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ABSTRACT

Direct cloning of biosynthetic gene clusters (BGCs)
from microbial genomes facilitates natural product-
based drug discovery. Here, by combining Cas12a
and the advanced features of bacterial artificial chro-
mosome library construction, we developed a fast
yet efficient in vitro platform for directly capturing
large BGCs, nhamed CAT-FISHING (CRISPR/Cas12a-
mediated fast direct biosynthetic gene cluster
cloning). As demonstrations, several large BGCs
from different actinomycetal genomic DNA samples
were efficiently captured by CAT-FISHING, the largest
of which was 145 kb with 75% GC content. Fur-
thermore, the directly cloned, 110 kb long, cryptic
polyketide encoding BGC from Micromonospora sp.
181 was then heterologously expressed in a Strep-
tomyces chassis. It turned out to be a new macro-
lactam compound, marinolactam A, which showed
promising anticancer activity. Our results indicate
that CAT-FISHING is a powerful method for compli-
cated BGC cloning, and we believe that it would be
an important asset to the entire community of natural
product-based drug discovery.

INTRODUCTION

Microorganisms, particularly actinobacteria, remain unri-
valled in their ability to produce bioactive small molecules
(BSMs), some of which (e.g. avermectin) (1-3) have been
used in clinics without any structural modifications. This
capability is a testament to the remarkable potential of acti-
nobacteria to produce novel drugs. The sequencing of acti-
nobacteria (e.g. Streptomyces) genomes has deciphered a
large unexploited pool of novel biosynthetic gene clusters
(BGCs), which may encode biosynthetic machinery pro-
ducing new BSMs. Unfortunately, most of these BGCs are
cryptic (4,5). How to efficiently clone and heterogeneously
express these BGCs is the key to natural product (NP)-
based drug discovery (6). However, the cloning of BGCs
from actinobacteria is difficult and time consuming be-
cause of their high GC content and large size. More than
10% (196/1910) of the characterized BGCs are >80 kb,
and 40% (756/1910) have >70% GC content. This percent-
age is much higher in BGCs from Streptomyces, reaching
84% (534/634) (Supplementary Scheme S1). To date, mul-
tiple technologies have been developed for BGC cloning,
such as genomic library construction (i.e. cosmid or fos-
mid libraries), PCR-based methods, RecET/Redap-based
cloning and Gibson assembly (Supplementary Table S1).
Additionally, the emergence of the CRISPR /Cas technique
has enabled several new DNA cloning methods such as
Cas9 combined with an in vitro N packaging system (7),
ExoCET (Exo nuclease combined with RecET recombina-
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tion) (8), CATCH (Cas9-assisted targeting of chromoso-
mal segments) (9,10) and CAPTURE (Cas12a-assisted pre-
cise targeted cloning using in vivo Cre—lox recombination)
(11). However, challenges may still remain regarding the
relatively low efficiency and the time-consuming nature of
large (e.g. >120 kb) and high-GC (e.g. >70%) BGC cloning.
More efficient methods that can be used generally during
different workflows are therefore needed to enable accessi-
ble production of natural BSMs.

CRISPR/Casl2a is a single RNA-guided (crRNA) en-
donuclease belonging to the class I CRISPR/Cas sys-
tem (12). Unlike Cas9, Casl2a recognizes a T-rich proto-
spacer adjacent motif (PAM) instead of a G-rich PAM,
and it generates dSDNA breaks with staggered ends in-
stead of blunt ends. Beyond applications in genome edit-
ing (13), CRISPR/Casl2a has been widely used in appli-
cations including nucleic acid-based diagnosis (14,15) and
small-molecule (or protein) detection (16-18). Moreover,
CRISPR /Casl2a is superior in DNA assembly because of
its programable endonuclease activity and the generated
sticky ends with 4- or 5-nt overhangs (12). On the basis
of these features, Li ez al. have developed a Casl2a-based
DNA assembly method, named C-Brick (19). Further stud-
ies have revealed that the accuracy of Casl2a cleavage is sig-
nificantly improved by shortening the length of the crRNA;
on this basis, a more efficient DNA assembly method, Cpf1-
assisted cutting and Taq DNA ligase-assisted ligation, was
developed (20). These previous studies encouraged us to
develop a new and better Casl2a-based direct large BGC
cloning approach that can be efficiently applied in genome
mining of novel cryptic secondary metabolites.

