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Meroterpenoids are hybrid natural products of both terpenoid and polyketide
origin. We identified several biosynthetic gene clusters of pharmaceutically important fungal
meroterpenoids, which includes that is responsible for the production of pyripyropene A, terretonin,
anditomin, and andrastin, through reconstituted biosynthesis in a heterologous fungal expression system.
Interestingly, the biosynthetic assembly lines are rich sources for interesting enzymes and chemistry,
such as previously unknown membrane-bound terpene cyclases and multifunctional oxygenases, for the
generation of structurally divergent complex fungal meroterpenoids.



B X Cc—19

1. WFIEBHAE 4O 5

LS DOEFREFROFHBIZONTE 25
G ZEREICETLEMREEZ WNITEIER <
APEL, AR — RE LTt 2, 2
JECe D, EFREWRE L CTEHER KRR DI
AEHE A AR T D RIS O FITIE, IE
PEERAT DA 2o M T D38 T U R R
OGN K EL BT EHOR8HD ., Zh
DRI Doy SRV AT RE 2 H
RDO—2&hosTWD, —JF, ZIRKREEESR
DTN RS 70 FEE R R L VR R il i B
EIEAT D22 E 0., ARWEEERDOMHE
FINAIREIC IR D, FTo, BER Y /30 ONAR
FEE G M K50 < ALY 7 i S BE O o 28
IZE 0, EBR50 TS L FHER ORI
HRHIrF S b,

AFZE I, AN&WREEESRE DO HIME & 4y
FEEEAIH OB GOET L E BN Z D, K
REHRA DT L) 4 RAEBREENE
EVHBITE, TARX) A RERIFEA KD
SRS 2RO A 0T A X,
NENDOSEMEZFHE Ly TSR
EEHTAHEREREEZMO TS, KRIFZETIE.
b a i L LT, O AEnaomidEs
W, BT Lo ELRMET S 2
IR0 HiT 7 FEE AR RE OB & HB
HHWEAEREROWEL O ST, KAEGKEE
FOREEREREfT 2 i b L€, BEBEEEED
WAL, ERRBEE L OE STy
LD, ATl A REGESEEDTLK
ZY BIER—RERD D BHHEANATY
v R AR DAL 2R D,

Fxld, INETHLTRAYOAELGHK
EABIRMEICBE T A RLERE S LT
B B, R DOEAK TR D5
EREIINCHED TN D, ST & A BRTE
P& R TR EY O SR B RS A
I A A AR BEEE SR OBFGENS . KR & Jaix b 5
LRROBIFEAFICEMRET D EE2 TR
L. BEEMREDWZEIC L 2 IERAB R
MOBIHAER L, ELoTF o EF IS
WA FiERR A BB LTV D, SRR
kD AT L) A4 RiZiE, BHERa LA
Tue— VIR FERZETAEY a5
R, FNTDT RN EAEER R
LAl LTHIff S D 7T RTAF
M X, BELRAREREEZRL, AIZR— R
ELTHIRF SN DL BRI E < H DR, £
DAEBRRIZE L TEA %O RN T
WAHDNRBURTH 5,

2. RO BB

AR TIX, £7, BElczDr/m—=r7
L HEREFRENT DS UETTH O Aspergillus fumigatus
HEkE ) veXraidldE LT, —Hof
REHKATT L) 4 FOLEA K EEF
U TAB— R RETDH, MRBITFDI R
—= VT ETV, B O NI A RIERREO R
FREREMMTIC X D AT ) A REAK
DEFEFEHRLMAT 5, £, TOEEK~

U — AR L. AEM e RERE DK
R, FERWUEE 2 T u—7 & LT-BH(ER
e S OBRFIC L 0 | FERRUB M A 07
X)L KoaryeF M) T AVEEREE
BT 5, &6, WEAKE, AERTE~D
JEBR A 1IN D,

