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ABSTRACT: Restriction enzymes are essential tools for
recombinant DNA technology that have revolutionized
modern biological research. However, they have limited
sequence specificity and availability. Here we report a
Pyrococcus furiosus Argonaute (PfAgo) based platform for
generating artificial restriction enzymes (AREs) capable of
recognizing and cleaving DNA sequences at virtually any
arbitrary site and generating defined sticky ends of varying
length. Short DNA guides are used to direct PfAgo to target sites for cleavage at high temperatures (>87 °C) followed by
reannealing of the cleaved single stranded DNAs. We used this platform to generate over 18 AREs for DNA fingerprinting and
molecular cloning of PCR-amplified or genomic DNAs. These AREs work as efficiently as their naturally occurring counterparts,
and some of them even do not have any naturally occurring counterparts, demonstrating easy programmability, generality,
versatility, and high efficiency for this new technology.
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Restriction enzymes are bacterial proteins that recognize
specific DNA sequences and cut DNA at or near the

recognition site. They were discovered in bacteria in the late
1960s1 and have become the cornerstone of recombinant DNA
technology since the early 1970s.2 So far more than 3600
restriction enzymes with >250 distinct specificities have been
characterized,3 in which >250 are now commercially available
for routine use in molecular biology. Most of them (i.e., type II
restriction enzymes) only recognize short DNA sequences (4−
8 base pairs), which significantly limits their application in
recombinant DNA technology.
To overcome this limitation, protein engineering was used to

alter the sequence specificity of naturally occurring restriction
enzymes, but met with limited success.4 Alternatively, artificial
restriction enzymes (AREs) have been generated by fusing a
DNA binding domain to a nuclease domain (e.g., zinc finger
nucleases (ZFNs)5 and transcription activator-like effector
nucleases (TALENs)6) or using the clustered regularly
interspaced short palindromic repeat (CRISPR)-associated
enzyme 9 (Cas9) in vitro.7 Such AREs had higher specificity
than naturally occurring restriction enzymes. However, they did
not generate defined sticky or blunt ends, a hallmark of
restriction enzymes, and showed rather poor activity due to
their single or extremely low turnover numbers. Moreover, it is
difficult to obtain them in sufficient amount and purity. All
these limitations significantly constrain their applications in
vitro.
Argonaute proteins are a class of proteins that can bind short

nucleotides and are conserved through all domains of life.8 In
eukaryotes, Argonaute proteins are key players in RNA
silencing machinery.9 Eukaryotic Argonautes are able to bind
small RNA molecules and can function as guided endonu-

cleases to cleave a target RNA molecule that is complementary
to their bound RNA guide at a specific location.10 In
prokaryotes, most currently characterized Argonaute proteins
are suggested to have a role in host defense against invasive
genetic elements.11 Unlike eukaryotic Argonautes, some
prokaryotic Argonautes have the ability to use small DNA
molecules instead of RNA as guides to cleave either a ssRNA or
ssDNA target.11c

In this work, we report the development of a new platform to
generate highly active AREs with virtually any sequence
specificity and defined sticky ends of varying length based on
the prokaryotic Argonaute of the archaeon Pyrococcus furiosus
(PfAgo).11b We used this platform to generate over 18 AREs
for DNA fingerprinting and molecular cloning of PCR-
amplified or genomic DNAs.

■ RESULTS AND DISCUSSION

PfAgo protein is a DNA-guided nuclease (771 amino acids)
that targets cognate DNA and is most active at a temperature
range from 87 to 99.9 °C.11b It utilizes small 5′-phosphorylated
DNA guides to cleave single stranded DNA targets, and does
not utilize RNA as guide or target. We sought to use this
prokaryotic DNA-programmable nuclease system to generate a
new class of AREs capable of recognizing and cleaving DNA
sequences at virtually any arbitrary site and generating defined
sticky ends of varying length. Our strategy is to separate two
strands of DNA (circular or linear) by incubating the DNA
samples at high temperatures. After the two strands of DNA are
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partially or completely separated, PfAgo will use two different
phosphorylated DNA guides, targeting two strands of DNA at
the desired locations, and cleave the strands in separate events.
Once each strand of DNA is cleaved at the desired location, the
two strands can reanneal to generate desired cleaved dsDNA
(Figure 1).
PfAgo is able to use short phosphorylated DNA guides (>15

