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Abstract: Prenylated aromatic natural products (PANPs) are widely distributed in nature. PANPs exhibit a
great structural diversity due to their various core scaffolds (coumarin, lignan, benzoic acid/benzyl alcohol, flavonoid,
xanthone, anthraquinone, and aromatic alkaloid, etc.) and the distinct types and substitution sites of isoprenoid
moieties which may possess either linear or cyclic structures. The structural diversity of PANPs endow them with

various bioactivities including anti-bacterial, anti-oxidation, anti-cancer, anti-inflammatory and analgesic effects,
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which makes them a group of highly promising molecules for drug development. Notably, isoprenoid moieties are

often the indispensable pharmacophores in these active PANPs. Aromatic prenyltransferases (aPTs) are responsible

for prenylation in the biosynthesis of PANPs. aPTs can be divided into three classes according to their evolutionary

relationships and structural features, i. e. membrane-bound aPTs (UbiA type), soluble aPTs with a PT barrel

structure (ABBA type and DMATS type) and terpene synthase-like aPTs. Herein, we summarize 94 aPTs belonging

to the different classes which were characterized in the past ten years, in particular introduce their substrate

selectivity/tolerance, regioselectivity, evolutionary relationships and structural features. This would provide cues

for discovery and engineering of new aPTs, and modification and bio-production of active PANPs.

Key words: prenylated aromatic natural product; aromatic prenyltransferase; substrate selectivity; regiose-

lectivity; biosynthesis
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Figure 1
prenyltransferases (aPTs) shows the result of 1 000 bootstrap tests identified by using MEGA 7.0. DHNA: 1,4-Dihydroxy-2-naphthoic acid,;

Phylogenetic relationship of aromatic prenyltransferases. Neighbor-joining phylogram for amino acid sequences of aromatic

HOS: Heme O synthase; ChlG: Chlorophyll synthases; HGPT: Homogentisate prenyltransferase; HPT: Homogentisate phytyltransferase;

HGGT: Homogentisate geranylgeranyl transferase; HST: Homogentisate solanesyltransferase; OA: Olivetolic acid

Table 1 Prenyltransferases of the last decade. FPP: Farnesyl diphosphate; GPP: Geranyl diphosphate; GGPP: Geranylgeranyl pyrophos-
phate; PHB: p-Hydroxybenzoic acid; DMAPP: Dimethylallyl pyrophosphate; PDP: Phytyl diphosphate; HGA: Homogentisate acid; SDP:
Solanesyl diphosphate; IPP: Isopentenyl pyrophosphate; CLPP: Cyclolavandulyl diphosphate

