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In vitro biochemical characterization of ikarugamycin oxidase CftA
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Abstract: [Background] Polycyclic tetramate macrolactams (PoTeMs), especially ikarugamycin and its
analogs, display a wide range of antifungal, antibacterial, and cytotoxic activities. The cytochrome P450
CftA was shown to be an ikarugamycin oxidase according to the in vivo experiments, however, no in vitro
evidence was available. [Objective] To study the biochemical function of ikarugamycin oxidase CftA.
[Methods] CftA was purified by Ni-NTA affinity chromatography after the overexpression of synthetic
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gene cftA in Escherichia coli BL21(DE3), and was biochemically characterized by in vitro enzyme
reaction and identification of reaction products through HPLC-HR-ESI-MS/MS. [Results] A new
ikarugamycin derivative named hydroxyikarugamycin D and a known ikarugamycin derivative,
clifednamide A, were observed after incubating CftA and ikarugamycin. [Conclusion] The in vitro
evidence was provided to support that tandem oxidations on ikarugamycin was carried out by CftA at C29.
This result paved the way for further researches to study the mechanism of ikarugamcin oxidases and the
utilization to develop novel ikarugamycin type of PoTeMs.
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(Y Bruker maXis.
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¥ T4 kL pET28a:cftA 5 A K W AT B
BL21(DE3)&Z 2, 37 °C Bigiidk, PRBCAR
KR 10 mL &4 50 pg/mL RAFE XY LB i)
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HRE & T2 A (Tris-HCI 50 mmol/L, NaCl
300 mmol/L, Bkmk 25 mmol/L, Hih 10%, pH
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it K2 W 4K 25 (100 pL): Tris-HCI 50 mmol/L
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B-1817 HA A /= Bihy R R A fLfii A4 Clifednamide
A a1, SEEE NCBI B FE (nttps://www.
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Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



2392 (G ESTE Microbiol. China

AALEEIER oftA. JE[H cftA KEEOM 1 191 bp, 44 JE T4l E P450 K. WG CRA 5
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IkaD 1 CmbD —E(HARTE 40%LL |, #2278 CtA  Cys345 (&l 1B).
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Figure 1 Multiple alignment of amino acid sequences of CftA and other cytochrome P450s

. A: HHE Streptomyces purpeofuscus strain NRRL B-1817 HHBFMSE: A= W) 5 ML SE R 7R B B DL J =¥ Clifednamide A; B: CftA
HHABAEEZR P450 BT LA 08T, BEAFFEUMMARMRTEREE, ZATRRIIRIREE, i CHA s MR M
B SE His91, Arg95. Arg287. His343 Fl Cys345

Note: A: Organization of the ikarugamycin biosynthetic gene cluster in Streptomyces purpeofuscus strain NRRL B-1817 and the product

clifednamide A; B: Sequences comparison between CftA and other cytochrome P450, letters on black background represent identical
residues, and residues, including His91, Arg95, Arg287, His343 and Cys345, related to heme bindingare noted by red triangle

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



EEIEE: TSR R A ALEF CRA RN YGRS 2393
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NADPH. Fdx fl FdR [RIBSA7EAE T AR R P it WEREIMLA Y 2 R 31040 B F IR A5 0 F 55 1
WF, His-CftA A UG RHKH I MBS EE £ ()% 1&(& 2C. 2D), #Bm4H ©A i e s suamiz) ik
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kD M 1 o Ik in(1) E T (@) i
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100— - 2 200 S At O, S0 iy
= 3
70— - ii jL With CftA, 4 h
55— 1 5
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40— - ol J /k . |
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ol 4952884 [M+H] +MS of product 2
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Figure 2 Purification of His-tag contained CftA and in vitro enzyme assays of CftA

