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Fig.1
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11 EHR. RN SEFREY

AR E R GX28 SRR F R RN &
O 2 BR B (Staphylococcus aureus) Hik 35 43 32
FFH (Mycobacterium smegmatis) mc? 155 P N #
WREZEMHFF B (Bacillus mycoides) NPitE RGN 2
RN . BN TCHER T Sgt26 43 B A 4L i I A%
M. 4D8 N A A [UHE % I Sgt26 1Y 2 K 240 S
BAC wif, & A % ol BRI 3k 7% Lom 2t BAC
CIERA K pHLI31M , KJFHFHE DH10B Jy BAC
e B R TR AR Y T 2 . R AT I ET12567/
pUB307 JJ K AT -85 8 1 — SR A4 & H R I
BhBE R, pITUG6722 &4 15 RPUHE I L 1B N
B 14 21 B R PrbE SN, T 4D8 w9 & al Jik )
UKL DR R R . MIS 85 3% R ] T B o T T
MV LA = A0 YBP 85 37 56 8% 5 T AR
Bl R B . LB IR R K A N A T 4
IREE ISR . HUAE 2 B R R (pg/ m) < BT
P E (Am) 50, FFE ZE (Km) 100, 5% % (CmD 25,
ZENEFR R (Ndx) 25, = B &5 E (TMP) 50,

NH
—H o] H o H o] H Q OHH Q
N

HN)\NH

S T .
D "

1 8k & AR KA % B Sgt26 (Streptomyces galtieri
26) I L 4 BAC SCHE AP i 45 31 1 A0 s M 5
W 4D, I e B H: 55 A7 5 i) JIKAE W5 2 D9 7 1Y
IR I 44 0 laem2, AR08 i 57 R &
ik ADS [ B 3L K FE lam2 BT A L R AR 8 e
Yy I 3 3ek ik PR ok S92 90 R RH AR S W A R
5 TR AR R JE JE R Lem 2 6, B 78 7 T K
P18 245 g DA T 5 B9 Al
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The structure of lexapeptide!'

12 EEER

il ;7 PCR-targeting RN Bk 4D8 B
kA PR & K #% . PCR-targeting 5| 4% TAR-F.
GCCTTCTGCACGCTGTCCCCGATGGCCTTG-
GCGTCGACCGCGTCCAGGACGATTCCGGG-
GATCCGTCGACC; TAR-R: ACGAGAAGGAC-
CTGTTCGAGGGTTACACCGCCTACACCTCC-
GCCGAGGAGCTGTAGGCTGGAGCTGCTTC,
Bt pJTU6722, PCR 471 & 2L % R Pt S A Yy
B KAty PCR P % 463 BW25113/4D8,
Mk B EPIEEM T, RIEE RSB SYHR
4D8-1-F: GCCTTCTGCACGCTGTCC, 4D8-1-R:
AGCATCAGCAGCATCTCGT;4D8-2-F: GCTTC-
CTTCGTGTCCTGGTC, 4D8-2-R: GCCGTACTC-
CTGCTGATGAC,
1.3 EEZREREMER

Wit SRR LGB G ARG B RRIX
oriT W) BAC 7@ B 4D8, 3t % mBR v B
4D8ALrm 2 I BAC # 4k pHLI31 & H B 3 &=
Pk R B W GX28 th, ALY
JEZ W SCHR 151, & WOk K M FF I8 ET12567
B B RS AR B L AR B R R T GX28 i AZ IR
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KA ET12567/pUB307 B & . otk R
Am Fil TMP # 35 J5 4% 5 % % P T 30 C 15 5%
S AEEA T MR 6 MES THESISTA Am
Fl Ndx 5 MS A EL,30 ‘CHi 35 5 d 2755 6 1
TR YBP 392 5 1, 30°C R 7 d,
1.4 Lxm-N-75 Bk B9 HPLC #& il

