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Abstract: Natural products have long been considered as an important source for potential drugs. In history, natural
products and their structural analogs have contributed substantially to the treatment of various diseases, especially

cancers and infectious diseases. After a long history of applications, people have gradually begun to explore active
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ingredients in natural products that truly exert therapeutic effects, and discovered a series of functional compounds,
such as morphine, quinine, ephedrine, efc. Over the past two hundred years, the discovery and research of natural
products has undergone tremendous changes, from traditional identification and isolation methods to multidisciplinary
approaches in the modern genomic era. Strategies for discovering natural products and tools for their prediction have
been developed continuously. Although many novel and active natural products have been mined and discovered in the
past two decades, considering the huge reserve of natural products in nature, a large number of genes or gene clusters
encoding key enzymes for the biosynthesis of natural products have not yet been characterized, and both terrestrial and
marine natural product resources are to be explored. Compared with traditional chemically synthesized molecules,
natural products possess diverse skeletons for structural complexity, which have shown remarkable advantages in the
discovery of new drugs. While there are still many challenges in discovering new drugs from natural products, such as
the effective mining of molecules with new structural features, identification and isolation of functional natural
products with trace abundance, derivatization of natural product analogs for exploring connections between their
structures and activities, and the complete synthesis of complicated active natural products at large scales, efc., the
emergence of novel analytical technologies and mining strategies is expected to substantially renovate natural product
discovery. This review comments on the natural product drugs and semisynthetic drugs derived from natural products
approved by the U.S. Food and Drug Administration within the past decade from January 2014 to October 2023, and
provides an overview on the research progress on the biosynthesis of these natural products and their precursors. In
addition, important progress in the biosynthesis of some drugs approved by FDA before is also briefly summarized. An
in-depth understanding of the biosynthetic pathways and mechanisms underlying their efficacy is expected to provide

valuable insights for the discovery and research of more new drugs in the future.

Natural Product-related Drugs Approved by FDA
(01.2014-10.2023)

Polyketides

Nonribosomal peptides

Tapiranof Cannabidiol L

Keywords: natural products; semisynthetic drugs; drug discovery; biosynthesis
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Table 1 Summary of FDA-approved natural product drugs and semisynthetic drugs
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Natural product drugs:
AR — Ursus thibetanus antiapoptotic steroid 2022 Relyvrio 23]
(taurursodiol)”
tapinarof’ — Photorhabdus luminescens AhR agonist polyketide 2022 Vtama [24]
IE DU Cestetrol)” — humans hormone steroid 2021 Nextstellis [25]
regulation
PN — Cannabis sativa L. analgesic, polyketide 2018 Epidiolex [26]
(cannabidioD)” anticonvulsant
M EK R - humans blood pressure peptide 2017 Giapreza [27]
(angiotensin) 11" regulation
i % (prasterone)” — humans hormone steroid 2016 Intrarosa [28]
regulation
ittt 1 e — Candidatus antitumor non-ribosomal 2015 Yondelis [29]
(trabectedin)” Endoecteinascidia peptide
[frumentensis
JIHZ Ccholic acid)” — animals facilitating fat steroid 2015 Cholbam [30]
absorption
FA AR — animals cytolytic agent steroid 2015 Kybella [30]

