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O OE. (8¢ AR EEARRTHRTEEH NRRL2936 F 49 nosokomycin B, 9 4 #4- mx 3k
B %% (noso-BGC) A ah, LA R RIF R 6948 F & £ W6 R B 5% (pho-BGC), B F) A F R AL
F&, E pho-BGC #) R Al it KA m LML TNBREETLB S 2NRA. [FE]1 44,
EMRTERRRZBRR TR JICKI26 KRAA Y, &6 TRRETLENERITEREY moedd.

moeB4 = moeC4 3 NI AR (kiR Timthst B H ATCC 14672), i@ it st FL0H Ak LX19 69 K 8%
Fa R b4 M AINT pho-BGC EMTHEE T 9K AL RJa , AR K E 28K A moed4.
moeB4 #2 moeC4 3 NS mAE 5 noso-BGC #4754, 537 4K L% pho-BGC ¥R
pIQKS572. # 4, BIHELSEHEBE A pIQKST2 4 A F )\ Streptomyces coelicolor M1152.

Streptomyces lividans SBT18. Streptomyces lividans 1LJ1018 #F= Streptomyces coelicolor M1446 15 ¥
FIF AR 0 ELHE Ak LX20. LX21. LX22 A= LX23. &/, @Bidst RE L0 EHHRIAT R B 5T 32
By AT & % M AT A & UPLC-TOF MS 42, #4242+ F & £ R F R 8 L F 696 m L,

4k —BIRE M (ESIMSHAT s it A7 a8 2. [4 R ] pho-BGC AR &4 FH M1152 ¥ &
HFERT FREE, FEIHZENREERTEH M1446 T LB RZH T 29 20%. (441 K2HR
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Abstract: [Objective] To assemble a complete pholipomycin biosynthetic gene cluster (pho-BGC)
based on the nosokomycin B, biosynthetic gene cluster (roso-BGC) derived from Streptomyces
lincolnensis NRRL2936, and activate pho-BGC through heterologous expression for production
increase of pholipomycin using the screening of the chassis hosts. [Methods] Firstly, three genes
moeA4, moeB4, and moeC4 were cloned from the genome of moenomycin producer Streptomyces
ghanaensis ATCC 14672 and introduced into lincomycin gene cluster deletion strain JCK126, which
yielded the recombinant strain LX19. The fermentation extract detection of LX19 showed that
pho-BGC was silent in S. lincolnensis NRRL2936. Subsequently, the gene cassette carrying moeA4,
moeB4, and moeC4 was inserted into noso-BGC by gene assembly, resulting in the plasmid pJQKS572
containing the intact pho-BGC. Then, plasmid pJQKS572 was introduced into Streptomyces coelicolor
M1152, S. lividans SBT18, S. lividans LJ1018, and S. coelicolor M1446, which generated strains LX20,
LX21, LX22, and LX23, respectively. Finally, the pholipomycin production ability of different
recombinants was estimated by bioactivity analysis and UPLC-TOF MS of fermented extracts, and the
chemical structure of pholipomycin was identified by ESI-MS®. [Results] The complete pho-BGC
achieved heterogeneous expression in S. coelicolor M1152. Moreover, the yield of pholipomycin was
increased by 20% in S. coelicolor M1446 (carrying four copies of the @C31-attB sites). [Conclusion]
This study determined that pho-BGC was silent in S. lincolnensis by systematic fermentation assay.
Then, plasmid pJQKS572 containing the complete pho-BGC was constructed based on noso-BGC. The
liquid-mass spectrometry for the fermented extracts of different pho-BGC heterogeneous hosts
determined that pholipomycin was successfully synthesized in S. coelicolor M1152. Moreover, the

yield of pholipomycin in strain LX23 was increased by 20% through multi-copy integration of
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pho-BGC. The successful construction and heterologous expression of pho-BGC laid a foundation for

revealing the biosynthesis mechanism and increasing the yield of pholipomycin.