H HPLC (5 # #: Agilent 24 ] ZORBAX
300SB-C18,5 pm, 4.6 mm X 250 mm) 43 4 Il
Lxm-N-75 ik s S AP I 4 Sy 230 nm, B8 5035 551 hy
K+0.1% TFACA #D . LM +0.075% TFA(B
A B 1 mL/ min., B R PR R A1 WLEE 1,
1.5 Lxm-N-"RKLEWHIRI . S EMAL

V] A K e VDR, A5 AR R R 4 3 Ik IR
T R R FHATLAR ) 47 2 1 4 L 12 P W L 2 e A 7%
RACB R ZE 08 5 49 3 0y H B B2 ) /D oK i 9K
JE A ZE AR TE T B2 B 3 4, 2 WO 28 U6k s 7%
WEBA PR F . 1 H CHP20P KL W F A4 i 43
B9 R E T BEFE O i A Tk B AE A ] CHP20P
R (HEK 60 cm, AR 5 cm) P, B BE-7K B 5 3%
Jii CHYBEAG BE 50 90 1 T2 100 %0) , B4 B ol ik
SAEAE AR W R 20 mL/min, W S VE W L I
HPLC . A IF & A B x5 g 0 FF il e 78
TR B 7L [RIRE 1 5 36 22 AR ) CHP20P (53
FEGREK 40 em, AR 2 cm) ¥4 3 19 RE 5 2R 47 HE R
SrEsaifl . K15 B AR TS AT RE D A B
fife FE IR 3L 2 pen G HILAH U8 0T 58 5 i A E|
Sephadex LH20 &3 #+ (4 & 180 ecm, N4 2 cm)
Y, BV B VR O 150 pL/min, Y& 4E KR 5 9 1
HPLC &0, &3+ Hinfb e dly . &EH
43 #r % HPLC (SHIMADZU VP-ODS, 5 pm., 4.6
mm X 250 mm) 43 & 4tk H ¥r b & 9, ¥ B 5
FK+0.1% TFACA M) & IE+0.075% TFA
(BA) . ¥ # & 0.8 mL/min, B & ¥ B 5 1
W1,
1.6 Lxm-N-NERHEHEE

AT 1D A1 2D B 3 PR i (NMRO Fi i 3% iE 17
YeoE . NMR i 5% JH 25 B Bruker #% 6 22 48 1% (600
MHz) , fb2% A % LA 4 WL ik e S8 Bk (TMS, 8 =
0.0 ppm) . LC-MS 3R 47 47 HL 55 55 &5 + I (ESD #Y
ZHER 1100-LC/MSD B F B & 4, H it HPLC 3R
FHER 1 o3 & Al 2 0 & e PR is oR T 5 2 $E 18
1200 HPLC ¥ FH 1Y 6530 DU 2% 4T K A7 B a] 5 33% 1%
Accurate-Mass QTOF, 3% H ESI & T4 .

F 1 Lxm-N-7XBKAY HPLC i1 HPLC 4> B 4k & 4
Table 1 HPLC conditions for Lxm-N-

hexapeptide detection and purification

Rl 7% FF AL T

Detection condition Purification condition
N'ﬂgﬁ“‘“ A% BI% Eqk'jié:m A% B/%

0 90 10 0 75 25
5 90 10 7 75 25
20 50 50 7.1 0 100
30 0 100 14 0 100
35 0 100 15 75 25
36 90 10 20 75 25
45 90 10

1.7 EWEENE

W 100 e 1 R B % SO e AL S L BT
55 °C K ¥ 15~ 20 min, Bk 0.1% ~0.2%
(V/VO Iy im A I8 7R B T AL 5 2 9 IR A 38
A1 I il ) A T4 R R (25 mL/ AR L 4 G T U8 4K
R oA A T A AR DS R B R B R 3 L R AR
SR B 8 4K R (20 pl EAEE) bE AR AR (200
pL EREEO BT 37 CH5398 1~2 d WA 1,