The classical, widely used bacterial artificial chromo-
some (BAC) library construction technique is indiscrimi-
nate in the DNA sequence of insertion, thus making BAC
library construction particularly suitable for the cloning
of large DNA fragments with high GC content. How-
ever, the procedure is time consuming, labor intensive and
technically demanding (21,22). In this study, by combin-
ing the DNA cleavage activity of Casl2a and the unique
advantages from BAC library construction, we devel-
oped a Casl2a-derived DNA cloning method, called CAT-
FISHING (CRISPR/Casl2a-mediated fast direct biosyn-
thetic gene cluster cloning). To thoroughly evaluate the
capability of CAT-FISHING, we rapidly cloned various
lengths of BGCs containing DNA fragments (up to 145.7
kb) from different DNA samples with high GC content
(>70%) by using CAT-FISHING. Moreover, a captured
cryptic large polyketide synthase (PKS) BGC from Mi-
cromonospora sp. 181 was successfully expressed in the
Streptomyces albus J1074-derived cluster-free chassis strain
(23), and a novel macrolactam compound, marinolactam
A, with moderate anticancer activity was identified and
characterized.

MATERIALS AND METHODS

Strains, plasmids and media

The strains and plasmids used in this work are given in
Supplementary Tables S2 and S3. Escherichia coli and its
derivatives were cultivated on Luria—Bertani agar plates
(tryptone 10 g/1, yeast extract 5 g/l and NaCl 10 g/1, pH

7.2). Streptomyces and its derivatives were cultivated on
soybean flour-mannitol agar plates (soybean flour 20 g/1,
mannitol 20 g/l and agar 20 g/1, pH 7.2) or ISP4 (Interna-
tional Streptomyces Project Medium 4, BD Biosciences, San
Jose, CA). In the Streptomyces fermentation experiments,
seeds grown in TSB (trypticase soy broth, Oxoid Ltd), R4
medium (0.5% glucose, 0.1% yeast extract, 0.15% proline,
0.12% wvaline, 0.28% TES [N-tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid], 0.5% MgCl,-6H,0, 0.2%
CaCl,-2H,0, 50 mg/1 casamino acid, 100 mg/l1 K,SO4 and
2 ml (per liter) trace element solution, which contains 200
mg/l FeCl;-6H,0, 40 mg/1 ZnCl,, 10 mg/1 MnCl,-4H,0,
10 mg/l CuCl,-2H,0, 10 mg/l Na,B407-10H,O and 10
mg/l (NH4)¢M070,4-4H,0) or VER medium (1% glucose,
1% soluble starch, 0.5% peptone, 0.2% yeast extract, 1%
glycerol, 0.25% corn starch and 0.2% CaCOj3) were used
for subsequent fermentations (in a 250-ml Erlenmeyer flask,
30°C and 200 rpm).

Capture plasmid construction and genomic DNA isolation

The primers for capture plasmid construction are listed in
Supplementary Table S4. The capture plasmid was con-
structed by introducing the lacZ gene as well as two PCR-
amplified homology arms (each arm containing at least one
PAM site, >30 bp) corresponding to the flanking regions of
the target DNA fragment (or BGC) in pPBAC2015 (24). As-
sembly of multiple DNA fragments was carried out by the
EZmax one-step seamless cloning kit (Tolo Biotechnology,
Shanghai). Briefly, 100 ng of plasmid backbone DNA am-
plified from pBAC2015, 50 ng of each homology arm DNA
amplified from the flanking region of the target DNA frag-
ment, 50 ng of lacZ cassette DNA amplified from pUC57,
2 w1 of buffer and 2 ul of recombinase were mixed in a 20-
.l reaction system. The mixture was incubated at 37°C for
0.5 h and then directly used for transformation. Plasmid
DNA was isolated from E. coli using the alkaline lysis pro-
tocol (25). Alternatively, if the selected homology arm con-
tains only one PAM site, two 30-bp (4-nt PAM site, 26-nt
target recognition and cleavage sequence) homology arms
were also capable for BGC cloning. The linearized capture
plasmid could easily be obtained by one-step PCR with the
homology arm incorporated primers using pPBAC2015 as a
template. The resulting PCR product could be directly used
in the following step of Casl2a digestion.

For genomic DNA isolation, target Streptomyces or Acti-
nobacteria strain was cultured in Oxoid TSB (30 g/1) supple-
mented with glycine (5 g/1) or sucrose (10.3%). According
to Practical Streptomyces Genetics (25), after cultivation at
200 rpm and 30°C for 24-48 h, mycelium was collected by
centrifugation (4°C, 4000 x g, 5 min). Mycelium was resus-
pended in TE25S (25 mM Tris-HCI, pH 8, 25 mM EDTA,
pH 8, 0.3 M sucrose) and then the supernatant was removed
(4°C, 4000 x g, S min). The mycelium density was adjusted
with TE25S (to the OD600 of 1.9-2.0) and it was mixed with
an equal volume of 1.0% LMP agarose (1.0% molten solu-
tion of low melting point agarose) at 50°C and then poured
into holes in a plug mold (100-w1 holes). The blocks were
removed from the mold and incubated at 37°C for 1 h in
lysozyme solution (2 mg/ml in TE25S). The lysozyme so-
lution was removed and the blocks were incubated at 50°C



for 2 h in proteinase K solution (1 mg/ml proteinase K in
NDS; NDS: 0.5 M EDTA, pH 8, 10 mM Tris-HCI, pH 8,
1% SDS). The proteinase K solution was removed and the
blocks were washed once for 30 min in TE (10 mM Tris—
HCI, pH 8, 1 mM EDTA, pH 8) supplemented with 0.1 mM
PMSF (phenylmethanesulfonyl fluoride, serine proteinase
inhibitor) and then three times with TE for 30 min. After
removing all of the liquid, the agarose plugs could be used
for CRISPR /Casl2a digestion, but could also be stored for
up to 1 month at 4°C in 70% ethanol.