. . Prenyl
Type Protein Species Prenyl donor Substrate L Ref.
substitution site
Membrane-bound AfUbIiA Archaeoglobus fulgidus FPP, GPP, GGPP  PHB C-3 [6]
UDbiA type aPTs
XimB Streptomyces FPP, GPP, GGPP PHB C-3 [7]
xiamenensis 318
SmPPT Salvia miltiorrhiza Polyprenyl-PP PHB C-3 [8]
Bunge
AePGT Arnebia euchroma GPP PHB C-3 [9]
(Royle) Johnst.
AePGT4 Arnebia euchroma GPP PHB C-3 [9]
(Royle) Johnst.
AePGT6 Arnebia euchroma GPP PHB C-3 [9]
(Royle) Johnst.
MtMenA Mycobacterium FPP, polyprenyl-PP DHNA C-3 [10]
tuberculosis
BsMenA Bacillus subtilis FPP, GPP, GGPP, DHNA C-3 [11]
polyprenyl-PP
RceDT1 Rubia cordifolia L. DMAPP DHNA C-3 [12]
MmUBIADI1 Mus musculus GGPP Menadione C-3 [13]
CtHPT Clitoria ternatea L. PDP HGA C-3 [14]
RTD1 Oryza sativa L. PDP HGA C-3 [15]
HIPTIL Humulus lupulus L. SDP HGA C-3 [16]
HIPT2 Humulus lupulus L. SDP HGA C-3 [16]
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Continued
. . Prenyl
Type Protein Species Prenyl donor Substrate L . Ref.
substitution site
PcPT Petroselinum crispum DMAPP Umbelliferone C-6,C-8 [17]
(Mill.) Hill
PsPT1 Pastinaca sativa L. DMAPP Umbelliferone C-6 [18]
PsPT2 Pastinaca sativa L. DMAPP Umbelliferone C-8 [18]
AsPT1 Angelica sinensis (Oliv.) DMAPP Umbelliferone C-6 [19]
Diels
AsPT2 Angelica sinensis (Oliv.) DMAPP Umbelliferone C-8 [19]
Diels
PpPT1 Peucedanum DMAPP Umbelliferone C-6 [20]
praeruptorum Dunn
PpPT2 Peucedanum DMAPP Umbelliferone C-8 [20]
praeruptorum Dunn
CIPT1 Citrus limon (L.) Burm. GPP Umbelliferone, esculetine, C-8 [21]
F. 5,7-dihydroxycoumarin,
5-methoxy-7-hydroxycoumarin
FcPTla Ficus carica Linn. DMAPP Umbelliferone, 5-methoxy-7- C-6 [22]
hydroxycoumarin
FcPT1b Ficus carica Linn. DMAPP Umbelliferone C-6 [22]
AcPT1 Artemisia capillaris DMAPP, GPP p-Coumaric acid, ferulate, C-3,C-5 [23]
Thunb. drupanin
CpPT1 Citrus paradisi Macf. GPP 5,7-Dihydroxycoumarin, 5-OH, 8-OH [24]
5-hydroxy-7-methoxycoumarin,
xanthotoxol, bergaptol,
8-hydroxybergapten
AKPT1 Angelica keiskei Koidz. DMAPP Bergaptol, xanthotoxol C-5,C-8 [24]
MePT1 Murraya exotica L. GPP Umbelliferone C-6, C-8, [25]
7-OH
EsPT2 Epimedium sagittatum  DMAPP Kaempferol, kaempferide, C-8 [26]
(Sieb. et Zucc.) Maxim. naringenin
EpPTS8 Epimedium pubescens DMAPP Kaempferol, quercetin, apigenin  C-8 [27]
Maxim.
LaPT2 Lupinus albus L. DMAPP Kaempferol, quercetin, fisetin, C-8 [28]
galangin, myricetin, naringenin
AhPT1 Artocarpus DMAPP Genistein, 6-hydroxyflavone, C-6,C-5 [29]
heterophyllus Lam. etc.
GuA6DT Glycyrrhiza uralensis DMAPP, GPP Apigenin, chrysin, luteolin, etc.  C-6 [30]
Fisch.
GulLDT Glycyrrhiza uralensis DMAPP Naringenin chalcone, C-3' [31]
Fisch. 2'.4'-dihydroxychalcone, etc.
LjG6DT Lotus corniculatus L. DMAPP Genistein C-6 [32]
GmIDT1 Glycine max (L.) Merr. DMAPP Daidzein, genistein B-ring [33]
GmIDT2 Glycine max (L.) Merr. DMAPP Daidzein, genistein A-ring [33]
GmPT3 Glycine max (L.) Merr. DMAPP Daidzein, genistein Unknown [33]
GmC4DT Glycine max (L.) Merr. DMAPP Coumestrol C-4 [33]
GmG2DT Glycine max (L.) Merr. DMAPP Glycinol C-2 [33]
GmPTO1 Glycine max (L.) Merr. DMAPP Glycinol C-2 [34]
PcM4DT Psoralea corylifolia DMAPP Maackiain, medicarpin C-4 [35]
Linn.
PcPTI11 Psoralea corylifolia DMAPP Genistein, apigenin, C-6 [36]
Linn. isorhamnetin, etc.
MalDT Morus alba L. DMAPP, GPP Genistein, isoliquiritigenin, C-3' [37]
apigenin, etc.
CtIDT Cudrania tricuspidata DMAPP, GPP Genistein, isoliquiritigenin, etc. ~ C-4' [37]
(Carr.) Bur.
MaOGT Morus alba L. GPP, IPP, DMAPP, Oxyresveratrol, resveratrol C-4 [38]
FPP, GGPP
AhR4DT-1 Arachis hypogaea L. DMAPP Oxyresveratrol, piceatannol, C-4 [39]
pinosylvin
AhR3'DT-1 Arachis hypogaea L. DMAPP Oxyresveratrol, piceatannol C-3' [39]
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. . Prenyl
Type Protein Species Prenyl donor Substrate L Ref.
substitution site
AhR3'DT-2 Arachis hypogaea L. DMAPP Oxyresveratrol, piceatannol C-3' [39]
AhR3'DT-3 Arachis hypogaea L. DMAPP Oxyresveratrol, piceatannol C-3' [39]
AhR3'DT-4 Arachis hypogaea L. DMAPP Oxyresveratrol, piceatannol C-3' [39]
HcPT Hypericum calycinum L. DMAPP 1,3,6,7-Tetrahydroxyxanthone, = C-8 [40]
1,3,7-trihydroxyxanthone,
1,3,5,6-tetrahydroxyxanthone
HcPT8px Hypericum calycinum L. DMAPP 1,3,6,7-Tetrahydroxyxanthone C-8 [41]
HcPT8pat Hypericum calycinum L. DMAPP 1,3,6,7-Tetrahydroxy-8- C-8 [41]
prenylxanthone
HsPT8px Hypericum sampsonii DMAPP 1,3,6,7-Tetrahydroxyxanthone, = C-8 [41]
Hance 1,3,6,7-tetrahydroxy-8-
prenylxanthone
HsPT8pat Hypericum sampsonii DMAPP 1,3,6,7-Tetrahydroxy-8- C-8 [41]
Hance prenylxanthone
CsPT4 Cannabis sativa L. DMAPP, GPP, OA, etc. C-3 [42]
FPP, GGPP
GlyMa 02G168000 Glycine max (L.) Merr. DMAPP OA C-3 [43]
MePT2 Murraya exotica L. DMAPP Quinolone C-3 [25]
ClaS Clitocybe clavipes GPP Hydroquinone C-2 [44]
UbiA-297 Maribacter sp. MS6 FPP 8-Hydroxyquinoline-2- Unknown [45]
carboxylic acid, quinaldic acid,
1,3-dihydroxynaphthalene, etc.
FtaB Talaromyces variabilis ~ FPP Indole-containing C-2 [46]
H1 diketopiperazines
Mpz10 Streptomyces sp. DMAPP 1-Hydroxyphenazine, C-4,C-9 [47]
1,6-dihydroxyphenazine
CnqPT1 Streptomyces sp. GPP, DMAPP, FPP 1,6-Dihydroxyphenazine, 1-OH, 2-OH [48]
CNQ-509 1-hydroxyphenazine, flaviolin
CdnC Penicillium funiculosum FPP Benzo-pyranone, benzo- C-5 [49]
GWT2-24 cyclohexanone, etc.
PgMpaA Penicillium FPP, GPP 5,7-Dihydroxy-4- C-6 [50]
brevicompactum methylphthalde
ABBA type Vib-PT Stereum vibrans DMAPP, GPP, 4-Hydroxybenzyl alcohol, 3-OH, 4-OH, [51]
aPTs FPP, GGPP 4-hydroxybenzaldehyde, etc. C-3
AmbP3 Fischerella ambigua DMAPP, GPP cis-Indole nitrile, hapalindole C-2,C-3 [52,53]
UTEX1903 U, hapalindole G, hapalindole A
FamD2 Fischerella ambigua DMAPP, GPP cis-Indole nitrile C-2,C-3 [52]
UTEX1903
CnqP2 Streptomyces sp. GPP, DMAPP Genistein, 7-OH, C-5, [54]
CNQ-509 1,6-dihydroxynaphthalene, C-1
2,7-dihydroxynaphthalene
CnqP3 Streptomyces sp. GPP, DMAPP Flaviolin, genistein, 7-OH, C-5, [54]
CNQ-509 1,6-dihydroxynaphthalene, C-1
2,7-dihydroxynaphthalene
CnqP4 Streptomyces sp. GPP 2,7-Dihydroxynaphthalene C-1 [54]
CNQ-509
CnqgP5 Streptomyces sp. DMAPP 1,6-Dihydroxynaphthalene C-5 [54]
CNQ-509
CnqP6 Streptomyces sp. GPP Genistein 7-OH [54]
CNQ-509
ShFPT Streptomyces sp. NT11 ~ DMAPP Naringenin C-6 [55]
DMATS type 7-DMATS Neosartorya sp. DMAPP L-Tryptophan, simple indole C-7 [56]
aPTs derivatives
EchPT1 Aspergillus ruber CBS ~ DMAPP cyclo-L-Trp-L-Ala C-2 [57]
135680
EchPT2 Aspergillus ruber CBS ~ DMAPP Preechinulin, etc. Unknown [57]
135680
SAMLO0654 Streptomyces DMAPP, GPP Tryptophan, tryptophan C-6 [58]

