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Supplementary Fig. 1. The structural analysis of Cas9 originated from Streptococcus pyogenes and 

modified Cas9s. a. Organizations and structures of Cas9 from S. pyogenes and b. modified Cas9-BD 

predicted by using AlphaFold3 (https://www.alphafoldserver.com)1. The predicted structures were 

visualized using PyMOL2. The SpCas9 was colored gray and regions in active site containing residues 

for recognition of binding between target DNA and sgRNA3 was red. The polyaspartate was colored 

blue and glycine-serin linker was green. c. The circular dichroism (CD) spectroscopy analysis of purified 

proteins including Cas9 and modified Cas9s, and d. protein-sgRNA complexes. Cas9, wild-type Cas9 



originated from S. pyogenes; Cas9-CD, Cas9 linked with polyaspartate at C terminus; Cas9-ND, Cas9 

linked with polyaspartate at N terminus; Cas9-BD, Cas9 linked with poly-aspartate at both of N and C 

termini. Source data are provided as a Source Data file. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 2. The visualized products of in vitro cleavage reaction using linearized DNA and 

various Cas9s. The time-series results of in vitro reaction using various Cas9-sgRNA complexes with 

various DNAs, including one with on-target sequence (a), off-target sequence (b, c, d, e, f), and non-

PAM sequence (g, h, i). The DNA sequences used in the experiment are presented above each figure 

with underlined mismatch sequences in case of off-target and non-PAM subsrtates. Ctl, DNA after 

reaction without any Cas9; Cas9, Cas9-CD, Cas9-ND, and Cas9-BD, DNA after reaction with the 

corresponding protein-sgRNA complexes; 10, 30, 60, 120, the reaction time (min). Source data are 

provided as a Source Data file. 

 



Supplementary Fig. 3. The calculated cleavage efficiencies of various Cas9s with each substrate. The 

results calculated via visualized products (Supplementary Fig. 2) of the in vitro reaction using various 

Cas9s with various substrates, including on-target sequences (a), off-target sequences (b, c, d, e, f), 

and non-PAM sequences (g, h, i). The sequences of the substrates are presented above each figure. 

Reactions were performed in triplicates (n = 3). The products were visualized by a transilluminator and 

the intensities of DNA fragment were measured using scanned image. The mean of the intensity ratios 

was plotted with error bar representing standard deviation. P values were determined by unpaired 

two-tailed Student’s t-test (ns, not significant; *, P < 0.05; **, P < 0.01; ***, P <0.001). Source data are 

provided as a Source Data file. 

 



 

Supplementary Fig. 4. The matAB gene deletion in Streptomyces coelicolor M1146 strain using Cas9 

and Cas9-BD. a. The edited region and homologous sequence regions (yellow and white boxes) for 

repair after matAB gene deletion in the S. coelicolor genome. b. The number of exconjugants for each 

conjugation experiment. Empty, conjugation with pCRISPomyces-2 plasmid lacking gene coded Cas9 

protein; Cas9, conjugation with pCRISPomyces-2 plasmid; Cas9-BD, conjugation with pCRISPomyces-

2BD plasmid. Conjugations were performed in triplicates individually (n = 3). The mean was plotted 

with error bar representing standard deviation. P values were determined by unpaired two-tailed 

Student’s t-test (*, P < 0.05; **, P < 0.01; ***, P <0.001). c. PCR amplification and d. sequence analysis 

of exconjugants to confirm editing efficiency. e. Summary of whole genome sequencing performed 

with two exconjugants each after the editing experiments with Cas9 and Cas9-BD. f. The off-target 



edited sites revealed by whole genome sequencing. Source data are provided as a Source Data file. 

SNV, single nucleotide variation.  