crRNA preparation, protein purification and Casl2a-based
DNA restriction and ligation

The oligonucleotides used as templates for crRNA tran-
scription are given in Supplementary Table S5. According
to our previous study (16), crRNA was prepared via in vitro
transcription. Templates for crRNA synthesis were synthe-
sized and annealed by using Taq DNA Polymerase PCR
Buffer (Thermo Fisher Scientific). A HiScribe™ T7 Quick
High Yield RNA Synthesis Kit (NEB) was used for crRNA
in vitro transcription. The resulting crRNA was purified us-
ing RNA Clean & Concentrator™-5 kit (Zymo Research),
and subsequently quantified using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). RNase-free ma-
terials (Axygen Scientific, Union City, CA) and conditions
were applied during the entire experimental process.

The Casl2a (LbCasl2a) protein used in this study was
overexpressed in pET28a in E. coli BL21(DE3). Accord-
ing to our previous study (16), for Casl2a purification, E.
coli cells were resuspended in lysis buffer (200 mM sodium
chloride, 2 mM dithiothreitol, 5% glycerol and 50 mM
Tris-HCI, pH 7.4) supplemented with protease inhibitors
(Roche, EDTA-free) and then lysed by French press. The
supernatant was collected by centrifugation at 12 000 rpm
for 40 min at 4°C. The sample was then loaded into a His-
Trap FF column (GE Healthcare) and washed by washing
buffer with different concentrations of imidazole. The re-
sulting peak fraction eluted was collected followed by de-
salting with dialysis. After loading into a HiTrap Q HP
column (GE Healthcare), the peak fraction was collected
and concentrated. The concentrated solution was further
purified by gel filtration chromatography using a HiLoad
16/600 Superdex 200 pg column combining with the AKTA
system (FPLC, AKTA Explorer 100, GE Healthcare).

In the CRISPR /Casl2a cutting system, NEBuffer™ 3.1
(100 mM NacCl, 50 mM Tris—HCI, 10 mM MgCl,, 100
pg/ml bovine serum albumin, pH 7.9) was adopted as the
reaction buffer. For pBAC-ZL or capture plasmid cleavage,
2 wl of 10x NEBuffer™ 3.1 and 200 ng of plasmid DNA
were incubated with 300 nM of Cas12a protein and 300 nM
of corresponding crRNA pairs at 37°C for 1 h. After the re-
action, the linearized capture plasmids or DNA fragments
of pBAC-ZL were prepared with isopropanol and ethanol
(24). The resulting linear capture plasmid or DNA frag-
ments of pPBAC-ZL could be used for the following ligation.
If necessary, the large DNA fragments could be analyzed
by pulsed field gel electrophoresis (PFGE) with the CHEF-
DR III apparatus (Bio-Rad, Richmond, CA). PFGE was
performed in 0.5% agarose at 6 V/cm with a 1-25 s switch-
ing pulse time for 16-18 h in 0.5x TBE buffer. For genomic
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DNA cleavage, plugs were initially equilibrated in 1 x NEB-
uffer™ 3.1, then transferred into a cleavage system that con-
tained the Casl2a protein and the corresponding crRNA
pair, and finally incubated at 37°C for 1-2 h. After the reac-
tion, following heat treatment at 65°C for 10 min to inactive
Casl2a protein, the LMP agarose gel was hydrolyzed using
B-agarase I (NEB) for 30 min at 42°C. Afterward, the re-
sulting DNA mixture could be directly used for following
the ligation with the corresponding linear capture vectors
by DNA ligase (NEB).

Electroporation of E. coli

After the transfer of ligation samples into 0.1 M glucose/1%
agarose gel to desalt for 1-2 h on ice, these samples could
be used for electroporation. The high-efficiency electropo-
ration of E. coli cells was accomplished according to a pre-
vious study (26). The following electroporations were per-
formed in 2-mm cuvettes using the Bio-Rad GenePulser
Xcell™ system (electroporator conditions: 2500 V, 200
and 25 wF). Then, to the E. coli cells in the cuvette, 1 ml
of SOC medium (tryptone 20 g/1, yeast extract 5 g/1, NaCl
0.5 g/1, KCI 2.5 mM, MgCl, 10 mM, glucose 20 mM) was
added and the mixture was transferred into a 15-ml Fal-
con™ tube. After shaking at 200 rpm for 1 h at 37°C, the
strains were collected and spread on selective Luria—Bertani
agar plates. The plates were incubated overnight at 37°C,
and the transformants were screened and verified by PCR
using the primers listed in Supplementary Table S6.