Keywords: Streptomyces lincolnensis NRRL2936; pholipomycin; Streptomyces host; heterologous

expression; ESI-MS?
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Figure 1

The chemical structures of pholipomycin and nosokomycins.
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B IEAY rpoB G| A C1298T Bl IERAE, A
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HERETH M1146 EHFAIHEI AT 3 AT
DC31-attB o p, FEE T I K AR U5 D1 TR #k
M1446P1, @127+ NP-BGCs 7E15 P g% Il
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HIERFEA AL A NP-BGCs [ J5 £ AR 4L T Al 4
FIARRE , AN[E] ) NP-BGCs i 33635 i i i s 3%
PHPE R A —FE SRR GIE 1) e TR
NP-BGCs 5 # ik s I i) S P 2P,

A GEAEMR T 4% B B NRRL2936 [ Je o {4
% BT nosokomycin B, Y44 & il Kk R 1%
(noso-BGC), i 2 X 4 bR 28 A5 W G Wi il 2k 2
DRI ) 70 FD R B R A R, W T i L R
RUTER R R IE O . N T LBRMREREYE
B DR 0 S RO 5 8™, KRR T gl i
%W ATCC 14672 MM EE R A G AR S
noso-BGC #HAT4HHE1F 3] T 5881 pho-BGC, 4%
TRKHZIEEME EXT pho-BGC #Ef7 7R
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ik, AR R AR TR M1152 scBl 1 Ak
HEMNFHEEL, FELERK M1446
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H. DNA AT F e st E R A TR
2wl BREIMEAZ IR N UTEG I B 8RR B
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AL A R A Al A 77 Jie % 78 & 1L Rotavapor
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B K5 B 4> T 76 Agilent & HPLC 1290-MS
6230 RPN _EIE ,, R IR TE Agilent &
1290 Infinity 11/6545 QTOF LC/MS R4,
1.1.2 EHEE

KW FF K5 38 K LB (Luria-Bertani) fll
LA Rige LU0, BE B & W Fh 185 37 3R
TSBY WMEsF 5 (e/L): I Z A 30, HEpH
103, P LR Uy 5, P81 pH{E % 7.2-7.4,121 °C
KT 20 min. 625 B A S 7RI 115 &k ]
G P IR T BRI H 3R 2k SFM (g/L): ¥ 5200y
20, H&EEmL 20, Bilg 20, 1835 pHIHZE 7.2-7.4,
121 °C KB 20 min, 555 B A BERE R HE (RS B
FEHE) (g/L): HEWE 103, K,S0, 0.25, MgCly-6H,0
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10.12, #5%iFE 10, Difco Casamino acids 0.1,
MR U R AR 2, BB 5, TES #i K 5.73,
115 °C KB4 30 min, [&4E5 32 3L 0 1.5%3 08 ;
e il K A T SR AP A CoCl, 1 mg,
KH,PO, (0.5%) 10 mL, CaCl,2H,O (5 mol/L)
4mL, L-IfiZ& 2 (20%) 15 mL, NaOH (1 mol/L)
7 mL. %R R B SR (YMG H 575 (g/L):
PERESRILY) 4, ZZFPEHC 10, HAWE 4,
W pHEHZE 7.2, 115°C KH 30 min, [H{AR;F
FEASIN 1.5%35 08 o R TR A IR (GYM H;
FRH) (g/L): WHENE 4, BERHEHUY) 4, ZH
10, M 1, NaCl 2, #795 pH{EZ 7.2, 115 °C
K& 30 min, [EMABEFRILASIN 1.5%3008 . 555
TR TR IR B (012 KSR 0k) (g/L): WIKG 110, Af
BETER 10, BERHEEHUY 2.5, BEUHR 10,
K,HPO,43H,0 0.6, CoCl, 0.5 mg, 7 pH i %
7.2, 121 °C K 20 min, FAREFRILTNN 1.5%
Bihg -
1.1.3  ERFARKL

SCH T AR RTORL L3R 1.
1.1.4 5|4

SRR EI I ILER 2.
1.2 EEBTEMESE FRWE

PIIMANBE R ATCC14672 [ FE R 21 g
# ,abc-F/abc-R i 5|4, PCR § 3 J5 7] 1551 5 kb
KN F A EE pIJQKS71 ) moed4 ., moeB4 &
moeC4 $E By, BEPIFIEM S, iz h B
2 Xba 1 Fl Mun 1 BU)J5 %423 8 5 R A
pSET152 (XF L B U1 s, I, 13585 moed4
moeB4 & moeC4 ¥ A W N 19 H 1Y it AL
pJQKS571. MBI, FFLA A4B4C4-F/
A4B4C4-R A5y, PCR ¥ 145 ] 15 5] FH THy
#7445 pho-BGC 1) DNA F Bt moed4 .moeB4 &
moeC4 ., WP IEWR S , K1t 7 Be 4 Beu 1 #1 BspT 1
Wi V) 5 % 2 B #K pIQK4sS, BT ARG

