in 12- and 20-mer ODNs by denaturing PAGE
analysis. By contrast, PstI-HF restriction digestion would not
occur if C, G, and T were introduced. For 14T (5′-CTTLCAG-
3′), replication products of the original lesion strand
containing L-T would be digested only when C could be
incorporated as the opposite L-T, suggesting the occurrence of
L-T → G mutation. For 15T (5′-CTGTLAG-3′) and 16T (5′-
CTGCTLG-3′), restriction digestion would occur when
incorporating their corresponding G and T. The schematic
diagram for the mutagenic assay is shown in Figure 2.
A C:C mismatch at the recognition site of restriction

endonuclease PstI-HF was to distinguish the replication
products formed from the two strands as noted previously.27

A C/C mismatch site allows for selective amplification of the
progeny genomes emanating from the replication of the strand
that initially contained the lesion. The complementary
opposite strand (COM20) in a plasmid vector (5′-
CTGCAC-3′) produced a strand of 5′-GTGCAG-3′ in cell
replication that could not be cleaved by PstI-HF, which is

different from restriction digestion fragments of 3′-CTGCAG-
5′/5′-CTGCAG-3′ formed from “lesion” strand in cell
replication (Figure S1 and Figure 2).
The quantitative analysis for incorporation frequency

depends on the percentage of nucleotide incorporation
opposite L-T in the total replication products. Considering
that the band intensity in each lane of PAGE corresponding to
different DNA fragments (24-mer ODNs) digested by
restriction endonuclease EcoRI-HF and HindIII-HF may vary
with varying amounts of vectors, we normalized the band
intensity of 24-mer ODNs for all vectors, as shown in Figure 3.
Each of 20-mer ODNs produced by restriction digestion of
PstI-HF and HindIII-HF is always consistent with its
corresponding 24-mer restriction fragment after replication in
vitro and in vivo according to their band intensities (Figures S3
and S4). Moreover, the nucleotides incorporated opposite D-T
are total A for the replication products of control vector 13 and
thus the band intensity for the 20-mer restriction fragment of
13 is normalized as 100% (Figure 3). The sum of the
incorporation efficiency of all nucleotides (L-T → T(%) + L-T
→ A(%) + L-T → G(%) + L-T → C(%)) is known as bypass
efficiency (eq 1). The percentage of incorporation efficiency
for replication product (L-T → T) was calculated by

Figure 2. Schematic diagram of digestion of replication products from lesion strand in vivo. TL represents L-thymidine.
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comparing the 20-mer restriction fragment of the replication
product (L-T → T) to that of the positive control (13), which
is named as X%. Similarly, the percentages of incorporation
efficiency for replication product L-T → A, L-T → G, and L-T
→ C are Y%, Z%, and W%, respectively. Incorporation
frequency opposite L-T on DNA replication is obtained by eq 2
(Figure 3). Note that 16-mer ODN represents the self-ligation
product of pUC19 genome (Figure S3). It is exemplified that
quantitation of the mutation progeny of DNA recombinant is
not affected by self-ligation of pUC19 genome by mixing 13
with pUC19 plasmids at varying ratios in vitro and in vivo
(Figures S3 and S4). The results of simulation also suggest that
assessment of the incorporation efficiency and bypass efficiency

was not interfered by a different transformation efficiency or
pUC19 plasmid contamination in the ligation mixture.
Briefly, we constructed a recombinant plasmid containing L-

T lesion and C:C mismatches specifically located in the PstI
recognition sequence and give evidence for assessment of the
efficiency of nucleotide incorporation opposite the L-T site and
L-T lesion bypass replication in vitro and in vivo.

Replication of Recombinant Plasmids Containing L-T
Lesion In Vitro. Recombinants harboring site-specific L-T
were constructed. All inserts with single-base overhang were
phosphorylated by T4 polynucleotide kinase. The EcoRI and
HindIII-linearized plasmid DNA (with 5′-phosphate (5′-P)
and 3′-OH termini) was ligated with inserts, followed by

Figure 3. Normalization of the band intensity for assessment of bypass efficiency and incorporation frequency.