ambofaciens

derivatives, naphthol, etc.
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Continued
. . Prenyl
Type Protein Species Prenyl donor Substrate L. Ref.
substitution site
Strvi8510 Streptomyces DMAPP, GPP Tryptophan, tryptophan C-6 [58]
violaceusniger derivatives, naphthol, etc.
PriB Streptomyces sp. RM-5-8 DMAPP, GPP, L-Tryptophan, simple indole C-6 [59]
FPP, etc. derivatives, naphthol,
anthraquinone, etc.
CymD Salinispora arenicola DMAPP L-Tryptophan, indole, indole- N-1 [60]
CNS-205 like small molecules
TleC Streptomyces GPP Indolactam V C-7 [61]
blastmyceticus NBRC
12747
TyrPT Aspergillus niger DMAPP Tyrosine, tyrosine derivatives, 4-OH, C-7 [62]
tryptophan, tryptophan
derivatives
DMATSI1 Fusarium fujikuroi DMAPP L-Tryptophan N-1 [63]
RePT Rasamsonia emersonii ~ DMAPP, GPP L-Tryptophan, L-tyrosine, C-7,N-1, [64]
flavonoids, coumarins, etc. etc.
AcaPT Taiwanofungus DMAPP L-Tryptophan, flavonoids, 4'-OH, 7-OH, [65]
camphoratus coumarins, etc. etc.
AtaPT Aspergillus terreus DMAPP, GPP, FPP Tryptophan derivatives, C-3', C-4, [66]
flavonoids, coumarins, etc. C-6
Terpene CqsB4 Streptomyces exfoliatus  DMAPP Tricyclic carbazole C-6 [67]
cyclase-like aPTs
NzsG Streptomyces sp. MA37 DMAPP Tricyclic carbazole C-6 [68]
LdqG Streptomyces sp. CLPP Tricyclic carbazole C-6 [69]
LHW2432
LvqB4 Streptomyces CLPP Tricyclic carbazole C-6 [70]
viridochromogenes 2942-
SVS3
AaTPS Alternaria alternata DMAPP Indole, indole derivatives N-1,C-3 [71]
TPF6
FgGS Fusarium graminearum DMAPP, GPP Indole, indole derivatives N-1, C-3 [71]

AePGT.AePGT4 il AePGT6 LA GPP Jyflhfk, 2E it 45 5
# (shikonin) [ BT 449 i 3-8 - JE -4- 92 O HE R
W) IR R L DR R aPTs N B Q2, 5 7+ K Jd
It 5 F2 B (coenzyme Q2, polyprenyltransferase). 7l
sk 3 N2 (Homo sapiens) 1] HsCOQ2 AR H /N iR
(Mus musculus) ] MmCOQ2"*, {H3T 10 4 A& K& B #r
HI BN IE T 2 FE R F R aPTso