2 ZER55MH

BiREERE%E xm2 WRIERIE

Xf BAC 5i g 4D8 W[ Lem 2 F [RIFE 8 7 3 [
R 218 R ok 3 B 3 AR R bR Lem2T
1 Lem 2R (43 5 57 53 9w 05 5% 38 5 A AR 42 2 ED 4b
BIIE A lem2 L 13 5] BAC ik 4DSAlam?2,
PCR B E E#f (K 2A.B) . B & Lom2 FEHFE W
BAC 5 F% AD8 . 4 H @ Bk BAC kL 4D8ALxm2 Fil
pHL931 =5 g AR B4 & 76 7% 31 & 7 Bt A= & 1Y 2 4
HHEE R F W GX28 L RS T AR S
BEAT A AL 2B, 0k HPLC A6 0 40 B 2 1 4 42
Y. M HPLC Kl M4 5] GX28/4D8 £ 22.1 min
WA 1A i (8 2C RS FRiC) . 5ok A %W
[CHERE M Sal35 (13 & fi bt 28 2 B Al K (lexapep-
tide) A #E i 1 £ B8 B () AH [E) . 40 BT R 28 AR pk
GX28/4D8ALxm 2 WA 7 ¥, K B 98 78 kb AS 1
PRSI, B HPLC 2 i £ 12 16 35 45 /0 i
B i 38 R A B DU AT BRI RAT A ) B A T A5
2 fifp 4 B 4> F e R 3 872 (& 3A) . 5 & AT ik
B o AR 2 K — 3. i 45 R KB BAC
TERE ADS B Lam 2 PR 67 T A TR AT IR,

2.2 Lxm-N-7NikB9 % 3

431 HPLC B4, 5 25 2K 1# bk GX28/pHL931

2.1
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AR I Je T AR v AN TR 7 TR Sg26 1Y & T 7 1) LA
TET Bk GX28/4D8 19 HPLC &3 vhifs 80 1 A
25 503 (B 2C Z Rl , O/ B B R 18.4 min)
i3 HPLC 21l 8% 73 512 @ % e %t 5 1t 16 590 15 31
A AR SRR R R 6 T 3 (LC-MS) A 4k 5 9
AHRE 2 7 &l 653.6 ((M+H] ") (& 3B), 2 #r

ADX K Y MP, P J T R

~eo PCR:4D8-2-F/R =\
~ 749 bp \
A wpm wr :

1
2040bp pcR:4pg-1-F/R

4D8-1-F/R 4D8-2-F/R
— /—l—|

Mutant Mutant C
M WT 1 2 WT

bp
B 2000

1 000

500

4D8 ) DNA JF 51 k& B, B [F] 5 5 A 3% Lam 2 Z 4h
VAT AT SR Y A Uk AR A O 1Y 3 R R
I HEMZ AL A 10 A il 5 T Rl K TR] R 3 R AR A
Koo A3 HT R R R AR BR GX28/4D8ALam2 1Y HPLC
RS, R EZEHRTPEAS T ZELEY
(K 20) R H A IS (em2 FERFER %,

x
200 'S
0 GX28/4D8
200
0 Lexapeptide standard
200
o] e~ e GX28/pHL931
< 0 p B
g 200
0 e GX28/4D8 (Alxm2)
200
0 i Sgt26-YBP
200
0]—r—rrn Sgt26-R3
I e e R R R R B
18 19 20 21 22 23

{52 15} [8)/min Retention time

A )L R % Lem 2 F R R 5 K PCR %631E 7R 7 8] Schematic diagram of the knockout of homologous gene cluster Zxm 2 and PCR verifica-

tion; FEH R Lem2 A GASHIAIK, D g it e S MR LR B X 4 i

WK L K 2 6% R Y S AT AT BE PO SR AL L M S BT N T SRR RS i

P M P Gt KRG, J S0 i385 . T i s%i2 85 1 . R g LuxR F G 5 E M A encodes prepeptide, D encodes cysteine decarbox-

ylase, X encodes putative lyase, K encodes kinase,Y encodes putative cyclase,M encodes N-methyltransferase, P» and P encode peptidase,