(deoxycholic acid)”
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Semisynthetic drugs:
Hi 3L 3519 (rezafungin)® echinocandin Aspergillus delacroxii antifungal non-ribosomal 2023 Rezzayo [31]
peptide
PR PN enfumafungin Hormonema carpetanum antifungal terpene 2021  Brexafemme  [32]
(ibrexafungerp)
KA cyclosporine Beauveria nivea calcineurin non-ribosomal 2021 Lupkynis [33]
(voclosporin) inhibitor peptide
s i progesterone humans topical androgen steroid 2020 Winlevi [34]
(clascoterone) antagonist
F & JE S (artesunate) artemisinin Artemisia annua antimalarial terpene 2020 Artesunate [35]
FLBERE (lactitol) lactose animals osmotic laxative  sugar alcohol 2020 Pizensy [36]
KeiZ: B (lefamulin)® pleuromutilin Clitopilus passeckerianus antibacterial terpene 2019 Xenleta [37]
A7 Fifi o5 pregnanolone humans antidepressant steroid 2019 Zulresso [38]
(brexanolone)
FtRE= rifamycin B Amycolatopsis rifamycinica antibacterial polyketide 2018 Aemcolo [39]
(rifamycin)SV
BN ER tetracyclines Streptomyces antibacterial polyketide 2018 Nuzyra [40]
(omadacycline)
Hhife K2 sisomicin Micromonospora inositola antibacterial aminoglycoside 2018 Zemdri [41]
(plazomicin)
#7527 (Moxidectin) avermectin Streptomyces avermitilis antiparasitic polyketide 2018 Moxidectin [42]
BE0E SN tetracyclines Streptomyces antibacterial polyketide 2018 Xerava [43]
(eravacycline)
% 28 2 (sarecycline) tetracyclines Streptomyces antibacterial polyketide 2018 Seysara [44]
P NISZHIN staurosporine Streptomyces staurosporeus antineoplastic alkaloid 2017 Rydapt [45]
(midostaurin)
LGNS cholic acid animals FXR agonist steroid 2016 Ocaliva [46]
(obeticholic acid)
SR = LIRS uridine animals antidote nucleoside 2015 Xuriden [47]
Curidine triacetate)
Sk Hfu% 4L (ceftolozane)  cephalosporin Acremonium antibacterial beta-lactam 2014 Zerbaxa [48]
BRI J5 & (oritavancin)  chloroeremomycin  Amycolatopsis orientalis antibacterial glycopeptide 2014 Orbactiv [49]
Earlier FDA-approved drugs:
BRI ] A Corlistat)” lipstatin Streptomyces toxytricini lipase inhibitor fatty acid 1999 Xenical [50]
MKFEIAF Cetoposide)”  podophyllotoxin Podophyllum hexandrum antitumor lignan 1983 Vepesid [51]
KAZ1EHH (vinblastine)” — Catharanthus roseus antitumor alkaloid 1965 Velban [52]
KAk (vincristine)” — Catharanthus roseus antitumor alkaloid 1963 Oncovin [52]
KA, (colchicine)” — Gloriosa superba anti-inflammatory alkaloid 1961  Colbenemid  [53]
114k (morphine)” — Papaver somniferum analgesic alkaloid 1941 Morphine [54]
sulfate
Al £ [ (codeine)” — Papaver somniferum analgesic alkaloid 1950 Codeine sulfate  [54]
R B 758 (scopolamine)” — Solanaceae anticholinergic alkaloid 1979 Transderm Scop [55]
Y4 K (vitamin)B )’ — Archaea, bacteria supplement alkaloid 1942 Cyanocobalamin [56]
A2 B (paclitaxel ) — Taxus brevifolia anticancer terpene 1992 Taxol [57]

T AR I AR T 2 LU SR AR S A T T SR 2 s TR SO T A O S SR I 2
Note: including newly approved drugs as well as earlier approved drugs with significant progress in their biosynthesis research within the past

decade. “Drugs for which biosynthetic advances are summarized in this review.
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Fig. 1 Chemical structures of natural products and semisynthetic drugs approved by FDA within the past decade
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Fig. 5 Biotransformation of UDCA from CDCA and LCA in vitro
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X6 ] 5 B G 7%, SEEL T A CDCA £ UDCA 1Y
KM A= W Ak, o B J5 12 09F 70 [ BAOE i gk — 25 5%
7B-HSDH BB i, 2078 T 7B-HSDH H 4 A
TR, B R K # NADPH 545 A AT DL i 250R]
HONBET I NADH. 2021 4E Bornscheuer i @i ZH U
T 3k X BE A B R IR 1 A0 B R P450 L A
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DHEAS 7E g fit s K il B i Bl &5
Pk S R A R DU 2, e 246 35t 7 2% AN [ (1) A= 4
A R AR S D ME DU BEE AR N B AR A R (6,
Pathway 2) P> %7,

