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Cloning is an essential tool for genetic 
engineer ing, wi th many c loning 
techniques having been developed 
over the years (1–8). Most of these 
approaches rely on cleaving DNA using 
restriction enzymes. Commonly used 
restriction enzymes have 6- or 8-bp 
recognition sites, which occur with a 
predicted frequency of 1 in every 4096 
or 65,536 bp, respectively, in random 
sequence. When used in cloning, 
restriction enzymes have two limita-
tions: ( i ) Since their cleavage sites 
are restricted to those determined by 
their recognition sequences, restriction 
enzymes cannot cleave at any arbitrary 

location that an investigator might 
wish, such as required for seamless 
cloning; and (ii ) multiple cleavage sites 
often exist, especially in a large vector, 
which is a drawback in most cases 
since unique sites are often required 
for cloning.

To overcome these l imitations, 
researchers have dev ised a l ter-
native methods, such as Gateway 
cloning (9), sequence and ligation-
independent cloning (SLIC) (1), quick 
and clean cloning (QC) (2), and Gibson 
assembly (5), that eliminate the need 
for restriction enzyme digestion. These 
methods require a vector and a linear 

insert with sequences at each end 
that are homologous to one another. 
Gateway cloning requires the use of 
specific vectors, but does not depend 
on a linearized vector, whereas SLIC, 
QC, and Gibson assembly are not 
limited to specific vectors, but require 
enzyme digestion or inverse PCR to 
linearize the cloning vector. However, 
the use of inverse PCR to linearize the 
cloning vector is limited by the diffi-
culty in amplifying vectors with high GC 
content, repeats, or long sequences. 
In addition, mutations can be intro-
duced during the amplification of large 
vectors.
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Restriction enzymes have two major limitations for cloning: they cannot cleave at any desired location in a 
DNA sequence and may not cleave uniquely within a DNA sequence. In contrast, the clustered regularly in-
terspaced short palindromic repeat (CRISPR)–associated enzyme 9 (Cas9), when coupled with single guide 
RNAs (sgRNA), has been used in vivo to cleave the genomes of many species at a single site, enabling gen-
eration of mutated cell lines and animals. The Cas9/sgRNA complex recognizes a 17–20 base target site, 
which can be of any sequence as long as it is located 5´ of the protospacer adjacent motif (PAM; sequence 
5´-NRG, where R = G or A). Thus, it can be programmed to cleave almost anywhere with a stringency higher 
than that of one cleavage in a sequence of human genome size. Here, the Cas9 enzyme and a specific sgRNA 
were used to linearize a 22 kb plasmid in vitro. A DNA fragment was then inserted into the linearized vector 
seamlessly through Gibson assembly. Our technique can be used to directly, and seamlessly, clone frag-
ments into vectors of any size as well as to modify existing constructs where no other methods are available.

