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ABSTRACT

As Cpf1 cleaves double-stranded DNA in a staggered
way, it can be used in DNA assembly. However, the
Cpf1 cleavage was found to be inaccurate, which
may cause errors in DNA assembly. Here, the Cpfi
cleavage sites were precisely characterized, where
the cleavage site on the target strand was around the
22nd base relative to the protospacer adjacent motif
site, but the cleavage on the non-target strand was af-
fected by the spacer length. When the spacer length
was 20 nt or longer, Cpf1 mainly cleaved around the
14th and the 18th bases on the non-target strand;
otherwise, with a shorter spacer (i.e. 17-19 nt), Cpf1
mainly cleaved after the 14th base, generating 8-
nt sticky ends. With this finding, Cpf1 with a 17-nt
spacer crRNA were employed for in vitro substitu-
tion of the actll-orf4 promoter in the actinorhodin
biosynthetic cluster with a constitutively expressing
promoter. The engineered cluster yielded more acti-
norhodin and produced actinorhodin from an earlier
phase. Moreover, Taqg DNA ligase was further em-
ployed to increase both the ligation efficiency and
the ligation accuracy of the method. We expect this
CCTL (Cpfl-assisted Cutting and Taq DNA ligase-
mediated Ligation) method can be widely used in in
vitro editing of large DNA constructs.

INTRODUCTION

CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats) is an acquired immunity system in

prokaryotic organism and CRISPR-associated protein
Cas9 has been widely applied in genome editing and many
other applications (1-3). Another CRISPR associated pro-
tein Cpfl, which belongs to the class II type V CRISPR
system and has similar genome editing efficiency but with
lower off-target effect, has great potential to be utilized in
clinic applications (4-7). Cpfl is guided by a single crRNA
and utilizes T-rich protospacer adjacent motif (PAM) se-
quences to cleave double-stranded DNA (dsDNA) targets
(6). Cas9 uses the HNH and RuvC endonuclease domains
to cleave the target and non-target DNA strands, respec-
tively (8); however, Cpfl lacks the HNH nuclease domain
and contains the RuvC and Nuc (or UK) domains (9,10),
where the Nuc domain may serve as a new nuclease domain
and cleave the target strand (9,10). Cpfl was also reported
as an RNase responsible for processing the precursor-
crRNA to mature crRNA (11). Although structures have
been obtained for the complex of Cpfl/crRNA /target
DNA, no electron density was observed for regions near
the cleavage sites in both the crRNA and the target DNA
strand, and these regions may be flexible and disordered in
the crystal structure (10,12).

Unlike Cas9 which introduces double-stranded breaks
near the PAM site and produces blunt ends (8), Cpf1 cleaves
target DNA distal to the PAM site and produces 5-nt sticky
ends (6). This characteristic makes Cpfl a useful tool for
DNA assembly in vitro, and a DNA assembly standard
namely C-Brick, which is based on Cpfl digestion and
T4 DNA ligase-mediated ligation, was recently established
(13). Notably, C-Brick standard both recognizes long DNA
sequences and produces short scars between parts, and may
have great potential to be widely used.
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With the rapid development of DNA assembly tech-
niques, DNA fragments can now be seamlessly assembled
up to several hundreds of kilobases or even a whole genome
(14-20). However, there is still no powerful technology to
conveniently change a biological part in an existing con-
struct. Although Cpfl can be designed to excise a target
DNA region, generating sticky ends and allowing for the
insertion of foreign DNA sequences, its cleavage sites have
been found to be inaccurate (13), which may generate er-
rors during assembly and hinders its further application.
Here, the Cpfl cleavage sites were precisely characterized
and were found to be influenced by the spacer length in
crRNAs. When the spacer was shorter than 20 nt, Cpfl
mainly cleaved after the 14th base on the non-target strand
and 22nd base on the target strand, generating 8-nt long
sticky ends. This characteristic of Cpfl was further em-
ployed to develop a novel method for highly efficient re-
placement of a promoter region in a large antibiotic biosyn-
thetic cluster.