Figure 2 Crystal structure of ApUbiA (PBD: 40D5). Catalytic
active site of ApUbiA binding with PHB (blue sticks), GSPP (yellow
sticks) and Mg®" (green sphere). GSPP: Geranyl thiolopyrophos-

phate; red cross: Water molecule
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FRERAN 3-J0 N HE-1,4- 2810, 38 B 0 o R AL R 1Y
WA TR

5 #) H [¥) UBIAD1 (UbiA prenyltransferase con-
taining 1) 5HMAEY+H MenA B B ZEL R R (K
). KX H7ET MenA UL DHNA Ky 5 4% 5 1) %2
1k, T UBIAD1 LA 2-F 56-1,4-Z5 B N 5 SR FE 10 52 4
(A t, UBIAD1 2 5 1) B J 25 i A2 W) 5 AN 7 28 0k
Mol . IR 7T A DA ] S 40 i 7€ A2 ¥ UBIADI
BAANFRELIIRE. &6 T 2k i ¥ UBIADI
Z 5 B ZE TR AR & BT, T R R B A Rk
UBIADI £ 512 it COQ10 4= B 3T 10 A % L 14
%KM A /N B ¥ MmUBIAD 1!,
1.3 [M#%I% O & ALHE (heme O synthase, HOS) I 4L
K EA 84 0, L KN NO Il CO Z:Thfig, £ AT
R ¥R AR Y, R L, RO S R AE A A
FE ML LT3 A & i 427 . HOS LA FPP Ay it A i 47,
Bk e I F A2 B 40 R B (heme B) [ 2- 203 |,
3 E 1L £ 25 O (heme O), 5 41 B. Subtilis ' [¥] CtaB"™,
T 104E, AR BLHT HOS M .
14 M4 %= 4 BB (chlorophyll synthases, ChlG)
ChlG LA PDP Jy fit 44 JiC ¥, 7 Wit 4 5= W % 35 (chloro-
phyllide) ) 17-PA B2 5] NE %S, A= % 4% 2 a (chloro-
phyll a). ChIG 5 A] DLKE 7 i 5 7y it R 5 7% 28 Jfd il
Mgk b, S A IR A R I SR, FE T — e
Ji 2 A S 2R 8 WK R R OsAT G4, il
10 48, RAHH ChiG 1 -
1.5 REBR R X/ FE (homogentisate prenyl-
transferase, HGPT) HGPT LLJK R (homogentisate
acid, HGA) A2 14 iKY, MR 48 7 32 1) B AR ) A [5) 7
3R PR R IRAE AL F2 lE (homogentisate phytyl-
transferase, HPT). JK 22 iR & I 2 77 - L 2 2 ¥ (homo-
gentisate geranylgeranyl transferase, HGGT) #1 JR 22 g
i Je & # % B (homogentisate solanesyltransferase,
HST). HPT-HGGT #I HST % 7| #% % PDP . GGPP i
5t St FE T IR (solanesyl diphosphate, SDP) N fit {4, 7£
HGA 1) C-3 7. 5I N 57 M 3k, B fs 7= 43 0 o A2 &
(tocopherol). £ & = J#i i} (tocotrienol) F1J5i /4 B (plas-
toquinone) HIAEY & BATIA . 3T 10 4 &K I Z KRG
5 Wt 5 (Clitoria ternatea L.) ¥ ] CtHPT" | /K F& p
B RTD 1M AE (Humulus lupulus L.) ) HIPTIL

ATHIPT2!, Jerhr, CtHPT A1 RTD1 4 HPT, HIPT1L I
HIPT2 Jy HST.
1.6 UEZZHXNLEY (coumarins) A K HIH UbiA
BlaPTs MNPTERHEY TR T 74 545 IR 2= F 7
B F A G R D% 1) UbiA B2 aPTs, B4 B
[Petroselinum crispum (Mill.) Hill] 7 ] PcPT!7, BX B
R (Pastinaca sativa L.) F1 [F] PsPT1 F1 PsPT2!"", 24 I
[Angelica sinensis (Oliv.) Diels] #ft AsPT1 #1 AsPT2!"
PLI R (Peucedanum praeruptorum Dunn) FH ] PpPT1
FPpPT2R, X L6 aPTs HA A L F MRA L —E, LA
DMAPP A4 57 [ H AL AR, A2 52 T2 (umbelliferone)
AR . PPT 32 AR 1%, C-6 157 57 [ 3 Ak T 724 DL K
b1 C-8 17 57 I B4 1 =4, PsPT1.AsPT1 fll PpPT1
AL AT B C-6 13 ¥ 5 M 34K, 177 PsPT2 . AsPT2 Al
PpPT2 AL TE il C-8 {5 1) 57 I M 24K

