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# Z: TAHEZL (Carrimycin, CAM) Z#F X BLAEABEAR (Isovaleryltransferase gene, ist) A 2| # x4k
T A G BLEx 5 £ (Isovalerylspiramycin, ISP) A A nthdiAd £, RIEE Ty ist LR 5 &Rk %
% (Spiramycin, SP) A& KB FARSEL R, H AR MAPRMAR, A LT ERE G, BE 2HE
#FHA CAM TAH#k. L Fi@if CRISPR-Casd AR %4 24 %fe@ %) 2 Mok, 4% ist AL EiRE A B acyB2 i@
FRRELIEAL SPAMASREREWLALRLL SP Aty orf5d A B T, %13 2 LM RILHELE BN
CAM £ H# 541A-1 F= 541A-2, 2K B = i m & I 54IA-2 Bk 49 ISP =5 2 & F 541A-1 Bk, @id 52t
% & PCR (Quantitative real-time PCR, gqPCR) #&|4E 5% 54IA-2 B4k ¥ ist #= acyB2 L vA B34 SP A 46 A B
HEA TG T SAAL B, AR —FRIFEHSH, vAS4A-2 A E R B, AR AABIK A6 75 ik 06 ik F48
(Rifampicin, RFP) M E#k, £ RFP JRE A 40 pg/mL #94nB 4R F, ISP 49 = F 8 485, & & T4 842.9 pg/mL,
PWRAISHMRIR S 612, TP 7HRE 4 rpoB KB HATR A 0T, BB E 5T6 (2 L RMRAME L AH R AR,
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CRISPR-Cas9 and ribosome engineering techniques

Juanjuan Liu*, Yan Zhang?, and Weiging He*

1 CAMS Key Laboratory of Synthetic Biology for Drug Innovation, NHC Key Laboratory of Biotechnology of Antibiotics, Institute of
Medicinal Biotechnology, Chinese Academy of Medical Sciences, Beijing 100050, China
2 Shenyang Tonglian Group Co., Ltd., Shenyang 110042, Liaoning, China

Abstract: Carrimycin (CAM) is a new antibiotics with isovalerylspiramycins (ISP) as its major components. It is produced by
Streptomyces spiramyceticus integrated with a heterogenous 4”-O-isovaleryltransferase gene (ist). However, the present CAM
producing strain carries two resistant gene markers, which makes it difficult for further genetic manipulation. In addition,
isovalerylation of spiramycin (SP) could be of low efficiency as the ist gene is located far from the SP biosynthesis gene cluster.
In this study, ist and its positive regulatory gene acyB2 were inserted into the downstream of orf54 gene neighboring to SP
biosynthetic gene cluster in Streptomyces spiramyceticus 1941 by using the CRISPR-Cas9 technique. Two new markerless CAM
producing strains, 541A-1 and 541A-2, were obtained from the homologous recombination and plasmid drop-out. Interestingly,
the yield of ISP in strain 541A-2 was much higher than that in strain 541A-1. Quantitative real-time PCR assay showed that the ist,
acyB2 and some genes associated with SP biosynthesis exhibited higher expression levels in strain 541A-2. Subsequently, strain
541A-2 was subjected to rifampicin (RFP) resistance selection for obtaining high-yield CAM mutants by ribosome engineering.
The yield of ISP in mutants resistant to 40 pg/mL RFP increased significantly, with the highest up to 842.9 pug/mL, which was
about 6 times higher than that of strain 541A-2. Analysis of the sequences of the rpoB gene of these 7 mutants revealed that the
serine at position 576 was mutated to alanine existed in each sequenced mutant. Among the mutants carrying other missense
mutations, strain RFP40-6-8 which carries a mutation of glutamine (424) to leucine showed the highest yield of ISP. In
conclusion, two markerless novel CAM producing strains, 541A-1 and 541A-2, were successfully developed by using
CRISPR-Cas9 technique. Furthermore, a novel CAM high-yielding strain RFP40-6-8 was obtained through ribosome engineering.
This study thus demonstrated a useful combinatory approach for improving the production of CAM.