J encodes reductase, T encodes transporter,R encodes LuxR family transcriptional regulator; B:PCR #"#4 %5 5 PCR amplification results;
C: B Ak & Lxm-N-75 kB9 HPLC ¥ HPLC analysis for lexapeptide and Lxm-N-hexapeptide; &5 Fric N8 7 Bk, 22 Fric N Lxm-N-7X
K The peaks labeled with asterisk are lexapeptide,the peak labeled with diamond is Lxm-N-hexapeptide.

B2 BAUREEREEEE xm2 WEIBRMRIERIE

Fig.2 Gene knockout and heterologous expression of the homologous lexapeptide gene cluster Ixm2

3873.13
5001 3874.17
500) R
2001 3875.10
300 387213
= 200)
Z 2.5%x10°r1937.57 100
E 20x10* o . L 1 |
A Z 15x10° 3872 3873 38743875
J%( 1.0 % 10 HEXT 5> T i 8 Molecular weight
E};E 0.5x 10°F | 2169.21 3873.13
0.0 x 10* i T T T T T T T T —
2200 2600 3000 3400 3800
SRR EL m/z

"
[M+H ]
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675.5
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0.0 |,
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A Lexapeptide 1Y it % X Fi 3% 8] Deconvoluted mass spectrum of lexapeptide; B: Lxm-N-75 ik i i 3% 8] Mass spectrum of Lxm-N-

hexapeptide.

3 Lexapeptide #1 Lxm-N-7< ik 894834 4 F R E 44 )

Fig.3 Molecular weight determination

of lexapeptide and Lxm-N-hexapeptide



%5 5

WA A . FBRHUE R KR U N R ) S IR I 97

23 Lxm-N-NHKH D BHEUMEHREE

PRI 25 S 06 oy B A AR A AL S 9, AN 20 LK T
B AR 8 @k AR R4l 1.5 me. K2k RE
TR AR DMSO-d6 it 47 1D-A1 2D-NMR %
3BT NMR $df mgh e 2, el st h & A £ &
41 1Y) Me,-Phe-Dha-Pro-Dhb-1le-Pro 75 ik (& 4A),
FOF 50 5 75 AT A N-ii — 30, B 3 A/ 43 K
fir % M Lxm-N-75 Bk, W& 3 F 7R, Lxm-N-75 ik #9

N-3i Phe LAF7E 2 4~ N-H LA A L 38 45 53 4) 2
MBI FERR , BIATAE [ Ser 14 i S0 44 B2 (Dha) 1
1 Thr 742 (B 2-o- 2 55 TR (Dhb) . X} Lxm-N-75
JRat i AT 4 B BT 4 A, AH X 4> 7 B &
653.368 5([M+ H] ), # i i % {6} 653.366 3
((M+H]1") iR 2% 3.6 ppm([& AB) ; 1| FH #2 B F i 43
Bt R TR 5 NMR 0 45 44 — 3,
AT 5HEETHREART Y b B R B IE (R 40,