3. MoKk
(1) B+ ERFEREBLROMEE L BERE AT
F3. RIRE A, fumigarus HRE Y B o~
VOEBRBIET VT AL — KT D&
B TORBENREMEST S, AT
A RAEGRIZBNTHFERELOH &
RHDIERY rH A REpOEGKREH S
WY 2 A NERkEESRE (PKS), 74X/ A K
Wy ENEAET D L= VEEBEE (PT).
K —EHAEGIIR T2 = AR x AL % il 5
57 7 ESRIEDOR{EEESR (FMO), T L
THRRISZH S BRILEE (CYC) Th 5D,
IS A FOBRERPAEE SR A EA T
HAE L 70 %, BARMIZIL, BEFR: Saccharomyces
cerevisiae & 2 VMIRE A. oryzae HfEEL L
T, PKS, PT, FMO, CYC O 4 {51 % [F
RRIZEA L BFERBAR, B, AeT
A REGRT v 7V —F 4 0 &GS
T 5, £z, FRFZ, BRSO REEZ AW T
ING AR E M CEERE IS M8
BRAWEFR A DTSR OR B SRR 12 &
FT 5, invitro THK » FEEARE % K6 S H
FEEB X OERFr R RETT 5, IERK
REE & LT, flx OFFHCHENIED CoA
REBRBIEE E L, T3/ A RESICBE L
TIEHT V= VEHEDORRDZ BOELZH NS,
RIEFIZ, invivo IZBWTH I b A THE %
BhH L, FERBEFHEA T LX) A4 ROA
FEERETT 5,

(2) B OFEEREREMNT & SSHEAS O fi ]
AT T AZ— 5T HEBERICD
WT, AT v JEER L ORLYItK, £
I, RERD—FTFT R LIS AL
FEEROE N/ VI kv BEFE oM EsEE
FREZ et U, BERSHEEOR & 1%
A EZD X3, /2, Bl L-48FE0
9B, PKS & CYC T AT L) A KD
RIRFEREREOHEL 25, L Dbif, PKS
T=aF i CoA HREZRMERLETHIN
FTIHIDNEDOTHY, T, STkl
DOBET, 7/ BELEOEK SI2XED .,
BEDO AL VDR EER L2 BT
BENnd, TITINGHREICERLZEAL,
FERE % [A)1H S8 TotUE, S BICEMETH -
REKEbSTZATT L) A4 ROARED
HEENns, —H. T A RS OB
ZH#H 9 CYC TR T VU B bEER L1
FATRME 27 S 72 7 (|l R E @A o 42 < Bl
R TH D, WRFRERLR T DIE
PR L D RE 72 & BER O ERERE
B A MR %,



(3) HERrEME L BENAREERE ) 2 FIH L
Fmar e MU TIVESRK
TIRRBMEEN TR T R KOO —2IT,
T D E I R HE R AR L AR AR EE ) A
EIFbhbd, ioT, T LEBEARILE
BPEOH AR LT, —#o N THE % #
FIHERESED Z Lick v, FERKAHHAL
EMTAT TV —DOREENAREIZ /R D, KR
WILE DA L& [FER 72 9 35 IS D EST RN T
BEd—HT, HEOHEIZHIE LT, &
PENICRBIT D 74—V T 4 e a3 T
A= a VIS TR R Z T TR b
TRVVERS B AT D TREME B IR S D,

(4) BHYEEFER O

WMEEE~DRREZ X556, 5%7 Y
TITREEED — DI EES RO E %
Fod, AW CIIEERECRIR 72 & & EE
THE Li-areF N TR WEEESR
EAEET D, —J. 9 LIRBLRIT, WE
EFEOIHZE EFE BT, R, ks
FLEOFEEZH MR EREZD
(S0 AP I A Ol A W BB PN = =
BHSEE DS ZIC L EER L,