3 R BRI R~
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SULT2A1—T S FE Rl ; STS—R[EERiIRIERE; AKR1C3—RERHIL J5 i
Fig. 6 Biosynthetic pathways of prasterone and estetrol in humans
CYP11A1—cytochrome P450 cholesterol side chain cleavage enzyme; CYP17A1—17a-hydroxylase/17,20-lyase;
SULT2A1—sulfotransferase; STS—steroid sulfatase; AKR1C3—aldo/keto reductase
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i — R NEEE R (B,
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tapiranof A= 4) & BUMH O () A 7. Bk R B 4 1, 48
th 1 tapiranof 7E 40 & H ] e 1 £ W & RO 48
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(PAL) (COA ligase) (KS)
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B7 IR CIHERR AR RUSOCHT B A8 & g 12

CAH—WHEFR-4-F2 (Il 4CL—4-F S Rt-CoAEH:M; STS— RO GHY:; KS—MiAR; PAL—
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Fig. 7 Biosynthesis of stilbene natural products in plants and Photorhabdus luminescens

C4H—cinnamate-4-hydroxylase; 4CL—4-coumaroyl-CoA ligase;

STS—stilbene synthase; KS—ketosynthase; PAL—phenylalanine ammonia-lyase

B-MH £, 2 -StIE (cinnamoyl B-ketoacyl-StIE) » 55 —
B T AKRYR T 2R, 225 B AR Il 206 BkdA/
BkdB AL 2E il KB GBS A, 285 B 5 15 % BkdC
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& i StIC fi 4k 2 > B Bs R A A 45 A 28 4 AR Rk
tapiranof,

KT StID/SHIC A IR EE I 4l Bl A 3% 25 i 4L A
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2,5- e SR 2K Wy (2, 5-dialkylresorcinoD) L&
Y. WFFC N 53 DarB/DarA ) f# A6 ML 1) 3 0 H
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Glul154 VB i 25 A 10 750 380G B- 1R 256 v [A) 44 45 5 3
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StID/StIC catalytic reaction:

)

4-Carboxy-2,5-
dialkylcyclohexane-1,3-dione

StID catalytic mechanism:
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B8  StID/StIC {4k i tapiranof (1 5 B K StID () i Ak B il
Fig. 8 Synthesis of tapiranof catalyzed by the enzyme StID/StIC and the proposed catalytic mechanism for StID

2022 F Bode i3 21 ' XX tapiranof A=Y &
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Fig. 9 Biosynthesis of CBD and other cannabinoid analogues
APT—aromatic prenyltransferase; CBDAS—cannabidiolic acid synthase; THCAS—tetrahydrocannabinolic acid synthase;
CBCAS—cannabichromenic acid synthase; A’-THCA—A’-tetrahydrocannabinolic acid; CBCA—cannabichromenic acid;
A’-THC—A’-tetrahydrocannabinol; CBC—cannabichromene; PDAL—pentyl diacetic lactone;
HTAL—hexanoyl triacetic acid lactone; GPP—geranyl pyrophosphate
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Fig. 10 Different biosynthetic mechanisms for the conversion of CBGA to CBDA and A’-THCA
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Fig. 11 Enzymatic biosynthesis of CBGA in vitro

AckA—acetate kinase; PTA—phosphate acetyltransferase; MdcA—malonate decarboxylase; MatB—malonyl-CoA synthetase; ADK—adenylate
kinase; AAE3—acyl-activating enzyme; ThiM—hydroxyethylthiazole kinase; IPK—phosphate kinase; GPPS—geranyl pyrophosphate synthase
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Fig. 12 Chemical structure of orlistat and proposed biosynthetic pathway of lipstatin

C—condensation domain; A—adenylation domain; T—thiolation domain
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Fig. 13 Proposed mechanism for the nondecarboxylating condensation catalyzed by LstAB
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I 108 I LR R 1) i 5 R 8 T R A T P T T A
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R mERA LD AF KR E Cecd M hty) A
B, 2 JE ik F A R PCR SE3G R B, & 5L bR
ER—NE A E BIERE Cecd/hty) . TR
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3-(4-FREERFO S RIR: MG, SN EE KRR
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AR 4-(4- 3 R B 2- 8T, &Ja
2 I HyyB AL TE i L- S B =R (B15).
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Fig. 14 Proposed biosynthetic pathway of ET-743