nt) to cleave the ssDNA target. In our system, we codon-
optimized the PfAgo gene for high-level expression in E. coli

and used 16 nt guides for all the experiments. Like its other
prokaryotic counterpart, TtAgo,11c PfAgo is believed to cleave
its ssDNA target between 10 and 11 nt position of its ssDNA
guide (Figure S1A). To investigate specific cleavage by PfAgo,
we cleaved linearized pUC19 plasmid (linearized by NdeI)
using two DNA guides that are expected to generate HindIII
sticky ends. After cleavage by PfAgo using HindIII guides, the
cleavage product was purified and cleavage ends were filled
using Klenow fragment polymerase. The resulting fragment was

Figure 1. Overview of the PfAgo/ARE platform. Step 1: By incubating the reaction mixture at high temperatures (87−98 °C), the dsDNA target is
completely or partially denatured. PfAgo protein binds the 5′-phosphorylated ssDNA guides. Step 2: ssDNA guides bring PfAgo to their
corresponding targets. Upon binding, PfAgo is able to cleave each target at specific position. Step 3: After each strand cleavage, PfAgo leaves its target
DNA. Step 4: By decreasing the temperature, the two DNA strands reanneal and dsDNA cleavage is complete.

Figure 2. PCR cloning experiments. (A) An example of proof of concept PCR cloning using PfAgo/AREs. (B) Restriction digestion check for
correct cloning of PCR products digested with PfAgo(XbaI), PfAgo(NdeI), PfAgo(PfoI) AREs. Assembled plasmids were digested by corresponding
native restriction enzymes. (C) General map of pUC19 plasmid with positions of pUC19-g7, random target cloning sites and EcoRI digestion site
indicated. (D) Digestion analysis of negatively supercoiled pUC19 plasmid with PfAgo using EcoRI guides alone (lane 2) or EcoRI guides with
addition of pUC19-g7 (lane 3). pUC19 plasmid in the absence of guides and PfAgo was run as control (lane 1). (E) PfAgo-based digestion analysis
for correct cloning of PCR products at a random target. DNA guides used for PfAgo cleavage are shown with a black triangle. M: 1 kb DNA ladder.
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ligated to itself by blunt-end ligation and 40 assembled plasmids
were sent for DNA sequencing for cleavage site analysis. Out of
the 40 plasmids, 39 were correctly assembled, and 38 of the
plasmids showed cleavage at the expected location (Figure
S1B). This high cleavage specificity of PfAgo makes generation
of defined sticky ends possible.
To determine PfAgo activity in cleaving dsDNA target, linear

pUC19 plasmid (linearized with XmnI) was cleaved using
different concentrations of PfAgo protein to generate EcoRI
sticky ends. PfAgo cleaved 1 μg of linear pUC19 plasmid in less
than 10 min at 95 °C when more than 3.75 pmol of the protein
was used (Figure S2A). In addition, > 100 nmol protein
(sufficient for >25 000 reactions) was readily purified from 1 L
of E. coli culture and PfAgo is known to be a multiple-turnover
enzyme.11b Therefore, PfAgo is a highly active and readily
available protein for practical applications. To investigate
whether PfAgo is able to cleave methylated DNA target, linear
pUC19 plasmid (linearized with BsaI) was mixed with PfAgo
and a set of DNA guides targeting an MboI restriction site on
the plasmid. MboI recognizes GATC as its target sequence but
is not able to cleave DNA when the target is methylated.3

PfAgo was able to cleave the methylated DNA target (Figure
S2B), demonstrating that PfAgo based AREs (PfAgo/AREs
thereafter) are not sensitive to DNA methylation.
To investigate whether PfAgo/AREs can be used for routine

cloning of gene products amplified by polymerase chain
reaction (PCR), we selected xylE from Pseudomonas putida
(∼1 kb in size)12 and the Cas9 gene from Streptococcus pyogenes
(∼4 kb in size)13 as well as the commonly used plasmid pUC19

