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1% IMFF R BER K IA B AR 3-Hydroxycombamide | B9 & I
mAEfke Tes’  FEEe

(IR RZEL . R BE M E ks BFE 250012)
CIARE MAEYEAREZRE GRS IIARED 266237)

WE  AEERE S001 FEH R S001-chbm-OX4-ikaD 173 BEHRAT 1 K2 INRFRARL IR KR N IZ (PoTeMs) A&
¥ 3-hydroxycombamide I (2), 1Bt —4E. —4EAZ R ARG (NMR)FI 5 2 5% (HRMS) B3 1 AT iff 2 Fe b 24454, 1b
HY 2 1 C-3 ArFRRAEN NTE FHER A S001 P & e AL AR AL TR . 73 70 SR B AR VA MM I (MTT) L EE 8 1
WY 2 (BT MAN R E e, SR BRI EY) 2 TG, BLAh, a2 78 100 pmol/L I B Z€ v ] IR IIAY 73
W RGUTISS)EIMHIFEME. 45 FEIR PoTeMs [ C-3 A fZIE LB I RER A 7E 2k REMBITZ 5.

R R, WAL, BER A, 2 IRRRRR AR KA Y Tt

Discovery of a New Polycyclic Tetramate Macrolactam
3-Hydroxycombamide |

Yan, Yaqgian“ Wang, Haoxin” Li, Yaoyao™*
(“Key Laboratory of Chemical Biology, Ministry of Education, School of Pharmaceutical Sciences,
Shandong University, Jinan 250012)
(b State Key Laboratory of Microbial Technology, Shandong University, Qingdao, Shandong 266237)

Abstract 3-Hydroxycombamide I (2), a new polycyclic tetramate macrolactam (PoTeM) bearing a 5/5/6 cyclization pattern
was isolated from the recombinant strain S001-chm-OX4-ikaD, which is derived from Streptomyces sp. S001 by integration of
the modified combamides biosynthetic gene cluster. The chemical structure of 2 was determined by analysis of 1D and
2D-NMR and HRMS data. The hydroxylation of compound 2 at C-3 was deduced to be catalyzed by a hydroxylase of
Streptomyces sp. S001. The antibacterial and cytotoxic activity of compound 2 was evaluated by filter paper disc diffusion and
methy] thiazolyl tetrazolium (MTT) assay, respectively. The effect of compound 2 on inhibition of the T3SS (type III secretion
system) of Salmonella enterica serovar Typhimurium was also investigated. However, compound 2 was inactivity in all assays.
The results indicated that the hydroxylation at C-3 may occurs after the oxidative modifictions of the polycyclic system in the

biosynthesis of PoTeMs.

Keywords natural products; biotransformations; Streptomyces; polycyclic tetramate macrolactams

% A R R U R KR Y B % (polycyclic  tetramate
macrolactam, PoTeM) & A FHFFHL I R (tetramic acid)4h
F BT e 2 AR B IR W SR A &4, HAA bud
W PUECR . BRI Pt HUMR A €
[T IR B I 73 R G0 55 2 P AR W) E 03], PoTeMs AE4)
B R RRIE R G E AR AR )2 e, lw
B8 5T 2 0B 2R ) SR /A A A K 18 (PKS/
NRPS)), 657 5/6/5. 5/5/6 F1 5/5 22Kk R A MHIZ
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Jflta 2 P450 FE(CYPs)Bo10FN L — M 41 57 SR B Az
FEARABAR 1) F2 HE AL B 112) PoTeMs Jk [R] #7% 1) 7 3ok 1 A
Rap M, T A R WA BRI 1 25 46 S BF 7043 DA
ﬁ&&ﬁ%[3,12—14]'