AL—acyl-CoA ligase domain; TR—terminal reductase domain
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Fig. 16 Biosynthetic pathway of etoposide aglycone
(Newly characterized enzymes are highlighted in blue)
DIR—dirigent protein; PLR—pinoresinol-lariciresinol reductase; SDH—secoisolariciresinol dehydrogenase;
CYP719A23/71CU1/71BE54/82D61—cytochromes P450; OMT 1/3—O-methyltransferases; 2-ODD—2-oxoglutarate/Fe( I )-dependent dioxygenase
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Fig. 17 Biosynthetic pathway of vinblastine and vincristine

R =CH, Vinblastine

(Newly characterized enzymes are highlighted in blue)
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Keasling PR 41 177 4 K ik 30 AN B A BR 1 KR AE
Bl 7E ) 5 PR A2 LR A v T RE AL A T REAL R o
Mk fr e T KA AT AR SCZ M (vindoline) Al
KAEF, JFERSNE A BB I ksl 1
KB G M. 2023 AR EH ™ FIH
JEG 25K A1 R B IR I B DUTRT B B BRI Sk & T KR
JRBR, A B FE Rk 2.57 me/L. ) R B A ff 45
ARV R R AR AR L), B AE
AN AR K R S BLEAT R BEOIRAE 1 R AE Tl 1 A=
oty

6.2 RkaKfllife

KAKALER Ccolchicine) J& FDA 7E 1961 4F & IX
HEAERI 250, FEH TIRIT R E 2 K%
P B o A ARG DL R BT O LA BB A5 S B K A
Bl mT A5 00 B B SR A AE B AT A o
A, X RICE Bh ) 5 5 R 5 R AR AORE 2 T8 (1)
R F HATA 58 Aih 28 1o,

FARKAL B V5 T FK KA B (Colchicum) T3
22 )& (Gloriosa) Ty, RBA =AY
B, B PN VR 2 AE BT AT S 2 AR AR OKAL B
A2 A T T AT T A DERE, wak B
GAAE, AR FKOKAL B AE RGP ) AR A S R —
e — ARk O, H$ 2020 4 Sattely i
BT IR T R OK AL ST 58 #E 0 AR G O
1o T HI AR KK AL & R4 oK B R AL 2 bR
WSEER g R, BLA S BKOKAL BB AR O I BK K AR AR
YR S5 A AR, A FT N 53 HE BT AK K AL B PR A% O
HARIET L- R EIR A L-B &R ", AR5,
SR HIZ T B, WHEFE % (Gloriosa superba)
HORIL T A BRK KA T 74 N-formyldemecolcine
() 8 ANFEDA],  HEMIAK AL AL & B S L-ZR A
AR L-BE 2R 5 0l & BT A 4-72 2 A RS (4-
hydroxydihydrocinnamaldehyde, 4-HDCA) #1 £ 2
[%, i Pictet-Spengler [ .45 & £ B 1-2K Jk 7
W IR S R AR, S 2 D L, BRIk
b R JE A R L PR ) (S) -autumnaline,  (S) -
autumnaline £ 4% [y X7 Bk - 5k A5 105G A0 HH 22 4 Jse B AR
J% 6] 72 ) O-methylandrocymbine, & 18 13 41 ffg
{1 2 P450 i CYP71FBI 1k (¥ AL 57 36 s B B

B LA I PE =0 By TR 45 A4 R RK K Al B AT A48 N-
formyldemecolcine. AN, Hff 78 A Gk i@ i AR T
T2 T BAE A IR H rp 4 [ N-formyldemecolcine
WA & oSS, ST M T] BA R R A A 2 AL
AR B B 4 00 R K AL B2 A= DB AR ) 4 B
R 2 AL Y R IR W A& O AR I R
PURI TR AGST T2l (E18)

6.3 IBHFNEFR

i ME (morphine) A1 1] £f Al (codeine) J&
FDA b1 I R SRR 28250 . "SR 4] T 1941 4
fEAEAE A, T 22 b B 2 R MR R
i U ATARIR T 1950 SESRARRLAE, i@k iR
1 P R AL T AS 9 5 R R B e L At R i T RE S
WARIEIEI 2, v AR R AR R 2 . LR
ZIRZG . P& AW A MPLmiGEsn2, W
FH T B o 58 ik 1) s