Heterologous expression of BGCs in Streptomyces and LC-
MS analysis

The aac(3)1V-oriT-attP(® C31)-int(® C31) cassette am-
plified from pSET152 was introduced into BAC plasmids by
Red/ET recombination (27). The resulting plasmids were
introduced into S. albus Dell4 by triparental conjugation
according to a previous study (22). The transconjugants
were screened and verified by PCR with the primers listed
in Supplementary Table S6. R4 medium was used for S.
albus Del-87kb fermentation, and the production of su-
rugamide was qualitatively analyzed with a high-resolution
(HR) mass spectrometer according to a previous study
(28). VER medium was used for S. albus Del-110kb fer-
mentation. The 96-h fermentation broth was harvested by
centrifugation, and the resultant supernatant was filtered
through a 0.22-um membrane, loaded on a pre-packed C18
column (Phenomenex, 50 wm, 65 A, 10 g) and eluted with
5%, 30% and 100% MeCN in water in a stepwise manner.
The 30% fraction containing marinolactam A was dried in
vacuo, resuspended in MeOH and further analyzed with
HR-LC-MS. LC-MS was performed on a QTOF instru-
ment (Agilent 6546 Accurate Mass QTOF LC-MS consist-
ing of a 1290 Infinity Series HPLC system). Samples were
resolved on a Luna Omega C18 column (Phenomenex, 1.6
pm, 30 mm x 2.1 mm). The mobile phase consisted of water
and MeCN (+0.1% formic acid). Elution for orfamide was
performed isocratically with 5% MeCN in water (1 min) fol-
lowed by a gradient of 5-100% MeCN over 6 min, and then
isocratic elution with 100% MeCN over 3 min at a flow rate
of 0.3 ml/min.
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Figure 1. Schematic diagram of CAT-FISHING to capture cryptic BGCs for NP discovery. LHA: left homology arm; RHA: right homology arm; BGC:
biosynthetic gene cluster; BAC: bacterial artificial chromosome; oriS and oriV are two origins of replication in the BAC plasmid; cmr: chloramphenicol
resistance gene; crRNA: CRISPR RNA; PAM: protospacer adjacent motif; LC/MS: liquid chromatography-tandem mass spectrometry; NMR: nuclear

magnetic resonance.

Large-scale growth of S. albus Del14-110kb and purification
of marinolactam A

Large-scale fermentation was carried out following a simi-
lar procedure to that for small-scale fermentation described
earlier. Three-day seed cultures were prepared as describer
earlier. They were then used to inoculate several 2-1 Erlen-
meyer flasks containing 200 ml of VER medium with iso-
lated mycelia to a final concentration of 0.01% (w/v). About
20 1 of total culture was used for compound isolation. The
flasks were incubated at 30°C/220 rpm for 7 days, at which
point the desired products were purified (see later).
Marinolactam A was purified from 20 1 fermentations of
S. albus Del14-110kb. Four to six days after fermentation,
the resulting supernatant was loaded on a pre-packed C18
column (Phenomenex, 50 pm, 65 A, 20 g) and eluted with
5%, 30% and 100% MeCN in water in a stepwise manner.
The 30% fraction containing marinolactam A was dried in
vacuo, resuspended in 30% MeCN and further purified on
an Elite prep HPLC P3500 using a Sinochrom ODS-BP
C18 column (Sinochrom ODS-BP, 10 pm, 20 mm x 250
mm) operating at a flow rate of 12 ml/min with mobile
phases consisting of water and MeCN (+0.1% formic acid).
Upon injection, elution was carried out isocratically with
5% MeCN in water for 2 min, followed by a gradient of 5—
50% MeCN in water over 20 min, followed by a gradient
of 50-100% MeCN over 5 min. Fractions were collected
in 1 min intervals over the time range of 5-25 min. Peaks

containing marinolactam A, as judged by HR-HPLC-MS
analysis, were pooled, dried in vacuo, resuspended in 30%
MeCN and further purified on a semipreparative/analytical
Thermo Fisher UltiMate 300 DGLC HPLC system. The
sample was applied to an RP Amide-C16 column (Supelco,
5 wm, 10 mm x 250 mm) operating at a flow rate of 2.5
ml/min with the same mobile phases as mentioned earlier
and a gradient of 10-55% MeCN in water over 30 min,
followed by a gradient of 55-100% MeCN over 5 min.
Peaks containing pure marinolactam A were combined and
lyophilized to dryness. This procedure gave 0.8 mg of mari-
nolactam A.

