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Abstract: Sesterterpenoids, composed of five isoprene units and biosynthetically derived from geranylfarnesyl
diphosphate (GFDP), are a class of the precious terpenoids with approximately 1 300 natural products known to
date. Natural sesterterpenoids are widely distributed and possess extreme structural complexity and diversity and
remarkable biological activity. In recent decades, a series of important progresses have been made in sesterterpenoid
biosynthesis with the development of genome mining and heterogeneous expression technologies. This paper
mainly focuses on the advances in sesterterpenoid biosynthesis, including the biochemical functions and catalytic
mechanisms of GFDP synthases, sesterterpene synthases and oxidases. This review would lay the foundation for
in-depth investigation on the biosynthesis, biological activities and synthetic biology of sesterterpenoids.
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B E Bk TR R A, i 2 AL
T EHIT R ILZTY . RN E WA A%
T8 Z, M A S BT DA A P RN
M, TN F R ) B AR B 7 v ) 32 2 21K B R
B = ZERR . TR, WK RN AE G S &
A R SR T E NN T RE, BE R VED
B FE 2 0N 2 588 S5 A0S 1 1) OS2 i A S
VO R AT B L, TR MR R RS YR IR S AR
DL AH 2K 24 FH AR ) B U545 2 00 FH 465 0 T e L H R AR
IR 0

TAERw A R R T A
KR T A Ak vk J8 k£ 5 BRI (geranylfarnesyl
diphosphate, GFDP) ] —Z i R84, — e & 254
WRIRT, RO 25 TR AR —Af il o RO A% ihs
HATAGRIE 1 1300 R4S, N—RERABER R,
ZAREME AT, FERIE TR OLH RIS,
R A% s AU OE 190 RS, ZESRE T EEE
(Lamiaceae) 25 R Y (!5 FE ) A% ik 2 201 75%),
&R EYE (Salvia) . KF L8 (Leucosceptrum)- KA
1eJ&@ (Colquhounia)~ 55 B 16 & (Eurysolen) T4 HIHRFIE
PEAL A 57, £ e IR} (Gentianaceae) F1 25 45 24 H
YR WE R S3ob, %208 78 5 AR A 41 .
B i At AR AR 2, BAATT
22 ERE VR (P2 PR PR RN 4 M B R PR )
FAEY T EE (B S 5 an, ISR Luffariella
variabilis 1 R B o,B- N y- P8 g 2R 1) 452
it manoalide 7 % i5 B A2 #1615, F A 52 KPR %
PEF, G AE R 3 19 J5 350 B 25 33 NI IR TUIABE 9T, J5
THT R T SRR U A A2 A0 770 2 i) 8 48 i DR 2 11
T YR FFT e 76 1 2525 (ophiobolins) 5% - B A
FBOPIH AL I AR s SSE MY, B R HEY)
KEHE (Leucosceptrum canum) B =& 7 & BLHT — A% 2
% leucosceptroids . A %2 5 1815 H1 3 1) T e LA A
S U0 0 sk M S MY BRRE BEJB AR Salvia dominica
eH R e 2 i L AT A s 4 B B T R O e
Mg s PR (B DM (H H FT T AR L 2 R
PEVEE S AV A BOGRERADY, RCE EAH
A A R AR B O S HE R, A A R SR R R
1 FR 1iE 5 i (GFDP synthase, GFDPS). — {& 2 i £ fif§
(sesterterpene synthase, sesterTPS) Fl4E b fF 55, LAHAKN
TG A A R S YE S AR A S A DT
FIREEMENZ% .
1 GEERAFMNENERIRR