MFTEE [Citrus limon (L.) Burm. F.] H1 % %€ i CIPT1
S PEHL DL GPP N S B0 S AR AA, 43 ol £ Ak <= T2 i
= (esculetine).5,7- A &K (5,7-dihydroxy-
coumarin) F 7- 52 Jk -5- F S Bk & & & (5-methoxy-7-
hydroxycoumarin) C-8 f7 [ 5 I B4, TeAER (Ficus
carica Linn.) %1 ff] FcPTla M1 FcPT1b ¥ 55 5 M Hb DL
DMAPP Jy 57 JR 0 5 fH A, 5l & 7T 4 4k <= T2 IR A 7-32
FE-5-FAR B T F C-6 o 1) 3 IR B4k, 40 o A ki
JIE 2% R T4l P9 I PR AR B BT AR, S5 A I RE R A
TV B C-6 fr 1 53 s B2k S NP2 T R (Artemisia
capillaris Thunb.) ¥ [f] AcPT1 ¥ % LI DMAPP K 7
TR A4, BTy 0 AE R R RS R SR (p-
coumaric acid) FI[T 22 EL (ferulate) 1) C-3 fif & drupanin
(1) C-5hr 5] N 57t I g 22

KZHHFEY I UbiA & aPTs 45 DL I 7 4~ aPTs,
H AL C-C B 42 1) e s A0 SO, fHL 2t AR A
HR I/ H aPTs AT AE SR T Bl NS IR B 56—
AR LR A UbiA Y O-aPT /& 25 7 Bl & i (Citrus
paradisi Macf.) 1 1#] CpPT1. Z%EE4s: 514 L GPP Ay
e G, PIAE 5, 7- TR R R TR 5- R EE-T-H A
7 5 & (5-hydroxy-7-methoxycoumarin). {£ #{ # H
(xanthotoxol). 7 M F# (bergaptol) 1 8- 3% & i F 1 N
fig (8-hydroxybergapten) ] 5-OH 5§ 8-OH I 5] X 57 &
LR, BH H M (Angelica keiskei Koidz.) H1F) AKPT1
2 2 LA DMAPP A A4, i 40 7 A B C-5 o0 F AL 4] 25
Ty C-8 £ F& 55 1) 5 I M 2 462, JL B & (Murraya
exotica L.) 1) MePT1 J&ME—— 1] DA [FE IHEEAL C-7: 1K
i AN O-F M 2E 4L 1Y) aPT; 1% M UL GPP A EA, 18
T C-6 137 . C-8 0 F1 7-OH {34 1] 5] N 5 s 36, A
F5 3 T AN [ P S5 IR0 A 7= 0
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1.7 UEEIZE LS4 (Navonoids) A JiK 4 A UbiA
B aPTs K2 B LKA &) )9 R I UbiA 1Y
aPTs 7 5 14 Hi L DMAPP A 57 [0 M BE flb 44, T 4k 2
Tolo S T JES AP 1) S L0 B AL o X LB B K R SR
[Epimedium sagittatum (Sieb. et Zucc.) Maxim.] ' [
EsPT2PY. L B ¥ £ % (Epimedium pubescens Maxim.)
FF Y EpPTSP" . A H B & (Lupinus albus L.) 1% 58 K
LaPT2™ .y 2 % (Artocarpus heterophyllus Lam.) /1 ]
AWPT1® H % (Glycyrrhiza uralensis Fisch.) W% 52 1)
GuA6DTP AT GUILD TP, H Bk AR (Lotus corniculatus L.)
%58 (1) LiG6DTRY . Kk & [Glycine max (L.) Merr.] H
¥y GmIDT1.GmIDT2. GmPT3,GmC4DT. GmG2DT"
1 GmPTO1PY DL K #h B I (Psoralea corylifolia Linn.)
o %5 52 1) PcMADTY R PePT11P, EsPT2 1] 53 J& /i
FAk 1 22 (kaempferol) 111 25 3 (kaempferide) A1 A
% 2 (naringenin) C-8 7, %7 111 2% My Y 3%k ¢ 14 50 =%,
EpPT8 1] 5 [N M 2 Ak 1L 25 197 Mt 52 3 (quercetin) 1 )T
32 % (apigenin) 1) C-8 7?7, LaPT2 w] 5 R4 3L 4k 1L
2y M R VTR (fisetin) 5 K 22 K (galangin) ¥
M (myricetin) Fl 7 2 #9 C-8 47, % 111 2= Wy A Bz 2%
HABEPEFEED ., AWPT1TE Mg™ fA1E N AL ekl
K E (genistein) 55 15 Fi AL 54 C-6 AL 1) 7 M 24k
TEMn* fE1E T, ik 6-F2 5 55 i (6-hydroxyflavone) /&
HATAW) C-5 A0 5 1@ B4 GuA6DT fiEfb B
5,7- R U R C-6 o2 1 57 M 245, GuILDT
Ak A J2 3= 25 /R B (naringenin chalcone) F12',4'- %
FEE /KR (2',4'-dihydroxychalcone) &5 B 4'- ¥ FE Ay /K
B C-3"4r F 57 R 40P . LiGeDT fEfb Yekl A & C-6
P75 % ALY, GmIDT1.GmIDT2 Al GmPT3 3
a] PLK & 8 2K (daidzein) 14 kK RN 2R KW,
GmIDT1 £ B-ring 5| A\ 7 4 &, GmIDT2 7£ A-ring 5l
AN 5 %0 H . GmPT3 1 7= 4 v K i 2™e GmC4DT
7t coumestrol 1] C-4 fi7 5] N 5 & J& 2. GmG2DT
A GmPTO1 7£ glycinol [ C-2 £ir 5] N 5 [k s 234,
PcM4DT f# 44 i T #2 % (maackiain) F1 3% it 55 1 &
(medicarpin) C-4 £ (1) 7 [ M B 465, PePT11 52 H Al
L SR Rz 2V B v P AEL YY) aPT, AR 23 A
ZARIRY) (22 P B E R AL S AN 1 P R), X2k
(1) C-6 1A ¢ = 1 DX 3z BEPERY . B DA e 1 DA
DMAPP Hy 55 [ M 3L LA () aPTs 41, 5% (Morus alba L.)
¥ MalDT FIAa A [Cudrania tricuspidata (Carr.) Bur.]
H[f) CUDT w] LA 4 52 DMAPP Fl GPP Jy fit 14 JiE 47,
AL H B (isoliquiritigenin) 25 25 K i A1 5 24 B 1)
C-3'1L 1 57 0 B2 4k, k4, MaIDT i nf BLU ) 3
%, 1 CDT A RER AP,