Electronic circular dichroism calculation

Conformational searches were run by employing the ‘sys-
tematic’ procedure implemented in Spartan’l4 using the
Merck molecular force field. All Merck molecular force
field minima were reoptimized with density functional the-
ory calculations at the B3LYP/6-31+G(d) level using the
Gaussian09 program. The geometry was optimized start-
ing from various initial conformations, with vibrational fre-
quency calculations confirming the presence of minima. All
the conformers were further optimized at the B3LYP/6-
31+G(d) level to give one lowest-energy conformer for
marinolactam A, which was subjected to time-dependent
density functional theory calculations at the B3LYP/6-
31+G(d) level in methanol with the polarizable continuum
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model. Electronic circular dichroism (ECD) spectra were
generated using the program SpecDis by applying a Gaus-
sian band shape with 0.2 width for marinolactam A, from
dipole length rotational strengths. The dipole velocity forms
yielded negligible differences. The spectra of the conform-
ers were combined using Boltzmann weighting, with the
lowest-energy conformations accounting for 100% of the
weights, respectively.

Antibiotic and cytotoxic assays
Experimental details are described in the Supplementary
Data.

Data analysis

Data analysis and process were carried out using Microsoft
Excel 2016. The data in figures were expressed as mean +
standard deviation (SD).

RESULTS AND DISCUSSION
The CAT-FISHING workflow for NP discovery

The recent development of whole genome sequencing and
computational biology has provided new opportunities for
NP discovery from organisms with abundant cryptic BGCs,
such as Streptomyces, Myxobacteria, rare actinomycetes,
plant endosymbionts, and anaerobes (29). In this study,
to clone and manipulate large BGCs from rich microbial
genome sources, we used Casl2a together with specific cr-
RNA pairs to precisely cut the genomic DNA, instead of
using the restriction enzymes to partially digest the ge-
nomic DNA in BAC library construction. The application
of Casl2a in CAT-FISHING theoretically enables cloning
of large BGCs with high GC content in a simpler and more
direct procedure compared to BAC library-based cloning
techniques. The flowchart of using CAT-FISHING to cap-
ture novel BGCs for NP discovery is presented in Figure 1.
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With CAT-FISHING, a target BGC identified in silico,
which encodes biosynthetic machineries producing bioac-
tive NP, can easily be captured in three steps. As shown in
Figure 1, the first step was to construct the capture plas-
mid and linearize it with Casl2a. In this step, two homol-
ogy arms (each containing at least one PAM site, or >30
bp) that flank the target BGC were selected as adapter se-
quences and amplified by PCR. Then, the BAC plasmid
containing the two adapter sequences and selection marker
(e.g. antibiotic resistance gene, lacZ or gfp), designated as
the capture plasmid, was constructed. Under the guidance

of crRNAs, the two selected PAM motif regions on two
adapters were simultaneously digested by Casl2a, thus re-
sulting in the linear capture plasmid. The second step was to
isolate digested genomic DNA with Casl2a. According to
the BAC library construction protocol (30), genomic DNA
plugs from the target strain were prepared and digested by
Casl2a with the two designed crRNAs previously used in
step 1. Third, the resultant linear capture plasmid and the
digested genomic DNA from steps I and II were mixed
and ligated with DNA ligase. Then, the ligation product
was subsequently introduced into E. coli by electropora-
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Table 1. The cloning efficiencies of target BGCs from different actinomycetal genomic DNA samples

Cloning performance

Route 1 (simple and Route 2 (high
Genome features Target BGC features fast) efficiency)?
Correct/ Correct/ BGC
Strains and target NPs Size (G+O)% Type Length (G+C)%  checked®  Efficiency checked®  Efficiency integrityd
K. aureofaciens DM-1 7.1 Mb 73%
Demeclocycline PKS 41 kb 73% 11/20 ~55% NA NA 100%
Sa. spinosa NHF132 8.9 Mb 69%
Spinosad PKS 80 kb 67% 6/20 ~30% NA NA 100%
Sa. pogona NRRL 30141 9.6 Mb 68%
Butenyl-spinosyn PKS 79 kb 66% 5/20 ~25% NA NA 100%
S. avermitilis ATCC 31267  10.5 Mb 1%
Avermectin PKS 80 kb 69% 5/20 ~25% NA NA 100%
S. albus 11074 6.8 Mb 73%
Paulomycin Quinone 49 kb 1% 8/20, 32+ 7% 7/10 ~70% 100%
glycoside 5/20,7/20
Surugamide NRPS 87 kb 76% 4/20, 21 +3% 7/10 ~70% 100%
4/20, 5/20
Candicidin PKS 145 kb 75% 2/20, 8 +2% 5/10 ~50% 100%
1/20,2/24
Micromonospora sp. 181 7.6 Mb 73%
Marinolactam A PKS 110 kb 72% 5/20 ~25% NA NA 100%

4Route 2: target DNA fragment isolation and purification with PFGE (Supplementary Figure S10).
A total of 20 or 24 clones were randomly selected from each agar plate for PCR screening.
€A total of 10 clones were randomly selected from agar plate for PCR screening.

dConfirmed by digestion or PFGE of three to five PCR-validated clones.

tion. The successfully captured BGCs were then identified
through PCR screening. Finally, the novel NPs encoded by
the captured cryptic BGCs were obtained through heterol-
ogous expression in a suitable host, and further isolated and
identified.