Figure 4. Denatured PAGE analysis of DNA fragments digested by PstI-HF and HindIII-HF of replication products in intro. (A) Vent (exo−) DNA
polymerase, extension at 55 °C. (B) Vent (exo−) DNA polymerase, extension at 72 °C. (C) Taq DNA polymerase, extension at 55 °C. (D) Taq
DNA polymerase, extension at 72 °C.
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purification of PCR products and digestion with EcoRI-HF and
HindIII-HF. As indicated in Figure S5, PCR restriction digest
by restriction endonuclease EcoRI-HF and HindIII-HF yielded
24-mer fragments by 20% denature PAGE, indicating
successful ligation of 24-mer inserts into the linearized plasmid
DNA. In addition, bands corresponding to 16-mer restriction-
digested PCR fragments of all groups were detectable on the
gel, likely due to fragment generation by the self-ligated
pUC19 plasmid that contains multiple restriction endonuclease
cloning recognition sites, including PstI-HF and HindIII-HF.
PCR products of the self-ligated group were digested by PstI-
HF and HindIII-HF, generating 16-mer (5′-AGCTTG-
CATGCCTGCA-3′) and 8-mer (5′-GGCATGCA-3′) ODN
fragments (Figures S2 and S6). Further, a band corresponding
to 16-mer DNA fragments from digested pUC19 PCR
products is seen in Figure 4.
The effect of L-T on DNA fidelity in its replicative bypass by

Taq and Vent (exo−) DNA polymerases at 72 and 55 °C,
respectively, was investigated. As expected, PCR products of
13 were digested by restriction endonuclease PstI-HF and
HindIII-HF to produce 20- and 12-mer fragments (Figure 4A−
D), whereas no restriction-digested PCR fragments of 14, 15,
and 16 were detected (Figure 4A−D). Compared to 13,
digested 20- and 12-mer DNA fragments of PCR products
were detected in recombinant plasmids 13T containing L-T
lesion (Figure 4), indicating that A was accurately incorporated
opposite L-T by Taq and Vent (exo−) DNA polymerases.
However, for 14T, 15T, and 16T, L-T was substituted for G, C,
and A of 5′-CTGCAG-3′ and no digestion bands correspond-
ing to 20- and 12-mer DNA fragments were detected. Our
experiment showed that only A was incorporated opposite L-T
by Taq and Vent (exo−) DNA polymerases in vitro.
Incorporation and Inhibition for Recombinants

Containing L-T In Vivo. Eight genomes containing
ampicillin-resistant genes were transfected into DH5α cells
to enable growth of transformed cells in LB liquid medium
containing ampicillin.28,29

Further, progeny genomes were extracted. PCR products
amplified from eight recombinants containing L-T and T were
digested with EcoRI-HF and HindIII-HF, and denatured PAGE
gel analysis indicated bands corresponding to inserted 24-mer
ODNs, demonstrating that the desired inserts were successfully
ligated into the linearized plasmid following replication in vivo.
No other bands (>24-mer or <24 mer ODNs) were observed
on PAGE gel, which indicated no occurrence of nucleotide
insertion and deletions (Figures 5 and S7). Next, the
incorporation efficiency and type of nucleobase incorporation
into the opposite L-T lesion were assessed. A 258 bp region
surrounding the inserts was obtained by routine PCR. The
PCR amplicon was digested with PstI-HF and HindIII-HF and
analyzed by denaturing PAGE (Figures 5A and S7). As a
positive control test, PCR products of 13 were digested by
restriction endonuclease PstI and HindIII to produce 20- and
12-mer fragments (Figure 5A). In comparison, a band
corresponding to 20-mer ODNs was observed for 13T (Figure
5A), which proved that L-T → T transversion was induced
during cell replication. As a negative control test, no digestion
bands corresponding to 12- and 20-mer DNA fragments were
observed for 14, 15, and 16 (Figure S7). However, for 14T,
15T, and 16T, one band corresponding to a 20-mer DNA
fragment for replication product of every plasmid containing L-
T was also observed (Figure 5), verifying the L-T → G, C, and
A mutation during cell replication. In addition, we estimated

the L-T-induced incorporation efficiency during replication
according to the band intensity.
The results showed L-T→ T (22%), A (13%), G (19%), and