4. WFFEEk R

PLRIC =2 MR R W TR
T 5, FEMIZOWTIE, FHIRIAR LEZLLTO
X ESRE T,

(1) £7. Bia1RERBIRORE L HEE
FEATIZETF Lo SRR AL fumigatus HIRE
Ve XrDEERBETY 7 AX — &t
T DK BT ORMERIREMBEL-, B
REIIZIL, BB A. oryzae NSARI AR5 E &
L <. PKS, PT. FMO, CYC ® 4 &z 72
ExFIRFIEAN LT BERBR, AL, AR
TN A REEKRT LTI —F4 %
FHEEE LTz, £/, RS, BEREORIBH 2
HANWTIns 4R 2HMCREL ¥
TR AR 2 B R 2 VD TRER D RSB e R
MradT -7,

(2) RIZ Aspergillus terreus FH3ET L b =
EERRRE O EF LI, <71
M= EBAN KRNSO EEESNTRBY, *
OHICIEEERLERE LTHEGEEINDI LD
baFEND, A terreus DT ) MFRE S &1
TV b=V EREBET I TAS—ERIEL,
AU & A NEEER(Trd), 7' L =V R
fi% 32 (Trt2) 12 & o T, farnesyl-DMOA 235k &
NHZexERLIE, 2, Trtd, T2 12MZ
T, 77 B UARMFRIER LR 3R (Trt8) BRfLl% R
(Trtl)% A. oryzae a3 & U7z BFERBUIAK
LTz, DOREF, Trt8 12 K U farnesyl- DMOA
DRI Z H. epoxyfarnesyl-DMOA 232k L 7=,
—J7. BALRNC VR 2V EEN A F b &
NHARENEEZEB 2. A TFIVALEEE(TiS) % .
Trtl1 24,8 HBLRITMZ THREL L2, ZOREE.
T T U b= OAEREME L, TS 12X D

HIVRFINED A F LT AT LD, BIL
KNI HETHHZ EEHLMNI L, T U
M=V OBRBIAGRBROMBBIC S KD
L. A. oryzae \Z31T 5 B BIRZHEE L,
T DEMHIEE R R LT,

(3) 35-UAFNLANEY Vs @D E
BRFEEE T AT L) A RIZiE, 7
Vh=rPshcb A —RF /) —, T KT
AF U E BERRERPMONTEY, 7
N A REAL DO BRIEERX BRI O fE &~
DB S D SAEMEIC LD . 2 B LRt
DIEESHEMENELHEIND, A—AF ) —
NET Y RIAFATHONTY, BEEET
LT, BinFRERBL - WEAERTHEE
L. AT A ROBEESRENEZ £ H
T, PR A RICT 2 BR(LEEREC, HBR%
DOEE RS IZE o DEERFEOEE 72 OIS
MEREMT 21T o720 R THA—RXF ) —)b
EERIZIBNTIE, A BRERE ZEREO
R b SO % e 3 2 R HL 70 0 L 2 i pB Rl o0
X FT—BERH L, T ORBEEREMIT
IR LTz, &B18, TV RT7AFUERRK
WCBS L CTIX, A.oryzae \Z8B1) % BRI R %
MEL, TOEYNEEKEER LT,

(4) Aspergillus variecolor D3FEAT HT ¥

I UVDOEBRKR~Y TV —DOREFEEMIL
Tro HABE « BEXETRE L D 2 REERTHIO
T, ZOEEGKRS TREEZHONIT D L L
BT, HIRR O 705 G O — i 2 R HH
T LTI LT, MHAERRA~DRE ST
M d7z Diels-Alder i, EERIZITZT v
b UAEBRICES Lanws AL
B, —HTUVAFTF T —F AndA DBFFE
DTHNEBHEEOER A S 2 & &ML
oo SHIT, ABROREEMIZENTH,
B2 V4 x4/ —F AndF BSEELAIERL
IGEMgE L7 b v e 5252 L%
R UTe, 2R 7 BOS & it 9~ 2 —
DTFX =Y OMEELZ LV FFEMIZH
DT R X B mEEMTIC b A F L
776

