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Using nicking DNA endonuclease (NiDE), we developed a novel technique to clone DNA fragments into plasmids.
We created a NiDE cassette consisting of two inverted NiDE substrate sites sandwiching an asymmetric four-base

sequence, and NiDE cleavage resulted in 14-base single-stranded termini at both ends of the vector and insert. This

method can therefore be used as a ligation-independent cloning strategy to generate recombinant constructs rap-

idly. In addition, we designed and constructed a simple and specific vector from an Escherichia coli plasmid back-

bone to complement this cloning method. By cloning cDNAs into this modified vector, we confirmed the predicted

feasibility and applicability of this cloning method.

Gene cloning and vector construction are
widely applied techniques in DNA and
protein research. Conventional methods
to insert genes into vectors are based on
DNA cleavage by restriction endonu-
cleases and then ligation by DNA ligase.
However, this DNA engineering method
is time-consuming and relatively ineffi-
cient. To more efficiently clone DNA
molecules, several ligation-independent
cloning (LIC) methods have been developed,
such as LIC based on T4 DNA polymerase
(1-5), GATEWAY recombination (6,7),
In-Fusion (8-10), uracil- DNA glycosylase
(UDG) (11-13), and sequence- and ligation-
independent cloning (SLIC) (14). These
methods can be used to construct DNA with
high efficiency, but most of them are still
time-consuming or expensive. LIC based
on T4 DNA polymerase involves assem-
bling DNA molecules by using noncovalent
complementation of single-stranded DNA
of the insert and vector. Briefly, it relies
on~10- to 15-nucleotide complementary 3’
overhangs at the ends of a PCR-amplified
DNA fragment and a linearized vector to
make a stable hybridization product that can
be readily used to transform host organisms
without ligation (5). However, LIC based
on T4 DNA polymerase cloning is strictly
sequence-dependent because it requires the
presence or absence of specific nucleotides

at certain positions in the overlapping
region (1-5), which restricts its widespread
application. T4 DNA polymerase based on
SLIC cloning methods are more flexible and
sequence-independent, and are the preferred
methods so far. However, they are not strictly
sequence-independent, because they use in
vitro homologous recombination and single-
strand anncaling (14). The annealing step
in these methods is normally performed at
ambient temperature, which allows nonspe-
cific hybridization among single-stranded
overhangs and leads to frequent assembly
errors (15); its success rate is only 17%
(7 of 42 Escherichia coli transformants) (16).
DNA assembler is a much easier method and
allows the assembly of an entire biochemical
pathway in a single step via in vivo homol-
ogous recombination in Saccharomyces
cerevisiae (16), but it is much more ineffi-
cientin bacteria than itisin yeast. Recently,
another LIC methodology adopted UDG to
excise the uracil residues that were incorpo-
rated into the DNA strand through PCR
primers (11-13). This method is also useful
for efficiently cloning DNA. However, uracil
excision—based cloning needs at least four
kinds of tool enzymes, including restrictive
endonuclease, UDG, Nt.BbvCI, and DNA
glycosylase-lyase endo VIII (13).

To address these limitations, we

developed a novel and straightforward LIC

method based on nicking DNA endonu-
clease (NiDE). NiDEs cleave only one
strand of DNA on a double-stranded DNA
substrate. Nt.BbvCl, a NiDE, recognizes
the substrate illustrated in Supplementary
Figure SIA. According to this principle,
we designed an Nt.BbvCI cassette with
two inverted Nt.BbvCI substrate sites with
four asymmetric bases between these two
sites (Supplementary Figure S1B). When
Nt.BbvCl digests this DNA site, the double-
stranded DNA can be cleaved to form a
14-nucleotide, single-strand overhang tail.
Compared with UDG-LIC methodology,
our method shows similar efficiency and
lower cost, because it requires only two kinds
of enzymes.