pho-BGC 1 H B9 Jiw ki pJQK572,
1.3 EERBIMEMEE FHiFIE

BT HEA SR TOR, pJQKST71 Al pJQKS72
S B TR T ARG ET12567/
pUZ8002 H!'7, SRJ5, Ll KA B AE 2
] B 5 IR A B e R , R Bk S AR S 2 TR T
Fr1,15 hJ5 H 50 pg/mL Bal¥fI47 8 2 % 40 pg/mL
M ZENERARR 7S 2%, £ SEM AR LE JC i v 2 i
TR, BERSE S d LIRS T 5
B TRRAERF] & 50 pg/mL Bl $i 5 R K
40 pg/mL B ZSNE MR A8 fif SEM 35 5% 1L 3k
PR IE, FEEEFRT 30 °C HiREFRAE.
3-5 d Ji5 AJ LS B 4% A TR T 22 AR I AR
HGE B AR BOE N 45 IR ES 1 9 PCR &3
JERE AR b 0 56 PR R 35 DR v 1 o i 5 R A £
FORL L B G B R T E QAR B, 1 E
FHI FEAB R
1.4 EEHAVEFRE

il £ BT ek 1Y) SFM. [E A S 37 3, SR HUIGIE IE
B PSR R PR VE R & 1, S AR R bk
LX19, LX20, LX21, LX22 il LX23 il 113
SIRATERE IR, SR KHAUEAE 30 °C
PR R B AR B % 7 d, BRI WS 2 55 55 T 0
T A o RO ECR AR Tl O, A
TR AR IS SR R MR R RIS IR 7 d BT
i FE RS A AT, SRR ER TRA 20%
T HM A R PR, SR IR SIS T30 °C
IR IR DR
1.5 H“EEMAERMERIE

WA B 1Y 2 A8 R 5 X0 BR TR AR AE b 1 B 77 2k
TSBY ' 30 °C. 220 r/min &% 1557 24 h )5,
i 1% LG 578 T AR s Fe dk, T
30 °C fHIR B FRAE I B B3R 7 4 KEESS RS,
REAFEFRE 30 g, HITCHF AR I LB
Yy (BLFE NG PR B 22 () VI A FR 290 0.4 om’
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Table 1

AHR 3 R B B AR AN BORL K EAFAEFASRIR

Strains and plasmids used in this study and their properties and sources

Strains and plasmids

Description

Sources or references

Strains
Escherichia coli DH10B

Escherichia coli
ET12567/pUZ8002
Streptomyces ghanaensis
ATCC 14672
Streptomyces lincolnensis
NRRL2936
Streptomyces coelicolor
M1152

Streptomyces coelicolor
M1446

Streptomyces lividans
SBT18

Streptomyces lividans
LJ1018

JCK126

LX19-control
LX19

LX20

LX21

LX22

LX23
LX20-control
LX21-control
LX22-control
LX23-control
Sarcina lutea NCTC 2665

Staphylococcus aureus
SG511
Plasmids

pBluescript SK (+)
pSET152
pITU2554
pJQK455
pIQK571
pJQKS572

lacZ, recA, AM15
recE, dem™, dam”, hsdS, Cm", Tet", Str", Km"

Wild-type producer for moenomycin A
Wild-type producer for nosokomycin B,

Chassis strain used for heterologous expression of pho-BGC (dact,
Adred, Acpk, Acda, rpoB [C1298T])

Chassis strain used for heterologous expression of pho-BGC (Strain
M1146 carrying four artificial @C37-attB sites)

Chassis strain used for heterologous expression of pho-BGC (Strain
SBTS::nusG::mdfA::ImrA::afsRs)

Chassis strain used for heterologous expression of pho-BGC (Strain
LI101::ImrA o :mdfA.,::nusG::afsR ., afsS.q,)

Derivative of S. lincolnensis NRRL2936 with deletion of the
lincomycin BGC

JCK126 with the plasmid pSET152

JCK126 with the plasmid pJQK571
S. coelicolor M1152 with the plasmid pJQKS572
S. lividans SBT18 with the plasmid pJQK572
S. lividans LJ1018 with the plasmid pJQKS572
S. coelicolor M1446 with the plasmid pJQKS572
S. coelicolor M1152 with the plasmid pSET152
S. lividans SBT18 with the plasmid pSET152
S. lividans LJ1018 with the plasmid pSET152
S. coelicolor M1446 with the plasmid pSET152

Indicator strain used for bioassay

Indicator strain used for bioassay

ColE, lacZ, bla, orifl

attP, Int, oriT, aac(3)IV

oriT, attP(®C31), aac(3)1V, cos
Plasmid with noso-BGC

Plasmid with moeA4, moeB4 & moeC4
Plasmid with pho-BGC

Gibco BRL
Paget et al. 1999['!]