R RN HIEY & R E 5 N3P O
¢ T (C) MTERERTAR & G @ i K% 0

FHRIEE, ® Feih (B 1. Fif kKRR
BRI T A I IR B AR B G S M R AR R s
(isopentenyl diphosphate, IDP) % 3 53 ¥4 A — H 30 T
JE = B2 I (dimethylallyl diphosphate, DMADP). ‘£
WA R T W TG B AR B R D AR AE R SRR AN
W §i& A%, 433N 2 KR (mevalonate, MVA) 42 Al
2-C-F-D-FR 8 b5 -4-E BRI (2-C-methyl-D-erythritol-
4-phosphate, MEP) i&4%. IDP fll DMADP 7£ IDP 534
(isoprenyl diphosphate isomerase, IDI) fI{E FH T~ &% AH
HAEAR . o, B B A AH R A S MVA
AT, GG R A U 3 Bl i MEP #8142 & K IDP Al
DMADP, 171 1 9 v [7] i A, 253X 15 25 38 4%, 79 0l M S or
T4 LT ¥ MIVA 842058 67 T J5 44 7 1) MEP i 421
IDP 5 DMADP fE A [d] [ 5 13 )i 2 £5 0 12 I 5 i
(isoprenyl diphosphate synthase, IDS) FI/ER £ ANF
)L BE BT AR, A - SR FE B BRI (geranyl diphosphate,
GDP). 7k Jé & £ i FR 5 (farnesyl diphosphate, FDP).
A M H A B 1 R B (geranylgeranyl diphosphate,
GGDP) 1 GFDP. il 28 i &5 1 14 43 7l 76 5wk & 1§
(monoterpene synthase, monoTPS). 5 - &l (sesqui-
terpene synthase, sesquiTPS). — 5 & B (diterpene
synthase, diTPS) F1 — fi% % & B (sesterTPS) 5 I {F
F R 20 A B30 E 45 R 53 ) A SRR A e L
M AT B R AE AR s SR AR AL L IL R
[UNUREAN P32l 2 A e ok 2R AN N N
A HEFEACSE — RN JE AR SN, T dh 2 2 e A AR
VD) RET- 32 T3 IR S AR =114
2 CEEEMNEIREEMRER

1973 4F, Kawaguchi 5 H To A0 fo A4 5 25 4 5] 47
ARV T A% JE B Cochliobolus heterostrophus
W R B AR R AR, I B4 H MVA &R
"F % FDP, FDP f£ Il 1) fi 4L T “£ i GFDP, GFDP 4 £¢
ok A SR A R = Fh A% 2 ophiobolins. 2000 4,
Renner Z5'H [1-C] BEBREAAN [1,2-7C S ER 5 77 W i
FEELHE Fusarium heterosporum, I £% % mangicols
(¥] B £ A #5 A GFDP. 2003 4, Neundorf "7 ]
[2-"C,4-"H]-1- I 58 -D- A T B 0 M I 404 5% 5 B (Strep-
tomyces ghanaensis) KILPUE R T & C, IR BEN 4
V)& B JE T MEP & 12, H B #0744 2 C 1 Coso
2004, Massé S5 1 [7] 7 3 br 10 S 56 A DL Rhizo-
solenia setigera (Brightwell) #1 A’®”-haslenes 13 2~ i
HIAEY) & GRS T MVA &12, 1M1 Haslea ostrearia
(Simonsen) * A"'”-haslenes (/B IEE & MEPI& 12, 1
DUFEE A5~k A=W & RS S5 PR AR K .
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Figure 1

The biosynthesis pathways of terpenoids and representative compounds. DMADP: Dimethylallyl diphosphate; ent-CPP: ent-

Copalyl diphosphate; FDP: Farnesyl diphosphate; FDPS: Farnesyl diphosphate synthase; GDP: Geranyl diphosphate; GDPS: Geranyl

diphosphate synthase; GFDP: Geranylfarnesyl diphosphate; GFDPS:

Geranylfarnesyl diphosphate synthase; GGDP: Geranylgeranyl

diphosphate; GGDPS: Geranylgeranyl diphosphate synthase; IDI: Isopentenyl diphosphate isomerase; IDP: Isopentenyl diphosphate

3 GFDPSHIThEEX ERGEHAR

A ELHE B 7R GFDP T B A5 F R

G — R L e T YN A
AN HAR 2R A ik 224k &4 . GEDPS 1 5t GFDP [1)