Materials and methods

Vector design
ToconstructaNiDE-compatible pLIC vector,
LacZ cDNA was amplified from a modified
pMDI18 construct by PCR using primers
Laz-Bgill-F and Laz-EcoRI-R (Supple-
mentary Table S1). The -galactosidase gene
lacZ, including restriction endonuclease
sites such as BamHI, Sall, Pstl, and Sphl,
was amplified and then digested by Bg/II
and EcoRI. It was then cloned into pRSETb
plasmid between BazzHIand EcoRI sites to
generate the pLIC vector.
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Figure 1. Preparing a vector with long single-strand 5’ overhangs. (A) The framework of the pLIC vector,
which is a NiDE-compatible vector. (B) The pLIC vector was digested by BamHI and Nt.BbvClI to form
linearization and nick. (C) Two long single-strand 5" overhangs in the pLIC vector were produced when

temperature increased to 80°C.
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Figure 2. Preparing a DNA fragment with long single-strand 5" overhangs. (A) The DNA of interest was
amplified using PCR with primers containing the 16-nucleotide sequence at the 5" end and the se-
quence specific to the target DNA fragment at the 3” end (see the “Materials and methods” section).
(B) PCR fragments are digested by Nt.BbvCl to form two nicks near the 3” end. (C) Two long single-
strand 5’ overhangs in the PCR fragments were produced when temperature increased to 80°C.

DNA amplification and assembly

To prepare linear pLIC, 5 ug plasmid
DNA was digested with 40 U BazHI in
50 pL NEB buffer 4 (New England Biolabs,
Ipswich, MA, USA) at 37°C for 16 h. The
reaction mixture was subsequently incubated
at 80°C for 20 min to inactivate BamHI and
was then stored at -20°C for further use
without purification.

Four PCR amplifications were performed
using plasmid templates containing full-
length cDNAs of yellow fluorescent protein
Venus (17), red fluorescent protein mLumin
(18), bFos (bZIPdomain of cFos) (19), and
presenilin 1. DNA fragments to be inserted
into the Nt.BbvClI cassette-containing
vectors were amplified with PCR primers,
which contained the sequence specific to

the target DNA fragment and a tail of 16
nucleotides (see below). Forward primer:
5"TCAGCaaggGCTGAGG-3' plus ~5-40
nucleotides complementary sequence to
template DNA, reverse primer: S“TCAG Cg-
gaaGCTGAGG-3’ plus ~25-40 nucleotides
complementary sequence to template DNA
(PCR primer sequences are shown in Supple-
mentary Table S1). PCR was performed with
high fidelity Pyrobest DNA polymerase
(Takara, Dalian, China) according to the
manufacturer’s instructions. The PCR
products were column-purified using PCR
purification kit (Tiangen, Beijing, China)
according to the manufacturer’s instructions.
The concentrations of pLIC and PCR product
were measured by using a Biophotometer

spectrophotometer (Eppendorf, Hamburg,



Molar ratio of vector to insert White clones

1:1 93
1:2 150
13 207
1:5 230
1:10 223

Table 1. Recombinant colony counts using different molar ratios of vector to insert.

Blue clones Recombinant colonies (%)

8 92
5 97
6 97
9 96
7 97

count is the average of three repeats.

Blue-white selection was performed to distinguish the recombinant colonies (white) from the colonies
carrying vector background (blue). The molar amount of vector was 0.01 pmol in each reaction. Each

Table 2. Vector efficiency for inserts of different lengths.

LIC insert White clones  Blue clones
bFos (282 bp) 235
Venus (714 bp) 230
mLumin (711 bp) 186 7
PS1 (1407 bp) 163 10

Vector Efficiency Recombinant

(cfu/pg) colonies (%)
1.17 x 10 97
1.06 x 10* 96
9.3x 103 96
6.65 x 10° 94

The molar amount of vector was 0.01 pmol. Vector mixed with 5-fold molar PCR fragment. Each count is the
average of three repeats. Cell competency of DH5a-competent cells was 2 x 10° cfu/pg for undigested vector.

A

Nine clones of Venus

Nine clones of mLumin

Figure 3. Analysis of potential clones. Plasmids from nine independent Venus colonies (A) and nine
mLumin colonies (B) were amplified and run on an agarose gel. A 5-pL aliquot of reaction was sepa-
rated on a 1% agarose gel. Lanes 1-9, PCR products of nine colonies; M, DNA marker.

Germany). Purified PCR products were
adjusted to 20 ng/uL. Different molar ratios of
vector to insert (~1:1-1:10) were mixed with 5
UNe.BbvCI (New England Biolabs) and 2 pLL
NEB buffer 4; the final reaction volume was
adjusted to 20 L by adding water. Then 20 ng
linearized vector pLIC was added to the
reaction mixture, and the nicking reaction
proceeded at 37°C for 1 h. The mixture was
then incubated at 80°C for 10 min and 30°C
for 10 min to anneal the vector and insert
termini. The reaction mixture was used to
transform E. coli—competent cells using the

heat-shock method.