as our targets. For the first experiment, pUC19 plasmid was
linearized using either XbaI, EcoRI, or HindIII and then
dephosphorylated by shrimp alkaline phosphatase (rSAP). Each
of the aforementioned genes was PCR amplified using primers
to add 16 bp sequence of DNA corresponding to XbaI, EcoRI,
or HindIII sites of pUC19 to each end and the amplified PCR
product was digested with PfAgo using two DNA guides to
generate sticky ends of the corresponding restriction enzyme
on each end. The digested fragment was then ligated into the
pUC19 backbone (Figure 2A) and the assembled plasmids
were analyzed by restriction digestion using the same restriction
enzyme. More than 80% of the assembled plasmids showed the
correct digestion pattern (Figure 2B and Figure S3). Such
efficiency was comparable to native restriction enzymes for the
same experiment (data not shown).
It is known that XbaI, EcoRI, and HindIII all produce 5′

sticky ends with 4 nt. To investigate whether sticky ends of
other lengths can be generated by the PfAgo/AREs, the pUC19
plasmid was digested with either NdeI or PfoI and then
dephosphorylated with rSAP. NdeI generates 5′ sticky ends
with 2 nt while PfoI generates 5′ sticky ends with 5 nt. The xylE
and Cas9 genes were PCR amplified with primers containing
additional sequences corresponding to NdeI or PfoI sites on
pUC19. The PCR products were then digested with PfAgo
using NdeI or PfoI DNA guides. The digested PCR products
were ligated into the digested and dephosphorylated vector
backbone and the assembled plasmids were analyzed by
restriction digestion with appropriate restriction enzymes. In
overall, more than 80% of the plasmids showed the correct

Figure 3. DNA fingerprinting experiments. (A) pCM2 DNA fingerprinting experiments. Linearized pCM2 (with Bsu36I) was digested with
combinations of PfAgo/AREs. The same reactions were run using respective restriction enzymes instead of PfAgo to serve as positive control (shown
by C). An overall map of linear pCM2 is also shown. (B) Lane 1: Linearized pCM2 was digested using PfAgo with AvrII, BamHI, XbaI guides. Lane
2: One of the XbaI guides was excluded from the reaction. Lane 3: One of the XbaI and one of the BamHI guides were excluded from the reaction.
(C) pUC19 fingerprinting experiment. Linearized pUC19 (with BsaI) was digested with PfAgo at three different random targets to create the correct
pattern (lane 1). M1:1 kb DNA ladder. M2:100 bp DNA ladder.
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digestion pattern, indicating that PfAgo/AREs can be used to
generate arbitrary sticky ends (Figure 2B).
Next, we explored whether plasmid vector and PCR products

can both be digested with PfAgo using the same set of guides.
pUC19 plasmid was first incubated with PfAgo using EcoRI
guides. PfAgo was not able to cleave the negatively supercoiled
pUC19 plasmid using EcoRI guides. This result suggests that
even at high temperatures (90−100 °C) in PfAgo reaction
buffer, the pUC19 plasmid strands could not be separated from
each other at the EcoRI site to make the strands available for
PfAgo cleavage. To overcome this problem, another DNA
guide (pUC19-g7) was added to the reaction mixture. pUC19-
g7 targets a region on the plasmid that has ∼29% GC content
(including a 20 bp flanking sequence on each side) (Figure
2C). Due to the fact that strand separation is more likely to
occur at low GC content regions, PfAgo would be able to
generate a nick on the supercoiled plasmid at these sites. Once
the nick is generated, the two strands would be partially or
completely separated and PfAgo would be able to cleave the
nicked plasmid at any desired location. As expected, pUC19
could be cleaved by PfAgo at the EcoRI site using the additional
guide (Figure 2D).
Using the aforementioned strategy, both pUC19 and the

PCR products were digested with PfAgo with a combination of
DNA guides (4 in total) corresponding to different sets of
restriction enzyme cut sites including EcoRI and HindIII,
BamHI and PfoI, EcoRI and NdeI, and XbaI and NdeI. The
assembled plasmids were analyzed by restriction digestion using
the appropriate restriction enzyme set. In overall, more than
60% of the colonies showed the correct color (i.e., white) in a
blue/white screening and more than 80% of the checked
plasmids showed the correct assembly (Figure S4). These
results indicate that PfAgo can be used as a single enzyme to
target a plasmid and PCR products at desired locations and can
replace the use of multiple restriction enzymes.
To demonstrate the versatility of this PfAgo/ARE platform,