AT, MBEERER S10 HOE R R I T & F S e &1
HIHT 5/5 XA PoTeMs 540 &%) combamides, F-#EH
AW £ IR IR (cbm) HF FI 41 D €225 P450 i CbmD A g
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25 C-16 1 C-30 AL EIEMER). I, BT 757
PoTeMs AL G 1B CYPs HAT ASIA] ) [X d55 ik 42 14 A1
RN KR Z R, FAIHAASEY SRR T
combamides HE AL B BGEM 7T, 1E$E 3 45 CbmD
T REFT REAS R 1K) P450 BgIE R ikaD~sgr810 M fidF, LA
Ko 2 ANEHSY 2 S cbmD FFREGT P4ASO Bl
sshg 05717 M mgID, & cbm F R % 1] P450 gL A
cbmD, 35| NF=BEEF B C3 W41 5T HSAF 5/5/6 ¥Rk
AP ANTCATE R B A RESE R OXe, T — RHI4R
G cbm FERFE. BN FIRI A chbm FE R R IERIE
M E%EE, BT 2NMEMLFEBMmSEMR
combamides FZE(E 13, REEHE S001-chm-
OX4-ikaD F1 SR111-cbm-OX4-ikaD &7 [ — 244 cbm %
DR e, AEL & 9 3 19 4 3 ok 1 B o o, 4 Ak
S001-cbm-OX4-ikaD FU =4 1 1 NSNS, H
T R AT AR B 40 & % e . AHEFUdE X 4 FE ik
S001-chbm-OX4-ikaD 34T 20 L B g FA Y K R BN =4
PRI E, AT 1 AH PoTeM KLE&% 3-hydro-
xycombamide I (2). & PEVFT R EY 2 oW WHTEE
4 o 2 NPT SR FE VD T TR LAY 23 W R G is 12k

1 &HR510R

ATHH, W8T Al Redmid S B IR CR Er 5/5/6 =
IF combamides 4% & K% cbm-OX4-ikaD, F1¥4 H.45 5
SR S001 1 SR111 H, K15 HAH B #k S001-chm-
OX4-ikaD F1 SR111-cbm-OX4-ikaDCiE BiAH KL, & S1). 18

i %o} 2H B vk 22 AR A0 HPLC 43 #r, RILBR &5
B E M ZE R combamide T (1)4h, 4 H bk
S001-cbm-OX4-ikaD AU =4 1 M2 7724 2(E 2A),
HAb &Y 2 BHERHER =3F PoTeM 4N (K 2B).
LC-MS i Bon b &9 2 A 7 TR EY 1K
16 MEAL, TR EY) 2 TR EDD 1 A B i
YI(E 2B). N TR EY) 2 B EE ), BATRA
YMG B g5 7R 0t A B ik S001-cbm-OX4-ikaD 34T
T 20 Ly KPR 7R, 0w SRR « R R AH R
il & = VAR AT E AT 0 5, SRS T A 20k
0.3 mg/L).

&Y 2 NAGBKRAIRE L, B 90 C; [ald
+82.8 (¢ 0.10, CH;OH-CH,Cl,, V'@ V=1 : 1); UV-vis
(CH3CN) Amax: 220, 324 nm; IR v: 3348, 2924, 1657, 1597,
1458, 1260, 1045, 801 cm™'; =70 ¥ it (HR-ESIMS)ll
BEEY 2 1953 T N CaoHaoO7N, (m/z 529.2921 [M+
H]", caled for CaHqiO7N, 529.2914). 1D NMR F1 2D
NMR E3E 2 Z &4 2 5 combamide T 4L 24451
T AAAER 1 AR R R SHIS, AR Z AN AE T
&M 2 1) C-3 fiE A B, HMBC $iE &) H-3
5 C-1. H-5 5 C-7. H-8 5 C-7/C-10. H-9 55 C-7/C-11.
H-10 5 C-22. H-13 #l C-14/C-19. H-15 5 C-13/C-14/
C-17/C-18.H-17 5 C-16/C-19/C-30. H-18 5 C-14.H-20
5 C-12/C-19. H-21 5 C-11/C-19. H-24 5 C-23. H-30
5 C-15/C-16. H-31 5 C-16/C-30 #3%. '"H-'"H COSY %1
5 &7~ H-3/H-4/H-5/H-6 . H-8/H-9/H-10/H-11/H-12/H-19/

chmA B c D cbmA B C D Ox4
BERT
BUER  coma B
IS ) ) ) EEEEEE— ) )
e} O

7

combamide G

B PKksS-NRPS M FAD-dependent oxidoreductases
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Figure 1 Combinatorial biosynthesis of oxidative modified combamides
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(A)