2 Lxm-N-7XBA B NMR 8(#&iC & (600 MHz,DMSO-d6)
Table 2 NMR spectrum data of Lxm-N-hexapeptide (600 MHz,DMSO-d6 )

ﬁ?‘i‘)ﬁ? 1&%@% i 4&?4'{1*5. o H-COSY H-15C HMBC
Carbon OCpm Proton OH ppm (Mult, ] in Hz)
N,N-Z B EE T SE N,N-dimethyl Phenylalanine (Me;-Phe)
1 169.1 C2-H,C3-H; ,Dha-NH
2 68.6 C2-H 3.47 (dd,10,5) C3-H; C3-H,.C10/10"-H;
3 32.7 C3-H; 2.77 (dd,5,13),2.89 (dd,10,13) C2-H C2-H
4 138.7 C2-H,C3-H,,C6/8-H
5,9 129.2 C5/9-H 7.17 (m) C6/8-H C3-H:
6,8 128.2 C6/8-H 7.25 (m) C5/9-H,C7-H
7 126.1 C7-H 7.17 (m) C6/8-H
10,10' 41.3 C10/10-H;  2.25 (s) C2-H
Bt & A S8 Dehydroalanine (Dha)
1 165.3 C3-H;,NH,Pro I-C2-H
2 137.8 C3-H;,NH
3 103.4 C3-H; 4.83 (8),5.21 () NH
NH 9.96 (s)
fHEE [ Prolinel (Prol)
1 170.3 C2-H,C3-H;,Dhb-NH
2 60.6 C2-H 4.22 (t,8) C3-H, C3-H,,C5-H,
3 29.5 C3-H; 1.74 (m),2.18 (m) C2-H,C4-H; C2-H.C5-H:
4 24.7 C4-H: 1.68 (m) C3-H,,C5-H; C2-H.,C5-H:
5 48.3 C5-H, 2.61 (m),3.13 (m) C4-H, C3-H,,C5-H,
i S o-&E T B Dehydrobutyrine (Dhb)
1 163.2 C3-H,C4-H; ,NH,Ile-C2-H,Ile-NH
2 129.5 C3-H,C4-H;y
3 131.1 C3-H 6.59 (q.7) C4-H; C4-Hs; ,NH
4 13.0 C4-H; 1.65 (d,7) C3-H
NH 8.99 (s)
2 RSB Isoleucine (lle)
1 169.7 C2-H,C3-H
2 517  C2-H 4.35 (1,9 C3-H.NH NH
3 36.0 C3-H 1.81 (m) C2-H,C4-H; ,C6-H; C2-H.NH
4 24.1 C4-H, 0.96 (m),1.48 (m) C3-H.C5-H; C2-H
5 10.6 C5-Hj 0.73 (t,7) C4-H,
6 14.6 C6-Hj 0.86 (d,7) C3-H,NH C2-H
NH 7.25 (over-lapped sig) C2-H
& I Proline I (Pro 1)
1 173.3 C2-H.C3-H:
2 58.6 C2-H 4.19 (dd,5,8) C3-H; C3-H.C4-H,C5-H
3 28.8 C3-H: 1.81 (m),2.10 (m) C2-H,C4-H; C2-H.,C4-H,C5-H
4 24.5 C4-H: 1.88 (m) C3-H,,C5-H; C2-H,C5-H
5 46.7 C5-H, 3.55 (m),3.86 (m) C4-H, C2-H,C3-H,C4-H

*J{%%#é&y \Eﬁ[ﬂ“,dxﬂﬁﬂlk,l:ﬁmk,q EEM“,ddXﬂEﬂEW‘,m%iﬂJio

t: Triplet; q:Quartet; dd:Doublet of doublets; m:Multiplet.

J: Coupling constants. s: Singlet ;d: Doublet;
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ﬁ
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>
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= 6x10 “E1 s .
S 50 %7 Erro:3.6 ppm
S
~ 4x10
# 3x10 654.378 7
B 2x10
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653.2 653.6 654.0 654.4 654.8 655.2
JRATEL m/z
5382 ;
425.1 ¢ 5

245.0 %~

s §
N
L on
0

Lxm-N-hexapeptide

A.Lxm-N-75 Ik 45 #) } 54 NMR {5 5 Structure of Lxm-N-hexapeptide and key NMR signals; B: Lxm-N-75 ik (% 5 43 %% &3 High resolu-
tion map of Lxm-N-hexapeptide; C:Lxm-N-75 K #) % i it I MS-MS data of Lxm-N-hexapeptide.
B4 Lxm-N-NRRHIEHERE

