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BAEMERNS C-4 BRBMAFRIF RIS WS T
BEAe RRFAL  FBHO BLWr EHAe

(CILPHZ R R 22 ST AN SRS E S ESLKE L 110016)
G ERMERE LA VAL AT B 200032)

WE IR R A SF2575 AEYIA I, 4-keto-anhydrotetracycline (4-keto-ATC, 2)H C-4 [F#3EJ: i SsfF 18R
HNFEFEAG B(R)-4-hydroxyl-ATC (7), 7 Lo — RFIEMAT IS IR A 1. ATt sirh, RBERR gh S T —
FRIVFTI U R GV, T BAE AGjhOS::2R FAEMRFIRRN T ZAE R4S 7 FAUA C-4 MALH S #TYI1L
GV, PSR 2R TihD2 5 SsfF [, BATA fe A 8B Dhfe. i Exh SF2575 A& Bih 4l C-4
Fi 5638 SR G (M 5L R ssfF B AghD2 FRASRRT, B3N T HASHT TR R BEH) 15 A 16. X MEEMIT C-4 # R
TR, HAWEY 15 & 16 MTm. A EEM G BRI AU IR T A FT I =204, [FEHiEsE T
4ihD2 [ TRE. HIR SsfF Al TjhD2 74K N RIS LR AL Th e, (HHAS =M B 204 i . 31X — 45 5 mT AR A B PUER
FRAA Y s, R — DR 3 A S R R 7 A Ml TR R AL 258 T A,

K| HEEMERG ARG T BRI EY, TR ER; 71

Combinatorial Biosynthesis Mediates the Discovery of Novel
Tetracyclines with Isomerized C-4 Hydroxyl

*,a,b

Li, Shijie” Nie, Qiuyue” Ji, Zhenyu” Hua, Huiming™* Tang, Gongli
(“ Key Laboratory of Structure-Based Drug Design & Discovery, Ministry of Education,
Shenyang Pharmaceutical University, Shenyang 110016)
(b Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, Shanghai 200032)

Abstract During the biosynthesis of SF2575, a tetracycline antibiotic, the ketone of C-4 in 4-keto-anhydrotetracycline
(4-keto-ATC, 2) is reduced by SsfF to form (R)-4-hydroxyl-ATC (7) which can be further transformed to the final product.
According to the previous study, gene cluster A mediates the production of a series of new tetracyclines. Three new com-
pounds in AghO5.: 2R mutant which are structurally similar with 4-keto-ATC but with (S)-C-4 were obtained. TjhD2 with high
similarity with SsfF revealed by bioinformatic analysis indicates that these two enzymes may exhibit the similar enzymatic
function. Two new tetracyclines via complementation of ssfF" encoding C-4 ketone reductase into A#j2D2 mutant were suc-
cessfully obtained. C-4 of these two compounds is all isomerized and 15 is the aglycone of 16. The combinatorial biosynthesis
strategy not only successfully discovers two new natural products, but also verifies the function of TjhD2. Moreover, although
TjhD2 and SsfF possess the similar catalytic function, they mediate the production of compounds with different configuration.
These results may be applied in modification of tetracyclines and lay the foundation for further exploring the specific mecha-
nism of stereoselective reduction of ketoreductases.

Keywords combinatorial biosynthesis; biosynthesis; type II polyketides; tetracycline; isomerization