S001 320 nm
A A
S001-cbm-OX4-ikaD 1
f,L
A ok 1
SR111
A I NN A
SR111-cbm-OX4-ikaD 1
A
0 10 ¢/min 20 30
(B)
5575507 o x1081 , IM+H]
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5_
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1_
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Alnm m/z

B2 (A)EAE S001-chbm-OX4-ikaD 1 SR111-cbm-OX4-
ikaD WA =W ) E RO B ) (B & 2 B AN
Stk RN v 20 i 1

Figure 2 (A) HPLC profiles of the metabolites from the recom-
binant strains S001-chbm-OX4-ikaD and SR111-cbm-OX4-ikaD,
respectively; (B) UV and HRMS spectra of 2

H-18/H-17/H-29. H-12/H-13. H-11/H-22/H-23/H-24.
H-20/H-21/H-22. H-30/H-31 #Hi3%, #t—Fe T1HhEaw
2 FPPE S5 R (B 3). "H NMR Bl B tb 54 2 /b XU
H8/H9 B &H 0N 11.1 Hz, FHZIEN Z FH(FE
D). A 1 A EY 2 FIEDE RETE, e T
&2 th C-23/C-24 SR 54 E1 —5, NE
FZ03 NOESY {55 %R H-11/H-19/Ha-13 F1 H-17/
H-19 #H2¢, R EAITE =R R 1K [H—0; H-12/Me-29/
H-18 1 Hb-13/Me-31 #H2%, R EANIE =IMERN 7 —
. AR R IRE R C-2-H-2-C-3-H-3 —_Jfifi'5 H2/H3

31 o 3-Hydroxycombamide | (2)

B N % $
_ ‘ N\ HO ﬁ/\’
5 Oty — TH.'H CcOsY

/™ HMBC

BEFEHAI AL, H2 N5 g, RH S H-3 [H0),
HH2 8 L-BE 8 o BAERE, #E T C-3 Mrigxt
AR S, fJa, FETEY 2 AR N 5571
PR¥F—3%, B 7 AR ECA 28, 3S, 11R, 128, 148,
168, 178, 188, 198, 22R, 4 N 3-hydroxycombamide I.

KA PEACENE T &) 2 X 522 [CPH M40 5
(&I O E A ERE Staphylococcus aureus ATCC 25923 Al
HEY5 73 KM B Mycobacterium smegmatis MC? 155) .24
B VE A B (R FE W 11 Salmonella  typhimurium
UK-1 %8956 FIKIAATHE E. coli DHSa). BERFE(A B
¥R Candida albican SC5314)RIZLIREL B GL T 62
Valsa ambiens) NG YE, 4550 BR6EH) 2 75 20 pg
B TCAN B i MG Bh A RE, B S2A). BhAh, Wl T A
W2 5 BRAGFEVD T T TR 53k 2R G5 353 14 2R 1 43 We R
W, EREREY) 2 E 100 umol/L H FE A%
(K S2B). RAIMEMEMTT)EN & T E 2 ATE
#ijE HeLa 4. A\ 257 HCT116 A1 SW480 2 A fry i1
W, R BN A 2 T R AN (R 2).

BT PoTeM RALEIEYI G PRSI, DT
3-hydroxycombamide 1 (2)F] e IAEM & &R, B E
i/ AERZ PR RE & B ComA AL Z IR RT RS B, EiE
JR B ComC fEALAMI LTI TE K, E AL JE B CobmB
I L ICHATE L, SMLEE OX4 AL S TCHR L, 4
6K P450 B TkaD fi:fk C-14 F1 C-16 frf ¥4k, BT
A FE Pk SR111-chbm-OX4-ikaD {72 A4 01, L ER
ML &4 2 1) C-3 SR FTREf 15 £ S001 H &
12 S AL B AL T U0 AR 45 4R PoTeMs 1)
C-3 PRI ] i R AEAE 2 IR REMIE I 2 )5 .