e A FHARPRR HIE T His-CftA SDS-PAGE HIUK /T, A HE/REEFIR/NZIl 46 KD, B: His-CFtA (RSN 43
BT, BN SAR 30 °C, SUMRZSMRIH: i: AXTHR, Tris-HCI 50 mmol/L (pH 8.0), BEMY%5Z 60 umol/L, NADPH 1 mmol/L,
FdR 5 umol/L, Fdx 5 umol/L, FZW 4 h; ii: 32864, Tris-HCI 50 mmol/L (pH 8.0), BEAS%EZ 60 umol/L, NADPH 1 mmol/L, FdR
5 umol/L, Fdx 5 umol/L, FdR 5 umol/L, CftA 5 umol/L, JZ v 30 min; iii: SZ5:4H , Tris-HCI 50 mmol/L (pH 8.0), BI & % 60 umol/L,
NADPH 1 mmol/L, FdR 5 umol/L, Fdx 5 umol/L, FdR 5 pmol/L, CftA5 umol/L, FZJ¥ 4 h; iv: Epoxyikarugamycin FrifE il X} Be
C: /™M 2 W s PG I T4, 2 F B F [M+H] BTai LE 2 495.288 4, 43 T2 CaoHaoNoOs HYTTEEME Y 495.285 3, D: 7~
Y1 3 MR A PG B T, 73 T B F[M+H] Bfr bRy 493.2719, 4372 CooHarN20s Y11 EL(E 2y 493.269 7

Note: A: The SDS-PAGE analysis of His-tag contained CftA showed it’s molecular weight is around 46 kD. B: Enzyme reaction systems
were incubated at 30 °C. i: Negative control, ikarugamycin 60 umol/L, NADPH 1 mmol/L, FdR 5 pmol/L and Fdx 5 umol/L were dissolved
in Tris-HCI buffer (50 mmol/L, pH 8.0), 4 h; ii: Karugamycin 60 pmol/L, NADPH 1 mmol/L, FdR 5 umol/L, Fdx 5 umol/L and CftA
5 umol/L were dissolved in Tris-HCI buffer (50 mmol/L, pH 8.0), 30 min; iii: Karugamycin 60 umol/L, NADPH 1 mmol/L, FdR 5 pmol/L, Fdx
5 umol/L and CftA 5 umol/L were dissolved in Tris-HCI buffer (50 mmol/L, pH 8.0), 4 h; iv: Stranded epoxyikarugamycin. C: The molecular

formula of 2 was determined by HRMS (ESI-TOF): m/z [M+H]" calcd for CyH39N,Os 495.285 3, found 495.288 4. D: The molecular
formula of 3 was determined by HRMS (ESI-TOF): m/z [M+H]" calcd for CoH37N,0s 493.2697, found 493.271 9
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AW 2 B FJBifar e miz [M+H] ™l 495.288 4,
T3 CagHagN,Os [T 35E A 495.285 35 Kl £
AW 3 BT ocfar e miz [M+H] "k 493.271 9,
53§ 2 CooHyrNoOs ARy 493.269 7, it fk
G 2 TR CHagNOs, fbEW 3 (5T
KM CoeH3N20s-
23 CRAENHBERMEL=MEM DR
h T WRE YIS R , I HPLC-HR-ESI-
MS/IMS X748y 2 Fi=¥) 3 MR B F#AT 1 4
Bro PESCHR[BIHRIE, BEMYEE R ATAEY) Capsimycin
sk C29 i FRAR LI I ATE B4, HE
OYERAERE R B TR e miz BT AE o R
319.169 8 (a). 139.087 1 (b). 277.159 2 (c)#
181.097 7 (d) (&l 3A). =¥ 2 i) MSIMS T S
s, HETREE S Capsimycin A BT b Al
d XN R B - (B far Eb 4351 o 139.086 7 Al
181.099 1)4h, ikfg/ A Fif bk a 1 ¢ 435K 2
(RE Fr 851 321.185 4 1 279.177 6 (&l 3B), *%J&
F|y=H) 2 4> 5 b Capsimycin /b 30, HE AT fE
S 2 NG C29 fiRdtEE AT, Tl
1o 1 O AH €535 43 BT 1) DR B B ) R 43 4 T DL
Y 2 Ao AT HRA(E 2B). BT
B, AR AT AT IR 5T A S A i 38 S5 i By
477.281 7 WYWEF BT 2a LK JSifay b FE H N 28 1
A B 1 2b (449.247 7) (K1 3B, 3C), [HILifEm =
Wy 2 N C29 MIERIEMIE AT® PRAE A B B &K
iAW), fin44 -~ Hydroxyikarugamycin D, #5140
BECATI ) SO R R 3 BT HAS
Capsimycin X i (YR8 BS54k, A 21 52 47 L
Lt a i ¢ 43K 18 MR 25+ 3a (337.179 2) i1 3¢
(295.170 7) (&l 3D. 3E), X5tk Streptomyces
purpeofuscus strain  NRRL B-1817 [ ;= ¥
Clifednamide A (3) EL A IR (A 25 40,
UEHEN =4 3 A EF{L59) Clifednamide A (3).
¥ 2 P I MSIMS 355 L Z B, TR B
AR T R A MER R = ), Clifednamide A