5. BRI CH
Udeatam ) (Bh6 81F) 2THETH Y

1. Matsuda, Y., Iwabuchi, T., Wakimoto, T.,
Awakawa, T., Abe, I.. Uncovering the
unusual D-ring construction in terretonin
biosynthesis by collaboration of a
multifunctional cytochrome P450 and a
unique isomerase. J. Am. Chem. Soc., 137,
3393-3401 (2015).
DOI: 10.1021/jacs.5b00570

2.  Mori, T., Yang, D., Matsui, T, Hashimoto,
M., Morita, H., Fujii, 1., Abe, 1.: Structural
basis for the formation of acylalkylpyrones
from two f -ketoacyl units by the fungal
type III polyketide synthase CsyB. J. Biol.
Chem., 290, 5214-5225 (2015).




10.

DOI: 10.1074/jbc. M114.626416

Matsuda, Y., Wakimoto, T., Mori, T.,
Awakawa, T., Abe, [I.. Complete
biosynthetic pathway of anditomin: nature's
sophisticated synthetic route to a complex
fungal meroterpenoid. J. Am. Chem. Soc.,
136, 15326-15336 (2014).

DOI: 10.1021/ja508127q

Wakimoto, T., Egami, Y., Nakashima, Y.,
Wakimoto, Y., Mori, T., Awakawa,T., Ito,
T., Kenmoku, H., Asakawa, Y., Piel, J., Abe,
I.. Calyculin biogenesis from a
pyrophosphate protoxin produced by a
sponge symbiont. Nature Chemical Biology,
10, 648-655 (2014).

DOI: 10.1038/nchembio.1573

Awakawa, T., Zhang, L., Wakimoto, T.,
Hoshino, S., Mori, T., Ito, T., Ishikawa, J.,
Tanner, M. E., Abe, I.: A methyltransferase
initiates terpene cyclization in teleocidin B
biosynthesis. J. Am. Chem. Soc., 136,
9910-9913 (2014).

DOI: 10.1021/ja505224r

Wilson, M. C., Mori, T., Riickert, C., Uria,
A. R., Helf, M. J., Takada, K., Gernert, C.,
Steffens, U. A. E., Heycke, N., Schmitt, S.,
Rinke, C., Helfrich, E. J. N., Brachmann, A.
0., Gurgui, C., Wakimoto, T., Kracht, M.,
Crissemann, M., Hentschel, U., Abe, 1.,
Matsunaga, S., Kalinowski, J., Takeyama,
H., Piel, J.. An environmental bacterial
taxon with a large and distinct metabolic
repertoire. Nature, 506, 58-62 (2014).

DOI: 10.1038/nature 12959

Matsuda, Y., Awakawa, T., Wakimoto, T.,
Abe, 1.: Spiro-ring formation is catalyzed by
a multifunctional dioxygenase in austinol
biosynthesis. J. Am. Chem. Soc., 135,
10962-10965 (2013).

DOI: 10.1021/ja405518u

Yan Y., Chen, J., Zhang, L., Zheng, Q., Han,
Y., Zhang, H., Awakawa, T., Abe, L., Liu,
W..  Multiplexing of  combinatorial
chemistry in antimycin  biosynthesis
expands the molecular diversity and utility.
Angew. Chem. Int. Ed., 52, 12308-12312
(2013). DOI: 10.1002/anie.201305569
Mori, T., Shimokawa, Y., Matsui, T., Kinjo,
K., Kato, R., Noguchi, H., Sugio, S., Morita
H., Abe, 1.: Cloning and structure-function

analyses of quinolone- and
acridone-producing  novel  type III
polyketide synthases from Citrus
microcarpa. J. Biol. Chem., 288,

28845-28858 (2013).