Reports

METHOD SUMMARY
A T7 transcription template for generating a single guide RNA (sgRNA) targeting a desired site in a cloning vector 
was synthesized by PCR from the sgRNA expression plasmid pX330. The sgRNA synthesized from the template by 
in vitro transcription was then used with the Cas9 enzyme to linearize a 22 kb vector in vitro, and a DNA fragment 
was seamlessly inserted into the cleavage site using Gibson assembly.
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Figure 1. Schematic diagram of CRISPR/Gibson cloning method. 1) Synthesis of sgRNA: The duplex DNA template for in vitro transcription using T7 
RNA polymerase was PCR synthesized from the pX330 vector. The T3gRNAF forward primer has three parts: a T7 promoter (green), a 19-base guide 
sequence for the T3 promoter (red), and the first 20 bases (blue) of the tracrRNA from pX330. A duplex DNA transcription template was also PCR syn-
thesized from the pX330-gRNA vector (pX330-LAsg), as shown in the dashed rectangle. The PCR products were purified and transcribed in vitro with 
T7 RNA polymerase to synthesize the sgRNA (81 bases). 2) Cas9/sgRNA Cleavage: The purified sgRNA and Cas9 nuclease were mixed together to form 
the Cas9/sgRNA complex. The 19-base guide sequence then guided the complex to the targeted sequence to linearize the cloning vector. 3) Gibson as-
sembly: The insert was PCR amplified (as shown in the solid rectangle) from a gBlock using a pair of primers so that it had 21 bp and 40 bp sequences 
at the left and right ends that overlapped with the vector sequences flanking the cleavage site. The homologous sequences at the ends of the insert and 
in the vector are shown in light green. The linearized cloning vector was purified and ligated with the insert in vitro using Gibson assembly. The ends of 
the linearized vector and inserts were chewed back using T5 exonuclease to produce 3´ overhangs that exposed the homologous sequences in the vector 
and insert (a) and were then annealed together (b). The protruding 3´ overhangs were removed by the 3´ to 5´ exonuclease activity of the DNA polymerase 
in the Gibson assembly mix (c). Repair with DNA polymerase and Taq ligase filled in the gaps and sealed the nicks to form a covalently closed double-
stranded plasmid molecule (d). The red arrows indicate the filling in of gaps by the DNA polymerase. 4) Transformation and selection of positive colonies.
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Direct and seamless cloning is 
impossible with these cloning methods 
when large vectors (cosmids, baculo-
viral or adenoviral vectors, or bacterial 
artificial chromosome (BAC) plasmids) 
are utilized. For example, to clone a 
fragment into a baculoviral or adeno-
viral vector, a smaller shuttle vector is 
typically used to clone the fragment, 
and then the cloned insert is transferred 
into a larger vector through homologous 
recombination in cells (10). This process 
is time-consuming, often taking a month 
or more to obtain the correct clone. 
Alternatively, these large vectors can be 
engineered to contain specific recombi-
nation sequences such as the attR1 and 
attR2 sites used for Gateway cloning 
(11). Although the Gateway-based 
method takes less than 2 weeks to 
obtain correct clones, the major disad-
vantage of such methods is that they 
can only be applied to specific vectors. 
Moreover, it is difficult, if not impos-
sible, to modify an existing construct 
using these techniques, which can be 
desirable as well as cost-effective in 
certain studies.

To overcome these cloning limita-
tions, we examined the use of the 
clustered regularly interspaced short 
palindromic repeat (CRISPR)–associated 
enzyme 9 (Cas9) in combination with the 
Gibson assembly technique to clone a 
DNA fragment seamlessly at virtually 
any user-specified location in a large 
vector. CRISPR is an adaptive immune 
system in bacteria that destroys naturally 

occurring and engineered phages and 
plasmids (12). It consists of: (i ) CRISPR-
associated protein 9 (Cas9), an endonu-
clease that cleaves a double-stranded 
DNA (dsDNA) target site; (ii) the CRISPR-
related sequence (crRNA) containing the 
guide sequence that specifies the target 
sequence; and (iii ) a trans-activating 
CRISPR-re lated RNA (tracrRNA) 
sequence from the bacterial CRISPR 
system that is hybridized to the crRNA. 
The 20-nucleotide guide sequence in 
the crRNA directs Cas9 to the comple-
mentary target site located immedi-
ately 5´ of the protospacer adjacent 
motif (PAM; sequence 5´-NRG, where 
R = G or A) that is required for guided 
DNA recognition and cleavage by the 
Cas9/crRNA/tracRNA complex (13,14). 
This system has been simplified for use 
as a genome editing tool by fusing the 
crRNA and tracRNA into one molecule, 
the single guide RNA (sgRNA). The 
modified CRISPR/Cas9 system has been 
successfully used to edit the genomes of 
many species (15–25). Here we demon-
strate the feasibility and efficiency of 
cloning through the in vitro use of the 
CRISPR system to cleave a large vector 
at any desired location.

Materials and methods
Reagents and oligonucleotide synthesis: 
All enzymes and other reagents were 
purchased from New England Biolabs 
(NEB; Ipswich, MA) unless otherwise 
specified. DNA oligonucleotides were 

synthesized by Integrated DNA Technol-
ogies (IDT, Coralville, Iowa) or Eurofins 
Genomics (Huntsville, Alabama).