Keywords: Carrimycin, 4"-O-isovaleryltransferase gene, CRISPR-Cas9 system, ribosome engineering

A f|E5 % (Carrimycin, CAM), J§i4% Kk
W2 A % (Bitespiramycin) , & 4% it B bk 7
Streptomyces thermotolerans (¥ 4”-O-5F 5/t 3k
EEFLWEEIN  (47-O-isovaleryltransferase gene, ist)
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{37 S PEA TR ) i, ELAE R L 1B A A,
T LB 8 AN FI R o 32 R R B e B 223 8. 3
4K, CRISPR-Cas9 RGEL &) 12 THERE 1A
SER A s, A s e Rk
S AER | OE TR G A M A A R
DO R % R G, el T S. spiramyceticus
Hh A 5T SP 3 L AL FE R bsmda Bi ik ermEp* i3
g R ist JER, R T H7 ISP H AN
AR D A 2 R

A IR AR = W0 W A= 0 -5 A A 2%
YIAHOG, AR T AR AR XA . RNA
A il B e S5 PR - R A B M A0 mT AR v YR AR gt
PR AR 1 MY 3%y v P A
RNA 5419 H0 A 2ok i e v stk — i
FHBPA R EIEEE R R (Streptomycin, STR).
FI#EF (Rifampicin, RFP) K KE &R (Gentamicin,
GEN). [ g% & (Paromomycin, PRM) Fl 7
iR (Fusidic acid) 25 . PR HARAS 28 A8 #F: 1) 2o 72 ]
BRI R R ARROR = W TR T R R
P AL T S AR ULA, ZBER T2 W T R A
i R 27 T,

J TN CAM TR B E— A A5 s 1)
T, AW R CRISPR-Cas9 R 40# ist-acyB2
I R vl 8 SP ARG IR ) Ui R T
FEEAH AR HTHERRIC AT L CAM T RER . - H
AR TARRE AR E AL B CAM T RE TR Ak
AT REFEAE, TR A CAM &7 kK .

1 MREFE

1.1 #rl
111 EFFFURL

W2 HER 2 P4 S. spiramyceticus 1941 fiA
SIS . T HBERE I S. thermotolerans ATCC
114167, FTFHBOLH L DNA §3 ist 3K FIE
W R acyB2, Wy T 35 E B B H Y EAAE
(American type culture collection, ATCC). Hi Jt
itk CAM F=AE T 541A-1 il 541A-2, HAMRE
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¥y, KB Escherichia coli DH5a 857 2341
M, HTFRER e MmE A TR, W H A4
EHEYIEARA R E. coli ET 12567/pUZ8002 H!
FEAVER AR R AT, T E A ok 25 Ak A
I 2E iU ATF B Bacillus subtilis CPCC 100029, ¥ T.
TR R W) B TE AN, B AR S0 %= AR A o

CRISPR-Cas9 JE [K £ 4 4 Jf k7 pKCcas9do®,
o E Rl B A ARl O B 22 LTS B
e H 4 JfoR pKCas-ia-1 Fil pKCas-ia-2 i A fif
FEMEH,

BTG F 5 W3R 1.
1.1.2 &5

445 % (Chloramphenicol, CM) g [ Jk 5t
AR L E R (Apramycin, AM) 1
HRMGEWRFH R RARAA . LR R
(Thiostrepton, TSR). A FH & % (Ampicillin,
AMP) FIF|#%F (RFP) WAH Sigma 2~ Fl. SP Xt
R, W AR R O7 25 I A FR A \l . CAM #3
HESh, URPHRIBAR HTAA PR vl 42t . TR I A
ATAY TR (L) BRMARAR . 5w
DRI 21 P B G R A T M AR AE  BH A BR
O] GBRIPE N VI T4 DNA 14385 [ TaKaRa
/NF] . KOD FX Neo DNA R4 (TOYOBO) Iy
At H R AEYFRHE AR A,
1.1.3 BHE

R,YE K: 383 HF S. spiramyceticus 1941 Ji 4=
AR A F A S, spiramyceticus 1941 14
RUE . B R BERAE WG e B IR B R S S
MR 7T ]
12 RWAHE
1.2.1 CRISPR-Cas9 %K 4% Bk Ao 8