Evaluation of Cas12a-based DNA cloning efficiency by using
a 137-kb BAC plasmid

Like that of BAC library construction, the principle under-
lying CAT-FISHING involves DNA ligase-mediated cohe-
sive end ligation of a linear BAC plasmid and a large BGC
containing DNA fragments (21). A previous study has re-
ported that the cleavage specificity of Casl2a can be en-
hanced by using a shorter crRNA spacer (i.e. 17-19 nt)
(20). In this study, an 18-nt spacer length was used. To
demonstrate the Casl2a-based cloning strategy in a sim-
plified system, we used a 137-kb BAC plasmid, pBAC-ZL
(68% GC), to evaluate its cloning utility for a large DNA
fragment. As shown in Figure 2A, a 50-kb fragment and an
80-kb fragment were obtained by using the corresponding
crRNA-guided Casl2a cleavage. Under the guidance of the
corresponding crRNA pairs, the BAC plasmid pBAC-ZL
was digested with Casl2a, and 50- and 80-kb target bands
were observed on an agarose gel after PFGE (Figure 2B).
With the corresponding capture plasmid, two target DNA
fragments were also successfully cloned from the plasmid
pBAC-ZL, as shown in Figure 2C and D and Supplemen-
tary Figures S1 and S2, respectively. According to the ob-
tained results, 94% of the 50-kb insertion-containing trans-
formants were correct clones. Among the 80-kb insertion
clones, ~50% of the transformants were correct. These re-
sults indicated that the simplified system of Casl2a-based
cloning achieved high cloning rates of capture of the 50-

and 80-kb DNA fragments from the purified BAC plasmid
DNA sample.

Direct cloning of targeted BGCs from different actinomycetal
genomic DNA samples by CAT-FISHING

During BAC library construction, PFGE is an essential,
powerful tool for separating large DNA fragments. How-
ever, PFGE is time consuming and usually requires >16
h to separate particular sizes of DNA fragments (31). To
clone large BGCs from genomic DNA by CAT-FISHING
directly, we developed a PFGE-free procedure (Figure 3A
and Supplementary Figure S3). After genomic DNA isola-
tion in agarose plugs and in-gel Cas12a digestion, the resul-
tant sample containing a mixture of genomic DNA could
be directly used for subsequent ligation and transformation
without the PFGE-mediated isolation step. In this study, a
49-kb paulomycin BGC (GC content 71%; quinone glyco-
side), an 87-kb surugamide BGC (GC content 76%; nonri-
bosomal peptide synthetase, NRPS) and a 145-kb candi-
cidin BGC (GC content 75%; PKS) from S. albus J1074
(28,32,33) were selected to validate this method (Table 1).
After optimization of the digestion conditions, the genomic
DNA of S. albus J1074 was digested with Cas12a, and 49-,
87- and 145-kb target bands were observed under the guid-
ance of the corresponding crRNA pairs. Moreover, the pre-
dicted extra 111-kb DNA fragment resulting from the diges-
tion of J1074 chromosome by Casl2a under the guidance
of crRNA-145kb-2 was also observed (Figure 3B and C).
Here, lysis of streptomycete mycelium within low melting
point agarose plugs and subsequent in-gel Casl2a digestion
was used to largely avoid mechanical shearing (e.g. pipet-
ting and vortexing), thus resulting in a high-quality genomic
DNA sample (34). The efficient and specific digestion of
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Figure 4. Heterologous biosynthesis of surugamide, spinosad and candi-
cidin in S. albus Dell4. Identification of surugamide, spinosad and candi-
cidin in the fermentation broth of S. albus Del14-87kb (A), S. albus Del14-
81kb (B) and S. albus Dell4-145kb (C), respectively, by HR-MS. All the
accurate mass measurements for impurities were within <5 ppm of the the-
oretical m/z value.

high-quality genomic DNA ensured the successful cloning
of large BGCs by CAT-FISHING.

After the procedures described in Figure 3A, three dif-
ferent primer pairs for regions in the middle and in the
left/right boundary of each target BGC were used for sub-
sequent screening of the correct clones. We found that
three BGCs from J1074 were successfully captured by CAT-
FISHING, and the results were confirmed via PFGE anal-
ysis and restriction mapping (Figure 3D and Supplemen-
tary Figure S4). The ratios of correct clones containing 49-,
87- and 145-kb BGCs were ~32%, ~21% and ~8%, respec-
tively (Table 1). When different NEB DNA ligases (e.g. T4,
E. coli and Taq) were used, the cloning efficiency of CAT-
FISHING showed significant differences. Escherichia coli
DNA ligase had the best cloning performance. Compared
with our previous results obtained with T4 DNA ligase (35),
the cloning efficiency of CAT-FISHING for large BGCs
was dramatically improved by using the E. coli DNA lig-
ase (Supplementary Figure S5). To illustrate the general ap-
plication of CAT-FISHING in other kinds of actinobac-