Wallhausser KH et al.
196512
Meng S et al. 2017

Gomez-Escribano JP et
al. 2011
LiLetal. 2017

Zhao Z et al. 201614
Peng Q et al. 2018!"
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Stratagene

Bierman et al. 1992["
Li L et al. 20089
This work

This work

This work
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Table 2 PCR primers used in this study and their sequences

Primers Sequences (5'—3")

A4B4C4-F TATACTAGTTCAGCCACCGCCGGCGAAGCG (Bcu 1)
A4B4C4-R AAACTTAAGTCAGAGAGCGGCCGGGGTCGC (BspT 1)
abc-F TATTCTAGATCAGCCACCGCCGGCGAAGCG (Xba 1)
abc-R AAACAATTGTCAGAGAGCGGCCGGGGTCGC (Mun 1)
phoB4-F GCCGCACCGTTGTGCCGTGC

phoB4-R GGTTGTGGCGGTGCTGACCGTC

Apr-F ATGTCATCAGCGGTGGAGTGCAAT

Apr-R GCCTCTGGCGGATGCAGGAAG

KNS 3 fg He, SR 5 1) Hrpoim A S8 AR R
(30 mL) FH I, PR 21 )5 A 4B FE 30 min,
RAFRAREE R B A A5 W) 1 A T 25 UK o
WS EIEWORE TS, A 1 mL HERRR 2
YIS0 A%, 23 0.22 pm — RV LA DE Bt
1€, B Al 45 FF UPLC-TOF MS 1 UPLC-QTOF
MS/MS A1 1) 2 BEFE i o
1.6 UPLC-TOF MS #1 UPLC-QTOF MS/MS
gl

iR A Agilent SB-C g (45541 (150%4.6 mm,
KiA2h 5 pm). ARG RER AT WaHH A
H0.1%HERKEE W . B N 20% N5 F1 80% 515
MR 49 ; 1T UPLC-TOF MS #l UPLC-QTOF
MS/MS KM #9373/ 0.4 mL/min; 0-20 min,
B HH(IAFREL) 5%-60%; 20-25 min, B AH({AFH
k) 60%—-100%;25-30 min, B AH(IAFR L) 100%;
30-31 min, B #H(f&F L) 100%-5%; 31-37 min,
B MH(IAFRLL) 5%, #EFEE: 20 pL, HE: 37 °C,
FH S 5 - B IBE 55 B T JR(EST), TR - 350 °C,
TR, KRR &GS LX19. LX20, LX21,
LX22 Fl LX23 By R B BUR . kR =
PG R AE 7 T R AR, BB
JEFER 100-3 000 (m/z), 4 547 B 4R i
750 mV, FKMPETSERFE] 8 ps, T ZRAlifE AR
BHH40eV,

1.7 AEFHRE Y E RN

AYNE PSR FRILAH 4 . L 30 pL VRAEY
i B\ 5 BR AR 4 R €0 0 4 K TR 43 B R R
5 mL #& & LB ¥ig= 5L 37 °C, 220 t/min 554
TH:FE ODgoo 2 0.6-0.8, 1ENHIE 4 FhAYiG
PSS F5 LA AP SRJE 6 30 mL @ik i)
LA AR, THETEGRRHE
39-42 °C JGHIA 300 pL i& LU i Fb 73, #2452
R FRA W B AT, 29 30 min 51555
FLSEAEEE, B AT 58 BUAE P i M D 5 % L)
il o A s P RCR A B Bkt ek
PridEHEAE SRR AE HAA R 0.8 cm A
B 7 d SRR SR, R A Y P e B R
MLIE & F 37 °C fHIE =4+, 524 h )5,
L2 T 7 AN (] A e 355 53 0 400 T L 7 KD

2 BERXR504

2.1 HATEEE NRRL2936 b XL &
MEMEREERHNETERERIREZESH

it antiSMASH 4 #fr, 76 Ak A 4 %5 &
NRRL2936 40 b &3 T —> 24 kb (A4 1
KGRI AED G BIERE, 418050 & X
F[H 7% 1 nosokomycin B, A=) & B FE R %
fir% N noso-BGC (GenBank: CP016438.1), J
H AL T 155 i nosokomycin B, 73 FE 4R HY

http://journals.im.ac.cn/actamicrocn
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12 N IIRe SR R 4 S 5T G AN s iR
3£ K nosoD5 . nosoJ5. nosoX5 F1 nosoPS5
(Bl 2, 3% 3).