HER LA DNA 14 B BR SCik [18] 3
7. E. coli ET12567/pUZ8002 &2 25 41 g 1y i 45
Hey R BP 38, PCR=Waifk, FREIMEREY],
DNA #5540, B F ik 5 % e %0
T e R AR BRSCHR[19132F 1T . DNA M i hi 3
BRAEYEAR db) AR
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x1 AXHETHSY

Table 1 Primers used in this study

Oligos

Sequences (5'-3')

orf54-sgRNA-F1
orf54-sgRNA-F2

GGACTAGTCTTGCGCACCGCTGCCCCCAGTTTTAGAGCTAGAAAT
GGACTAGTGCGCGGTGCCCGCACCACCAGTTTTAGAGCTAGAAAT

orf54-Down GCTCTAGACTCAAAAAAAGCACCGACTCGG
orf54-LF GCTCTAGAGCCACTGGCGAGGATGTTCA
orf54-LR CGGAATTCTGCGGCGGTATCGGGAAGA
ist-acyB2-F CGGAATTCCACCCAGCTCGAATACGCC
ist-acyB2-R CCGGATATCGACCTTGACAGTCCTCGCCTC
orf54-RF CCGGATATCCCCTCGGAATCCTTCTCACAG
orf54-RR CCCAAGCTTGTGCTGCTGCCCATTCTCATC
541A-YF GGCCTCGGTGCTCGATAAG

54IA-YR GCATGGACACCATCACCCTCT

IA-F GCGAACACCGCTGAGAACA

IA-R AGATCGCCGCTCACCCTTA

16S RNA-F GGTAGAGCTTGTTGACGCAGAG

16S RNA-R ATGAGGGCGAGGACAGCGATGC

ist-F GTCTCCATCCCCCTGGTCGCAC

ist-R CTGGATGATCAGGTAGTGCACG

acyB2-F GCCCAGCACCTCATGGAACA

acyB2-R ACCCCGAACAGCAGGAGCGT

bsm3-F AGACGTTGCCTGGAGTTGGG

bsm3-R GCTGGGTGAACCGCTGATAG

bsm5-F GACGGCCTGCTGCGTGAACT

bsm5-R GGGCCACTTGTCGCTGATGT

bsm9-F ATGTTCAGCTCCATAGGCCACC

bsm9-R GCACAGAATGCGAGACCCG

bsm42-F TCTCGTGGGTCTGCCCTTCA

bsm42-R AAGTCGGCGTCCACCTGCT

rpoB-F GAGCGCATGACCACCCAG

rpoB-R TCGTAGTTGTGACCCTCCC

PIFZEUHY S. spiramyceticus 1941 [ ZH DNA &y
¥t , 514 orf54-LF/ILR ., orf54-RF/IRR #E4 141
IRAG ist-acyB2 I [ 4 A7 o5 P g (1) A2 LA R e
K/INH 988 bp AYZE [R5 Xba 1 A1 EcoR 1 #47
EEYI RN, K/INHy 980 bp 47 [A] 5 ] EcoR V Al
Hind TII{E§Y] [kt . DA S. thermotolerans ATCC
11416" K21 DNA HMtsitk, F ist-acyB2-F/R 54
P 3 335 bp ist-acyB2 FE[H H B, JfH EcoR 1
1 EcoR V Y)W, 433 5147 orf54-sgRNA-F1
orf54-sgRNA-F2 5 orf54-Down Bt %, L) pKCcas9do

% : 010-64807509

Sk AR AT PCR, 3R4% 2 45 150 bp 7247 HY
515 RNA (Single-guide RNA, sgRNA)f) DNA
741 sgDNA-1 1 sgDNA-2, | Spe [ #il Xba [ il
PIml . P45 519 sgDNA-1, sgDNA-2 5 4= 4 [
U5 A ist-acyB2 JL[H [ Bt i % & pKCeas9do #k 4
i) Spe T il Hind TII4v; 5 3845 8 41 i ki pKCas-ia-1
#1 pKCas-ia-2,
1.2.2 B RTER I 5