MATERIALS AND METHODS
In vitro transcription

The transcription template was prepared as previously de-
scribed (13). Briefly, 200 ng template DNA was used to
transcribe the corresponding crRNA in a 20 pl reaction
mix according to the protocol provided by the manufacture
(Thermo Fisher Scientific). crRNA was purified using the
RNA Clean-up & Concentration kit (Zymo Research), and
quantified by both NanoDrop 2000C and TBE-buffered
polyacrylamide gel electrophoresis (PAGE).

Purification of Cpfl proteins

Protein  FnCpfl  (WP_003040289) and  AsCpfl
(WP_021736722) were purified as described previously
(13). LbCpfl (WP.051666128) from Lachnospiraceae
bacterium ND2006 firstly synthesized with codon opti-
mization by Tolo Biotech and then cloned into expression
vector (pET28a-TEV (21)). Expression and purification of
LbCpfl was performed following the same procedure as
those of FnCpfl and AsCpfl.

Cleavage of short dsDNA targets

Short dsDNA targets were prepared through annealing of
two complementary oligonucleotides (Supplementary Ta-
ble S1). Paired oligonucleotides (0.8 wM) were annealed in
1 x PCR (polymerase chain reaction) buffer (Takara) in a
total volume of 50 pl, followed by running the annealing
program: initial denaturation at 95°C for 5 min and then
cool down from 95°C to 20°C with 1°C decrease per min
using a thermocycler.

Cleavage of double stranded oligonucleotides were per-
formed at 37°C in NEB buffer 3 for 1 h, employing 250 nM
Cpfl, 500 nM synthesized crRNA, 40 nM target DNA and
10 U RNase inhibitor (Takara) in a 20 pl volume. Reactions
were stopped by heating at 98°C for 10 min, followed by
immediately chilling on ice before further analysis through
urea PAGE.
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Electrophoresis analysis by denaturing urea PAGE

FAM-labeled DNA were firstly digested by Cpfl and then
heated at 98°C for 10 min after the addition of loading
buffer to stop the reactions. Heated samples were immedi-
ately chilled on ice, followed by being loaded on 10-15%
denaturing polyacrylamide gels containing 7 M urea (urea
PAGE). Electrophoresis was performed by running at 1800
V (about 40 v/cm) for about 70-90 min using the Sequi-Gen
GT Sequencing Cell system (Bio-Rad). Gels were scanned
using a FLA-7000 phosphoimager (FujiFilm Corporation).

Plasmids construction and optimization of the ligation condi-
tions

Plasmid pSY1A2-DNMT1-3 was constructed using the
Ezmax One-Step Cloning kit (Tolo Biotech.). Briefly, the
DNMTI-3 fragment was PCR amplified with primers of
DNMT1-795-F and DNMT1-795-R, using the HEK 293T
genomic DNA as the template. Meanwhile, the vector was
PCR amplified with primers of pSB1A2-DNMT1-795-F
and pSB1A2-DNMT1-795-R, employing pSB1A2 iGEM)
as the template. Notably, 20-bp sequences homologous to
the ends of the DNMTI1-3 fragment were introduced to
each end of the vector fragment during the PCR process.
Then, two fragments were seamlessly assembled following
the manufacture’s instruction (Ezmax for One-step Cloning
Tolo Biotech.).

To substitute the promoter region of actll-orf4 with the
constitutively expressing promoter of the erythromycin re-
sistance gene (ermP), the ermP fragment was prepared
with PCR using primers of Ermp-F1 and Ermp-R1, which
was subsequently cloned into pEASY-Blunt-zero (Trans-
gen Biotech.) to generate plasmid pEASY-ermP. Plasmids
pHIW (15) and pEASY-ermP were digested by FnCpfl
under the guide of act-crRNAI1 and act-crRNA2 in NEB
buffer 3. Digested pHIW was dephosphorylated by FastAP
(Thermo Fisher Scientific) and directly cleaned up with
the Wizard SV Gel and PCR Clean-Up system (Promega),
while the Cpfl-digested ermP fragment was purified by gel
electrophoresis followed by gel purification using the Wiz-
ard SV Gel and PCR Clean-Up system. The HIW and ermP
fragments were mixed together with a molar ratio of 1:20
and ligated with Taq DNA ligase (Tolo Biotech.). Different
reaction temperatures and time courses were tested to de-
termine the most optimal reaction conditions. The ligation
product was transformed into the Escherichia coli DH10B
competent cells to generate the object plasmid pHIW-ermP.
To determine the cloning efficiency, clones were firstly con-
firmed by clone PCR using primers of actll-orf4CKF and
actll-orf4ACKR. Positive clones (with 700-bp PCR prod-
ucts) were then confirmed by Sanger sequencing using the
primer of actIl-orf4CKF and further analyzed by Stul di-
gestion.