2 i

ME A F R S001-chbm-OX4-ikaD 11 YMG E i FAR
KRB EEE T 1| ANH PoTeM KA
3-hydroxycombamide 1 (2), & T Al BeAEY A &
2. o, 15 T S001 H 2 R FR A4 B HE U 11 10 e 5
RIEFEY) combamide 1 (1)) C-3 I B K
3-hydroxycombamide 1 (2). It4h, & THEY) 2 BT

B3 At 2 LR RIGEE 'H-"TH COSY. HMBC #1 NOESY XA 5
Figure 3 Chemical structure and key 'H-"H COSY, HMBC and NOESY correlations of 2
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BH=E 5 B R
F1 A2 'HNMR # 13C NMR £4E(600/150 MHz, J in Hz)
Table 1 'HNMR and '3C NMR data for compound 2 (600/150 MHz, J in Hz)

Position 'HNMR 3BC NMR Position 'HNMR BCNMR
1 193.0s 17 1.41~1.36 (m) 48.9d
2 3.69 (brs) 67.4d 18 1.60 (t, J=9.0) 66.8d
3 3.79 (d, J=6.6) 70.4d 19 1.06~0.96 (m) 53.3d
A 1.45~1.39 (m) 311t 2 1.90~1.85 (m) 30.1t

1.17~1.12 (m) 1.21~1.17 (m)
3.30~3.24 (m) 1.66~1.60 (m)
> 2.62~2.52 (m) 36.2 21 1.31~1.21 (m) 3.2
6 7.93 (t, J=5.0) 2 1.96~1.89 (m) 45.2d
7 165.4s 23 6.40~6.35 (m) 146.5d
8 5.76 (br d, J=10.7) 124.2d 24 7.15~7.02 (m) 126.0d
9 5.96 (td, J=11.1, 2.3) 138.7d 25
3.49~3.41 (m)
1 28.4 2
0 1.88~1.80 (m) 4t 6
11 1.24~1.18 (m) 43.8d 27 176.0s
12 1.93~1.85 (m) 46.6d 28
1.86~1.76 (m) -
13 124111 () 44.6t 29 0.92 (d, J=6.7) 13.5q
1.51~1.44 (m)
14 87.2s 30 127118 () 29.7t
1.82~1.76 (m)
1 . 1 .84 =72 .
5 1S3 (dJ=13.6) 50.3t 3 0.84 (t,J=7.2) 9.0q
16 85.9s

K2 ALEY 2 WA EE(Cso, pmol*L )
Table 2 Cytotoxic activity of compound 2 (ICso, pumol*L1)

Compound HeLa HCT116 SW480
2 >20 >20 >20
ZFRIE 0.83+0.19  0.85+0.27 1.054+0.13

P AN R AP T TR IR 3 R G 1, 4528
B EY) 2 AL LRI T R

3 IEES
3.1 NS5 F

Bt 3R Bruker DRX-600; J# i#%{X A Bruker
LTQ-Orbitrap XL; RIULAMEIE{H Thermo Scientific
] NICOLET iN10; & 20 #8 3 R 4t (HPLC) N
Thermo Scientific ft) DIONEX UltiMate 3000; HJ& %A
% Buchi C-615; Jig%% 25 K XA Buchi R-100; %
MEER H B RP18 W KX I Merck 24 Al % 3 Kl
Sephadex LH-20 43X H GE Healthcare /A &]; %R
AT AliER R 4l
3.2 ZWHE
32,1 THEEHKOME

SACLER cbmd FERE) fosmid XIV-12H. &H
cbmB Fl cbmC FEKI ] Streptomyces sp. S10 FE[K 2 DNA
& OX4 FER P~ BEAF I C3 2: K20 DNA JABR,

2
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i PCR # B FIBE VIR BIRL pUC-cbmA, pUC-
cbmB, pUC-cbmC 1 pUC-OX4. Jiiti pMV-ikaD NN\ T.
4. 83T BioBrick H#&Y cbmA. cbmB. cbmC. OX4
M ikaD FePR Fr BUIAT B9, ARG IR RIS
$i pSET5035-chm-OX4-ikaD(i AT KL, B S1A), Bk
e g ot AR D0 T A B 7 S0, g e YR R TR HL R AL R
S17-1 Bz dfarh, 24UAR S17-1 Kok 73l 5472
B AKE Streptomyces sp. SR111 1 Streptomyces sp.
S001 1, 44 PCR KF 3k EAL M SR111-chm-
OX4-ikaD F1 S001-cbm-OX4-ikaD(iHBI#TEL, E S1B).
322 HHABERBAILES 2 695 % kL