B H B U ) EE 21 JRORE pK Cas-ia-1 T pKCas-ia-2
3 TR SR A A v B S A B S. spiramyceticus
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1941+, FIFH 1 pg/mL TSR %55 Cas9 £ik, H
SgRNA 5| 5 Cas9 X SP A W& i SE K 7% T Ui orf54
FE DR BT S AT U0 EN R A Y, EE A ROk
A TR Y ist-acyB2 PR 5@ 45k [ U5 2H 4 A
FIHLA 1 o B & A RIS e i H BB RE T 37 C
BRIk IR, A AM BUE RN
SRR EAT I BE, $KAS ist-acyB2 JE K A I HE A 5
B A PUOERE R bR, JF#E1T PCR %@ Fnill
¥ B E
1.2.3 PAMRKEE R R =Y B4R

PRI PR A TR TR B R | 28 C
B 5-7 d, AN 1 om® AR ETE, 1A
FBA 50 mL KBS AL 250 mL = AR, B4~
RAERN 30, 28 CHriz ST 96-120 h J5, K
W Z OISR, AT TR A

R YIRS . & W % i 8 000 r/min 15
L> 10 min, E3#% A 5 mol/L NaOH # pH =
8.5-9.0 Z[a], H] 1/2 (ARBHY LR CWRAHL, T
JGH 100 pL 48 CERe HF BEA % T 1.5 mL 2.0
i,
1.2.4 BAEZRAYRMNE

L) Bacillus subtilis CPCC 100029 Jy 46 & 14 ,
22 (A N R [ 25 8 ) 2020 AEpR (ZF)
ZL BRI e 2 25 B IO 5 T e i e i 0. %
FHAETREL, FbRAE Sk AT I .
1.2.5 qPCR 47

F TSB 15 32 31904 5% 541A-1 F1 541A-2 B Bk,
UG SR 72 h BB 2253 0 $E BUE. RNA, 17 S 53
PCR (Reverse transcription PCR, RT-PCR) #i
gPCR 434 L 16S IRNAME NS ILR (514 16S
RNA-F/R, & 1), XJHHE A ist Fl acyB2 & 5
SP EWIA AHSC B R R IR ST R b, B
FEdh % 3 AN EA . i SYBR Green [ Jek} kit
FERE BT, 2700C 7 SR R B bk P A 2R
Fih R qPCR JUI 251496 CHiAE P 3 min; 96 C
Pk 30s, 61 ‘CiBk 30s, 72 C#Ef 1 min, 3t

http://journals.im.ac.cn/cjbcn

1t 35 NMEF; 72 CHEH 10 min (¥ K2 H]
LightCycler 96).
1.2.6 BXMWMHAIE (High performance liquid
chromatography, HPLC) 4T

KRR AERE, BT ERTEELECNE,
0.22 pm A ME L I8 5 ERE 10 pl, (. Bt
LC-10ATvp ARSI, figt:: Kromasil C18
(4.5 mmx150 mm, 5 pm), HshAH: CH3OH/1%
CH3COONHy, (65 : 35), #ilJ K : 231 nm, i :
1 mL/min, ¥ : 25 °C. LA CAM FRifE sl R4 e,
K344 ISP 1 . ITANIIIE i A, B CAM
T4 PR
1.2.7 i RAS BRI

B KB 3700 5A1A-2 B 2214, il A B B Bk
MICHEARBRE T, BIZIPRG 5 min, il B+
W il ANFEMeEE (20, 40, 80 pg/mL) [ RFP
17 T R R = R4 7 (T X i o Ol S A
A XTI, 28 CHiFR 3-4 d. PR A KK
1) B DA I R R RE VR B i e A RAB AR 5%, 17 H%
AL . PREAL S B DR R TR 3G 95 56
28 CHiSF 48-52 h, LA 109%MA 4R A K ks
FRIE (B~ 500 mL =M% 100 mL KR SR
HL), 28 CHi3R 96 h, FEHULEE ™4t HPLC
o
1.2.8 RFP iR RAS MR AL 53T

RFP Btk 22 28 MRS T RNA A BRI FEAY
FEIR (rpoB) &A= A N ARAF B PE . A IFA
541A-2 1) RFP HTME 525 #kH rpoB Kk [l i fi LA
AL, $EH RFP 27458k DNA, FIH] rpoB-F/R
S HAE RFP FitE KSR rpoB R %45 &
A AEA I DI, o3BT H A AR SRR R, He
R GRAR T N A SRR AR I