1.8 PLEE F L &4 (stilbenoids) I JiE 4 BY UbiA B!
aPTs 2 1 ) MaOGT 1] #% %2 IPP (isopentenyl pyro-
phosphate, IPP).DMAPP.GPP.FPP 1 GGPP % fi 57 /%,
I e AR, 7R AU B 22 I (oxyresveratrol) A1 H 22
fiE (resveratrol) [f] C-4 £ I 5] N 5 M 2k, FEXT GPP 1)
kB A, B AL (Arachis hypogaea L.) 1)
AhR4DT-1 A1 AhR3'DT-1 %§ 53 ' # L DMAPP Jy 5 /%
JEFEALR, 23 AL F X A2 BT (piceatannol) A4 4k A 22
P C-4 A1 C-3"17 9 5 M B2 4L 5 L Ah, AhR4DT-1 34
Al LA FR A 2 (pinosylvin) C-4 17 [ 5 R 45 AL B
1.9 PAZE £ Efd (xanthones) J9 K4 /Y UbiA £ aPTs
2% 4 22 Wk (Hypericum calycinum L.) " () HcPTH,
HcPT8px Al HcPT8pat* LA & 76 T & (Hypericum samp-
sonii Hance) "' % % [f] HsPT8px 1 HsPT8pat™*! #5 LA
DMAPP A A&, DL Fh A 2% B M ik . HePT £ 2
1A 1,3,6,7- T F2 38 46 2% B (1,3,6,7-tetrahydroxyxan-
thone) 1 1,3,7- = ¥2 JL 4 % B (1,3,7-trihydroxyxan-
thone) C-8 7 [1) 57 M 24k DL 1,3,5,6- DU 2 Jk 58 2% R
(1,3,5,6-tetrahydroxyxanthone) HJE YIS, 2R HAKD.
HcPT8px fE L 1,3,6,7- VU ¥2 3k 42 44 1 B C-8 o7 1) 57 TR s
HAb . HsPT8px Ak 1,3,6,7-VY %% 358 4% B R F1 1,3,6,7-
DU 2 5 -8- 5 1 0 B 4 44 BB (1,3,6,7-tetrahydroxy-
8-prenylxanthone) C-8 £ 1) 77 [ M 54k . HcPT8pat Al
HsPTS8pat {1k 1,3,6,7- VU ¥5 5 -8- 7 [ — 45 22 46 A% B
C-8 o7 1 5 T s 34k, A2 i patulone; 3 AT DL f#E 16 5 A
PR 0 D B R I AR RS 4 1,3,6,7- DU R R AU A R C-8
fir b, B4 B patulone™!,

1.10  PAHI#HEES (olivetolic acid, OA) g K4 HY UbiA
B aPTs KK (Cannabis sativa L.) F 1] CsPT4*F1 K
& H ) GlyMa_02G 168000 LA DMAPP Sy 57 [ 4 2L ft
A, AN R C-3 A7 1) 7t 0 B Ak, A2 R R 4k
BV R A TR K RSB ER (cannabigerolic acid).
H o CsPT4 34 7] $2 52 GPPFPP 1l GGPP Ay 5 [ ik fi
A, e G AL C-6 AL AR AE AN [R) K BE Jot = BRI 2K 24
FEEUR IR R