Ny R ] A R 35 SRR T B S (Papaver
somniferum) ] 7 5 B EWRAE B, R 2R
304 B, mMEAET A R A G R LT s
SR, BT AOHECERIIA YR, Hh R
(-0 BHf (reticuline) # [ F#IEA (R)-4
OB R B . 2015 4F Graham B 41 Y &
P AR A IX — S B D IR 1 /2 — N 48 i 2 3 P450 iy A1
A AL 34 TR i XU B A B STORR [(8)- to (R)-
reticuline Jo STORR 14 il % 2K P450 Mg Fi b 471 DKt
(-0 RBEAE A 1, 2- A A O B, AR
Ji T AR R U R T K 1, 2- AL AR 0 BOE R A
(RO-"F0 0. STORR Z A 1) & I R AT B 21 &
X, AR T 2 AR B AE AR ) A R R Ok T
Ky (E19). 2019 4 Facchini ¥ @4 ) 3
Al 7B R A AE YA BOL AR — AN R
4 i NISO (neopinone isomerase) )& I, &It
Z T FH N e A A M0 ) T 44 neopinone F #4469
Al A AIB (codeinone) HIKHEAZ IR —HINNZEH
KALRE . AE TR A I B2 BE B AR P OIn A NISO )=,
RS TR v 2R 2 AT A R ACRT R ) R AR
(K19 . 7ERBEVEAEY & BOP IR B R K
W, A Ja M 2 AR P ae A AR P Rt TR
EZEE- T
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Fig. 18 Biosynthetic pathway of colchicine

(Newly characterized enzymes are highlighted in blue)
OMT1/2/3/4—O-methyltransferases; NMT—N-methyltransferase; CYP75A109/75A110/71FB1—cytochromes P450

6.4 FREMR

IREFE, (scopolamine) &M AiE} (Solanaceae)
TP 5 B W R — Mt b 2RI, T 1979 4F
H RS FDA fIbdE, RAPUEBAER, HTRT
55 5 B RE AR G A 6 1) O R I D AR A
FRY A o Jo 2 A By B8 58 5 B bk g B R IR E B4 B 5 1T
Beo AR FA R AR ICHE TR, FEan A
BEER 53 o SRR T 5 2 R 1) N- FR 3 Lk gt gk B 25 A

2T OB ICIE A, (R & BB — Bk
DLFRIE . 2019 43 Ik 5L A ) ) A e S e
7 S FE AR AR A [F) 5 R A A, ORI T 5 L T
UG B PYKS, i 4k N-FR 2k ng ik BH 28 5 74
TR A 48 A, TR S bE R AR AR A R
IR v JE] A 4- (1= F R -2- Tk o e D3-S AR T R
[ 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic acid] ,
IR AR A A R AT B TR AR A RO I
HLEL, RILPYKS (#4273 T8 LA A & AR



%£5% www.synbioj.com 433

/
O N
NMCH HO > ~
_—

HO NH,
ST S o~ .
OH NH NH
. NCS HO > 60MT HO
mj\ Dopamine o o CNMT HO
HO ‘ HO.
HO HO O

0]
LTyr /©/\f
H HO
—= HO

HO
4-HDCA (S)-norcoclaurine (S)-coclaurine (S)-N-methylcoclaurine (S)-3'-hydroxy-N-methylcoclaurine
4'0MT
_0 _0 _0
N_ N
SalAT ¢ Ccyp719B1  HO H STORR ~ HO STORR
- 2 ~——— HO -~ HO. -~
~o o ‘ o ‘

Neopinone

Salutaridine (R)-reticuline 1,2-Dehydroreticuline (S)-reticuline

NISO

CODM o
-

HO™
Codeinone Codeine Morphine
B9 AL A R A A A R
CH AT R AE )

Fig. 19 Biosynthetic pathway of morphine and codeine
(Newly characterized enzymes are highlighted in blue)
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Fig. 20 Biosynthetic pathway of scopolamine
(Newly characterized enzymes are highlighted in blue)
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(hyoscyamine dehydrogenase), N7k B 55 Bl 2L W) &
B4R ) SE BE MR AT T B TR, RO AR
A AR A S R B T R (200
2019 4, Smolke PR 4L = Fi| F 7 58 F) B A A
SAE TRV P B b SEBIL T AR B o RS B T A B
WIZED) 5 A G A B 6 mg/L. 2020 £F, %
TR = SCFRER R REAR N, 455 DhRe 2= M 20
SEUGE TR T ERC HO B, JF AT R A B R A R
FEMITUR, SEIL T2 A VDB R B S B A ) 4
B A CE G T LR HEE ke AR AT AR
R I, A BT ok S 303X 8 5L A 24 1) 118 R A F
RGPS o