2 BREL

2.1 ist-acyB2 EE K B BIIEANALR O
CAM 7445 i R P 47 3¢ SP AR 45
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AIER ST 89 kb ity , AL E— %Y 110 kb FF
FilH (GenBank %5 . MH460451), X451
H4d 5 T 54 AT 4 i BE R HE (Open reading
frame, ORF), &% ¥ 5 SP WA WAH LKA
42 4, FRIRFEHOR A4 0 bsml Z bsma2®, g1
5 — RKEEFE A Streptomyces ambofaciens ATCC
23877 MY SP AR B DR e 3T g e A
15 . bsm42 5 S. ambofaciens H v T3 AN FE R % 11
LR Y SPIE R DY srma0 2[Rl Yk ]
TR orf43-orf48 JE—LLRFNThRERY B AN S
ATP 3R 2y iz i AH G BE R HE I 17 53 SP iz
fi; orfa9-orf53 48 KR/ I REARFIHLA ; orf54
B[ g —Fh 40 & WD40 4 F S 12, 78
ELAZ AN WDAO0 45 11 55 B 5L AR S AR R4y
FAEAESCRE N, ERZ b RE N
WS E S SAE R BER, FIxA5
BIiZ Y SP A& IC K . T CAM AR TR
st LR A TE—AN TR PKS LR AR, BEES

Spiramycin biosynthetic gene cluster

SP (W14 LN 3 Mb LL_E, 25 [a] i
2RO S I B R WX SP R B IRCR 25 0
ist JER A TE SP AEW & UL LRI, AT REdE
i SP BB AL R ISP IRCR . K A ist FIHIE
WA 4 3L [ acyB2 19 E 41 it ki pKCas-ia-1 I
pKCas-ia-2 i CRISPR-Cas9 & %ifi A3 SP 4=
Y1 B R AR AR 3 R orf54 1 T e (1 1A).

22 B CAM IIEFMMEE

I Spe 1 i1 Hind IIIXFH4 & % 2 49 5 A
pKCas-ia-1 il pKCas-ia-2 JEATEGYI%E, 454N
Kl 1B HhikiE 1 il 2 s, 13 kb A4 RIS
pKCcas9dO #fAk, 5 kb ZEA47 2% At A3 [l U5V (1)
ist-acyB2 BN R B, FBOR/NSHUWARSF, IR
FERAIE BN Bk S: A S. spiramyceticus 1941 H,
Wit TSR 5. HriE AR I RN B B R AR
541A-1 F1 541A-2. FI| %52 519 1A-FIR F1 54IA-YF/R
X} Bk S. spiramyceticus 1941 F11 ist-acyB2 FE[K H- Bt
AJGHY 541A-1, 54IA-2 ki T % (& 1B).

RF and RR: 980 bp

ist-acyB2 fragment: 3 335 bp
IA-F and IA-R: 1 778 bp

YF and YR in wildtype: 2 722 bp
YF and YR in mutant: 6 057 bp

Bl 7 SPEYAMEEBZTHEN istacyB2 ZETHRAIME (A) FAEIE (B)

Fig. 1 Construction (A) and validation (B) of a mutant with ist-acyB2 genes inserted downstream of the SP
biosynthetic gene cluster. M: Trans 15k DNA marker; 1: pKCas-ia-1 (Spe I /Hind III); 2: pKCas-ia-2 (Spe I /Hind III);
3-5: IA-F and IA-R primer, 3: wildtype strain, 4: 541A-1, 5: 541A-2; 6-8: 54IA-YF and 54IA-YR primers, 6: wildtype

strain, 7: 541A-1, 8: 541A-2.