DOI: 10.1074/jbc.M113.493155

Abe, I.. Novel applications of plant
polyketide synthases. Curr. Opin. Chem.
Biol., 16, 179-185 (2012).

DOI: 10.1016/j.cbpa.2011.12.016

11.

12.

13.

14.

15.

16.

17.

(FRHER]

Abe, 1.: Biosynthesis: an HR-PKS stereo
surprise. Nature Chemical Biolology, 8,
322-323 (2012).

DOI: 10.1038/nchembio.924

Morita, H., Yamashita, M., Shi, S.-P.,
Wakimoto, T., Kondo, S., Kato, R., Sugio,
S., Kohno, T., Abe, I.. Synthesis of
unnatural alkaloid scaffolds by exploiting
plant polyketide synthase. Proc. Natl. Acad.
Sci. USA, 108, 13504-13509 (2011).

DOI: 10.1073/pnas.1107782108

Wakimoto, T., Mori, T., Morita, H., Abe, 1.
Cytotoxic tetramic acid derivative produced
by a plant type III polyketide synthase. J.
Am. Chem. Soc., 133,4746-4749 (2011).
DOI: 10.1021/ja2006737

Wakimoto, T., Kondo, H., Nii, H., Kimura,
K., Egami, Y., Oka, Y., Yoshida, M., Kida,
E., Ye, Y.-p., Akahoshi, S., Asakawa, T.,
Matsumura, K., Ishida, H., Nukaya, H.,
Tsuji, K., Kan, T., Abe, 1.: Furan fatty acid
as an anti-inflammatory component from
green-lipped mussel Perna canaliculus.
Proc. Natl. Acad. Sci. USA, 108,
17533-17537 (2011).

DOI: 10.1073/pnas.1110577108

Morita, H., Shimokawa, Y., Tanio, M., Kato,
R., Noguchi, H., Sugio, S., Kohno, T., Abe,
I.. A structure-based mechanism for
benzalacetone synthase from  Rheum
palmatum. Proc. Natl. Acad. Sci. USA, 107,
669-673 (2010).

DOI: 10.1073/pnas.0909982107

Morita, H., Wanibuchi, K., Nii, H., Kato, R.,
Sugio, S., Abe, I.: Structural basis for the
one-pot formation of the diarylheptanoid
scaffold by curcuminoid synthase from
Oryza sativa. Proc. Natl. Acad. Sci. USA,
107,19778-19783 (2010).

DOI: 10.1073/pnas.1011499107

Itoh, T., Tokunaga, K., Matsuda, Y., Fujii,
I., Abe, 1., Ebizuka, Y., Kushiro, T.:
Reconstitution of a fungal meroterpenoid
biosynthesis reveals the involvement of a
novel family of terpene cyclases. Nature
Chemistry, 2, 858-864 (2010).

DOI: 10.1038/nchem.764

Gr100M4)

LIF, 9 TREHR - P (B

1.

TERPNET 2015: International Meeting on
Biosynthesis, Functions and Synthetic
Biology of Isoprenoids, Vancouver, Canada,
2015/6/1-5, "Biosynthesis of  fungal
meroterpenoids".

International ~ Conference on  Natural
Products 2015, Johor Bahru, Malaysia,
2015/3/24-25, "Engineered biosynthesis of
medicinal natural products".

97th Canadian Chemistry Conference and



10.

11.

12.

13.

14.

15.

16.

17.

Exhibition, Vancouver, Canada, 2014/6/1-5,
"Biosynthesis of fungal meroterpenoids".

9 International Symposium on
Chromatography of Natural Products,
Lublin, Poland, 2014/5/26-29, "Engineered
biosynthesis of medicinal natural products".
International Conference on Medicinal
Chemistry and Timmerman Award 2013,
Jakarta, Indonesia, 2013/10/29,30,
"Engineered biosynthesis of medicinal
natural products".