The protocol for seamless cloning 
using in vitro CRISPR/Cas9 nuclease 
cleavage combined with the Gibson 
assembly comprises the following four 
steps (Figure 1):

1. Synthesis of sgRNAs

a) sgRNA cloning: The guide sequence 
for the LA sequence was designed using 
the online CRISPR Design Tool (http://
crispr.mit.edu/). Two oligonucleotides 
(mLAsgF and mLAsgR) were synthe-
sized and annealed to form a double-
stranded fragment with the desired 
overhangs (sequences in lower case 
in Table 1) for cloning into the pX330 
vector (Addgene plasmid 42230) (16). 
The 2 oligonucleotides were diluted and 
mixed together at a final concentration 
of 10 µM and denatured at 95°C for 5 
min in a PCR machine. The machine was 
then turned off, and the tube was cooled 
to room temperature over 30 min. The 
LA guide sequence double-stranded 
fragment was cloned into the pX330 
vector using the following protocol 
(16,26): 1 µg pX330 was digested with 
10 U BbsI (Thermo Scientific, Waltham, 
MA), 2 µL 10× Buffer G in the presence 
of 400 U T4 ligase, 1 µL annealed oligo-
nucleotide (10 µM stock), and 1 mM ATP 
at 37°C overnight. Next, 2 µL of the 
ligation reaction was used to transform 
competent cells. Positive clones were 
selected by BbsI and ScaI digestion, 

Table 1. Oligonucleotide sequences used in this work.

Primer and sequence Application

mLAsgF: caccGCCTTTCTCGTGAACTAGTCA
mLAsgR: aaacTGACTAGTTCACGAGAAAGGC

Oligonucleotides for cloning the LA guide sequence (bold) into the pX330 
vector. The sequences in lower case are the overhangs complementary to 
the overhangs of the cloning vector pX330 digested by BbsI. The resulting 
clone, pX330-LAsg, used as a PCR template (Figure 1).

sgLAF: TGTAATACGACTCACTATAGGCCTTTCTCGTGAACTAGTCA
sgRNAR: AAAAGCACCGACTCGGTGCC

Forward primer sgLAF contains a T7 promoter (underlined) and LA guide 
sequence (bold). Reverse primer sgRNAR primer binds in pX330. These 
primers were used to PCR synthesize the LAsgRNA template from pX330-
LAsg for in vitro RNA transcription to produce the sgRNA (LAgRNA) for 
cleaving plasmid D. PCR product: 142 bp.

T3gRNAF: TGTAATACGACTCACTATAGGCTAAATTAACCCTCACTAAGTTTTAGAGCTAGAAATAGC
sgRNAR: same as above

Forward primer T3gRNAF contains a T7 promoter (underlined), the 
guide sequence for the T3 promoter (bold), and the first 20 bases of 
the tracrRNA sequence in pX330. Reverse primer sgRNAR primer binds 
in pX330. These primers were used to PCR synthesize the T3 promoter 
sgRNA template from pX330 for in vitro RNA transcription to produce the 
sgRNA (T3gRNA) for cleaving the cloning vector A1. PCR product: 140 bp.

AqugblockF: ATCATTTTGGCAAAGAATTCGAACTTAGTCATGGTGTCAAAGGGTGAGG
AqugblockR: TTGGTGGCCGGGAAGGG

PCR primers to amplify the insert for Gibson assembly from the gBlock 
fragment by adding 21 bases of left homologous sequence (underlined 
in AqugblockF) and with 40 bases of right homologous sequence 
(ttggtggccgggaaggggcacgattgtcttcactagccat; the AqugblockR sequence 
is underlined) already present in the gBlock fragment. PCR product: 
853 bp, to be inserted into the cloning vector A1 by Gibson assembly; 
resulting clones: G5–8 (Figure 3 & Supplementary Table S1).
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and the resulting clone was named 
pX330-LAsg.

b) PCR amplification of DNA templates 
for synthesis of sgRNAs by in vitro 
transcription with T7 RNA polymerase: 
The template for the sgRNA (T3gRNA) 
targeting the T3 promoter sequence 
in the cloning vector A1 (pLACAGRF-
PTetOn; 21683 bp) was PCR amplified 
from pX330 using the forward primer 
T3gRNAF, which contained 3 parts: 
a T7 promoter sequence, the 19-bp 
guide sequence for the T3 promoter 
of vector A1 (position 12651–12669), 
and the first 20 bases of the tracrRNA 
sequence from the pX330 vector (16) 
(Addgene plasmid 42230) (Table 1). 
The template for the sgRNA (LAgRNA) 