% : 010-64807509
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PKiE 3-5 IR 1A-FIR 58 5 | W 7E 5 bk vh A 97 3
WY, 7E BAIA-1. 5AIA-2 78Rk b 5 H 24 T
K/NHY 1.8 kb H Y F B ; Uk 1B 6-8 f/R 541A-YF/R
SR s| IR Y A 2.7 kb RS R
Bt, TEWRVERRY 1 6 kb MRS A B, —
HZ2EH 3.3kb Aty FF 4 ist-acyB2 B k)N,
UERH ist-acyB2 FEA A B s D4 A 2] orf54 LA
B, [, ¥ 541A-YF/R %5251 %) PCR ¥
PR TN, UESE PR AR KR ist-acyB2 F Bt AE
orf54 J& R i 4 A S 58— B

2.3 8 CAM LIZE A L B2

¥ 54IA-1 F1 54IA-2 TR PRI T A lE, XA EE
PRI TS E o AR T BIAIAS[F] Y Cas9 Y]
B, AHJRIE P UESE, PR TR AR A B
(55 R 7 5 )7 9 S8 A AR TR o (LGS 7 o A8 B 7R
R B 3% 5 i e I N R AT O TR S A D R R
B, 541A-1 FIE WY A I TR e W i /T B41A-2
AT . 541A-1 BRLH A (57+5.1) pg/mL, T
S4IA-2 IR IAE] (17948.2) pg/mL, Bl @& T
S4IA-1 B3 . it HPLC il (| 2)t & 3
541A-2 R PR ISP /™ 5 B 2 = F 541A-1,

24 HE CAM IREE#MERRIEEFR
Wit gPCR Kl 541A-1 A1 541A-2 H ist il
acyB2 LI} 5 SP A=W A DG IE IR ) R TH L,
g5 R, 541A-2 P ist Al acyB2 )ik B4 T H
1E 541A-1 TR SR L5544 (& 3), H. bsm3,
bsm5. bsm9 FlIE =LA bsmd2 (kR (£ 2)
W I 5 T 541A-1, Hrft bsm3 465 23S rRNA
HILE RS0, & — R 23S rRNA T4
KPP IE, Uk Y 26 18 7 RE 2 M 4t
A Z 2l bsms iy O-HI AL G, 2
SIS RY0E K ; bsm9 4ihs SAM i i
ARG, 25 NDP- S B IE A0 A= 05 05
bsma42 J& SP A=A I IF PP N P22 bk
541A-2 W ist, acyB2 UK r5 SP A4 B
KFEH B R IA TN S5H CAM P~ 5 T 541A-1 M

http://journals.im.ac.cn/cjbcn
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2001 1| Il
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=
fa]

C 1200
1 000
800+ | \ l

600 | ' |‘
# | H - it
wh I
|

200

Absorbance (mAU)

2 E#HE 541A-1 F0 541A-2 K EEF=HIHI HPLC #&i
Fig. 2 HPLC analysis of the fermentation products of
strains 541A-1 and 541A-2. (A) Control of CAM. (B)
541A-1. (C) 541A-2. T: ISP I; II: ISP II; IIT: ISPIII.

5, FE0] TR E bR 541A-1 19 ISP P8Ik T 541A-2
Al RS T AR L R A Z 5 e 1 .

25 ZIERIIZIRS CAM =2

H T R 2 T R R K I i ik AN B Tl
K, BT LA I R TR ok HE R AR Y CAM
PR WA A TR AR BAIA-2 BEATAZRHA T AR
P R BURPENNR R B, Z BT RFP AR
fgUgk, HMIC 2y 0.2 pg/mL, FHILES: RFP 1E N
Pk & S0k 541A-2 5875 kK . X — Z %1 RFPR [
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A bp M1234567289I101112
B
3 ° ___ g’ —_
S 4 g
= & |
82 g
& | 2
541A-1 541A-2 541A-1 541A-2
ist acyB2

3  E#k 541A-1 F1 541A-2 # ist #1 acyB2 ERE FRIA
1B

Fig. 3 The expression level of ist and acyB2 in 541A-1
and 541A-2 strains. (A) RT-PCR detection of ist and
acyB2 in 541A-1 and 54lA-2 strains. 1-6: 541A-1,
1&4:16S rRNA, 2&5: ist, 3&6: acyB2; 7-12: 541A-2,
7&10:16S rRNA, 8&11: ist, 9&12: acyB2. (B) gqPCR
detection of ist and acyB2 in 541A-1 and 541A-2 strains.