both pUC19 and PCR products were digested at positions that
no known restriction enzyme is able to cleave using two sets of
DNA guides. Because no restriction enzyme is known to target
these sites, the assembled plasmids were analyzed by PfAgo/
ARE digestion using the same set of guides used for cloning
(Figure 2E). In overall, more than 70% of the colonies showed
the correct color (i.e., white) in a blue/white screening and
more than 80% of the checked plasmids showed the correct
digestion pattern. Taken together, these results demonstrate
that PfAgo/AREs can not only target the DNA regions that
commercially available restriction enzymes can cleave, but also
offer striking flexibility: DNA fragments can virtually be cleaved
at any desired location and assembled together using
appropriate sticky ends.
To explore whether PfAgo/AREs can be used for DNA

fingerprinting, we selected a linear dsDNA with 10995 bp, i.e.,
plasmid pCRISPomyces 2 (a.k.a. pCM2)14 linearized with
Bsu36I, as a target. pCM2 has unique restriction sites for the
restriction enzymes AvrII, BamHI, XbaI, and NdeI. Eight
different phosphorylated DNA guides corresponding to each of
the restriction sites were designed and a set of digestion
experiments with PfAgo were performed (Figure 3A). For each
experiment, the same DNA target was digested with the
restriction enzymes instead of PfAgo/AREs to serve as positive
control. In the first experiment, the linearized target was cleaved
using PfAgo and AvrII guides. In the second experiment,
BamHI guides were also added to the reaction mixture. The

same approach was used for the third and fourth experiments
by addition of XbaI and EcoRI guides to the reaction mixture
until all 8 guides were present in the PfAgo reaction. PfAgo was
able to generate the same pattern for the DNA target as
restriction enzymes using 8 guides in the same reaction. The
experiments were repeated multiple times with the same results
(Figure 3A).
One of the advantages of using PfAgo as a designer

restriction enzyme is the fact that generation of a double
strand break with PfAgo requires the presence of both guides
targeting two different strands of DNA at positions close to
each other. If one of the guides is not present in the reaction
mixture, PfAgo would not be able to cleave the dsDNA and
would only create a nick on the target. This feature gives this
PfAgo/ARE platform great specificity because, for example,
generation of 3′ sticky ends of 4 nt requires two guides
targeting a 22 bp DNA sequence. To investigate whether this is
actually the case, a set of DNA guides corresponding to AvrII,
BamHI, and XbaI sites on pCM2 was used for PfAgo cleavage.
In one experiment, one of the XbaI guides was excluded from
the reaction. In another experiment, one of the XbaI guides and
one of the BamHI guides were excluded from the reaction
mixture. The DNA patterns for each of these experiments
indeed confirmed that for DNA cleavage at one site, both
guides must be present at the same time (Figure 3B).
Linearized pUC19 (with BsaI) was also used for the
fingerprinting experiments. The pUC19 target was digested
with PfAgo using 6 guides in the same reaction in which each
set of guides were directed to generate sticky ends of varying
sizes. The digestion product showed the correct pattern based
on the known pUC19 sequence (Figure 3C), demonstrating
the multiplexing ability of this PfAgo/ARE platform.
Finally, we tested whether PfAgo/AREs could be used for

direct cloning of genomic DNA targets because traditional
restriction enzyme-based cloning strategies are often limited by
the availability of unique restriction sites in the target DNA. To
this end, a random region from Streptomyces coelicolor A3(2)
genomic DNA with ∼2 kb in size was selected as a target. For
this genomic DNA target, two sets of DNA guides were
designed. Each set of guides was expected to produce 5′ sticky
ends with the size of 4 nt on each end of the target. For receiver
generation, pUC19 plasmid was PCR amplified with primers
containing additional DNA sequences corresponding to each
end of the genomic DNA target. Both the S. coelicolor genomic
DNA and the receiver were digested with PfAgo using the two
sets of guides, and the purified DNA fragments were ligated
together. The resulting plasmids were analyzed by restriction
digestion and DNA sequencing and 80% of them were correct
(Figure S5).
In conclusion, we have established a PfAgo based platform

for generating AREs with virtually any sequence specificity and
defined sticky ends of varying length and demonstrated their
applications in DNA fingerprinting and DNA cloning. Due to
the unprecedented simplicity, programmability, generality,
versatility, and multiplexing ability (a single protein plus
DNA guides for targeting any one or more sites) as well as
accessibility (easy high-level purification of the PfAgo protein
and inexpensive synthesis of short DNA guides), we expect
PfAgo/AREs will become a powerful and indispensable tool in
all restriction enzyme or broadly speaking, nuclease enabled
basic and applied biological research and medicine.
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■ METHODS