VU FERNA YR —REEN 0 B REZE R (1) 11 AL R ER A BT B 1) 05 & SR TR 6-methylprete-
¥). LA tetracycline (4), oxytetracycline (5), chlortetracy- tramid (1), 1 &34 — RIEMJFE1F 2[R 44 4-keto-
cline (6)%5 NARRMINUMA REPERTEIRIK O H anhydrotetracycline (4-keto-ATC, 2). 2 7] PLZE i #4 5 e b.
i 60 4. DU R RS M Z S A& JER 4-amino-ATC (3), 7] DA E 42 4L EH %S IE IR 1 SsfF
B E R AE R PIA OCR. EAE A — AN B JFE R 4-hydroxyl-ATC (7) (Scheme 1A)B). 3 Z it A [H]
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B R 5 AT LA 2] — RV DU R K F R 4~6.
M 7 0 LA A AR (A 3 B S D BRI i SF2575 (8).
SF2575 & — MMECARFARR UM R P IA R, HC4HBRE
FEEURIMAS R ZIEE, HoA R WA fEZ R s, &
SIS 1 & 55 % 8 SP-371 (Streptomyces. aureus
suzhoueusis SP-371) L% 4h, 3 HFH 17— R5IHE
S DU PR ZR A A P, AR I R g o S 485 R I
AGhO5::2R FERRAT U= 3 NI R 2R E
12~14, ENIMEREGWYE 7 K0, H C4 WiLE
SF2575 i C-4 M8 AH R )(Scheme 1B). A#{5 5%
SR M TjhD2 5 SsfF [F]J& T A iid 5 f X e H A &
B ARAE, BT DAFRATIA R IX BT T LIS 5 C-4
PR E AR PP ST AR R B AN R FRATT 38 i S I [ I A
ssfF B AthD2 AR, BRI 3] T ASH R IR R 2R
A5 F1 16, ZREETE B EA11) C-4 MBIRE:, &
M TSR E T 16 S 15 FUBEE. 0T FRORGE T
HEHEWE A RS D E T PR R, Wik — RSk
TR L R FE R Th R

1 GRS
1.1 B RTHROBES 5B

WRYEZ RIHIBETL, 4hD2 RiFRFRAR(AGRD2: :2R)TE
EPEAE TR R R A Y), XA R B TESEE A E Ak 10
AFaRE. WG B3R TjhD2 5 SstF A 49%M11/7
FIFAALE. B HEN TihD2 5 SsfF DhREARL, #ErT Lokt
C-4 A HIHRIEIE JFONFRRE, (HFP= PR BUAH S (B 1A).

TERAKE AGhD2 LAY b (A h 7 1E 18 42 5 K A0
ssfF, HH58E 81T kasO Al ermE"RIG NN ssfF (M35 &,
Iy AR E] T AN RASKE AGhD2::2R-ssfF-k 1 AtjhD2.::
2R-ssfF-e(F 1B). 1 F RN RARKIAT NE R T, HH
LC-MS X R EEF=pdkaT 7Hedll. 455588 5 AyhD2::
2R HFHEL, PR RN G AR AR AT DL AR A 2T ) )
4 384 Fl 542 L&, JLrh AghD2::2R-ssfF-e 7
(B 10).
12 REKFFHUEINIEREE
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Scheme 1 (A) Post-modified pathways of tetracyclines, and (B) proposed biosynthetic pathway of compounds produced by AtjAO5::2R

3298 http://sioc-journal.cn/

© 2021 Chinese Chemical Society & SIOC, CAS

Chin. J. Org. Chem. 2021, 41, 3297~3302



Chinese Journal of Organic Chemistry

9 x MCoA

10

tihB2 tjhO3 tjhD2 tihR2 thD3
e )

AtjhD2::2R

Fermentatio/

16 15

A t;;wj\%_f\.u) U L__J

|
o
P fVNJ“L—/\J%M) WA f;k A

0
H

1 x ACoA : OH
+ — .

OH OH OOHO 0]

OH
OO“

OH OHO

\ OH
OO“
OH oH 0°

AtjhD2::2R-ssfF-e/k
tihB2 tjhO3 tihD2 tihR2 tihD3

PKasO
PermE*

2R

ssfF

AljhD2::2R

\
} AtjhD2::2R-ssfF-e

AtjhD2::2R-ssfF-k

0 7 14

t/min

T
21 28 35

B 1 (AENR 15 FAEYE RIRRE, (B)RARRIIFE, LLE(C) AtihD2::2R, AtihD2::2R-ssfF-e 1 AtihD2::2R-ssfF-k & YD

HPLC &

Figure 1 (A) Proposed biosynthetic pathway of 15, (B) construction of the mutant strain, and (C) HPLC analysis of fermentation crude

extracts of AtjhD2::2R, AtjhD2::2R-ssfF-e and AtjhD2::2R-ssfF-k

KRR CBR CBEZEAN, AR 519 B AR I K WA 32
), Hilid ODS FFHEEAT C18 & Rk Th3k B &
Y1 15 (7 mg, tr=17.5 min)F 16 (5 mg, tx=17.0 min).