 

 

 

 

 

 



Supplementary Fig. 5. BGC refactoring to improve production of secondary metabolites in S. 

antibioticus NRRL 3238 and S. rapamycinicus NRRL 5491. The scheme of experiments that exchanged 

promoters of ovmOI (a) and rapH genes (b) to kasO* promoter using Cas9 or Cas9-BD with sgRNA. The 

numbers of exconjugants for S. antibioticus NRRL 3238 (c) and S. rapamycinicus NRRL 5491 (d) 

obtained with conjugation experiments. Empty, conjugation with pCRISPomyces-2 plasmid; All 

conjugations were performed in triplicate (n = 3). The refactoring of ovmOI (e) and rapH promoters (f) 

confirmed by results of PCR amplification. C, results of PCR amplification using genomic DNA of wild 

type S. antibioticus NRRL 3238 or S. rapamycinicus NRRL 5491 as template; M, DNA ladder marker; 

Mut. #n, results of PCR amplification using genomic DNA of exconjugants of refactoring experiments. 

Productions of oviedomycin (g) and rapamycin (h) of five exconjugants with flask cultivation. 

Cultivations were performed in triplicates separately (n = 3). The mean was plotted with error bar 



representing standard deviation. P values were determined by unpaired two-tailed Student’s t-test (ns, 

not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Source data are provided as a Source Data file. 

  



 

Supplementary Fig. 6. The scheme of plasmid library development for combinatorial replacement of 

multiple promoters in the oviedomycin BGC. The increased gene expression in the BGC was intended 

by replacing 1~3 promoters combinatorially by one conjugation experiment using Cas9-BD. 

 

 

 

 

 



 

Supplementary Fig. 7. Prediction and confirmation of off-target sites during multiple BGC deletion 

experiment in S. coelicolor M1146. a. Predicted off-target sites based on sgRNA for each BGC deletion. 

Off-target sites including putative PAM sequence were predicted by using BLAST searches with NCBI 

database and RGEN OFFinder Tool4. b. Confirmation by PCR amplification of the off-target sites with a 

few exconjugants generated by multiple deletion using Cas9-BD. Sequencing of the PCR products were 

also used for confirmation. Source data are provided as a Source Data file. 

 

 

 

 



 

Supplementary Fig. 8. In vivo capturing efficiency of FK506 BGC using Cas9-BD with S. tukubaensis 

NRRL 18488. a. Numbers of exconjugants after conjugation. Conjugations were performed in 

triplicates individually (n = 3). The mean was plotted with error bar representing standard error. P 

values were determined by two-tailed unpaired Student’s t-test (ns, not significant; *, P < 0.05; **, P < 

0.01; ***, P < 0.001). b. Location of confirmation PCR products in FK506 BGC. Eight sites in the BGC 

were amplified using PCR. c. The PCR results of the eight sites using four purified capturing plasmids 

from in vivo capturing experiments. Ctl, PCR product using genomic DNA of S. tsukubaensis NRRL 

18488 as a template. Source data are provided as a Source Data file. 

 

 

 

 

 



Supplementary Fig. 9. Subcloning of FK506 BGC into the expression vector. a After ligation of FK506 
BGC with linearized expressing vector, plasmids were transformed into E. coli EPI 400 strain. The 
strain that harbored the desired plasmid was selected by white color. b The developed plasmid, pFK, 
was confirmed by PCR amplification, which showed the band at 1.3 kb. N. D., not detected. Source 
data are provided as a Source Data file. 

 

 

 

 

 

 



 

Supplementary Fig. 10. Verification of FK506 BGC in the pFK plasmid. a To confirm the integrity of 
the FK506 BGC within the pFK plasmid, PCR amplification and sequence analysis were performed on 
11 regions covering the entire plasmid. The lengths and contained genes of each region were listed. b 
The results of the PCR amplification are presented. Sequence analysis of each PCR product was 
performed and the results were presented in Supplementary Data. Source data are provided as a 
Source Data file. 

 

 



 
Supplementary Fig. 11. Culture results of S. coelicolor M1146 expressed dCas9 or Cas9-BD with 

various types of sgRNAs targeting gusA. Strains used in this experiment (a). the three sgRNAs targeted 

different regions of gusA were designed and expressed in each strain . Cell growth (b, d, f, h, j) and 

expression of the gusA expression levels (c, e, g, h, k) measured via phenylamine staining and GUS 

assay. Results of the strains expressing wild-type dCas9 and dCas9-BD without sgRNA (b, c), with sgRNA 

binding gusA promoter region (d, e), sgRNA binding 5` region of gusA gene (f, g), sgRNA binding the 

middle of gusA gene (h, i), and all three sgRNAs (j, k). Flask cultivations were performed in triplicates 