teria, Kitasatospora aureofaciens DM-1, Saccharopolyspora
spinosa NHF132, Sa. pogona NRRL 30141 and S. avermi-
tilis ATCC 31267 as the producer of demeclocycline (36),
spinosad (37), butenyl-spinosad (38) and avermectin (39),
respectively, were also selected for target BGC capturing.
The ratios of correct clones containing 41-kb demeclocy-
cline BGC, 81-kb spinosad BGC, 79-kb butenyl-spinosad
BGC and 80-kb avermectin BGC were ~55%, ~30%, ~25%
and ~25%, respectively (Table 1 and Supplementary Fig-
ures S6-S9). These results indicated that CAT-FISHING
enables accessible capturing of target BGCs from different
actinomycetal genomic DNA samples.

In contrast to the BAC library, in which only several cor-
rect clones can often be screened out of thousands of clones
(i.e. 1/1000) (22,40), CAT-FISHING, by applying Casl2a,
is simpler, more convenient and efficient in direct cloning
large and high GC content BGCs. Only 3—4 days are needed
to capture a large BGC with CAT-FISHING (Supplemen-
tary Figure S3). To further improve the cloning efficiency of
CAT-FISHING, one more cloning step is added to reduce
the false-positive clones. By analysis of the incorrect clones
(data not shown), it was found that due to the complex-
ity of the unpurified genomic DNA mixture sample, many
short DNA fragments were inserted into capture plasmids.
Therefore, through target DNA fragment isolation and pu-
rification by PFGE (Supplementary Figure S10, route 2),
the cloning performance toward target BGCs has been dra-
matically enhanced (Table 1), which improves the accuracy
rate close to that of the CAPTURE method (11). In addi-
tion, a 145-kb DNA fragment with 75% GC content was
successfully captured by CAT-FISHING in this study. To
our knowledge, this is the largest DNA fragment ever ob-
tained by in vitro direct simple cloning from such high GC
genomic DNA.

Activation of the cryptic BGC captured by CAT-FISHING
in S. albus Dell4

Off-target effects in the CRISPR /Cas system can cause un-
wanted mutations or deletions during DNA editing (41,42).
In this study, all large BGCs captured through CAT-
FISHING were carefully verified by restriction mapping,
which indicated 100% BGC integrity (Table 1). To thor-
oughly validate the sequence and functional integrity of the
BGCs captured by CAT-FISHING, as well as to demon-
strate the route of BGC capture and heterologous expres-
sion, we used 81-, 87- and 145-kb BGCs, the captured gene
clusters of spinosad, surugamide and candicidin, respec-
tively, which were transformed and expressed in a cluster-
free Streptomyces chassis strain S. albus Dell4, a widely
used Streptomyces chassis for genome mining (23). The
aac(3)1V-oriT-attP(® C31)-int(® C31) cassette was intro-
duced into the targeted plasmid through Red/ET recombi-
nation to generate the final expression vector (22). Through
ET12567/pUC307-mediated triparental conjugation (43),
the resultant plasmid was integrated into the chromosome
of S. albus Dell4, thus generating S. albus Dell4-81kb,
S. albus Dell4-87kb and S. albus Dell4-145kb (Supple-
mentary Figure S11). The subsequent fermentation exper-
iments revealed surugamide A in S. albus Dell14-87kb, as
compared with S. albus Dell4 and S. albus J1074 (Sup-
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Table 2. Comparison of selected methods for large DNA fragment (> 100 kb) cloning

Methods ULCC (high GC)? CE TC Cost Reference
BAC library >120 kb ~1/1000 >1 month >$5000° (21)
CATCH 36 kb® >90% 3-4 days NA (10)
ExoCET 106 kb 1/24 1 week NA (8)
CAPTURE 113 kb 100% 3-4 days NA (11)
CAT-FISHING 145 kb 50% 34 days ~$40d This study

CE: cloning efficiency; TC: time consuming.

4Upper limit of cloning capacity (ULCC) for DNA sample with high GC content (>70%).
bPrice information for BAC library construction was provided by Wuhan Eightstars Bio-Technology Co. Ltd.
€36-kb jadomycin BGC from Streptomyces venezuelae (GC content: 72.3%) and 150-kb DNA fragment from E. coli (GC content: 50.6%) have been cloned

by CATCH.
dSee Supplementary Tables S11 and S12.

plementary Figure S12), detected by LC-HR-MS analy-
sis (obs. [M + HJ" at m/z 912.6252 Da, obs. [M + Na]*
at m/z 934.6068 Da) (Figure 4A). Moreover, the produc-
tion of spinosad A (obs. [M + HJ|* at m/z 732.4686 Da,
obs. [M + Na]* at m/z 754.4482 Da) and candicidin (obs.
[M + H]* at m/z 1109.5803 Da) in S. albus Del14-81kb and
S. albus Del14-145kb, respectively, could also be detected by
LC-MS (Figure 4B and C). These results indicated that the
CAT-FISHING captured target BGCs could be heterolo-
gously expressed in S. albus Dell4.