targeting the LA sequence was PCR 
amplif ied from pX330-LAsg using 
the forward primer sgLAF containing 
the T7 promoter sequence and the 
guide sequence for LA. The same 
reverse primer (sgRNAR) binding to the 
sequence (position 347–328) in pX330 
was used in both cases. The PCR 
reaction mixture contained 2 µl 10× 
Pfx50 PCR mix, 2.4 µl 2.5 mM dNTP 
mix, 1.2 µl 10 µM forward and reverse 
primer mix, 0.4 µl plasmid template (2.2 
ng/µl), and 0.4 µl Pfx50 DNA polymerase 
(5 U/µl) (Life Technologies, Grand Island, 
NY). Sterile distilled water was added 
to bring the total reaction volume to 20 
µl. The PCR cycling parameters were: 
94°C for 2 min, 5 cycles of 94°C for 15 
s and 68°C for 20 s, 5 cycles of 94°C 

for 15 s and 66°C for 10 s, 68°C for 20 
s, and 25 cycles of 94°C for 15 s, 63°C 
for 10 s and 68°C for 20 s, and 1 cycle 
of 68°C for 10 min. PCR products were 
extracted with phenol/chloroform and 
then purified using an S-300 microSpin 
column (GE Healthcare Bio-Sciences, 
Pittsburgh, PA) following the manufac-
turer’s instructions.

c) In vitro transcription: The in vitro 
transcription was conducted for 4 
h at 37°C in a 50 µl reaction mixture 
containing 5 µl 10× RNAPol reaction 
buffer, 2.5 µl 10 mM NTP mix, 0.5 µl 10 
mg/mL BSA, 1 µl murine RNase inhibitor 
(40 U/µl), 40 µl purified PCR product (17 
ng/µl), and 1 µl of T7 RNA polymerase 
(50 U/µl). The template DNA did not 

Figure 2. Cas9/sgRNA digestion specificity. (A) Cas9/T3gRNA digestion of plasmids A1, B1, and C1. The Cas9/T3gRNA digestion was 1 h for A1, and 72 h 
for B1 and C1. When Cas9/T3gRNA digestion was combined with restriction digestion with PvuI, the expected bands were produced for each plasmid (red 
arrows). The red X denotes a band not cleaved by Cas9/T3gRNA. (B) Cas9/sgRNA digestion requires the presence of the target sequence corresponding 
to the guide sequence of the sgRNA. The three positive clones (G5–G7) and two negative clones (Q1 and Q2) obtained from the CRISPR/Gibson cloning 
were digested with the Cas9/T3gRNA and PvuI. A positive clone has the insert, but the target sequence has been deleted, while a negative clone does not 
have the insert but still has the target sequence. (C) Cas9/LAgRNA only cleaves a vector containing a target sequence with a perfect match to the guide 
sequence. The target sequence of vector D has a perfect match (m, match) with the guide sequence of LAgRNA, while vector E has a target sequence with 
several mismatches (mm) with the guide sequence. (D) Sequence alignment of the target sequences of plasmids A1, B1 and C1 with the 19 bp T3gRNA guide 
sequence. (E) Sequence alignment of the target sequences of vectors D and E that are matched (m) and mismatched (mm), respectively, with the guide se-
quence of LAgRNA. The PAMs including the 5´-NRG are also shown underlined. The number is the length of the corresponding sequence shown in (D) & (E). 
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affect the subsequent Cas9 digestion, 
so it was not removed. The transcription 
product was then purified as in step b) 
or used directly without any obvious 
adverse effects.

2. Linearization of cloning vector 
using sgRNA and Cas9

The digestion was carried out in a 30 µl 
reaction mixture composed of 3 µl 10× 
Cas9 nuclease reaction buffer, 126 ng 
(300 nM) sgRNA, and 1 µl 1 µM Cas9 
nuclease (NEB). Sterile distilled water 
was added to bring the total reaction 
volume to 30 µl. The final concentration 
of Cas9 nuclease was 30 nM. There is no 
unit definition for this enzyme from the 
manufacturer (NEB). The mixture was 
pre-incubated for 10 min at 37°C and 
then 30 nM plasmid DNA was added, 
and the mixture was incubated for 1 
h (as recommended by the manufac-
turer), overnight, or 72 h, following the 
manufacturer’s protocol. The vector A1 
that had been digested overnight was 
used for Gibson cloning. The overnight 
Cas9 digested vector was purified as 
in step 1b.