&Y 15 AmE kAR, RIS ERIE 221, 275
1420 nm AR, 56 VU B GV EIMFHE. &
53 HF 5 HE (HR-ESIMS) & 7R 73 F XA CaoHiO0s (m/z
383.0770 [M—H]").

'H NMR (600 MHz, CDCly)&.7x, A VU475 2 i
FA55 ou 7.50 (t, J=8.0 Hz, 1H, H-8), 7.12 (d, J=8.0
Hz, 1H, H-7), 7.00 (s, 1H, H-6)f1 6.87 (d, /=8.0 Hz, 1H,
H-9); Pi MR EESES ou 4.94 (s, 1H, H-4)F13.16 (dt,

J=13.3,4.9 Hz, 1H, H-4a), — M HEA(E 5 o4 3.39 (dd,
J=17.3, 4.9 Hz, 1H, H-5)H1 2.58~2.63 (m, 1H, H-5). 3C
NMR (150 MHz, CDCL)H a5 17 MRiE S, — ANkt
A5 5 6c 201.0, T+ EIE F(dc 165.7, 158.2, 140.1,
134.0, 134.0, 119.0, 118.7, 112.7, 111.9, 108.7), PiZEH
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{55 (0c 110.0, 78.2), MM EBRIE T (5c 70.4, 43.0),
—AHEBRE S (0 26.7), —MNMEHEBRIES (5 26.2).
'H-'H COSY i1, o 3.16 (H-4a) 5 ou 4.94 (H-4)#1 3.39
(H-5)#1%; ou 7.50 (H-8)5 oy 7.12 (H-7)F1 6.87 (H-9)AH
J%. HMBC i+, oy 3.16 (H-4a)5 dc 134.0 (C-5a), 78.2
(C-12a), 70.4 (C-4)F1 26.2 (C-5)kH3%; du 3.39 (H-5)5 dc
134.0 (C-5a), 119.0 (C-6), 108.7 (C-11a), 78.2 (C-12a)#
43.0 (C-4a)tH>%; oy 7.00 (H-6)5 dc 140.1(C-6a), 118.7
(C-7), 112.7 (C-10a), 108.7 (C-11a)F1 26.2 (C-5)AH3; du
7.12 (H-7)5 6¢ 165.7 (C-11), 158.2 (C-10), 140.1 (C-6a),
119.0 (C-6)F1 112.7 (C-10a); oy 7.50 (H-8)5 d¢ 158.2
(C-10)F1 140.1 (C-6a)tH>K; on 6.87 (H-9)5 ¢ 158.2
(C-10), 118.7 (C-7)F1 112.7 (C-10a)kH%; on 2.62 (H-14)
5 6c 201.0 (C-13)F1110.0 (C-2)4H3%, T L EXIEH
SE T LAY 15 1) ABC H8544 J D 381 C-2 B,
HE 13 ¢4 H[F.

http://sioc-journal.cn/ 3299
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i HE HR-ESIMS 4552, 15 /) 1°C NMR b =N
{&%5; [Fif, H-4 5 H-4a 7 '"H-'H COSY #H%, {HARHE
WAy, IXPIRE A D MR A -4 BAR, i C-4 itk
SRR E R BL N B RRE S, FRATH
=5 CB(TFA)CEAL W 15, FHAERR 2 TFA Ja 4k 52
CDCls X} 15 BHATAZ G AT, SRR, B iefs S a2 0L
K, H-4 R0, (ARREHE Bt &9 15 Regiik
B —E Y, 2Ll isomer 1 isomer 2 PP 3%
Ll 6 @ 4 FaEAAAE, B RAL SARS 22 0] 22
EHFTED IR, 1E 15-isomer 1 1, §;4.86 (d, J=4.7 Hz, 1H,
H-4)5 dc 194.6 (C-3), 43.2 (C-4a), 26.1 (C-5)AH3%; du
3.14-3.20 (H-4a)5 oc 189.4 (C-1), 134.0 (C-5a), 77.8
(C-12a), 43.2 (C-4a)F1 26.1 (C-5)AH%. 7E 15-isomer 2 H,
0u 5.04 (d, J=5.2 Hz, 1H, H-4)5 oc 200.1 (C-3), 43.2
(C-4a), 262 (C-5)#H X, on 3.14-320 (H4a) 5 oc
199.2(C-12), 194.4 (C-1), 77.8 (C-12a)126.2 (C-5)F#
K. givmEIELEYE, IATAE THEY) 15-isomer 1

15-isomer 2 WE[E SMBE TSGR 1), HHE THEY
15 PN AR 4574 (Scheme 2).