VA R, FoE T 7 M 3L 7 2 B (prenyltransferase,
PT) K%, &4 U418 7 10 &1~ GFDPS, ¥k 5 T

A FREY) . 1994 4, Tachibana 55" M WG R85 1 16
Natronobacterium pharaonis " 15 X 73 B 4646 T GFDPS.
2000 4F, 1% PR A 55 — Fhig £ B Aeropyrum
pernix W % T ApGFDPS £ R, 7 % 43 1 K
ApGFDPS 5 i GGDPS [ AHBAFE f i, DU L 7T B
#& M1 i ¥ GGDPS #E AL 1 K™, 2004 4, Lee %5121}
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ApGFDPS [ ¥ = HLE AT T W2 09T, K
N KA R E 4 X (first aspartate-rich motif, FARM)
AR 8 AN S BE IR kB DA AR S X GMQM LU ER T A
B8 JE R Tk 5 & 1% ) ApGFDPS 7= ) i K 1) 5% B8 07 457
2010 4F, Ogawa &% M 7= B it & 1§ Methanosarcina
mazei "1 58 [ JF % 52 T MmGFDPS, #8149 fi# 1t IDP 5
FDP/GGDP 4 % 4 it GFDP, H.LL FDP Ay 4 A 3 i 4)
i, BB A% I 2K & GGDP 42 st MmGFDPS =4
MRERZ 1R L R 4%, H OB R (MmGFDPS" %) A LA
AT HE C-C P2 IR, £E 25 AT B8 Bacillus
clausii TV %5 ¥ J& Streptomyces mobaraensis %5 41 #
R T GFDPSP*,

Nagel Z5VH Wang 260773 511 %f 1 £ £ F} (Brassi-
caceae) W AWMU FETF (Arabidopsis thaliana) H 107
GGDPS-like 3 K 2E AL TN REREAT 1 70 #r, KL h 54>
F. 45 GFDPS & M (i 4 N AtGFDPS0-4), A% & i
7=%) GFDP &I 74 GGDP.GDP. [} | AtGFDPSO &

FARM

& A
EC AN

2

AtGFPPS2

PLFLRRAR AN, oA a e T g ph . "R
J7 50 LX) &5 & 8 iR AR SEEG 43 T, R I AtGFDPS [
FARM i35 5 AN B R A 2 30 S 0 e 25 /N 1 S R
BRIE (AL S), B H RN M J5, AN £ =P
GGDP. Wang Z5273E % AtGFDPS2 (73 ¥ % 2.3 A)
(55 SR AR SE M HEAT T RN, R IR [RIVE — S 4,
AR H 10 D a 82 (A~T) %, DEF 12 iE 4 %
0 1S 0] T 7 40 1) i B A A i Oy B B JRAR T W
IDS 7= Pk K 1« = Z R (three floors)” (& 2), i
— B A AR Y B R A R R T A
GFDPS.

ARV N E B A 6 245 R K BRI
T B % E T LeGFDPS 3 [N, o4 it i) 25 (4 BE 5 i
1k IDP 5 FDP 8t GGDP J ¥ 4= i GFDP, H: H X} GGDP
55 A 1558 o LeGFDPS %5 IR 15 K B 1€ I 6 4 57
ik, 5 f5mm B —8, RHHTRS S
KL BT = A s KA G . LeGFDPS 5€ v T 4H
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Figure 2 The crystal structure and "three-floor" model of AtGFDPS2 and the biosynthetic pathway of plant sesterterpenoids. The crystal

structure of AtGFDPS2 monomer (a), the elongation pocket of enzymatic product (b), the schematic diagram of the "three-floor" model (c),

and GFDP biosynthesis catalyzed by GFDPS using substrates GGDP and IDP derived from the plastidial MEP pathway (d). Photos were

reproduced from the literatures with permission**!
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BB A, LMK FIAE 1 MEP 38458 2 S 80 £ 2 1
B W E B, IR T R A 0 AR R AR
NE AL T AR MEP 42 (K] 2). LcGFDPS 5647
GGDPS [7] Y 14: % /&1, #E I 5 %) GFDPS 1] G e i T~ 1%k
PR S (FREEEE) N GGDPS (18 Hil F# Th gt
4 Z{EHIEESEERINREFNE LIS