Results and discussion

To generate a NiDE-compatible vector, we
inserted the a-peptide coding region of lacZ
flanked by two Nt.BbvClI cassettes into the
multiple cloningsite ofpRSETbvector to form
the pLIC vector (Figure 1). To avoid pLIC

selfannealingafter Ne. BbvCl digestion, two
different Nt.BbvClI cassettes were designed.
The forward cassette sequence 5-CCTCAG-
CaaggGCTGAGG-3’ and rear cassette
sequence 5-CCTCAGCttccGCTGAGG-3
were different from each other by 4 bp (the
interval sequence is indicated in lowercase).
Such adesign also permitted controlled orien-
tation of inserts.

To design the NiDE-compatible PCR
primer, a tail of 16 nucleotides was inserted
at the 5-terminal of the primer, specific to
the target DNA fragment (see the “Materials
and methods” section). The 16-nucleotide
sequence was complementary to the Ne BbvCI
cassettes in the pLIC vector. After digestion
by Nt.BbvClI, the PCR product formed a
14-nucleotide overhang at the 3™terminal
(Figure 2), which was able to bind with the
pLIC vector digested by Nt.BbvCL

Successful insertion of the PCR product
into thevector resulted indisplacement of /acZ.

Removing -galactosidase allowed recom-
binant clones to be directly identified by color
screening on indicator plates. Since this gene
could also insert back into the vector to form
clones, there were initially many background
clones. To overcome this problem, we used
restriction endonuclease BazzHI to digest
lacz, and the number of blue clones decreased
significantly (data not shown). After a 16-h
digestion, the linearized vector was tested for
the digestion ratio by a transformation assay.
Transformation results yielded 270 cfu/ug
linearized vector compared with 2 x 10° cfu/ug
uncut vector, indicating that only 0.0135%
of the vector remained uncut.

We used the NiDE method to clone
Venus (714 bp) by using different molar
ratios of vector to insert (1:1, 1:2,1:3,1:5,and
1:10). The pLIC vectors generated the most
white clones (230) and 96% recombinant
colonies when incubated with a S-fold molar
ratio of PCR fragment (Table 1).

We also assembled bFos (282 bp),
mLumine (711 bp), and PS1 (1407 bp)
genes into linear plasmids. The pLIC vectors
had a cloning efficiency of approximately
200 colonies per 0.01 pmol vector when
incubated with a S-fold molar ratio of PCR
fragment (Table 2). This result is comparable
to the cloning efficiency of USER vector
previously reported (12). For verification,
we randomly selected nine Venus and nine
mLumin white clones and analyzed them
with PCR amplification. The percentage of
positive clones was 88% (Figure 3).

We also used another nicking DNA
endonuclease, Nb.BsrDI, to clone Venus
into the vector, in which two sequences,
S“NNCATTGCccGCAATGNN-3" and
S“NNCATTGCtetGCAATGNN-3’ (note:
NNCATTGC is the Nb.BsrDI recognition
sequence), were used for the Nb.BsrDI
cassettes. It produced ~40% false-positive
clones. DNA sequencing revealed these clones
were mostly self-circularized vector without
insert. We speculate that only two or three
bases that are inserted between two Nb.BsrDI
recognition sequences cannot efficiently
prevent the vector’s self-circularizing. In
contrast, Nt.BbvClI cassettes sandwiching
four bases avoided self-circularizing.

When alinear DNA molecule with two or
more Nt.BbvCl-recognizingsites is digested
by Ne.BbvClI, the digested DNA molecules
will be still bonded together at 37°C for
long complementary sequences, unless the
distance of two Nt.BbvCl-recognizing sites
is small enough. However, this probability is
rare. If two Nt.BbvCl-recognizing sites are
separated by a long DNA sequence (>30 bp)
with high Tm value, the cleaved DNA can
still stay together by a hydrogen bond at 37°C
after being cleaved by Nt.BbvCI. Accord-
ingly, this method will be very suitable for



constructing cDNA libraries or large DNA
fragments, because it will greatly decrease
chances of cleaving the inserts.

In conclusion, using the nicking DNA
endonuclease Nt.BbvCI, PCR inserts can
assemble into our modified vector with
high efficiency. Compared with conven-
tional cloning methods, the NiDE method
has several advantages. First, the NiDE
cloning method is highly efficient. Second,
it saves time because the constructions can
be completed in ~2-3 h. Last, the technique
is less labor- and cost-intensive since purifi-
cation of the digested vector and insert is no
longer required. Because of these advantages,
we expect it to be used for high-throughput
plasmid construction.
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