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Figure 1.

pathway of bagremycin. B: The gene cluster of bagremycin.
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Hypothetical biosynthesis pathway and gene cluster of bagremycin. A: Hypothetical biosynthesis
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1. AXFTHBYE MR
Table 1. Strains and plasmids used in this study
Strains or plasmids Characteristics Source

E. coli IM83
E. coli BL21 (DE3)

E. coli ET12567

Streptomyces sp. Tii4128
Tu4128-AbagZH
Tu4128-AbagZH:bagZH
Tu4128-bagZH

pMJ

pIB139

pET-43.1a(+)
pMIJ-AbagZH
pIB139-bagZH
pET-43.1a-bagH

F', ara, lac-proAB, rpsL, (Str"), ®80d lacZ AM15

F~, omp, hsdSB(rB~, mB"), gal dcm(DE3)

dam-13:Tn9,  dem-6,  hsdM,  hsdR,  recF-143,
zjj-201::Tnl0, galK-2, galT-22, ara-14, lacY-1, xy-I5,
leuB-6, thi-1, tonA-31, rpsL-136, hisG-4, tsx-78, mtli,
ginV-44, F, Cm"

Wild type bagremycins producing stain

In-frame deletion strain of bagZH, Km"

Tii4128-AbagZH complemented with bagZH, Km', Am"
Tii4128 complemented with bagZH, Km', Am"

oriT, Km', Am"

aac3(1V), atteC31, oriT, Am’, P,z *

Ap', PT7

Deletion plasmid of bagZH, Km', Am"

Complementary plasmid of bagZH, Am"

Expression plasmid of bagH, Ap"

Laboratory stock
Laboratory stock

Professor Chang-Sheng Zhang

Professor Hans-Peter Fiedler
This study

This study

This study

This study

Laboratory stock

Laboratory stock

This study

This study

This study

1.2 ZEEFER. A RE

PCR 5il% bagZH SEA R RNIEE, 2l
B & pMI Jikr neo FERAY FIE AR UE,
JikL pMI-AbagZH, #2543 E. coli ET12567  fk.
DNA K V-5 1E 1 10 va [ F 4% 2
W Tud128 PRIV S E R, 5 B W) 5 4 R R

2 AU,

ll_‘\/

FA) PR o

1.3 HPLC KR FEABET=Y

1t 28 °C FHE R 3 9 180 r/min 2
BRI AAR (EOC BEAR)  RRCBRAR L IR AT Rk
— (R T)REFE 3 d, IR 14 d
(335 h)o KWL E L
VEROEE pH 5, i gL R

FATT K

MRrA, F HCL ¥ &
. IMASEIRFRRY 2R

bagZH KA WAL R R BUIE % 1 i — K
H 14 DNA KV5HiE, 32547 RT-PCR K45 LA
HEBR bagZH KIEHRAEA B 520 b T e 5 R 7 SR i)
AIREME, EZRATHERE A Tud128 BRI bagZH FE
(A i B Bk (Streptomyces sp. Tii4128-AbagZH) .

¥ bagZH H:[N Y ORF PCR TifE B HH
B TR pIB139 Ky PermE*F‘ g1 T, AR
pIB139-bagZH [HI#NFHE o 3 3L 425 55 L4 [T Ao
K o3 ) v ZE AR bR Tiid128-AbagZH F1ETF AR i
Tu4128 Hr, SEAL MIAME R Rk bk fg ;R
¥ pIB139 73 250k v b 28 A PR AR A, 1
Xof BRI AR

BEAEI, Tektz5 % , Fl 1.2 mL R & B4,

1138541 HPLC 4341, HPLC AR H XDB-C18
K, TaEN 40% 065 60%HEE R 0.1% (VIV)
BERRIMIR SV, WHCA 1 mL/min, 3 30 °C,
280 nm 4T DAD Kl FTA RS IEFE 20 L.
HHEARES B
PCR ¥'1 bagH FEH ) ORF, K] In-fusion
FEF A 2 5ok 2 KImAT i 155 pET-43.1a(+), 1)
B pET-43.1a-bagH TR, XA EYIIREE T
PR YI0 A, P ELLE T rBagH H119 Nus
WAEDIBR . SIEIEf Y EA TR b E. coli

1.4
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BL21 (DE3)EZ&4iM, #HriRIMERRIE, £
IR B TR A 28 08 75 T AR R 5 AR B 355 YA COHEL
W), T EHE N BagH WEES ERZE 5
gifk, EARALE SRR, WE 595 nm
SEWROCAR, R 2R A 1 B o 4 e A AR
MR