3. Gibson cloning

A gBlock fragment containing the 
Aquamarine cyan fluorescent protein 
gene with the P2A sequence was synthe-
sized (IDT). The insert was PCR amplified 
in a 20 µl reaction mixture composed of 
4 µl 5× PrimeSTAR GXL buffer, 1.6 µl 
2.5 mM dNTP mix, 0.4 µl 10 µM primers 
AqugblockF and AqugblockR, 0.25 µl 
gBlock template (10 ng/µl), and 0.4 µl 
PrimeSTAR GXL DNA polymerase (5 U/
µl) (Clontech Laboratories, Mountain 
View, CA). Sterile distilled water was 
added to bring the total reaction volume 
to 20 µl. The PCR cycling parameters 
were: 94°C for 2 min, 5 cycles of 94°C 
for 15 s and 72°C for 20 s; 5 cycles of 
94°C for 15 s and 70°C for 20 s, 26 
cycles of 94°C for 15 s and 68°C for 20 
s, and 1 cycle of 68°C for 10 min. The 
PCR-amplified fragment (853 bp) and the 
Cas9/sgRNA digested vector A1 were 
phenol/chloroform extracted and then 
purified by an S-300 microspin column 
as described above. The purified vector 
(63 ng) and insert (47 ng) mixture (10 µl) 
was mixed with 10 µl Gibson Assembly 
Master Mix and incubated at 37°C for 
1 h. The quick and clean cloning (QC) 
method also was used as described 

previously (2): 16 µL A1 vector (7.3 ng/
µl), 1.5 µL PCR product (47 ng/µl), 2 µL 
10× T4 ligase buffer (NEB), and 0.5 µL 
T4 DNA polymerase (NEB) were mixed 
and incubated in a PCR block for 60 
min at 15°C.

4. Transformation and selection of 
positive colonies

Two microliters of Gibson or QC 
reaction was used to transform 100 
µL of home-made DH5a competent 
cells following a standard transfor-
mation protocol. The mini-preparation 
of plasmid DNAs was carried out using 
Zymo-Spin II columns (Zymo Research 
Corporation, Irvine, CA). Positive clones 
were identified by restriction enzyme 
digestion and sequencing.

Results and discussion
Since the CRISPR/Cas9 technique has 
been used to cleave dsDNA in vivo 
with high efficiency (15–25,27), the 
technique should be able to linearize a 
circular vector in vitro for cloning. Our 
aim was to linearize the 22 kb plasmid 
A1 (pLACAGRFPTetOn) at a specific site 
in the T3 promoter by in vitro CRISPR 
cleavage using Cas9 and an sgRNA 
(T3gRNA) targeting the T3 promoter, 
followed by cloning of an insert into that 
site by Gibson assembly.

However,  CRISPR may have 
problems with off-target cleavage (28). 
Perfect base-pairing of the 10–12 bp 
directly 5´ of the PAM (PAM-proximal) 
may be sufficient to determine the speci-
ficity of Cas9 digestion (14), which could 
permit mismatches, especially at the 5´ 
end of the guide sequence. This may be 
a concern if a cloning vector contains 
one or more sequences that are slightly 
mismatched to the guide sequence. 
We therefore first examined the speci-
ficity of in vitro CRISPR cleavage using 
Cas9 and T3gRNA for three plasmids 
containing a T3 promoter. Plasmid 
A1 has a target sequence that is fully 
matched with the 19-bp T3gRNA guide 
sequence (Figure 2D) containing 16 bp 
of the T3 promoter. Plasmids B1 & C1 
(2 short hairpin RNA plasmids derived 
from pBS/U6) have the T3 promoter 
sequence, which is only fully matched 
with the 3´ 16 bp of the 19-bp guide 
sequence of T3gRNA (Figure 2D). The 
results show that the Cas9/T3gRNA can 