Fig.4 Structure elucidation of Lxm-N-hexapeptide

24  Lxm-N-NIKBIHLEE SN E

SR B 22 TR PH M T bR 4 v 00 R 2 Bk L BOIR
ZEAUAT B L HE IR 43 SCFT B A 2 IR K W AT
WAe s W, F A& W T PR, g T IE AR
FA AR AT AR T SE 5, Ak S W A e 4 & A
100 g, #B B A A DU 240 5 95 Pk . w5 s 8 a] ik
A B TR T PR Y 2 8% 5 AR BEAE X Lxm-N-AS K2
AR 41

TAN S HEAR B Ay B R v A G A I B E T AR
o e Z AN IR AL AR R TS D A
B a3 B B s A Ay
3

AHESE I8 o e PR AR Gk R DA R B IE S 6 R R
Sgt26 FHRIE Y Lem 2 [7] J5 5 #5375 7] K
WA, [FRE R IALEE T 1 D2 HBMNH
SR /NGY 7S BR R 9 5 8 AT BRAY N 3 7S 2 FE R
JF 9 —3,

AT KA R R R AR R AR R
P EBmbT A R WA BRALHY - B AT RN %R T
B 5 1 223 K (AL AT Phe 19 N-HT 384k 55 )5 &
MR AR . Lxm-N-75 BK B9 25 4 v o 3 7 W 564k
TR 2 R R I KA A A1 bt 4 0 2 A 7 RT RRAE

it

BERN R CIREAE T ROK R . FE T IR O O
(A TR R 3 P Lo 2 WP 2 A 35 DR 4 1 2 1 TR 4
W2 AN FE DR = 0 20 R LG 265 B 53 A I
Dy, ARG RE I, X AR T E A WA T
JiF 2 R S 3 K it 19 Zh BE L T A Lxm-N=75 JIK 19 B i
] g MR AX AR I 52 A 0 00 T RE TE G, T g 2 TR A
DAy JH Al ) o 2 1 X TR AT ORI R 248K
ZAER IR T — 25 1 S BRI
Lxm-N-SKi E M H A EZEZE L, — i,
Lxm-N-75 Bk 45 14 1 55 58 A7 R T H G B DG BE A 1Y
WF5% . 11 3% Dha.Dhb H1 Lan & B 1) %2 K 2 BE 4 i B
W A7 Bh T 75 R RR Y A= 6 BUDLI 9 i — 2L T .
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Heterologous expression of lantibiotic lexapeptide
biosynthetic gene cluster homologue

XU Lijun' , WANG Yemin',XU Min',ZHAO Zhilong® ,GAO Guixi', TAO Meifeng'

1.State Key Laboratory of Microbial Metabolism s Shanghai Jiao Tong University .
Shanghai 200030, China ;
2.State Key Laboratory of Microbial Technology , Shandong University ,Jinan 250100,China

Abstract Lantibiotics attract extensive attention in the field of discovery and development of antibi-
otics due to its special action mode and barely observed drug-resistant mutation after being applied for
decades. Lexapeptide is a type V lantibiotic recently uncovered via a functional genome mining approach
(LEXAS) and has strong antibacterial activity against Gram positive bacteria including MRSA and
MRSE. A gene cluster ([xm?2) similar to the lexapeptide biosynthetic gene cluster was identified through
screening the Streptomyces galtieri genomic DNA bacterial artificial chromosome (BAC) library via
LEXAS. The BAC clone carrying lam?2 was introduced into Streptomyces lividians for heterologous ex-
pression,leading to the production of lexapeptide and a novel peak in HPLC. The production of lexapep-
tide and the new peak was disappeared when the [xm2 gene cluster was removed from the BAC clone.
Based on NMR spectrometry and high resolution mass spectrometry,the structure of the new compound
was identified to be a highly modified linear hexapeptide with sequence identical to the N-terminal six a-
mino acids of lexapeptide, thus LLxm-N-hexapeptide was given as its name. The LLxm-N-hexapeptide did
not exhibit antibacterial activity.

Keywords Streptomyces; drug discovery; heterologous expression; secondary metabolites; lantibi-

otic; lexapeptide; super bacteria
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