TR AR B 57 5T M Ak ELRE T A GFDP A il
ol IR AT AL, X AR R ) S 2 AR R
TUk. HATCHRIE T 3 AR B A s A, 5
PG RA R XSS IR DA K UbiA 2. Herb i W A4 i —
£ 2 B i3 A S A e 2K A i 25 #3885 4> 5 GFDPS
FRATAE o TAE E B P RISl E 2 C
i () 7 06 SE B FE Tl (PT) 45 A 3R N i ) s 28 4 g
(TS) &5 K3 2H B, PT 45 #4458 4 7 {4 4k IDP A1 DMADP
A Ji% GFDP, TS &5 #4) 35 {¥. GFDP 3 4L i 45 #4 2 #F 11

AR, RIGZ R R R N PTTS.
4.1 BN EFIEAEE 20174, Shao 5PN

EG IR h R I AtGFDPS1 5 AtTPS18.AtGFDPS?2
5 AtTPS19 BRI I8 A7 1E , 8 3 43 il 1E K v 3
Fik, kI AtTPS18 e fi At GFDP 4 it — 4™ 11/6/5
=3R4 (+)-thalianatriene (1), AtTPS19 FEfS & B — 4>
5/5/5/6/5 FLIR = ) (=)-retigeranin B (2) (& 3). [A4F,
Huang 25K H plantiSMASH X -+ = & B A8 4 1) 2
KRIH AT 7RG 55Hr, 55K T 54 B GFDPS
sesterTPS ) il [F) 3 (R % o 388 3 A B HH o Bk ) 36 36 Ak
Z, R FE I AtTPS25 e % i f. GFDP 7= £E 5 A~ i
S, o N B 5/5/5/6/5 3K & 1P (-)-ent-quiannula-
tene (3) A1 5/12/5 38 & 1) (-)-variculartriene A (4); 374
TF AtTPS30 REWE 1k 77 4 5/4/7/6/5 35 2 1) (+)-astella-
tene (5); 7% 3% (Capsella rubella) ' f) Cr237 g g 11k
77 HE 11/6/5 3 R 1) (—)-caprutriene (6); H 4 (Brassica
oleracea) Bo250 REME AL A= BL AN P24, 43 3l M 5/5/5/
6/5 ¥k & ) (+)-boleracene (7) A1 5/8/6/5 ¥& & [1] (-)-
aleurodiscalene A (8). B #4F, Huang ZPE K I T 44
TAE 2K A B (Cst725.Cr098. AtTPS17 A1 Br5g80), fit
% i 1k, GFDP ;= 4= 15/5 3 & [#) (+)-brassitetraenes A
(9) A1 B (10), 6/11/5 3 & I (-)-caprutrienes B (11)
C (12), LA J2 6/6/7/5 ¥k & (1] (-)-caprudiene A (13).(-)-
arathanadienes A (14) 1 B (15). (+) -brarapadienes A
(16) A1 (-)-brarapadiene B (17). 2020 £, Chen Z£PU7E
PR IF A R B 3 AN ML [ sesterTPS, i AtTPS29 i
1 GFDP J¥ 1% 5/8/6/5 ¥ % [1) — 1% 1 i 18, AtTPS06 NI
TEALTE X 11/6/5 38 & () (2E)-flocerene (19), TMii AtTPS22
PIF= R % E . 5ok, fEFH 3RS T AtTPS18 Fl
J&& W) 25 LL ) FSPP (farnesyl-S-thiolodiphosphate) [ 3

im (2.3 A), 456w m RAR S, K IAE W) sesterTPS AH
Xt T R ) mono-/sesqui-/di-TPS B A 5 K 1) J& ¥ 1
48, Hp e G 1AM S NY SR D48 s Kb ke
KEEAE oAb, (EFIE R I T — A B A /MBE ) 5%
B L R Bk (ACTPS18 1 AtTPS25 ] G, AtTPS19
1 G, AtTPS30 [ P*), & JL R A N J5 7 Ik 1 & 1R
(W) J&, RARRGR T 5l GBS, ka7 5
i A% 1 B i S R