PRIEAT AW, IFXE R W= WA vk, BLAE
40 pg/mL RFP -4 b A= K i Hi i 28 25 bk RFP40-6
B ISP PR e, N 290.4 pg/mb. K98 7E T BR
RFP40-6 #H17 H AR 731, L 15 >l il K
IR TR T A TR 07 o HPLC AG N 45 S B /i, ISP
Fr R Y4 RFP40-6-8, A3k 842.9 pg/mL, %5
JFIR MR R T2 6 % (3R 3). AR eIk
B 7 BRI ETT rpoB LRI 7, 45 5 % 30 A TR kR
HRAFEAE 576 N AU 22 22 (Serine,Ser) 725 NN
i (Alanine, Ala), Z3781E 003 3. RFP40-6-1,
RFP40-6-5 A7 KL R P 41 ) 1 319 i A AR 7%, Bk
FEE IS G 5EAR IRIERY A, 15 440 AAFZAR
(Arginine, Arg) A8 MZHA PR (Histidine, His).

RFP40-6-2. RFP40-6-3 1 RFP40-6-7 Y475 3k [F )
Ff 1281 (i BHERAR, L A AN G, 427 i
KITA& AW (Aspartic acid, Asp) 78 N & &K
(Glutamic acid, Glu). K725tk RFP40-6-12 Hr 5[]

%2 GAIA-1 FA54IA-2 BtRH 5 SP &AM S BEXEE R RILIER
Table 2 Expression of genes related to SP biosynthesis in strains 541A-1 and 541A-2

Gene Proposed function Proposed role in SP biosynthesis Fold change (541A-2/541A-1)
bsm3 23S ribosomal RNA methyltransferase Resistance 4.99
bsm5 O-methyltransferase Provision of extender units for PKS 12.47
bsm9 SAM-dependent methyltransferase Sugar biosynthesis 8.69
bsm42 DDE_5 superfamily, transcriptional regulator Positive regulation 73.52

3 40 pg/mL RFP RZHEH rpoB EE R LA = 247

Table 3  Analysis of the rpoB mutations in mutants resistant to 40 pg/mL RFP

The proportion of

Strains Position of mutations in rpoB ~ Amino acid exchange  Production of ISP (ug/mL) ISP to total (%)
541A-2 - - 120.1 12.3
RFP40-6 - = 290.4 28.3
RFP40-6-1 1319 (G—A)/1 726 (T—-G) Arg440His/Ser576Ala 329.5 12.9
RFP40-6-2 1281 (A—G)/1 726 (T—G) Asp427Glu/Ser576Ala 482.5 18.7
RFP40-6-3 1281 (A—G)/1 726 (T—G) Asp427Glu/Ser576Ala 329.5 12.9
RFP40-6-5 1319 (G—A)/1 726 (T—-G) Arg440His/Ser576Ala 457.2 17.9
RFP40-6-7 1281 (A—G)/1 726 (T—G) Asp427Glu/Ser576Ala 365.3 14.3
RFP40-6-8 1271 (A—T)/1 726 (T—G) GlIn424Leu/Ser576Ala 842.9 33.0
RFP40-6-12 1310 (A—C)/1 726 (T—G) His437Pro/Ser576Ala 472.5 18.5

% : 010-64807509
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JEAIR 1 310 fii A BRIERAE R mENE C, {1
437 i His 2825 J fili% 8 (Proline, Pro), CAM
PR E ROV A RFP40-6-8 H LR F S Y
1271 o7 A BRIEGRAR g W s g T, XFR i) 424 i
A & Bk B (Glutamine , Gln) %% 28 b 2% & R
(Leucine, Leu),
3 ik

CAM JEFIHIEEH Ty ki m TR E &
fEr=yy, BA RIFMPIETEE, CEBUSEEK
1 P E A A =tk S, FRAEPL T Bk il R
15 E AR A A 1Y o i T 5. ASE
3¢ % CRISPR-Cas9 % 4t BN M T B A AT A 4t
PEARICHUHT L CAM TR kK 541A-1 Fll 541A-2,
I — 2 3 3 A% WA TR R O AR T A
CAM &= Hi bk RFP40-6-8, & CAM T.FEHE kY
Ak BEE T Heah