C (46%) (Figure 5 B) in E. coli cells. In addition, the bypass
efficiency was up to 99% according to eq 1. Further, the effect
of recombinants harboring L-T on E. coli growth was
investigated by colony formation on LB agar plate containing
ampicillin. It is obvious that single colonies of recombinants
containing L-T were less than those of the control groups; the
number of single colonies decreases by 1.7 according to
statistical analysis of the cell culture, which indicated that
recombinants containing L-T inhibited the growth of E. coli
cells (Figure 6). We consider that L-T lesions that replace D-T
have little effect on the spatial conformation and size of
recombinant DNA. Thus, the effect of different transfection

Figure 5. PAGE analysis of restriction fragments (A) and
incorporation efficiencies (B) arising from the L-T-bearing genome
in E. coli during DNA replication on 20% denatured PAGE. Data
represent the means from three independent replication experiments.
Note that the volume of sample (13T\14T\15T\16T) loading was
3.5 times that of sample 13.

Figure 6. Bacteria grown on LB agar plates containing ampicillin (A)
and statistical analysis of individual colonies of transformed E. coli
cells (B) containing L-T and D-T inserted recombinants. Data
represent the means and standard deviations of results from three
independent replication experiments.
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efficiencies on the results should be ignored. However, the
effect of different transfection efficiencies of each group on the
number of individual clones should be considered. To make
our result more reasonable, our experiment was performed at
least three times.
Further, using the blue−white screen to readily observe

single colonies (recombinant DNA corresponds to white
colonies, pUC19 plasmid corresponds to blue colonies),30,31

we were able to select both single blue and white colonies for
parallel cultivation in 20 mL of LB liquid medium containing
ampicillin. The results showed that the liquid medium of the
single blue colony became cloudy after culture for 3 h, whereas
the white colony remained clear after an overnight culture
(Figure S8 and S9). However, short inserts are unable to
completely inhibit β-galactosidase gene expression,32 thus
showing blue colonies with the 24-mer inserts.33 Therefore,
recombinant DNA clones containing L-T generated blue
colonies, but the number was less compared to that of the
natural plasmid, indicating replication of recombinants
containing L-T by DNA polymerase in vivo suppressed cell
growth.
Seven individual blue colonies from each progeny genome

were extracted and sequenced (Figure 7 and Figure S10). The

base indicated by the black arrow is where the L-T was inserted
in Figure 7. All sequencing results from eight recombinants
showed the sequence information on complement strand,
indicating that the artificially synthetic target gene (24 mer)
was successfully inserted into the linear plasmid vector.
However, L-T-induced mutation proved by PAGE analysis
was not detected by sequencing after the L-T lesion was
replicated in the cell. All sequencing results can only show a
complementary sequence (COM20) of lesion-containing
insert. We explained that the single individual colones with
the genome of the complementary strand was randomly
selected. In addition, direct sequencing was not suitable for the
lesion genome with pUC19 plasmid contamination. Thus,
although our sequencing results indicate successful clone of
DNA insertion fragments, no L-T-induced mutations were
detected. PCR products amplified from progeny genomes
containing L-T and T were digested with EcoRI-HF, HindIII-
HF/PstI-HF, and HindIII-HF. Denaturing PAGE analysis
indicated that the desired inserts were successfully ligated
into the linearized plasmid following replication in vivo (Figure
S11). The results of the monoclonal selection did not
coincidentally display incorporation of A, C, T, and G opposite
L-T sites in E. coli cells (Figures S12 and S13), which indicated
that the random distribution hypothesis of plasmid segregation
for high-copy number plasmids (for example, pUC19).34 The
results verified that nucleotide incorporated opposite the L-T

site was T, A, and G, and types of nucleotides incorporated
were obtained from individual colones selected randomly and
all four nucleotides were from strain cultured in liquid LB.
Furthermore, no nucleotide insertion and deletions were
detected in E. coli cells.