specifically digest all clones, but only 
does so efficiently for plasmid A1. When 
combined with the restriction enzyme 
PvuI, the correct CRISPR-digested 
band was present as predicted for each 
plasmid (Figure 2A, Supplementary 
Table S1). The digestion of plasmid A1 
was complete after 1 h. DNA degra-
dation or non-specific digestion was 
not observed after prolonged incubation 
(up to 72 h), indicating that the Cas9 
digestion is specific and should be 
suitable for use in cloning. However, 
the digestion of plasmids B1 & C1 was 
not complete even after 72 h. After 1 
h of digestion as recommended by the 
manufacturer, only a small fraction of 
plasmid was digested (data not shown). 
The sequence alignment shows that 
B1 or C1 only had two 5´ mismatches 
compared with the A1 vector (Figure 2D). 
This finding indicates that the Cas9/
T3gRNA cleavage of the sequence 
with the 16-bp match to the guide 
sequence was less efficient than that 
of the sequence with the 19-bp match, 
and that the mismatches distal to the 
PAM sequence can still severely reduce 
the cleavage efficiency. Perhaps the 
mismatches thermodynamically desta-
bilize the DNA/Cas9/sgRNA complex, 
which is surprising because a previous 
study showed that there was no obvious 
dif ference of cleavage ef f ic iency 
between 17-base and 20-base sgRNAs 
in vivo (29). A prolonged digestion or 
a higher concentration of Cas9/sgRNA 
may be required to digest all of the B1 
or C1 DNA.

The specificity of CRISPR digestion 
was also tested on two other plasmids 
(plasmids D and E) using an sgRNA 
(LAgRNA) targeting the LA sequence. 
These plasmids were constructed for a 
gene-targeting project and were readily 
available to be used for the present study. 
Plasmid D is a BAC subclone containing 
a 12.4 kb genomic DNA fragment of the 
mouse lipopolysaccharide-responsive 
beige-like anchor (Lrba) gene and has a 
target LA sequence with a perfect match 
to the guide sequence of LAgRNA. 
Plasmid E is modified from plasmid 
D by an insertion that interrupts the 
LA sequence, resulting in a target LA 
sequence with several mismatches to 
the guide sequence of LAgRNA (Figure 
2E). Cas9/LAgRNA cleavage combined 
with PvuI digestion showed that the 
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Cas9/LAgRNA complex cleaves only 
plasmid D, which has a perfect match 
with LA guide sequence of LAgRNA 
(Figure 2C).

We used Gibson assembly to clone 
a 783-bp insert into the Cas9/T3gRNA-
linearized plasmid A1. This Gibson 
cloning produced 287 colonies, while the 
QC plate produced only a few colonies. 
Since the insert has one PspXI site, but 
plasmid A1 does not, successful cloning 
would introduce a unique PspXI cleavage 
site into the clones. We used PspXI 
and NheI digestion, which produces 
two unique fragments (Supplementary 
Table S1), to identify positive clones. The 
four clones (G5–G8) examined from the 
Gibson cloning were all positive, while 
the four clones (Q1–Q4) examined from 
the QC plate were all negative (Figure 
3A). This was confirmed by sequencing, 
which showed that the two junctions of 
the vector and insert were seamlessly 
joined (Figure 3, B and C). Cas9/T3gRNA 
cleavage combined with PvuI digestion 
also distinguished positive clones from 
negative clones (Figure 2B). However, we 
observed that CRISPR-only treatment 
resulted in the apparent linearization of 
the positive clones, which should no 
longer have the target sequence. We 
believe these results suggest that Cas9 
may have a topoisomerase activity that 
changes plasmid conformation (Supple-
mentary Figure S1, A and B).

Gibson assembly requires an exact 
match of the corresponding homologous 
regions at the ends of the linearized 
vector and linear insert (5). After the 
ends of the Cas9/sgRNA-linearized 
vector have been chewed back by T5 

exonuclease and annealed to the ends 
of the insert, there are protruding 3´ 
overhangs (Figure 1: step 3b) that must 
be removed by DNA polymerase before 
the DNA can be ligated. The enzymes in 
the Gibson Assembly Master Mix are not 
disclosed by the company. However, in 
the original protocol, the authors used 
Phusion DNA polymerase, which has 3´ 
to 5´ exonuclease activity. The Master 
Mix may contain the same enzyme or a 
similar one having 3´ to 5´ exonuclease 
activity to remove these heterologous 
regions before filling in any gaps next 
to the homologous regions. Therefore, 
the two homologous sequences are not 
required to be located at the very ends of 
the vector produced by the Cas9/sgRNA 
digestion, as required by the manufac-
turer’s Gibson cloning manual. In fact, 
in other homologous recombination-
based protocols, up to several hundred 
base pairs of heterologous sequences 
flanking the homologous sequence from 
both ends can be efficiently removed 
(2,4). In this case, the heterologous 
sequences at the 2 ends are 18 bp and 
12 bp, and they did not affect the Gibson 
cloning. This property is important as 
it allows one to choose homologous 
sequences away from the Cas9/sgRNA 
cleaved ends of the linearized vector and 
to clone seamlessly using our method.