AR CAM TR, T4 2Ry ikn
T AT A PR BT S R, AR A 7 At Ay
ki . M CRISPR-Cas9 4wl LLiid sgRNA
i3 Cas9 # [1 Xof # H R HEA 7 BUE BT VT, 1) FH 241 i
H B 1 W5 g 52 ML o0 B D i g, EHL T
B )92 I T4 B T S DR 21 A A8 i el i s o AR F
JETEN A CRISPR-Cas9 RGMEHT I CAM T 72
P, T AR YN EIN S AN F 9 sgRNA, KT
P T A AR B E BRI B BT AL CAM R Fk
541A-1 1 541A-2. M P25 R o H i i BEAE Wbk
B A AL S A TS e — 3, (ER K
SEIRLEBRBIRRE A A CAM BIRE 1 KARHITA],
kR 541A-2 [ 5B & TR kK 541A-1. gPCR
ZE L5 78 541A-2 W ist, acyB2., bsm3. bsm5 ., bsm9
Ml bsmd2 [RIXEHE T 54IA-1, HEN A AE 2
sgRNA-1 5|55 Cas9 & 1% H iy BE R Y)FIik™ A=
JILEE , 520 CAM IAE) & B, 330 T Bk 541A-1
PR . 5 SR PR AR B R A T 4 TR
DY, LA 2 75 bl T 00 0 30 5 o) T Ak 2k [ 44 7

http://journals.im.ac.cn/cjbcn

RTS8 CAM FrREESR. B2, FA
CRISPR-Cas9 ARG A Hi B CAM TR
541A-1 Fl 541A-2 ik — 2Pt e SR AL 1 TR
FER

B CAM T.FE 1 541A-2 1Y & WK V- B IR 5
T 54IA-1, (B f ik AR . ASEE R RFP 2y
0 198 7 308 o A% A A 1R R O s v 7 BT RR . WIS
UESE, RFP HiPEZE B EH T rpoB B (4
RNA B4 VL) % B %728 BT @ 8™, it
RFP Hi i 1t 541A-2 2878 Kk & K, 40 pg/mL RFP
i VEARAT PR RS BRI CAM 7= & 48 /=) HL A5 A
B, A A WT R AALE rpoB JEH A,
RFP40-6-1, RFP40-6-5 B #kH Arg440 7% Jy His,
5 Hu 2458 1 Streptomyces lividans 66 iF 2875
Pk RH-1 B 925 s AH [A] . RFP40-6-2, RFP40-6-3
1 RFP40-6-7 1) Asp427 %5 Glu, 5 Hu 27l
I S. lividans 66 1F 5825k DE-1 Fil Ma 2581 i
i) Toyocamycin 7= /E T 1628 1FE %875 Fk 1628-T09
9 A8 7 S5 AR TR o STHRAR A 7305 — A BT R
BT 1 rpoB FE RIS AR N i J 1 309 v ) C AL AN
1 310 iy A BgdEk, B His437 nf845 N Leu, K
KWl (Asparagine, Asn). B2 B2 (Tyrosine,
Tyr). Arg. EBEAR (Cysteine, Cys) = Asp,
BIEZRA KR RFP4A0-6-12 R4 T — /AN Hiiy o s
His437Pro., CAM &t & 5 45 4 W] 128 (1Y) RFP40-6-8
kAT GInd24Leu 2878, 545 5 fe bt ifi vt
(—¥ PRM HitERAE . 3K STR HitERAE . —Ik
RFP $HiPhge4r) i UM 2R A8 bk G5-5901 %
A= HE rpoB FEIA I RARN AR IR . AR R, A
WL AR RFP HLE 2822 #k BR Ser576Ala 5877
Ab, HABGRAEAL SAAL T rpoB FE[H RFP Hiof: %€
AR5 O X 8o FE EL rpoB 5 PRUAS [] 1) 28 A8 7 a5, 4
F3 CAM PRI, @i RFP Ht: i RE S
P A RIS CAM = 7= Bk o E— 25T rpoB
FEH A CAM PR Z AR KR, ¥ CAM T
FEB AR A OLALHE B 7 1l
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