Characterization of pHIW-ermP in Streptomyces sp. 4F

Plasmid pHIW-ermP was firstly transformed into E. coli
ET12567 (22), and then conjugated into Streptomyces sp.
4F, following the same procedure as previously described
(15,23). The wild-type Streptomyces sp. 4F, strain 4F in-
tegrated with pHIW-ermP and strain 4F integrated with
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pHIW were grown on solid R2YE medium (24) at 30°C, and
the production of actinorhodin was observed every 24 h.
Meanwhile, 4F (pHIW-ermP) and 4F (pHIW) were cultured
with liquid R2YE medium and grown at 30°C. The acti-
norhodin yield was measured every 12 h, following the same
protocol as previously reported (25). Total RNA was ex-
tracted using the ZR Fungal/Bacterial RNA MiniPrep™ kit
(Zymo Research) following the manufacture’s instruction.
Further RNA reverse transcription and quantitative real-
time PCR analysis were the same as previously described
(26).

RESULTS

Cpf1 cleaves more specifically on target DNA with a shorter
crRNA spacer

Cpfl was known to cleave after the 18th base downstream
of the PAM site on the non-target strand and the 23rd base
on the target strand (6). However, we recently found the
Cpfl cleavage sites vary among different targets and differ-
ent Cpfl origins (Ref 13 and Supplementary Figure S1). To
precisely determine the Cpf1 cleavage sites, denaturing urea
PAGE was employed to analyze the Cpfl digested products.
5(6)-carboxyfluorescein (FAM)-labeled short DNA frag-
ments of target DNMT1-3 (individually labeled on either
5~ or 3’-ends of the target or non-target strands) were di-
gested by Cpf1 using crRNA-DNMT1-3 with the full length
spacer (23 nt), and subsequently analyzed by urea PAGE.
To our surprise, we found the FnCpfl (from Francisella tu-
larensis) cleavage sites were after the 13th, 14th, 18th and
19th bases on the non-target strand and from the 21st to
24th bases on the target strand (Figure 1). Similar cleavage
results were obtained when using either target DNMT1-3
with another two Cpfls (AsCpfl (from Acidaminococcus
sp. BV3L6) and LbCpfl (from Lachnospiraceae bacterium
ND2006)) or FnCpf1 with other six targets (Supplementary
Figure S2a and b). Notably, the fact that FnCpf1 cleaves af-
ter the 14th base can also be deduced from the urea PAGE
result in a recent study (11).

To test the influence of the spacer length of crRNA on
the cleavage sites of Cpf1, we cleaved a target plasmid with
the spacer length ranging from 14 to 30 nt, and found that
crRNAs with 17-nt or longer spacer could enable Cpf1 with
complete double-stranded break activity (Supplementary
Figure S3a). Then, the Cpfl-digested products were ana-
lyzed by the Sanger sequencing method (6) (Supplementary
Figure S3b and Figure 1). Based on the sequencing results,
when the length of the spacer was 20 nt or longer, Cpfl
mainly cleaved after the 18th base on the non-target strand
and near the 23rd bases on the target strand downstream of
the PAM site, which was consistent with the previous find-
ings (6) and our analyses above. However, when the spacer
length was shorter than 20 nt, Cpfl no longer cleaved af-
ter the 18th base but mainly cleaved after the 14th base on
the non-target strand (Figure 1B and Supplementary Fig-
ure S3b). Besides, the cleavage sites were more specific on
the target strand after the 22nd base.