PfAgo Expression and Purification. A strep(II)-tagged
(N-terminal) codon-optimized version of PfAgo gene was
ordered from GeneScript (Piscataway, NJ). The codon-
optimized gene was cloned into pET28a plasmid to yield the
expression plasmid pHZ-PfAgo. The expression plasmid was
transformed into Escherichia coli KRX (Promega) according to
manufacturer’s protocol. The strain was cultivated overnight at
37 °C in LB medium supplemented with 0.4% (w/v) glucose
and 50 μg/mL kanamycin. Following overnight incubation, the
culture was centrifuged at 3220g for 5 min and the supernatant
was removed. Cell pellets were resuspended in Terrific Broth
containing 50 μg/mL kanamycin and incubated at 37 °C until
the OD600 of 1.2−1.5 was reached. The culture was cold
shocked by incubation in ice bath for 15 min and protein
expression was induced by addition of isopropyl β-D-1-
thiogalactopyranoside (IPTG) and L-rhamnose to final
concentrations of 1 mM and 0.1% (w/v), respectively.
Expression was continued by incubation at 30 °C for 20 h.
Purification was performed using previously mentioned
protocol11b with minor modification in the sonication step
(20 30 s pulses at 30% power with 30 s pause between pulses).
The purified protein was stored in storage buffer (20 mM Tris-
HCl, pH 8.0, 300 mM NaCl, 0.5 mM MnCl2, 15% (v/v)
glycerol) and the aliquots were stored at −80 °C. The purified
protein sample was run on SDS-PAGE and the resolved bands
are shown in Figure S6.
Restriction Digestion Using PfAgo/AREs and Native

Restriction Enzymes. For all PfAgo digestions (unless noted
otherwise), the same reaction buffer (20 mM HEPES pH 7.50,
250 mM NaCl, 0.5 mM MnCl2) was used. PfAgo, ssDNA
guides, and target dsDNA were mixed together in the reaction
buffer and incubated at high temperatures (87 to 98 °C).
Following high temperature incubation, the samples were
cooled down by slowly lowering the temperature with the rate
of 0.1 °C/s until 10 °C was reached. For all digestion reactions,
the molar ratio of overall DNA guides to PfAgo was kept higher
than 10:1 and all guides were mixed in equimolar ratios with
respect to each other (unless noted otherwise). A titration
experiment for optimum guide to protein ratio was performed
on linear pUC19 target (linearized by XmnI) using HindIII
DNA guides and the results are shown in Figure S7. For all
native restriction enzymes, the reactions were performed
according to manufacturer’s protocols. HindIII-HF, EcoRI-HF,
XbaI, NdeI, AvrII, BamHI-HF, Bsu36I, BsaI-HF, MboI, and
XmnI restriction enzymes were ordered from New England
Biolabs (Ipswich, MA). For PCR cloning experiments,
FastDigest PfoI and BamHI enzymes were purchased from
Thermo Fisher Scientific (Waltham, MA). rSAP, DNA
polymerase I, Klenow fragment, 1 kb and 100 bp DNA ladders
were purchased from New England Biolabs.
PCR Cloning Using PfAgo/AREs. PCR Products Diges-

tion with PfAgo. The xylE and cas9 genes were PCR amplified
using the appropriate primers mentioned in Supplementary
Table S1. PCR reactions were performed by Q5 Hot Start
DNA Polymerase (New England Biolabs) according to
manufacturer’s protocol. The PCR products were purified by
agarose gel extraction using Zymoclean Gel DNA recovery Kit
(Zymo Research). Purified PCR products were digested with
PfAgo AREs. For either xylE or cas9, between 500 ng to 1 μg of
the purified PCR product was digested in a 50 μL reaction
containing PfAgo with the final concentration of ∼0.2 μM. For

all digestion reactions, the molar ratio of overall DNA guides to
PfAgo was kept higher than 10:1. The reaction mixture was
incubated at 95 °C for 10 min followed by slow cooling. The
digested PCR products were purified using Qiaquick PCR
purification kit (QIAGEN). Purified products were ligated into
the corresponding digested backbones using T4 DNA ligase
(New England Biolabs). For cas9 ligation, the ligation mixture
was incubated overnight at 16 °C. For xylE ligation, the ligation
mixture was incubated at room temperature for 15 min. After
ligation, all the reaction mixtures were transformed into NEB5α
competent E. coli (New England Biolabs) according to
manufacturer’s protocol.