7 WERRIR—ARIE S

Kk B MR (lefamulind 2 # % M B &
(pleuromutilin) 8F & 254, 5 2007 E 4Lk )
25 W) Hi fih BE AR (retapamulin) B 5 1 [H] i 80 74 ok
Pio RIE SO 5 41 T 50S A% M 4R 1 1 ik ik
& Wi b0 &5 5, M BH W 41 R AR B B S R .
2019 4 FDA 1 CHb#E 1 LR % SR O 1k 73 (K
LA 3R 25 Xenleta, FH 11697 BN 40 56 P4 il 42
KIEFEMAE T — Mo M BE M B R iR, X
2 b e =2 TR 1 A e =2 B Ak A R 5] A ) R S
SR G BAT R (T 2k B

SR SRR 2 BT A A O 3K R T b
KRR, BR T 1951 A7 H A0 H &
(Pleurotus mutilu 1 Pleurotus passeckerianus, 7%
Clitopilus passeckerianus) 55 5153 . #5J ] H-
R IALF S5/ TE 1968 R0 CL g & dr, B E %
RRAE 2 MR pe i) =3B 28, e, 7SJoAl
J\TCIRH B [, BEFEN A AT T B E
R E RN, RIAEX (R JLED
FEMEIR 2 (geranylgeranyl diphosphate, GGPP) [
BRI AR R b, 2 il 0 T 2 4 A S qE
WRAIRUWAETE R 5/6 B3, R, | Kl
A i 45 M S o £ IR AL AL )\ T IR R K,
AR 12> 7K, AE=ERRM Cl4 4L ESINE—
AN P 2007 4, Oikawa BRAERZH P J8 I Ji
PRIC AT AR IR S0, BE— P A T BGE I B R
FRY AR A% v RT e ) R TR TR 2K

2016 4F Foster i @ #1 ™" 7E Ml H B (C
passeckerianus) T R E T AN H R AEY)
B R % ple, FEIR % ple HEANE R, 73
% 9 — N GGPP & i (pled) . — ANl 25 & [
(ple3). =AM EPASORE (plel/5/6). — N
B IS WAL SR G (ple7) DL e — A B Ik 3% 7% i
(ple2) . fHZ, TE/H W C. passeckerianus "3t LA
e U B R e, R SN A T R
sl e EOK M R AT 7R, R SEIL TR
M E-ZR B IR G s, AN E R T 2106%.
2017 FF iU 2 FE AT SRR A b, R )
HEREM G R ARG T E P RE, RE
s T EAEME R 2B A &R, B, Wl
Ple4 75 i) GGPP 1 2 5 il Ple3 i AL T A £ W K
IMETE 1 5/6/8 — IR HR (A4 premutilin, #8 J5 HH 41 A €4
2 P450 [ Ple5 A Ple6 73 Ji £ C11 A2 AT C3 7 5 A= 37 A%
RS PE I 2 2640 ) B 7 2B 3, 11-dihydroxypremutilin
% = 70 B o 1) 4 5 40 B M S0 I8 Ple7 it — 2 4 AL,
W C3 A 1 F 25 S A O I 245 3] o (8] 7 ) mutilin,
I 5 28 Ple2 AL 1 & P 5 4% 7% e B A Plel {6 46 1)
PR AN S R A I A PR AU N H R (2D
[ 4, Oikawa i@ 2H " Wk 18 7 #0060 B 4R
Y& A R K B BB R, IR RS
Wi Ple3 7E MR SMEEAT 1 DI RESRAE, K15 1 AH A A8
FE R YA BT R . EFK, FIHRE
16 oK . BRIAEE BE DL & A& U T
WEFEN A X3R4T T 58 2258 1 5 AT 0 06 7 1 ) AR A
MERRLY, NEZXBENADERRELETES
7T E

8 MRFER - P—IE H k3=

M4 %5k E (angiotensin I1) & —Fh FEM 4
Wz A R L R 0 DR, I A R K R R R U
B b R R A ] R R,k A R B
2017 4F FDA it 7 DA AE ok 2 11 O 205 M Al
73 (25 Giapreza 71564575,  HAE Ay i & Wi 0 H 1
& 15 A T B R B At 20 A 1 AR T AR AN
ME . HAYRE— R ME——AMEH A& i
BRI ER R B e e MR 25 .