WA 13 H, C-4 8 ST, Jya=11.1 HZY, Tf]
15 IS S i H-4 BIARG 0 #5057 R 4.7 F15.2 He,
5111 Hz ZBK, Bk &9 15 1) C-4 MR Y
By R KT,

A& 16 AR, LIMGERIALE 221, 272
Al 425 nm FEERIL, SR T 5 15 BB ESMFAE.
HR-ESIMS 7570 34 CasHaoO11 (m/z 541.1717 [M—
H] ). th&W 16 151 0.5% H R I F A R KR Z)
1.5 h Ja, KM= PRIOR A, ek B i HoE
515 25 MERIE 2). thAh, 16 B 20 ke Fr g
R R S A S 13 AHEL BT ELAC 16 2
15 SHEEAER =Y, HEMER S 13 FIREEEHA.

2 g
T ] RAERR AtihD2 T IR IR B SF2575 &)

R 115 KRR WS $R (600/150 MHz, CDCl3)
Table 1 NMR spectroscopic data of 15 (600/150 MHz, CDCl3)

Position Isomer 1 Isomer 2
C OH oc OH
1 189.4 194.4
2 109.9 110.0
3 194.6 200.1
4 71.2 4.86 (d, /=4.7 Hz, 1H) 69.0 5.04 (d, /=5.2 Hz, 1H)

4a 432 3.14~3.20 (m, 1H) 42.7 3.14~3.20 (m, 1H)

5 26.1 3.36 (dd, J=17.0, 4.9 Hz); 2.58~2.63 (m, 1H) 26.2 3.42 (dd, J=17.0, 4.5 Hz); 2.73~2.77 (m, 1H)
Sa 133.8 133.8

6 119.1 7.00 (s, 1H) 119.1  7.00 (s, 1H)

6a 140.1 140.0

7 118.8 7.12 (d, J=8.0 Hz, 1H) 118.7 7.12(d,J=8.0 Hz, 1H)

8 134.2 7.51 (t, J=8.0 Hz, 1H) 1342  7.51(t,J=8.0 Hz, 1H)

9 112.0 6.87 (d, J=8.0 Hz, 1H) 111.8  6.87 (d,J=8.0 Hz, 1H)

10 158.2 158.1
10a 112.6 112.7

11 165.8 165.3

I1la  108.6 108.7

12 197.3 199.2

12 77.8 77.8

13 201.3 200.7

14  26.7 2.68 (s, 3H) 26.3 2.56 (s, 3H)

. /E\OH
— 'H-"HcosyY 8 T
) : 2@14 A
~~ ™ HMBC 1l 5 OH
OH OH O O O OH OH O OH O OH OH O O O
15-isomer 1 15-isomer 2 15
B2 LAY 15 K HMBC fl 'H-'H COSY AHE
Scheme 2 Selective key HMBC and 'H-"H COSY correlations of compound 15
3300 http://sioc-journal.cn/ © 2021 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2021, 41, 3297~3302
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A) OH y OH
H X oH N L_oH
CUL T eoon X110
Z z
o) OH
0 0 o

OH OH O OH OH O o
OH 15
()

OH 16 1? 1:5

8) (l |
J‘ 16 standard
‘ Acid hydrolysis
i 1.5h of 16

e ﬁ_J;LJ‘pL,—,_g
J\ 15 standard

0 7 14 21 28 35

t/min

B2 (A) 16 KN 15 T RE, LK (B) 16 TERRPE A T A2
J% 15 ff] HPLC ]

Figure 2 (A) Equation of hydrolysis reaction from 16 to 15, and
(B) HPLC analysis of transformation from 16 to 15 in acid condi-
tion.