FET A B R A teichomycins A=Y A
A2 N T HE nosokomycin B, HIAEY) A
A& 42 NosoGT1 ., NosoGT2 ., NosoGT3 .
NosoGT4 Fil NosoGTS5 TL/MHILE M7 &
BFEA A2 H 22, NosoOS Fll NosoNS ™5
IR A% il B0 BTG U R AR DT BE (1 3). A
nosoE5 Hih% T A% 11 IR WE 22 ] A, 1A SR

noso-BGC from S. lincolnensis NRRL2936

UDP-#i A i E IR % ) UDP-PZLMEIE R, M
nosokomyecin B, 43 F B 4L HE L T 5 — A b 3
(B 3)o ZEH nosoH5 1 nosoF 5 1 57 4t 2 Fk &%
FmE, FEB nosoMS5 Fl nosoKS5 43 i gt 2d H ot
SLFERL T AN SLAL RE M, 4 AL B 5 T ORI
HHE AR EM (K 3). BPLE 12 AN ThRREE A
& R nosokomycin B, 28 M EE R W& L
MIFT RIS, TERR G U MoeA4, MoeB4 &
MoeC4 HIMEAL T 7l & A G L R AP AE R
AR R (8 3).

24 kb

C EEDL > —>

E5 F5 GTI H5 K5 GT4 M5

D5 J5

=) Transporter
E=) Sugar tailoring

=) Prenyltransferase
=) Sugar biosynthetic

P S

N5 O5 X X5 P5 GT5GT2 GT3

— Glycosyltransferase

2 #AJ$EE E NRRL2936 & nosokomycin B, BY4 41 & & F 7%
Figure 2 The biosynthetic gene cluster of nosokomycin B, in S. lincolnensis NRRL2936.

R 3 HENAY noso EME R EH KRB ER R RE

Table 3 Proposed functions of proteins encoded by noso-BGC

Genes aa Proposed function Similar protein Identical aa/%
nosoGT3 485 Glycosyltransferase ABJ90169.1 65
nosoGT12 272 Glycosyltransferase ABJ90168.1 84
nosoGTS5 371 Glycosyltransferase ABJ90167.1 68
nosoP5 214 ABC transporter EFE66080.1 79
nosoX5 226 ABC transporter EFE66080.1 80
nosoX 361 Prenyltransferase None None
nosoO5 273 Prenyltransferase WP_051868192.1 84
nosoN35 272 Prenyltransferase ABJ90163.1 70
nosoM5 530 Carbamoyltransferase WP_055605014.1 82
nosoGT4 423 Glycosyltransferase ABJ90167.1 43
nosoK5 504 Radical SAM domain-containing protein ABJ90160.1 90
nosoH5 502 Asparagine synthetase WP _030051424.1 81
nosoGT1 402 Glycosyltransferase WP _055608338.1 77
nosoF'5 650 Asparagine synthetase ABJ90157.1 73
nosoE5 340 UDP-glucose 4-epimerase ABJ90156.1 69
nosoJ5 590 ABC transporter ABJ90155.1 71
nosoD5 610 ABC transporter ABJ90154.1 82
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Figure 4 Diagrammatic sketch of the hybrid pholipomycin biosynthetic gene cluster assembly (A) and
verification of pJQKS572 by Nco I restriction enzyme (B).
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Figure 5 The PCR validation results of pho-BGC heterologous expression strains (A) and bioactivity
estimation of LX20 (B) and the result of UPLC-ESI-MS analysis of pholipomycin in LX20 (C).
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Figure 7 The results of UPLC-ESI-MS analysis of pholipomycin in strains LX20 & LX23 and bioactivity
estimation of strains LX20 & LX23 against S. aureus SG511. ESI-EIC peaks of pholipomycin in LX20 &
LX23 (A) and the relative yield of pholipomycin in LX20 & LX23 (B). *: P<0.05, graphs depict means=SD.
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