I3, A2 = S TE R - K 16 h %58
T A XUy e 1 A% 2 s/ 5 5 B8 LeTPS2, At fit
1. GFDP A1 GGDP 43 7l 4= i 6 > K ¥F — 5 i (20~
25) F2 A4 AL A W, HoA SA A AR kL S
W, BFE 2 AN E IR IR R A 18 U A% 2K (20
21), 2184 9 1k R I LA e KB 45 44 1 i 28
RIRF=W) o Ak, LeTPS2 I8 BAG S [ M 2k 4 72 g (1) Ty
fE, RERE M LA RS IO 2 R &0 . LeTPS2 )
T TPS-a WL 5< 0%, v] e ECI8 T~ £ ~F- i A i 1) &2 i) AT
Dhsett, (H2 X0 T -H A e RHE I — A5 ns & i, B
HMALRERIFMEEAL . B O TR A AR R
37 24 A R L R, R il e s 1
RAZME, FARI T 17 A2 R b 5 X 1 1) 1 £ 380 38 A/
BRI B A B . IR IR A R
Yy B A B2 e M i, BT Rg i 1 ERK A INK
[ 1 FR b 52 1 MAPK A5 5 1 %, AT R 35 4 9% F kil 1
H, H 4k, IWIE L 25 FHE Y K3 AE (Colquhounia
coccinea var. mollis) F 4 T 1A & FE A2 W A%
e i/ /A 1 /5 5 A B CeTPS1, e % 7 7l fi 1k
GFDP/GGDP/FDP/GDP /= h 8 4™ 5 A ¥A T It £ 4] FAJ i
KWAY, BFE2 A8 A5 ¥ 0 (+)-a-geranylbisabo-
lene (26) A1 (+)-somaliensene B (27). CcTPSI1 & ¥ 4™
M) v Dy B4 58 IR e R AL TR 1 — 5 2 il — i %
2 it T ERL S ) 1 B ARV S R A . CeTPS1 & T
0 5T b B J® T TPS-b ME KR, % Xk EE N E N T
JR A B B A i, HED CCTPS1 Al A2 I T B 5 & il
23 V200 L e A7 R R i S P Y

2017 4, Rinkel 285 ) ¥V 7 42 W) Streptomyces
xinghaiensis PRI T — A2 ThRE I 65 - b/ i /15
e A SpS, AEL i1k GFDP J¥ Ji{ prenylspata-13,17-
diene (28) F1 geranylkelsoene (29) (& 4). Hou Z£™ )\
S. mobaraensis [ 3 K 4 # ¥2 i £3 2 — /> GFDPS-ses-
terTPS (K1 2E ) & 2k X 7%, fE 9% i 1L IDP A1 DMADP
B 4R BT A A% i 4 S ) sestermobaraenes A~F
(30~36). JAh, Shinozaki ZPVRILT 14 B A — 52k
i A B Th 68 00 40 B A % M - 0% AL B (squalene-
hopene cyclase, SHC), 24 Ll all-E-FF M 275 JE B N JEY)
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Figure 3 Chemical structures of sesterterpenoids synthesized by plant sesterTPSs

I, BEWS & RS A AR (3T ~41); KRN
2Z-F5 HEE JE BERT, RE8 15 B4 54 42, Sato Z5EPTMN
AR PRI T A A R/ = 5 B (Bel-TS),
HEAY, GFDP JIi 2 £E B IR 5 T B B BE — & 2 i B-gera-
nylfarnesene (43).