Wik ) B H A W S B aE A,
U< A4 W 0 R 2% vh (50 mmol/L
Tris-HCI, pH 8.0, 1 mmol/L CacCl,, 0.1% Tween-20)
TE 4 °C F#ATIENT . BT 0PRSS E ARk
B RTF 20:1, BEHEHENATF 16 °C fiFH)
12h, VIR Nus #1725
1.5 BagH & HAKINEHHT

rBagH i 1b 4B 2 5 By Ak 1 3 1k 43 A S A4
%% 1 mL, Hi 1.5 mmol/L 4B LM IKY,
50 mmol/L W52 % (pH 7.4), 41 11 BagH (3.3 pg—
330 pg)o FTAT SO0 P E AN S I A4 X RE A
FLAAR SRR A - NG ) BN AE 30 °C T &

35
20

10 min; f##(rBagH)/5 K TE 30 °C R
30 min; fiIA 100 uL 5% (V/V) =9 B 1,
B R P ik 38 )5 $EAT HPLC 0 #r. A6 D04 FH B9
XDB-C18 #4 0.1% (V/V) = LR -7 3 min, T
FHLMERRE ] 0-100% (VB 0.1% (VIV) =
PR G DENE 15 min, i3 1 mL/min, 270 nm
P17 DAD R, B RE S ERE 20 L

2 HgX

2.1 bagH F bagZ WA Y5 B 20T

bagH 3EH 41 924 bp, Zwiith 308 2 LR,
HEHDFEZN 34 kDa, BagH I 25k & W ILIF
2. £ NCBI $¥ls it AR XS, BagH 4

51 Streptomyces murayamaensis 1) Nsme"M]

—BPEIR 59% , TN A4 & 1 S0 T Y ik 2 R 1
A N, D1 AR = FE I AL . %R KR D
WA B IE B TS 2 AR R e

100 [Streptomyces lunaelactis (AV110272.1)
53] Streptomyces lunaelactis (WP 108150699.1)
97 — Streptomyces bobili (WP 086769148.1)
100 ——_Streptomyces sp. Tii4128 (BagH)

41 {Streptomyces aureocirculatus (WP 030561139.1)
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Amycolatopsis nigrescens (WP 020674092.1)
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Streptomyces sp. CB03911 (WP 079197942.1)

_— Dptomyces sp. SCSIO 03032 (WP 086160794.1)
81

Streptomyces sp. Ru71 (WP 103784638.1)

93 Streptomyces cyaneofuscatus (WP 030568355.1)
100—Streptomyces sp. EN16 (WP 069751860.1)

0.05

2. BagH RZH A EH

Figure 2.

Phylogenetic analysis of BagH and their homologs. Sequence alignments were performed with ClustalW,

and the neighbor-joining tree was generated with Mega 6. Numbers on the tree branches represent the bootstrap
support calculated per 1000 bootstrap replicates. BagH is indicated by bold.
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bagZ ¥:H 4K 357 bp, HWid 119 NEILRR,
FEAD TR 13 kDa, 7£ NCBI $ud bt 4 7
[FJ6 L %E, BagZ 5 MelCl —FMEmis 97%, 5
Streptomyces griseus W' grixazone 4= Y& W& HY
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t 43-HNBAm 496 MR NspE —Bthik
47%. MelCl J& MelC2 4> T8, PrBh MelC2
ZEE T, W70 Cu®'#is & MelC2
BTGP T MelC2 2 ML) A S S BRI, 1E
%ﬂﬂ& MRS RERW Y RERNEG
U, % F BagH 5 MelC2 [ 5 H X (9 — B0k 25
ik 61%, Tirs BagZ 5 MelCl KAEMMLIKINEE,
1155 BagH Z I &5 Cu® iz,
() Hind T gomologous arm-up

_Xba 1

— neo

Nde 1

EcoR I

2.2 BEBRMk Tiid128-AbagZH ke

4391 PCR el bagZH FER il (621 bp)
(T W RIS (793 bp), FHE4&IE 3-A PR e p 4
R R pMI-AbagZH ., &5 pMI-AbagZH W) E. coli
ET12567 SHER 6 Tud128 MBS, Hambik
F ik Ik EA T(E 3-B).

N T HEBR bagZH %%ﬁ%ﬁs?ﬁﬂiﬁ%ﬂﬁi?
T EE R E R RIR A AT AR, A ABESR 11 d 1F
A bk Tud128 %n%r&[%éffﬂi Tii4128-AbagZH HHEEUE
RNA, % DNase | {§{b/5i¥i%% 5% ¢cDNA, PCR
Kl bagZH ©IiFREN bagG A1 T Ui 3EH bagl W%
FAK-, I LU AERR(E 3-C) 5 BR PR (& 3-D)
i) RT-PCR &) .,

(B)

<251 bp

3. PEEE Tiid128-AbagZH BiFRHRBIMIE 505 1%

Figure 3.