K YMG 3 fla R FR (R RHE ) 4 g/, 4R
) 10 g/L, & 4 g/L, Bl 15 g/L, pH 7.4)% Btk
S001-chbm-OX4-ikaD #4777 20 L #KEEF£(30 C, 11 d).
R T B R [ B A ) A/ B, SRR R 2. g H
BE-yKZBR(V Vi V=80 : 15 : 5)= iR RIFHIIREL 3
W, B Z YR PR R4 22 300 mL; SRS 2
BR OB REEN 3 WK, & FF QR OFRMBERFE R T. 4R
CEERREPNG AT MBI - V=1 5% 2 K, &
S F B AE B R 45 22 1. R R AE A B 40 700 SR B e £
W ZHT(Sephadex LH-20, 100 g, HEEVEL) 7 2545 5
Hor 1 By 12 R ZEHT(RP-18, 40 g, ARF50%
N 30%, 35%, 38%I1 LG & Bl 200 mL, A HCH
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40% 1) ZHEBEML 240 mL) 7 B 2407 Ta. 4o Ta 23
#14 HPLC (Agilent ZORBAX SB-C18, 150 mmX9.4
mm, 5 pm, ERSEN 37%M ZE-7K, 4 mL/min, UV
320 nm) il &3 AY) 2 (5.6 mg, tr=5.92 min).
323 HEERN L

K B A v E R B o s 7AW 2 bt
YT T /T RE RN DU 220 B TG . KT AL S 1) & P (R
BRI Staphylococcus aureus ATCC25923 . ik 35 73 B A B
Mycobacterium smegmatis MC? 155. RAGFEW ]
Salmonella typhimurium UK-1 38956 KJGHF1# E. coli
DH5a M2k E Candida albican SC5314 43754
FHE LB WARE IR, 37 CREHEFF220 r/min)E
ODeoo 2928 0.5. 1= A4 B R B 18 320 501l 5 v A 458 [ 117
LB 1 YPD E5 I 15 7% 0 5 1 e b A B B 48 7 1 ~F
B FA G BT IS (Valsa ambiens) W 22 (1 55 Jig /N B
(EA2RZ) 5 mm)E T PDA Bl P O il B 220K 3 14 48
INHPAR. T IEAR T (A 2 9 20 ng/BEAR )Y, H
15 mm)¥) SN T iR R T, 4 A AN B Rl
37 CHIEREFE 12 h, ZARFE TR 30 CHERKF1E
2 d, WEHMBE B EAR. PUANTE IS M o BA P RO R
WERG pg/IEAUR), PURERERIBT L2 MR 3 735 2R I 2 1)
FOPEXT NP TE R 5 B (10 pg/UE4R ), BHMEX IR Ky
DMSO.
324 fmAndE S

KH MTT iZ:005E 74669 2 %5 3 AR s 4N =
FiyE HeLa il AN253% HCT116 Al SW480 41 i)
FOHE PEOT. BAVE X BN DMSO, BH I Sy % 2t
AL F—IREFESE 3 APAT, B EEFR(570 nm)fE
I OD (optical density)ft, )/ Prism 5.0 44115 1Cso
{H.
32,5 WEAGEDTTEIA 9k & SN2

ISR RS SRR O A E T A 2 X R
i FEYD T T UK-1 x8956 T Z3ih 28 ¢ (s 3 81,
PSS B R FE I T TR G TR R AR 1 1 10 43
Wi LB AR =5, R I\ 29K B 100 mmol/L (1)
&Y 2,37 CREHREFR(220 t/min) 7 h; 555 R
4 CELJEH EET00 )5 =& 4R (150 pL)ik
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1R UK EACE 30 min, 4 CEOUERANEADE; BT
FYTIE L T AR (400 pL)iR A1 7E 3 5 0K _F i E 10 min,
4 “CEJ5 SDS-PAGE HLJKA il & HPTUE. BIPEXT N
ZEARF DMSO, FHM:XTHE N Csn-B (100 mmol/L).

HBh#1 B (Supporting Information) 5 21 B £k f A4
NEE, WA 2 BIPURE AP R AL TEVD T TR T 7 R
GUEENE SR, (EY 2 B —4E R — gERZ R LIRS
LA . X e hRE T DL G 2l A AR T 9 355 (http://sioc-
journal.cn/) = F #k.
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