Then, the urea PAGE method was used to analyze the
cleavage of a short target DNA with a crRNA of 18-nt
spacer (crRNA-18 nt). Similarly, Cpfl mainly cleaved after
the 13th, 14th and 15th bases (without the 18th base) on the
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non-target strand and the 21st and 22nd bases on the target
strand. Although the cleavage sites on short DNA targets
were slightly different from those on longer DNA targets
(plasmid DNA), both showed that the Cpfl cleavage sites
were affected by the spacer length and Cpf1 cleaved the tar-
get more specifically with a shorter spacer crRNA.

Cpfl-generated long sticky ends facilitate the replacement of
actll-orf4 promoter in act cluster

With the availability of suitable PAM sites, Cpfl could
cleave target DNA at objective sites under the guide of
specifically designed crRNAs, which characteristic can be
used to replace or modify a defined region in a large cluster.
As crRNAs with spacer length less than 20 nt could direct
Cpfl a more specific cleavage, crRNAs with 17-nt spacers
were chosen for substitution of a DNA part in act clus-
ter. As actll-orf4 encodes a pathway specific regulator for
act (27) and increase of its expression may lead to higher
actinorhodin production, its promoter (orf4P) was then re-
placed with a constitutively expressing promoter from the
erythromycin resistance gene ermE (ermP). Plasmid pHIW
containing the whole act cluster was digested by Cpfl,
which was guided by two 17-nt spacer crRNAs specifically
targeting the flanked DNA sequences of orf4P, removing the
orf4P. Similarly, the ermP fragment was cut from plasmid
PEASY-ermP by Cpfl, carrying 8-nt complementary sticky
ends (Figure 2A), which allowed for the subsequent ligation
of ermP and pHIW to obtain pHIW-ermP.

In consideration of the long sticky ends, Taq DNA lig-
ase was used for DNA ligation. Different temperatures (i.e.
45°C, 55°C and 65°C) and time courses (i.e. 10 min, 1 h
and 2 h) were tested to determine the optimal ligation con-
ditions. And based on both the ligation efficiency and the
positive rates, a ligation condition of 10 min at 45°C was
taken as the reaction condition (Table 1 and Supplementary
Figure S4a). To confirm the ligation accuracy, 16 positive
clones were selected and a region covering the ligation sites
was sequenced to find that all clones had correct sequences
(Supplementary Figure S4b). Then, a positive clone was fur-
ther verified by Stul digestion, employing plasmid pHIW as
a control, and the cleavage patterns were the same as pre-
dicted (Supplementary Figure S4c).

Both plasmid pHIW-ermP and the control plasmid
pHIW were conjugated into Streptomyces sp. 4F and then
cultured on solid R2YE medium. Compared to strain 4F
(pHIW), the actinorhodin yield in 4F (pHIW-ermP) was
remarkably increased and the production of actinorhodin
started from a much earlier stage (Figure 2B). Similar re-
sults could be obtained when strains were grown in liquid
R2YE medium, and the production of actinorhodin was 2-
fold higher in 4F (pHIW-ermP) than in 4F (pHIW) (Figure
2C), which was consistent with the higher transcriptional
level of actll-orf4 and its target genes of actl and actlll in
the engineered cluster (Figure 2D).
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Figure 1. Precise characterization of the FnCpfl cleavage sites. (A) FAM-labeled short double stranded DNA fragments were digested by FnCpfl and
analyzed with urea PAGE. Two crRNAs of DNMT1-3 with different spacer length were employed, i.e. 23 nt (crRNA-23nt) and 18 nt (crRNA-18nt). The
FAM labeling was indicated by yellow circles, e.g. R1 and R3 were labeled on the 5’'-end and 3’-end of the non-target strand, respectively. (B) Identification
of the FnCpf1 cleavage sites by Sanger DNA sequencing. Plasmid pSB1A2-DNMT1-3 was digested with FnCpfl and the products were purified for
sequencing, following the procedure as previously described (6). The cleavage sites were indicated by red triangles according to the sequencing results.
(C) Schematic illustration of the digested fragments in panel A. The precise cleavage sites were labeled and indicated by orange arrows. The length of the
labeled fragments after FnCpf1 digestion was also indicated. For example, the length of R1 labeling is 21 or 22 nt, which was equivalent to the cleavage
after the 13th and 14th bases relative to the PAM site. M, a DNA ladder made through mixing the synthesized FAM-labeled oligonucleotides of different
length. The Cpfl PAM sequences were indicated by gray background in panels B and C.