(n = 3). The mean was plotted with error bar representing standard deviation. Source data are provided 

as a Source Data file. 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 12. Transcriptional analysis results to compare effect of dCas9 and dCas9-BD 

with sgRNAs targeting gusA gene. Five different strains used for transcriptional analysis and the 

quality of data in the RNA-seq experiment (a). After acquiring transcript levels, the differential 

expression genes (DEGs) were analyzed. Genes expressed in each SCO0G, SCO0G*, SCO3G, and 

SCO3G* were compared with those in SCOXG strain (b, c, d, e). Red and blue dots indicated down- or 

up-regulated genes more than 2-fold with significance level (P<0.01). Black dots indicated unchanged 

genes, while gray dots presented unsignificant results (P > 0.01). The differential expression level of 

gusA gene was marked with green dot. Source data are provided as a Source Data file. ns, not 

significant.  

 



 

Supplementary Fig. 13. Development of plasmid library for inhibiting multiple genes by dCas9_BD. 

The scheme about development of sgRNA plasmid library targeting five metabolic genes for inhibiting 

multiple genes combinatorially using dCas9-BD. 

 

 

 

 

 

 



 

Supplementary Fig. 14. Selection of S. coelicolor A3(2) with improved secondary metabolites 

productions with dCas9-BD. After transformation of library containing dCas9-BD and multiple sgRNAs,  

the rapidly colored S. coelicolor A3(2) strains (red circle) representing increased produced secondary 

metabolites, actinorhodin, undecylprodigiosin, and coelimycin P2, were selected. In contrast, some 

colonies (Blue circled) showed lower color than wild-type strain (Black circled) after conjugation. 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 15. Measurement of acetyl-CoA and malonyl-CoA concentration in the 

engineered strains by Cas9-BD for higher secondary metabolite production. The concentrations of 

acetyl-CoA (a) and malonyl-CoA (b) in wild-type and engineered strains. Flask cultivations were 

performed in triplicates (n = 3). The mean was plotted with error bar representing standard deviation. 

Source data are provided as a Source Data file. 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 16. Captured BGCs fom Streptomyces rapamycinicus NRRL 5491 via developed 
in vivo capturing method. Six BGCs of S. rapamycinicus NRRL 5491 were captured by in vivo 
capturing method. The BGCs of echoside and rapamaycin, were confirmed in genomic DNA S. 
rapamycinicus NRRL 5491 as well as in the captured plasmids. Their production of metabolites, were 
also confirmed (green). The other four BGCs were mined by antiSMASH5 and the similarities with 
confirmed other BGCs were presented with percentages. The pCap-00 harboring BGCs were 
confirmed by PCR on various loci in BGCs and amplified sites were pointed with red lines. Source 
data are provided as a Source Data file. 

 



 

Supplementary Fig. 17. Application of Cas9 and Cas9-BD with various types of strains with high GC 

content genomes. a. Summary of transformation experiments expressing Cas9 and Cas9-BD to various 

strains with high-GC contents. The GC contents of A. hankyoungi I2-346, M. extorquens AM17, S. 

argenteolus supsp. toyonakensis8, M. antibiotica MMS20-R2-239, and M. humidisoli MMS-20-R2-299, 

and number of exconjugants were presented. b. Number of exconjugants of A. hankyoungi I2-34 after 

deletion of ctg27-30 region with Cas9 and Cas9-BD plasmids. Empty, conjugation with pCRISPomyces-

2 plasmid lacking gene coded Cas9 protein; Cas9, conjugation with pCRISPomyces-2 plasmid; Cas9-BD, 

conjugation with pCRISPomyces-2BD plasmid. Conjugations were performed in triplicates individually 

(n = 3). The mean was plotted with error bar representing standard error. P values were determined 

by two-tailed unpaired Student’s t-test (ns, not significant; *, P < 0.05; **, P < 0.01; ***, P <0.001). c. 

Gene editing confirmed by PCR amplification using different exconjugants. Confirmation with 

sequence analysis were also used. Source data are provided as a Source Data file. 
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