Polyene macrolactams, such as BE14106, incednine and
auroramycin, are a well-known class of NPs that usually ex-
hibit significant antifungal or antiapoptotic activities (44—
46). Herein, guided by antiSMASH analysis (47), we ob-
served a 110-kb cryptic BGC (similar to micromonolactam,
salinilactam and lobosamide BGCs) (48-50) in the actino-
mycete Micromonospora sp. 181 (Figure 5A and Supple-
mentary Table S7), which has been predicted to produce
polyene macrolactams (48). To demonstrate the application
of CAT-FISHING in novel NP discovery, we directly cap-
tured this 110-kb polyketide encoding BGC from the 7.6-
Mb chromosome DNA of Micromonospora sp. 181 (Table
1). As described earlier, through triparental conjugation, a
120-kb (10-kb BAC plasmid backbone and 110-kb targeted
BGC) BAC plasmid was integrated into the chromosome of
S. albus Dell4, thus generating S. a/bus Dell4-110kb (Fig-
ure 5B). In the following fermentation experiment, on the
basis of comparison with the results for S. albus Dell4, a
new peak with (+)-HR-MS (obs. [M + H]* at m/z 500.3027)
was observed in S. albus Dell4-110kb, thus suggesting a
molecular formula of Cy9Hy;NOg (Figure 5C and D). In-
terestingly, this peak cannot be detected in the fermenta-
tion sample of Micromonospora sp. 181, which directly con-
firmed the efficacy of CAT-FISHING technology in acti-
vating cryptic secondary metabolites.

After subsequent isolation, a compound named marino-
lactam A was obtained (Figure 5D). Analysis of 1D ('H,
13C)/2D (COSY, HSQC, HMBC) NMR spectra suggested
that marinolactam A contained one conjugated polyene
system, two isolated alkene groups, an amide group con-
taining pyrrolizidine ring and five oxymethine protons with
a planar structure similar to that of dracolactam A (49)
(Supplementary Figures S13-S15). The HSQC and HMQC
data showed that the structural difference was an extra C28
methylation, thus forming a unique quaternary carbon chi-
ral center at the C20 position. Analysis of the 'H coupling

constant and NOESY correlations revealed that the geome-
tries of five double bonds in marinolactam A were 3Z, 6F,
147, 16E and 18E, respectively (Supplementary Table S8).
Determining the stereochemistry of chiral carbon centers
in macrolactam molecules is challenging. To achieve the as-
signments, we first deduced the relative configurations of
marinolactam A by NOESY correlations, on the basis of
which the absolute configurations were then assigned as 2.,
58, 8S, 9R, 10S, 118, 13R, 20S, 21R, 228, 23R and 258
through analysis of the domain sequences of PKS, and val-
idated through ECD calculations (Supplementary Table S9
and Figure 5F) (48,51).

Analysis of marinolactam BGC and the proposed
biosynthetic pathway implied that the real product of the
BGC should structurally resemble lobosamide and mi-
cromonolactam (48), and the octahydro-pyrroloisoindole
ring is formed later via a [4 + 2]-cycloaddition (Supple-
mentary Figure S16). Unfortunately, no polyenes were de-
tected after UV and MS analysis through whole metabolic
profiles under different fermentation conditions in both S.
albus Dell14-110kb and original host Micromonospora sp.
181, thus indicating that the [4 + 2]-cycloaddition occurred
at very high efficiency. Finally, the antibacterial activity
and cytotoxicity of marinolactam A were assessed in this
study. Although no antibacterial (e.g. Staphylococcus au-
reus ATCC 29213, E. coli K12, Candida albicans ATCC
90028 and Micrococcus luteus ATCC 10240) activity was
observed in our assays, marinolactam A displayed moder-
ate anticancer activity against HCT116 human colon cancer
cells with an ICsg of 18.3 wg/ml (36.6 wM), thus indicating
its potentially valuable application prospects in the field of
cancer treatment (Supplementary Table S10).

In summary, this study successfully coupled the accu-
rate DNA cleavage activity of CRISPR/Casl2a with the
classic BAC library construction method of cloning large
DNA fragments, which gave rise to CAT-FISHING. It of-
fers a simple, low-cost, fast and efficient strategy for target-
ing the largest BGC ever obtained from high-GC genomic
DNA through in vitro direct cloning (Table 2), and diverse
or cryptic BGCs captured by CAT-FISHING have been
successfully expressed in a Streptomyces chassis. Addition-
ally, the production and identification of the new NP mari-
nolactam A with anticancer activity indicated that genome
mining through the application of CAT-FISHING should
facilitate the discovery of novel BSMs from microbial
sources.
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