Table 1. Influence of the ligation conditions on the positive rates with the CCTL method

10 min 60 min 120 min
45°C 78 + 5% (87 + 36)* 72 + 12% (70 + 10) 66 + 16% (62 & 10)
55°C 57 4 7% (88 + 23) b
65°C 66 + 14% (66 & 9)

4Both the positive rates and the number of clones in bracket were shown in the form of mean + SD. Positive clones were determined by colony PCR (details
in ‘Materials and Methods’ section) and the results were obtained from three independent experiments.
PNot tested in this study.

DISCUSSION structs could be seamless and can be directly used for fur-
The CCTL method is an efficient tool for in vitro modification ther test of their biological functions. Unlike DNA assem-

. bly, no powerful technology can now be taken for efficient
of large DNA pieces

change of a designated part within a large DNA construct.

Dozens of DNA assembly technologies have emerged or
been further developed in the past few years, among which
both the in vitro Gibson assembly and the in vivo yeast
TAR (transformation-associated recombination) technol-
ogy are widely used for one-step assembly of multiple DNA
fragments (18,28). With careful design, the assembled con-

In some situations, site-specific recombination technolo-
gies (e.g. SSRTA (29)) that facilitate both the assembly of
multiple DNA parts and the replacement of a designated
part from a construct in a sequence-independent way, but
they usually leave integration sites (e.g. attL and attR sites
in SSRTA) between parts. Therefore, for some accurately
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Figure 2. Cpfl-assisted substitution of act/l-orf4P with ermP in act cluster. (A) Schematic chart for substitution of the actlI-orf4 promoter, employing
Cpfl-assisted cleavage. A strong promoter was PCR amplified, containing the same flanking sequences as the actlI-orf4 promoter. A pair of 17-nt spacer
sequences were chosen nearby the promoter region, and both promoters were then cleaved by Cpf1 in vitro, followed by DNA ligation to form an engineered
cluster. (B and C) The production of actinorhodin in both solid (B) and liquid (C) R2YE medium. HIW-ermP and HIW represented Streptomyces sp. 4F
harboring pHIW-ermP and pHIW expression vector, while blank represented the wild-type Streptomyces sp. 4F. (D) Transcriptional levels of actIl-orf4
and the target genes of actl and actIIl in HIW-ermP and HIW strains, respectively.

designed constructs that require seamless DNA assembly,
de novo assembly may be needed. Alternatively, the aim can
be achieved by the combination of CRISPR-Cas9 and Gib-
son assembly (i.e. similar to CATCH (30)), where Cas9 is
firstly used to linearize DNA at designated sites and Gib-
son assembly allows for the introduction of foreign DNAs.
However, because Gibson assembly requires homologous
sequences between DNA parts, the method might be ineffi-
cient when dealing with complicated DNA sequences. For
example, when dealing with DNA sequences with high G+C
content, the Gibson assembly efficiency would dramatically
decrease (31), while the assembly efficiency of CCTL was
not affected (i.e. the up to 70% G+C content in act cluster).

In this study, we developed a novel DNA substitution
method (namely CCTL), which was based on the Cpfl-

assisted DNA cutting and Taq DNA ligase-assisted DNA
ligation. Although typical restriction and ligation method
can be used to change a piece of DNA within a construct,
the experiment must be well designed to choose suitable re-
striction sites for type II restriction endonucleases, which
is actually mission impossible when the target is a large
DNA piece. By contrast, the cleavage sites of Cpfl are de-
termined by the spacer sequences in crRNAs. Considering
the wide spread of the PAM sites (TTN), the Cpf1 cleavage
sites can be easily changed for different target sequences. Be-
sides of the substitution of DNA parts, CCTL also can be
used for other applications of DNA modification (e.g. cor-
rection of mutations, in-frame deletion of a gene sequence
and insertion of genes) and the method is especially use-
ful for large constructs. Moreover, because CCTL uses 8-nt
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(or 9-nt) sticky ends instead of the 20-nt (or longer) homol-
ogous sequences in Gibson assembly, CCTL can be used
for the treatment of complicated DNA sequences (e.g. se-
quences with repeats), which therefore makes the CCTL a
sequence-independent method.