& B 5k 2 1 RIE T 0K 7+ L Rk &
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Fig. 21 Biosynthetic pathway of the diterpene natural product pleuromutilin
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Fig. 22 Biosynthesis of angiotensin I in humans
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2021 4F E R IR AL B IRl T LG AL 1
R ZH s, R 1782 B AW & ) 18t 4% JE Al
R A A A = iRt B 2 AT RE
7E4E FDA it #E 1 259 b A — L8 B &2 5 1 1
VG R UL e R AT TR, WA R A
Yo AR A A A2 B (huperzine A), H
RRRRRAE = I T AR 06 1 AR P 6 ol B
HH AT i T A 50 2k T3 e R 7 1 Ot i A
P2 Il 2 1 LDC A4 i A AL g CAO, B Jm S AL iR
FRRZH 2 ORI HE B AR RSB O B R TR A4
R (pelletierine) FHT #05E Bi & Wl , I 1) B 1
HEALHLE . 2023 4F Sattely PR L 20 KRBT AfaZk
PG B R TR 2 5 10— S DR A B s
o- Tk BRI B8 (CAHs) , FL i fb 37 7 RF 5 vE 19
Mannich FE 45 6 5B UL SR B BRI TE i, [R] B E
W] — R A0 B B2 i 8 BRAOLAL T A A2 58 1) £ IR
PRI REE . S A — AR TR A R
WG R IAS T R, 2022 4F Pateraki DR @
7 I R A PN T AR A R R 1 4 R
RIS RIAB T, UESE T e Bewgin — )@ 2 dRAT N R 1Y
ERTTR, Fopk 2 AR PASO g Ak A B AN [F]
AT — s MRS KRR . IbAk, FERR B AT K
FREALAE BT 25938 FIFEEA L (plitidepsin, tHFR
9 dehydrodidemnin B) 52 % 1 )72 KiE, H A
PRI IE B A Bu R . P B A G s H ] g P
2021 4, AFF 7T ORI R4 B0 IR AT DA S0 ) B
B (SARS-CoV-2) [, Hu a5 M 5
X MR 25 B 578+ (remdesivir) [ 27.5 i 2,
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10 ke =

WA RIR AN B LR, R
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KRR WEERRBE M R 2, WEEEN. R
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RARTAWIAEAE iR )T N SB00 1) P 3 254 J i
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) A& B = 00 Bk DR A A SRR, R e o 2 H
P i DRI 7% A 0 R AT, 0 o 3 DR AR ) 3 5 2 A2 )

A RGEE, A SR EERA=M S L&
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FF & 25 b & LA tapiranof R M % 2 50 47 21 b 3 1
ORI ET-743, kB T AR FEHEY
RARF=WIRAC A EF R LA BT AR R, K
H AT L B AR K ANB8 0 A= ) & Ot 9, s
FAACHH A RS, RN gEHEEDE
R UA R R R F B, R T IR AT BT R
TR R P A A BRI IR . BhAh, Ak
Lo B ) A e R AR B B P P AR B R R o,
RIS PE R SR 25 I ) — KRR . AR LRR 4
T AL R IR PG T R AR TR e B 2 D T
WA A BOEE R, TE AR 7 T BA R K
MZHNE. B, A BT8R m 5 4 58
HAZ IR T N A, @ R B IR IR A
A 5 1 R S A% 0 B DR B S B A B R, kT
RALAF2HT 0 BB s, B E
PR ~F FE R ) R IR A2 0, 40 8 4 1 10 45 M RRAE .
Hk, wT ARG RS E 2 S8 J5 T
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PERN TR, MK B AR CRE I 2 7 FRE R 36 B2 1
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9N, A B TR KRR =Wt — 2RI,
0 196 HA T AE R B IR 25 . U I e AR BT AR
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Fig. 23 Representative natural products biosynthesied within the past decade with potentials for being developed as antibiotics
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