pUC19 Digestion with PfAgo/AREs. For all pUC19 plasmid
digestions, pUC19-g7 was added to the reaction mixture. For
all cloning experiments with the vector digested by PfAgo/
AREs, ∼1 μg of pUC19 plasmid was digested in a 50 μL
reaction containing PfAgo with the final concentration of ∼0.2
μM. The ratio of pUC19-g7 to all other guides was kept at 1:2
and the molar ratio of overall DNA guides to PfAgo was kept
higher than 10:1. The reaction mixtures were incubated at 95
°C for 15 min followed by slow cooling. Digested vectors were
purified by agarose gel extraction and purification using
Zymoclean Gel DNA recovery Kit.

Analysis of Correct Plasmid Assembly Using PfAgo/AREs.
For digestion analysis of the plasmids assembled in random
target cloning, between 700 ng to 1 μg of the assembled
plasmids were mixed in the reaction buffer supplemented with
5% (v/v) DMSO and PfAgo with the final concentration of 0.2
μM. The ratio of pUC19-g7 to all other guides was kept at 1:2
and the molar ratio of overall DNA guides to PfAgo was kept
higher than 10:1. The reaction mixtures were incubated at 87
°C for 30 min followed by incubation at 95 °C for 10 min. The
samples were cooled down slowly until 10 °C was reached.
Afterward, the reaction mixtures were mixed with purple
loading dye (New England Biolabs) and were run on agarose
gel electrophoresis.

DNA Fingerprinting Using PfAgo/AREs. pCM2 plasmid
was first digested with Bsu36I and purified using Qiaquick PCR
purification kit (QIAGEN). For all fingerprinting experiments,
around 1 μg of the linearized target was mixed in 20 μL
reaction buffer with PfAgo concentrations ranging from 0.1 to
0.2 μM. The molar ratio of overall DNA guides to PfAgo was
kept higher than 10:1. Reaction mixtures were incubated at 95
°C for 10 min followed by slow cooling. Upon completion of
the digestion, the samples were mixed with purple loading dye
(New England Biolabs) and were run on agarose gel
electrophoresis. For PfAgo/AREs digestion with 8 guides at
the same time, the reaction was incubated at 95 °C for 15 min
instead of 10 min.
For pUC19 fingerprinting, the plasmid was first digested with

BsaI and purified using Qiaquick PCR purification kit
(QIAGEN). Around 500 ng of the digested pUC19 was
mixed in 20 μL reaction buffer with PfAgo concentration of 0.2
μM and the sample was incubated at 95 °C for 20 min followed
by slow cooling. The molar ratio of overall DNA guides to
PfAgo was kept at 12:1.

Genomic DNA Cloning Using PfAgo AREs. S. coelicolor
A3(2) genomic DNA was purified using Wizard genomic DNA
purification kit (Promega). Around 20 μg of the genomic DNA
was mixed in 400 μL reaction buffer containing PfAgo at the
concentration of 0.2 μM. For the 2 kb genomic DNA target,
ectoine(2)-g1, ectoine(2)-g2, ectoine(2)-g3, and ectoine(2)-g4
were used as ssDNA guides. The overall guide to PfAgo ratio
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was kept at 40:1. The reaction mixture was incubated at 98 °C
for 10 min followed by slow cooling and the digestion product
was purified by column purification using Qiaquick PCR
purification kit (QIAGEN). pUC19 receiver was PCR amplified
using the primers pUC19-ecto2-F and pUC19-ecto2-R. The
PCR product was purified by agarose gel extraction using
Zymoclean Gel DNA recovery Kit (Zymo Research) and the
purified receiver was digested with the same PfAgo/AREs by
incubating at 95 °C for 10 min. The digestion product was then
purified by column purification and dephosphorylated using
rSAP. Both purified digestion products (genomic DNA and
dephosphorylated receiver) were mixed together with the ratio
of 2:1 (gDNA:receiver) and were ligated together using T4
DNA ligase (Note that for gDNA the molar ratio was based on
the 20 μg initial sample). The ligation mixture was incubated at
room temperature for 30 min and then transformed into
NEB5α competent E. coli cells according to manufacturer’s
protocol.
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