Approaches to deal with the inaccuracy of Cpfl cleavage

As reported, the Cpfl cleavage sites are inaccurate and can
be affected by different target sequences (13). In this study,
we employed both the Sanger DNA sequencing method
and the urea PAGE method to precisely identify the Cpfl
cleavage sites. Interestingly, the spacer length also affects
the cleavage of Cpfl, and Cpfl with short spacer (i.e. <20
nt) shows a different profile of the cleavage sites. It is pos-
sible that a shorter spacer crRNA causes an incomplete
conformational change of Cpfl, which then leads to a dis-
tinct cleavage behavior. However, because the structure of
Cpfl/crRNA /target DNA complex was not stable near the
cleavage activity sites (10,12), further studies are needed to
reveal the mechanisms involved in the change of Cpf1 cleav-
age by different spacer lengths.

In addition, the Cpfl cleavages was also found to be
slightly influenced by the target length in this study (Figure
1), where Cpfl cleaved longer targets (plasmid DNA) with
more accuracy (Figure 1). It is possible that the complex of
Cpf1 with shorter targets is more flexible, which leads to the
inaccurate Cpfl cleavage.

Although longer targets usually lead to more accurate
cleavage when the spacer is less than 20 (e.g. 17 nt in this
study), Cpfl still partially cleaves the nearby bases besides
of the 14th base on the non-target strand (e.g. the 15th base
in Figure 1B). To solve this problem, a careful design of
the spacer sequence targeting the inserted sequence (e.g. the
ermP sequence in this study) might be needed. For example,
in this study, spacer sequences for targeting the ermP frag-
ment were designed to be the same as those targeting the
vector, And with the same spacer sequences, Cpfl may have
the same preference in the choice of the cleavage sites. In
theory, the inaccurately cleaved inserts can be ligated with
those inaccurately cleaved vectors, generating correct clones
and thus the influence of partial inaccurate cleavage can be
neglected.

To perform the DNA ligation experiment, T4 DNA lig-
ase was firstly used, but positive rates were extremely low
(<25% as determined by the size of the clones, data not
shown). In consideration of the long sticky ends, Taqg DNA
ligase was then used to join the complementary ends under
a higher temperature. In addition, because Taqg DNA lig-
ase only recognizes accurately paired ends (32), mismatched
ligation would be excluded, which could be reflected by the
high positive rates and 100% accuracy in this study.

Future perspectives for the CCTL method

In our previous work, Cpfl was employed in the establish-
ment of the C-Brick assembly standard (13). Based on the
knowledge that Cpf1 cleaves after the 18th and 23rd bases
on the two strands, respectively, which generates 5-nt cohe-
sive ends, 5-bp overlaps are designed between DNA parts.
While based on the findings in this study, with full length
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of spacer, both 5- and 8-nt cohesive ends can be produced,
which could have been the reason for the limited accuracy in
C-Brick method (13). In future, the C-Brick standard can be
re-designed (e.g. with the use of crRNAs of shorter spacers
and Taq DNA ligase), which would improve both ligation
efficiency and ligation accuracy but would leave a longer
linker (i.e. no less than 8§ nt).

Besides, although the Cpfl PAM sites are widespread,
the application of CCTL method still relies on the exis-
tence of PAM sequence and is not absolutely sequence-
independent. Therefore, a PAM-independent Cpfl would
be a prerequisite for the development of an absolutely
sequence-independent method. Such Cpfls can be either
isolated from other origins or obtained through artificial
engineering. Actually, with the availability of protein struc-
tures, change of the PAM recognition has been successfully
achieved in Cas9 (33,34) and should be workable in Cpfl.
Meanwhile, Cpfls originated from different species have al-
ready shown different preference on the recognition PAM
sites (6), which may provide experimental clues for further
investigation.
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