Enzyme Engineering XXII: Emerging
topics in Enzyme Engineering, Toyama,

Japan, 2013/9/22-26, "Expanding the
catalytic =~ repertoires of  biosynthetic
enzymes".

TERPNET2013: International Meeting on
Biosynthesis, Function and Biotechnology
of Isoprenoids in Terrestrial and Marine
Organisms, Crete, Greece, 2013/6/1-5,
"Biosynthesis of fungal meroterpenoids".
Banbury Center Conference on the
Evolution of Plant Metabolism, Cold Spring
Harbor, NY, USA, 2013/3/3-6, "Engineered
biosynthesis of plant polyphenols".
Directing Biosynthesis III, Nottingham, UK,
2012/9/19-21, "Expanding the catalytic
repertoires of biosynthetic enzymes

8" U.S.-Japan Seminar on the Biosynthesis
of Natural Products, Awajishima, Hyogo,
Japan, 2012/6/17-22, "Engineering plant
polyketide synthases".

Enzyme Engineering XXI, Veil, Colorado,
USA, 2011/9/18-22, "Engineering plant
polyketide synthases".

Phytochemical Society of North America
50th  Anniversary Symposium, Kohala
Coast, Hawaii, USA, 2011/12/10-15,
"Engineering plant polyketide synthases".
International Chemical Congress of Pacific
Basin Societies (PACIFICHEM 2010),

Symposium on Natural Product
Biosynthesis, Honolulu, Hawaii, USA,
2010/12/15,  "Engineering  of  Plant
Polyketide Synthases".

9™ NRCT-JSPS Joint Seminar, Bangkok,
Thailand, 2010/12/9, "Engineering natural
products biosynthesis".

25™ Symposium on Natural Products, Kaoshung,
Taiwan, 2010/11/6-7, "Engineering natural
products biosynthesis".

Directing Biosynthesis 2010: Discovery,
Evolution, Function, Durham, United
Kingdom, 2010/9/15, "Engineering of Plant
Polyketide Synthases".

50th Anniversary symposium of the Korean
Society for Applied Biological Chemistry,
Gyeongju, Korea, 2010/8/25, "Engineering
of Plant Polyketide Synthases".

1

(1=

(%

1 GH71)

Matsuda, Y., Abe, 1. "Chapter 13
Meroterpenoids", In Biosynthesis and
Molecular Genetics of Fungal Secondary
Metabolites; Martin, J.-F., Carlos, G.-E.,
Susanne, Z., Eds,; Springer, 2014; pp.
289-301.

Abe, I. "Chapter 16 The oxidosqualene
cyclases: one substrate, diverse products”,
In Natural Products: Discourse, Diversity
and Design; Osbourn, A., Goss, R., Carter,
G.T., Eds,; Wiley, 2014; pp. 297-316

I. Abe, "Chapter 27 Enzymatic Synthesis of
Unnatural ~ Cyclic  Triterpenes", In
Isoprenoid  Synthesis in Plants and
Microorganisms; T. Bach, M. Rohmer,
Eds.; Springer: Oxford, 2012; pp. 393-403.

D)

I A Y

http://www f.u-tokyo.ac.jp/~tennen/head.htm

6. WAL
(D) WFgekzE
Rl AREA (ABE, Tkuro)

HOLRT: « KRBTSR EF

- Bz

& ®Zs: 40305496
(2) WFge oAz
¥AHE X (MATSUDA, Yudai)

HORT « KRB RN IEF -

B

MtEHZ=: 10720766
(3) I HEIF 2T
WA #sE (WAKIMOTO, Toshiyuki)

FOLRT: « RFPBEITFRTER - W%

Wt

izl

eEE‘S 70363900

#:2% (AWAKAWA, Takayoshi)

FORT « KRBTSR IER - B

Wt

#*

eEE‘S 80609834

H  #47T (MORITA, Hiroyuki)

FORT: « KRBTSR IR - B

Wt

TEE‘S 20416663