Construction and verification of bagZH disruption mutant. A: The schematic diagram of disruption

plasmids. B: Resistant screening of target recombinants. Left: kanamycin; right: apramycin. C: Transcripts in
Streptomyces sp. Ti4128. M: DNA marker; Lanes 1, 2: Negative control, primers of bagG; 3: bagG (238 bp); 4-6:
Positive control, primers of bagA, bagC and bagFE; 7, 8: Negative control, primers of bagl; 9: bagl (251 bp). D:
Transcripts in Streptomyces sp. Ti4128-AbagZH. M: DNA marker; Lanes 1, 2: Negative control, primers of bagG;

lane 3: bagG (238 bp); lane 4-6: Positive control, primers of bagA, bagC and bagFE; lane 7, 8: Negative control,

primers of bagl; lane 9: bagl (251 bp).

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



2234

Shuangshuang Qi et al. | Acta Microbiologica Sinica, 2018, 58(12)

SRR, JCIREFERR Tud128 B miBRik
Tii4128-AbagZH, 3 /> PHAEXT BESL R E & 4 5%,
bagZH I T3 bagG Fl bagl W A K
A B T T A B X B TR X I RNk 35 TG
PagrEyy, Al L, bagZH FSERAIRERERAE I AR
M H BN A EE S, B AbagZH 1 IR
AR =3 2 S AT AA bagZH LR A BTk

2.3 bagZH 5 bagremycin 445 BLAIAH S H:

R T HRAE bagZH K X} bagremycin £ B 152
Wi, HFEFPAE MR Tud128 . mBREk Ti4128-AbagZH |
[a] %h ¥k Ti4128-AbagZH:bagZH F 1t 3 ik ¥
Ti4128:bagZH 439 K EEREF% 14 d (335 h), HPLC
Ko PURR B Y bagremycin A 1 B /K (& 4-B Fl
4-C),Bagremycin A Fll bagremycin B #9Jfiii% HPLC/
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Figure 4. HPLC analysis of bagremycins in hagZH mutant strains, complementation strains and overexpression

strains. A: HPLC analysis and retention time of bagremycin A and B. B: Production of bagremycin A. C: Production
of bagremycin B. * Values were expressed as the meantstandard deviation obtained from three independent

experiments. > mAU*s was defined as the amount of peak area that accumulated the amount of production at a rate

of peak height per second.
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TOF-MS Fr &5 R IR, TEASCRT IR By I S5 1F
T, bagremycin A Fl B P43 4R B3 B 0] 951 R
7.8 min 1 16.7 min (/& 4-A).

& LS B A bagremycin ) HPLC Wi S8
AR, bagZH 8K @R 5 , bagremycin A Fll B
530 77 i B 5 W R R E RRBR R v [ AR
bagZH WL 5, bagremycin AP FhL 53 7= &1y
ARTEEE, (BBCAIRE BN EF A MRKT; A ERFA
A S A bagZH XL £k & (Blid Rk #k),
bagremycin A Fl B 4307 i TR A MR, Bk
GRS bagZH FENFZM bagremycins [4EY)
G
2.4 EPARR Tid128 FIRKERBR Tid128-AbagZH )
BT L

MUKW HPLC 45 5 @R (& 5-A), A
HEHF A PR Tud128, TEMBRPE Tud128-AbagZH IK
FACH =g, ARREE A 3.00 min 1 6.31 min
PRSI, TAECR BN E] D 3.18 min 4b i
BAHT R R . HED bagZH FERFRR)G, Rk
PRI 4R 2 5 55— 3,4-AHBA 4TI
FERABEACR N, PP F RN 285.24 g/mol 1Y
fbEY CuHoOsN,y o FBRAE Tid128-AbagZH [
LC-ESI-MS #5R ioR, PREGEE DY 3.18 min BT
AN 286.32 g/mol (& 5-B Fl 5-C),
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(DE3)t LT LA e i IE A RIE (B 6-A), [HE
T4 JFORL pET-43.1a-bagZ W KA ATE BL21 (DE3)
SR UEREIEARIEHEN rBagZ
(Kl 6-B). N T3R5 HA WGV RIARRE, FRATE
rBagH HIEGE I A LU EESH 1 mmol/L [ CuSO,

(ft# BagZ #iz Cu* WIVEFT , BagH 5 Cu™ AUEE/R
Ftm 1:2)0 4 Ni*'-NTA JZHr4lifb )5 59 rBagH £
95.7 kDa (&1 6-A), M¥BEYIFR Nus #7528, FRAGA]
JH T T A I P 2 AR
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Figure 5.  Secondary metabolite spectrum of
Streptomyces sp. Tii4128 and Tii4128-AbagZH (A),
LC-ESI-MS analysis of Tii4128 (B) and Tii4128-
AbagZH (C).
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(A)kDa M 1 2 B)kDa M 1 2
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6. SDS-PAGE #2lEHE R BagH 5 BagZ kix
SDS-PAGE of recombinant protein BagH
and BagZ. M: Protein marker. (A) lane 1: Inclusion
body of pET43.1a-bagH; lane 2: Supernatant of
pET43.1a-bagH. (B) lane 1:
pET43.1a-bagZ; lane 2:
pET43.1a-bagZ.