() HERE Fr 85 7 3a (337.179 2)F1 3¢ (295.170 7)
435 ke Hydroxyikarugamycin D (2) #9125+
321.185 4 Fl 279.177 6 K 16, i H /™4 2 AE#L
CftA i — 54 R ) 3, BEhAACIE T 4544 43 5]
1P 3C Fr7n ) Hydroxyikarugamycin D (2)F1& 3E
fit 7By Clifednamide A (3).
24 CftAEMBISEZRMNELIIESHR

RANEALSE RGBT, PA50 AL CRA fiEfk
FEM R R AL RN ERR T kG
Hydroxyikarugamycin D (2) f1 — 4~ & A1k &9
Clifednamide A (3). ¥ P450 “AfLMEAYAEILAL
HI A A A S AE R, HEN CRA B JE e BT
MERMN C29 fiAfbsl AR, LGy
Hydroxyikarugamycin D (2), Ffif5 C29 {54}
CftA i — b it fb B W BR 2, 5 21L&
Clifednamide A (3) (&l 4A). X5 3CHRHRIE Y 1kaD
LIS B R], IkaD 2 AEAEAS [ A AU A
EAL R FRAL ™ (] 4B), T CRA AL
— LT A RO, XMW CRtA B
R AL SR RRME, /R T CftA Y IkaD =z [a] ]
REAETE R A R A 7, ¥ T CA AR
A hifl AP IR RE T
3 Wit

PoTeM RALEWI iz 04 T AR A, ik
HLE5 R Z TR 2SR T 43 5/6/5 7 | 5/5/6 %l
i1 5/5 T4 2 Fh IOl 57 20 ) ZEREE A U T
THRIFMAYWEN, Wlioh TAVLE R PoTeM
KGRI . BEMGEE 22 100 B S E 1
PoTeM 1L&#, J& T 5/6/5 %! PoTeMs™ ., BF5¢ 4
W, Al AL B B R NG 2 R A5
g 56 BRI EETEE 17 4, WM HTREA
1.3%"8 . A TA HLE BRSBTS IR, e
B IBEM R P RN B i, R 3 Ak
ikaA . ikaB Fil ikaC M RI AT 58 B BENS B 2= 1Y
HEe,
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Figure 3 The HPLC-HR-ESI-MS/MS analysis of products of CftA-catalyzed oxidation of ikarugamycin

e A: AW Capsimycin ERAMHIER A B0 B: 8 2 (R A BT C: ) 2 ROLHRAMEIER H B T45H) s D:
) 3 MR AT B Y 3 R AR b i T

Note: A: Fragments of capsimycin as proposed®®; B: Fragmentation analysis of product 2; C: Fragments of product 2 and proposed

structure of product 2, named hydroxyikarugamycin D; D: Fragmentation analysis of product 3; E: Fragments of product 3 and the
structure of clifednamide A (3)
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Figure 4 The conversion of ikarugamycin catalyzed by CftA and IkaD
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Note: A: The proposed conversion of ikarugamycin (1) to hydroxyikarugamycin D (2), and then to clifednamide A (3); B: The reported

IkaD-catalyzed conversion of ikarugamycin (1)
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