The specificity of the Cas9/sgRNA 
digestion is determined by the 19-bp 
target sequence in the vector that is 
complementary to the guide sequence 
of the sgRNA. A PAM (5´-NRG) sequence 
is required at the 3´ end of the target 
sequence. Thus, a sequence comple-
mentary to the guide sequence can be 

found close to a targeted site anywhere 
in the vector as the sequence can be in 
either strand. The predicted frequency 
of NRG in a random dsDNA sequence 
is 1 in every 4 bp. The sgRNA-guided 
Cas9 digestion is highly specific as the 
predicted frequency of a 16-bp gRNA 
sequence is 1 in every 4.3 billion bp. This 
is larger than the 3.3 billion-bp human 
genome. Although off-target sequences 
may have up to 5 mismatches, using a 
shorter guide sequence may improve 
specificity but may be less efficient than 
the 16 bp used in this study. Consistent 
with these results, a minimum of 17 
nucleotides of complementarity are 
required for ef f icient CRISPR-Cas 
nuclease activity (29). We did not notice 
any obvious dif ference in digestion 
ef f ic iency between the 19-base 
(T3gRNA) (Figure 2A) and the 20-base 
guide sequences (LAgRNA) (Figure 3A) 
used in this study. A sequence [RCGGH 
(R = A or G, H = T, A, C)] was found to 
favor Cas9 cleavage over the canonical 
PAM sequence of NGG (30). The impor-
tance of the PAM-proximal sequence 
was confirmed by the findings that the 
Cas9/sgRNA complex first binds to the 
PAM and then unwinds the adjacent 
DNA (30). The 2 corresponding 5-bp 
sequences in this study are AAGGG for 
the T3 sgRNA and ATGGC for the mLA 
sgRNA. Although they are not optimal 
PAM-surrounding sequences, we did 
not notice any digestion problems. 
It is unknown whether the optimal 
PAM-surrounding sequence role applies 
to the in vitro Cas9/sgRNA system.

In summary, we successfully cloned 
a DNA fragment into a large vector (22 

Figure 3. Gibson cloning with the Cas9/T3gRNA-linearized plasmid A1. (A) Restriction enzyme characterization of plasmid DNA extracted from four clones 
from the Gibson cloning and four clones from QC cloning. All clones shown were double digested with NheI/PspXI. A PspXI site is present in the insert but 
not in the vector. Clones Q1–Q4 from QC cloning are negative. Clones G5–G8 from Gibson cloning are positive, as indicated by the presence of the largest 
band of 9152 bp and the bottom doublet bands of 3562 bp/3334 bp. (B) Sequencing electropherograms show that the insert is correctly cloned into the 
vector at the 5´ end. The shaded portion is the homologous sequence in the forward PCR primer. (C) Sequencing electropherograms showing that the insert 
is correctly cloned into the vector at the 3´ end. The shaded portion is the homologous sequence used for the cloning.
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kb) at high efficiency using the CRISPR/
Cas9 nuclease combined with Gibson 
assembly. Our results demonstrate that 
the CRISPR/Cas9 technique can be used 
like a restriction enzyme to cleave DNA 
in vitro for cloning, without the limitations 
of the more commonly used restriction 
enzymes. Moreover, our cloning method 
does not require specific vectors or 
linearization by inverse PCR of a vector 
lacking suitable restriction enzyme sites. 
The methodology is quick and conve-
nient since the whole process can be 
completed within 1 week, and Cas9 is 
commercially available. Oligonucleotides 
can be synthesized in 1 day, sgRNA can 
be synthesized in another day, and the 
Cas9/sgRNA digestion can be carried 
out overnight. Gibson assembly and 
transformation can be finished on the 
third day. Colony selection, culturing, 
mini-preparation of DNA, and identifi-
cation can be done on the fourth and 
fifth days. This time frame is in sharp 
contrast to current protocols, which can 
take up to 1 month or more to obtain 
a positive recombinant adenoviral or 
baculoviral clone.
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