Figure 6.
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YT AW E BRI BagH 2 LIS S IEH N
JEC ) 1) S AR CHR 20 10 S SR LA O A L ), FRATT 4
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GBS VLY D RHDE =B S 2 ey R A (B S SN A (W i
£ 3,4-AHBA FISR A S VE R IEYI(K 7-A) , HPLC
R 43 M BagH X R RS9 A (RS H:

HPLC %5 3R /R (K 7-C F1 7-D), 3 K N
270 nm I}, SEEGZH R B TR 5.2 min B4R 2
SEM A W 2 6 B ek /L, [T 7 A T 1 7 )
(PREAITE] 2.8 min). F ] BagH REFFAP 2L Wi
A7 HE B B T ) LA R S5 ) o SR, FE R RE
KT EWAT AT 43 min MIKY
3,4-AHBA FH-WA WL, WBA H =W A .
HEMZEARSNERES S, BagH ) By 20 35 B g X o7 ik
VLR PRk, JEPATBR T B, AR 2 Bt s
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Figure 7. A: Chemical structure of o-aminophenol and 3,4-AHBA and in vitro activity analysis of o-aminophenol.

B: o-aminophenol. C: Control group, adding proteins of pET-43.1a (+). D: Experimental group, adding rBagH.

ZE BTk, ARSCHIREE T bagZH N5
bagremycin AEYE MMM, BRI bagZH VLgwh
fi% A FR AL AR B ) 7 05 5 bagremycin AEW)G o
Ve Ry R I (1 — I, BagH 7ERERE T Tii4128
PRI bagremycin W& & EH, Al EETTER T
3,4-AHBA SB{ 28 ZEm A LRy, HESE 3,4-AHBA

TER N &4 B B lRL, Amifedt 3,4-AHBA 5
A B ERER 1L 7= 4 bagremycin FIAL &Y. HE
B, 1E NP R B9 bagremycin X 45 2SR Y i
A A — MBI T2, B FRATT R A 5 4
RN bagremycin 1EFHHLE IR A 5T LA S5 7
PR B B B 5 s R AL T R A2
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BagZH encodes tyrosinase-like copper enzyme and participates
in bagremycin biosynthesis

Shuangshuang Qi, Haizhen Wu, Jiang Ye, Huizhan Zhang’

State Key Laboratory of Bioreactor Engineering, East Zhina University of Science and Technology, Shanghai 200237, China

Abstract: [Objective] We aimed to reveal a novel function of bagZH in Streptomyces sp. Tii4128, which encoded a
tyrosinase-like copper enzyme. [Methods] The bagZH gene was deleted through homologous recombination, and
the secondary metabolites were detected and analyzed by HPLC and LC-ESI-MS. The activity of the BagH
enzyme expressed by E. coli BL21(DE3) was measured by biochemical assays. The catalytic products of the
enzyme were analyzed by LC-ESI-MS, in which o-aminophenol and 3,4-AHBA were used as substrates. [Results]
HPLC analysis showed that the production of bagremycin significantly decreased when bagZH was deleted.
Complementation of bagZH gene expression cassettes in the mutant increased the accumulation of bagremycin.
LC-ESI-MS results showed that the molecular weight of the new product with a retention time of 3.18 min was
286.32 g/mol, which was consistent with the predicted molecular weight of the product synthesized by
esterification of 3,4-AHBA in vivo. In vitro biochemical analysis demonstrated that BagH can catalyze the
oxidation of o-aminophenol (protecting group). [Conclusion] Our findings revealed for the first time that bagZH
participated in the biosynthesis of bagremycin by encoding a tyrosinase-like copper enzyme. BagH protected the
biosynthetic intermediates by catalyzing the oxidation of 3,4-AHBA to a nitroso derivative (protecting group). After
condensation with p-coumanic acid, the nitroso-group is reduced by a reductase in vivo to generate bagremycin A
and B. The results obtained in this study provide a basis and reference for in-depth study of the mechanism of

bagremycin and rational design and transformation of high-yielding strains.

Keywords: bagremycin, bagZH, tyrosinase-like copper enzyme, nitrosation
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