BRIER R LR ssfF IS 3] T AN H IR &R R
&5 f1e. Kb &15 2 &9 16 IH T, B
1T C-4 #RA R AR, Bk Ab, (T 5 1 R J 54 5
filf TjhD2 FIThAE. SsF Al TjhD2 B AR BEWS (i 4k AH [F] ) i
BB JF s B, AR EA MENAR BRI = B A =, X
LRI RN BR 2 ML T TSR AL T AR A

3 XS
3.1 XS

PCR #3481 Eppendorf Mastercycler, %t/ 1% &5t
BioRad Syngene, JH 1% Thermo Scientific LCQ Fleet
Ion Trap, /&R0 1% (% Dionex Ultimate 3000, 554>
R EAL Agilent Technologies 6230 TOF LC/MS, 1%
HEHRAX Bruker AVANCE DRX-600, 47 ilit: Grace
AlltimaTM, 5 pmol/L, C18 column, 4.6 mm X250 mm,
et 4% YMC-Pack ODS-AQ, 5 pum, C18 column, 10
mmX250 mm. AEAFEEH New England Biolab.
Thermo F1 Takara A &), KA EAT DNA M7 B 750N 4
Ui /NI et 5 N S W A e e il I = I w3 SR i SR R SR /N
Al H R BRI R AR A R, 3 FA R
H Sigma-Aldrich A& TCI 2, mARIKAIE E
Cambridge Isotope Laboratories. $5 %% i S. aureus su-

zhoueusis SP-371 HHHEZRBE T K2~ KPR B2 B #3212 4L
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3.2 [EHRTHRAIEE

PLor A& kasO F ermE"JA 8111 pSET152 AFAK,
BEANEIER ssfF AT ER IR S Bl 1 (X0 DLIE 45 25 [
4h2R 5B T4-DNA EHRGIT = BUER:, E3)EH
FR I JORE 5 5 B PR 1) P TG Ndel R Bewl HHAT V)
IONE, HFRZAT 1 kb 4G, SRJGKE 56 UE B I 1 5 21 5ok
TN E.coli S17-1, H5 HWRAEWE AjhD2 BATH:A 1
F, I PR O 0 15 3 [E R RAS K.
3.3 TR AE

B AT T8 2 mL A4 BEERIE KSR
(Tryptone soybean broth, TSB)}% 7% 3 (135 [ & 50
ng/mL BT IA 7 5 R (Am)AI 50 pg/mL ZEME & R (NA)], IF
£ 30 ‘CAHI220 r/min 2644 F 5578 3~4 d, ZEEREIKH
WK E RSO, NERER, BEEEREN 2 mL 24
FRY B R 3IN S 50 mL SP-371 K EE; R 250 mL H%
R, KE R MAE FHL 1 mL 2 470 10 B R i 3
34 100 mL TSB }5FREEM 500 mL FEIEH #2F 11,
30 C, 220 r/min ¥53% 1 d /oh, Ef T EIRES M,
T4 5% LB R Tl B R R 7Rk h, Bi9% 5~6
d. REERE O, o BERH O CBRAER =K, &7
LR R)E, T
34 AR, TEREE

R FEE PRI A AE il R R, B LC-MS 34T
I3 Hr. FEFF (35 min): r=0 min, 24% B; t=24 min, 60%
B; t=28 min, 80% B; t=30 min, 95% B; t=33 min, 95%
B; t=35 min, 24% B, HPLC Jiii# A 1 mL/min. 7 A 4
N 0.1% HCOOH ] H,0, B M1 4% 0.1% HCOOH [f]
CH;CN, AfFH 254 F1272 nm AE KA. 0] 45 7 55
At HoO(% 0.1% HCOOH) A CH5CN 1E A2l 4% 1) A
A1 B #H, F&FN(35 min): =0 min, 35% B; t=25 min,
60% B; t=27 min, 90% B; t=30 min, 90% B; =33 min,
35% B; t=35 min, 35% B, %A 2.5 mL/min.

B B EARE TOR S MR B I R R E S, aureus
suzhoueusis SP-371 T ¥k.

#HBh#1 B (Supporting Information) X &4 145 4M K
i, HR-ESIMS AT NMR I, 3% Sp el n] DL G 37 A
AT W 3 (http://sioc-journal.cn/) I T %K.
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