42 UbiIARE_EFTESE 2018 4F, Yang %M
Streptomyces somaliensis 11 % 7€ 1 1™ J& T UbiA 8 5 %
() A% k5 1 StsC, MM B R TR & EH
F 0k, IS K AT T8 S U8 T AR 2R R I StsC RE fiE 1L
GFEDP J¥ i 4/6 ¥k & 1) — 1% 2 somaliensene A (44) F
T O R4 R 1) somaliensene B (45) (K 4).

43 WEMBHIZFFIESE 2013 4, Chiba 5

MHE M 55 (Aspergillus clavatus) IR KL T — N BA
XU 45 ¥ 3 1) e 79 B & F (ophiobolin F) 4/ AcOS (46)
(F5). AcOS [1) PT 45 #4435 e 6 f# ¢, IDP 5 Jifs T4 5 %
¥ DMADP .GDP.FDP 5 GGDP 45 & it GFDP, H TS
45 K18 P-4 GFDP b AR B & F, [ 77 A2 34—
55 B =) (47~49). BEJG, B 508 F B R 324
SEa KM IR R AR R, NEBE T EE T — RIS
B AT FRE I PTTS . {51 1, MR 76 71 J& 3L B Emeri-
cella variecolor PV KIL T 3N PTTS, 73 5 & 1% 11/6/5 3
Z 1] stellata-2,6,19-triene (50) (& @y 4 4 EvSS)1*. 6/8/
6/5 ¥k 2 If] astellifadiene (51) (Ml fi % A EvAS)“1Al 5/6/
5/5/5 ¥& & ] quiannulatene — £i5 2 5 (52) (B v 44 N
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Figure 4 Chemical structures of sesterterpenoids synthesized by bacterial and UbiA sesterTPSs

EvQS)™. J 4k, 4 EvSS 1) PT 45 #4 38k 55 X T fie ik 28
A EVVS (7708 9/5/5 3K & 1 i 4k & W) variedi-
ene, @I =W R 4G (1) TC &5 W83 AT B4, 30F—
MREE T ARG S, 8 14 TEI ) (2E)-a-ceri-
cerene (53)™. NfSS (KR T Neosartorya fischeri) &
B AT 5/8/6/5 VU B 44 Z 1] sesterfisherol (54)™, AtAS
(KRR T Aspergillus terreus) F1FoFS (KR T Fusarium
oxysporum) 3 BAEALTE K 5/6/7/3/5 TR 2R 1 A5 2
i preaspterpenacid I (55) 1 fusoxypenes A-B (56 Fll
57), FoFS it fg {1k JE fl 5/12/5 ¥& % [ fusoxypene C
(58) F15/6/7/4/5 8 & (-)-astellatene (59)*. M Bipo-
laris maydis . Penicillium brasilianum~ Phoma betae F
Aspergillus ustus 551, 3L 1 ## 4, IDP A1 DMADP J¥ i
Z 3 T AGE AL G Y PTTS (60~69)“*, 1t 4h,
Bian 5"z F KA B AR R 58 17 24 A5 ik & 1
FgMS 1 FgGS CRIE T F. graminearum), 2+ FgMS
1k A B 5/5/6/5 ¥R % ] mangicdiene (70) A 11/6 XA ]
variecoltetraene (71), 1M 2 Z2 AL B FgM ST #ll FgMS™'**¢
Re 8 6 B 1A 5/8/6/6 8 & 1) A% ¥ (72). FgGS 1

AL AR B R T PT 453, H fe %8 i 1L GFDP JE
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Figure 5 Chemical structures of sesterterpenoids synthesized by fungal sesterTPSs containing two catalytically domains
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Figure 6 Illustration of sesterterpenoid cyclization mechanisms catalyzed by sesterTPSs reported previously
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Figure 7 The oxidases involved in sesterterpenoid biosynthesis and the chemical structures of their products. The biosynthesis of ophiobo-

lin derivatives catalyzed by the oxidases oblB (a), the biosynthesis of terpestacin (b), and the chemical structures of sesterterpenoids pro-

duced by reported oxidases (c)
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