■ DISCUSSION
Nucleoside analogues with L-stereochemistry and antiviral
activities, such as antiviral drugs lamivudine and emtricitabine,
possess potential therapeutic value. However, L-nucleoside
lesions also confer mutagenic and cytotoxic effects owing to
the stereoisomeric modification. We aimed to examine how
they are recognized by DNA replication machinery in E. coli
cells. This study is the first systematic interrogation about the
impact of L-T lesion on the fidelity and efficiency of DNA
replication in E. coli cells. Previously, the structural basis for D-
stereoselectivity of a human DNA polymerase interacting with
L-nucleotides was explored.35 In addition, studies investigating
L-T-induced lesion in DNA replication and self-repair with B
family polymerases were performed in vitro.25 By contrast,
bypass and mutation of L-nucleoside by DNA polymerases in
vivo remained unknown. Therefore, this study examined the
bypass and mutagenic properties of L-T lesions in E. coli cells.
Our result showed that D-A was incorporated opposite of L-

T by Vent (exo−) or Taq DNA polymerases at 55 or 72 °C in
vitro, respectively. Taq and Vent (exo−) DNA polymerases
belong to A- and B-family DNA polymerases, respectively,25

which are high-fidelity DNA polymerases.36−43 Structures of
high-fidelity DNA polymerases avoid mismatches.41,44−46

Research showed the high base-discriminating ability of L-T
with D-A and L-C with D-G, which tended to form a stable
normal Watson−Crick base pair.35 We showed that Vent
(exo−) or Taq DNA polymerase played a vital role in
incorporating D-A opposite of L-T in vitro, despite being
phylogenetically unrelated.
The study of transformed cells with recombinant plasmids

containing L-T indicated that these recombinants inhibited
DNA replication in E. coli cells, confirmed by statistical analysis
and decreased numbers of individual clones of transformed
cells. One possible reason is that L-T causes a minor change in
helix DNA, thus weakening the recognition of some DNA
polymerases for the L-T template.
The recombinant containing L-T was replicated in vivo,

followed by purification of the progeny genome. Digestion
with PstI and HindIII further verified genetic mutations by gel
electrophoresis, revealing that L-T induced mutation in E. coli
cells through misincorporation of D-C (46%), D-T (22%), and
D-G (19%) and incorporation of D-A (13%) opposite of L-T. In
addition, the bypass efficiency of L-T was 99%, indicating that
L-T blocked DNA replication less, which may result from the
helical sense of the corresponding double helix containing L-T
substitution. In addition, the thermal stability of the duplexes
was decreased by the D-dC → L-dC substitution,47 which may
lead to a loose double helix and influence the recognition of
DNA polymerases in vivo.
Further, the mutagenic effects of the lesion may be caused

by translesion synthesis DNA (TLS) polymerases, especially
DNA pol IV, pol V, and their analogues in mammalian cells,
i.e., Polκ and Polη, which is ubiquitous in E. coli.48,49 For
example, O4-alkyldT lesion direct T → C transversion.50

However, Pol V could not be detected biochemically in non-
SOS-induced E. coli cells,51−53 so replicative bypass and fidelity
may be attributed to pol IV. The polymerase, which lacks

Figure 7. DNA sequencing analysis of recombinants purified from E.
coli harboring 24-mer DNA insert (ODN13T) containing PstI
recognition sequence (CTGCAG).
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proofreading 3′ → 5′ exonuclease activity, low processivity,
and a relatively spacious, solvent-exposed active site, is
responsible for the DNA lesion bypass known as translesion
DNA synthesis.54 For example, the fidelity of 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxodG) catalyzed by human Y-
family DNA polymerases showed similar results of greater
dATP misincorporation (50.0%) as dCTP incorporation
(43.5%).55 Thus, the difference in fidelity of L-T lesion bypass
in vivo and in vitro may be attributed to functional interaction
between TLS polymerases and other related proteins.56−59