L1 UEAMSTEXUEW AR UbiA B aPTs
JUEL A ) MePT2 2 55 — M R B AT DL I 240
W 5 ) 28 A= R A R ) aPT, LA DMAPP Ay S 130 i £k
A&, AE 22 Fofr e 1 I 28 AR DR ) C-3 A7 B 5N 7 R ik
H =¥~ A B 18 (dictamnine)~ ##K 3 (flindersin) 1B
W (skimmiamine) [ 25 4 & BRCRT AR B A AR <
(Clitocybe clavipes) " ] ClaS 45 5 14 3 UL GPP N it 4k,
TEX 2K — Wy (hydroquinone) A F& ¥ BUAR AT AE W11 C-2
B 51N 5 0 45 5 ClaS 1) 9828 /4 H73R [ 2 K i 4 4%
SRk 2 2R R R B AT A
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Ak, WA R I 7 — 26 UbiA 2 aPTs.
¥ J& Maribacter sp. MS6 1 [f] UbiA-297 X} 2- 2 J-8-
$2 FE R (8-hydroxyquinoline-2-carboxylic acid) F1 2-
B ILEM (quinaldic acid) R R ey, T &
W EGINEJe M dE . 55 4h, ik n] DA 52 8- 54 kM ik
(8-hydroxyquinoline).1,3- ~¥#£F#£Z% (1,3-dihydroxynaph-
thalene)4- 1 3£ T Bl (4-methylumbelliferone) A1 JR
I (xanthurenic acid)'™s WK1 & Talaromyces variabilis
H1 91 1) FtaB 2 55 — A 7] DU A0 — Wi IR 198 7 130 0 B 1
1 UbiA B aPT, % 8§ LA FPP Ay 5 [0 FE A1 A4, o 2 1K
S 3L 5] B 5| W ) B R B (indole-containing diketo-
piperazines) M HLIMUAII C-247 . S, sp. I Mpz10
52 B A ] DU AL Wy R Ak & ) S IO ZE AL 1) UbiA A
aPT, 1% 855 57 P4 Hh UL DMAPP Ay 53 007 56 fi ik, 76 1-
2 AW (1-hydroxyphenazine) F11,6- —F2 Wy (1,6-
dihydroxyphenazine) [ C-4 & C-9 £ & 51 N 57 [& I
FEW, S sp. CNQ-509 H1 /] CngPT1 #& — Ff' O-aPT, &
%2 LA DMAPP.GPP il FPP A4k, 7£ 1,6- 52 JL Wy |
1-2 LW R 1) C-1 AL 52 240 flaviolin 1) C-2 7 2 2% 1 5]
N 5 M s, o X GPP s #e i m™. 4R E &
(Penicillium funiculosum GWT2-24) ¥ ] CdnC L\ FPP
LR, AL ZE DL I B (benzo-pyranone) AT 3 3R
2 (benzo-cyclohexanone) C-5 AL {57 M FE1L, &8
A PA¥E %2 2,4- —F2 B K R (2,4-dihydroxybenzalde-
hyde). 3,5- . ¥& %k -4- L JL 28 H % (3, 5-dihydroxy-4-
methylbenzaldehyde) 4- ¥ 3 2K Hi i (4-hydroxybenzal-
dehyde) #1 3,5- — ¥& 5 2% H1 8 (3, 5-dihydroxybenzoic
acid) NIKY™. 5% H % (P brevicompactum) H 1]
PgMpaA UL GPP M FPP Jy 53 ) SE 44, (AL 5,7- %%
F-4-H FL IR L (5,7-dihydroxy-4-methylphthalde) C-6 11/
) M AL, FEXT GPP IR 4 B 0
2 BBEPTHIR (PT barrel) EHHI TR aPTs

IR )R 2 5 &R, A PTHIIR (PT barrel) &5
R (R RT VE aPTs W] 43 AN L S50R, 43 il DL T &
I T 2 (4 2 R & I (dimethylallyl tryptophan synthase,
DMATS) RNARE KI5 (Rl DMATS & aPTs) DL & DA
TRy /W3 W e TR HE e R il (10 CloQ A1 NphB) AR FR )
AE 5% (phenol/phenazine PTs, B ABBA % aPTs)™, 1%
Wil aPTs 2 A 3 [H] (10 45 MR AE, B 5 N5 2 1 aapp
TG S T AR AR S5 AL (R RR N PT AR 45 1),
Hop | [ CPATHES T B-97 8 I (B-strands) A7 T N3, a-
WETE AL T A1 T B B T VR, R [E) T UbiA B
aPTs, — % # AR A4 (N/D) DxxD H:fF. H i, DMATS
A1 aPTs $5 A T — 4 4 J8 55 -, il FgaPT2"™ (&
3A). TEMLAETEER T Br, DMATS &4 aPTs ' [1) — & 517

TE LA R BR A (ks SRR AU R T A FE R A,
AN ZANER R R (tyrosine shield) AT 5 £E i FRAR 11 4205
TR, M IE — 5 ATt £ B IR I I8 1) e 22 I
T FEE IR AR, )5, AR (W1 FgaPT2 HH I K174) 171
T o E AW, AT AE L2 7= ™. ABBA
B aPTs 1] — B AR AL: — Mo = &8 (8
B4 MK aPTs (W1 NphB™*, [ 3B); 3 —F Ak
W E (B T EE) KA aPTs (1 MpnD™), 3K H
7 IE WL AT PRI AR J 2 A R IR (B 30)™ . X T4 J@ A it
R ABBA B aPTs, >R ] HL A R A& BR B HE (W1 NphB
FH) Asp62) 5 4 &8 & R AL, R S A S ik
Ji AR . E 4R A5 1) ABBA 2 aPTs (1) [l £E i iR
SN 5 DMATS 24 aPTs 2540, i i — 2 417 1E HLfar )
% F tyrosine shield fi& 3 5 13 I 22 A48 1< it £ i 1R T
o e R BB IE B 1 B m, i 0 B 2
FRIREFREEER (0 A RMAER) 5K
THFW I FW o EEWHI T, I AE R
P