In this study, a novel restriction enzyme-mediated method
for translesion study was developed. Recombinants containing
the lesion site located on PstI recognition sequences were
simultaneously applied to study the incorporation and
replication bypass of the lesion site in vivo and in vitro.
Further, PstI digestion after L-T lesion substitution was
assessed to determine the type of nucleotide incorporation
opposite of the lesion site. Finally, PAGE analysis of restriction
fragments digested by PstI-HF and HindIII-HF/EcoRI-HF and
HindIII-HF allowed us to readily detect mutations and
nucleotide insertion and deletions of L-T-bearing plasmids.
In this study, restriction digestion with PstI-HF and HindIII-
HF generated the same product as (5′-CTGCAG-3′) by PAGE
analysis for DNA replication of ODN13T (5′-CTLGCAG-3′),
ODN14T (5′-CTTLCAG-3′), ODN15T (5′-CTGTLAG-3′),
and ODN16T (5′-CTGCTLG-3′) in E. coli cells. This
suggested that A, G, T, and C were incorporated opposite L-
T during in vivo replication, corresponding to T → T, T → C,
T → A, and T → G transversions induced by the lesion
(Figure 5).
Traditional methods for detecting lesion-induced mutation

efficiency often involve time-consuming colony screening and
robust sequencing procedures. Analysis of lesion bypass
replication and lesion repair has been reported through LC-
MS/MS and PAGE analyses.22,27,50,60 Sequencing and LC-
MS/MS analysis facilitate the unambiguous identification of
restriction fragments of interest but are relatively complex in
data analysis and need technical expertise. One prominent
example in PAGE analyses is competitive replication of adduct
bypass (CRAB) assay developed by Wang et al. The short
oligodeoxynucleotide produced by restriction restriction
endonuclease was used to determine which kind of base is
incorporated opposite the lesion site. However, the ODN
sequences with the same base number but different kinds of
bases may not be distinguished on 30% native PAGE. For
example, the 13-mer fragment with a T→ C mutation (13mer-
C) migrates to a band at the same position as the
nonmutagenic 13mer-T on polyacrylamide gel electrophoresis,
showing that these fractions are not differentiated. To solve
this problem, sequential digestion by another couple of
restriction enzymes yielded 10-mer radiolabeled fragments of
the opposite strand that permitted differentiation of the
nonmutagenic product from the product with the T → C
mutation.61 In comparison, our approach is to directly
determine if there is a mutation according to occurrence of a
band at a special position on PAGE.
In addition, similar to CRAB assay, quantitative analysis of

the incorporation frequency was performed by comparing the
ratio of the 20-mer restriction fragment of replication product
(L-T → T) to that of the positive control (13). Note that we
do not use competitor plasmids to assess the bypass efficiency
but normalized restriction fragments of the replication product
of all vectors by EcoRI-HF and HindIII-HF, which excludes

measurement errors induced by transformation or pUC19
plasmid contamination in the ligation mixture.
In summary, our study demonstrated the effects of the

mirror-image enantiomer of thymidine on DNA replication
using a digest−restriction method. DNA polymerases in vitro
were able to bypass L-T located on recombinants and
incorporate dATP opposite of L-T. Due to the presence of
various DNA polymerases in vivo, these results may differ from
DNA polymerase-catalyzed chain reaction in vitro findings. L-T
exhibited growth inhibitory effects on DNA replication in E.
coli cells. Further, PstI-restricted fragments of mutagenic
products arising from L-T → T, L-T → G, L-T → C, and L-
T → A transversions demonstrated their lesion mutagenic
properties. Thus, the study provided significant insight into
how mirror-image nucleosides perturb the fidelity of DNA
replication in vivo and their mutagenic effects, which may
eventually contribute to disease development.
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