H AT A IR FL A PT AR 45 44 1 Wi 1 aPTs 3
BT MAEY . 5 UbiA B aPTs AL, 1% 0] %5 1 aPTs
R I S2 AR IR I B 1 5 HoE 400 R I R BRMER,
DRI B, 38 43 0 AR 40 52 A IR A 1) 45 # SR Y, gk A7 4y 2
.
2.1 ABBAZ!aPTs ABBA #!aPTs 3 E{#{k — 3t
ZEIE VT 2 4- 5 % T TR R R BRI 2R S AL S 1)
IR FEALP, W ¥ 8 Stereum vibrans W ] Vib-PT LA
DMAPP.GPP.FPP Fl GGPP My fitf, 1k 4553 5 H i
(4-hydroxybenzyl alcohol) C-3 1 4-OH fi7. LA [ 4-#% %
SRS C-3 A 10 S M B A0 S22, 3 4b Vib-PT 3% AJ A
¥ %2 3,4- R HFH & (3,4-dihydroxybenzaldehyde)-
4-¥2 3 7K iR (4-hydroxybenzoic acid). L-fi& & B2 (L-
tyrosine) Ml L- % R (L-tryptophan)®'. M 7] %E K [K
¥ (Fischerella ambigua UTEX1903) ' [¥] AmbP3 Fl
FamD2 A] 7. cis-indole nitrile C-2 f57 F1 C-3 Az [A] i} 5] A
=R N R B R 0 0l A2 B dimethylallylated
cis-indole nitrile 1 geranylated cis-indole nitrile, J5 3 /&
hapalindoles & 4= V)5 (1) i A AL & 957, L 4F, AmbP3
18 W] UL {8 1L hapalindole U F1 hapalindole G C-2 i [
S 1A S R AL, 43 ) AR i ambiguine 7 05| 2 A M
K 7l 48 1 & ) ambiguine H F1 ambiguine A; i& 7] DL f#
1k hapalindole A C-2 17 [ 1F [] 57 [ M 28 46 Jse b2, A
S. sp. CNQ-509 H1 %558 th £ /> aPTs, iX 264 3= £ L GPP
M DMAPP Ay fit 44, o] LUE 2 Fh R B S/ L&
YA A7 B 9] N 5 08 2 (R 1 frs)Be S sp.
NT11 5 ) ShFPT LA DMAPP Jy fit A, 45 5 1 i £ 1 Al
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Figure 3
structure. A: FgaPT2 (PBD: 314X), catalytic active site of FgaPT2
binding with L-tryptophan (blue sticks) and DMSPP (yellow
sticks); B: NphB (PBD: 1ZB6), catalytic active site of NphB
binding with 1, 6-DHN (blue sticks), GSPP (yellow sticks) and
Mg”" (green sphere); C: MpnD (PBD: 4YLA), catalytic active site
of MpnD binding with indolactam V (blue sticks) and DMSPP
(yellow sticks). DMSPP: Dimethylallyl S-thiolodiphosphate; 1, 6-

Crystal structure of soluble aPTs with a PT barrel

DHN: 1,6-Dihydroxynaphthalene; red cross: Water molecule

BRI C-6 A7 57 U Z AL

2.2 DMATS & aPTs DMATS & aPTs £ Z ik L- 4
R 5 WA AR R 8 R B IR B e R
6B, BT % #6 B J8 Neosartorya sp. W ) 7-DMATS LA
DMAPP Jy fit A, fH Ak L- £ % IR AN 58 6 fij B0 | W A7 28
¥y (simple indole derivatives) C-7 £ it 57 /% ) 3 4L 5%,
M I 5 (Aspergillus ruber CBS 135680) H % & H
EchPT1 #1 EchPT2 — # 3 UL DMAPP Ay fit & . A #
4K cyclo-L-Trp-L-Ala C-2 % 1) J [0) 73 % 0 24k, A4
% preechinulin; J5 & " ¥ — R MG A K K R
preechinulin 38 A [ 47 m, A2 B AT 22 A 57 30 2
AR 7= BT
'] SAMLO0654 Al Strvi8510 # i LL DMAPP 1 GPP 4y 5+

S. ambofaciens F1 S. violaceusniger H

g B Ak i A (= R S L AT AE W) (tryptophan
derivatives) C-6 {7 ] 7 [ A% HE 4k, 73 A EATE 7T LA AL
— UL ZE W} (naphthol) [ 5 &I ZEAL5Y, S sp. RM-5-8
] PriB fi& LA DMAPP.GPP.FPP & H. AW A it 1A, 57
PRI FAL Lt Z BRI C-6 Ar; BbAb, 3B AT D42 52 ] 5 0]
WEAT A 25T M EBR (anthraquinone) 250 & W0 1E N
Y, M 8 Salinispora arenicola CNS-205 H ]
CymD L DMAPP Jy 5 [0 5 AR, fiE AL Lt % 8 N-1
R IR J 1r) S T30 4K, 12 Bl o Ay B I (indole) 128
N8| e /N 43 ¥ (indole-like small molecules) A f# 1 i
P4, S, blastmyceticus NBRC 12747 # [¥) TleC L GPP
AR RIS W Py Bk % V (indolactam V) 1) C-7 £i7.5] A
S M L, A B R R P teleocidin B 1) AR A AT
& iyngbyatoxin A", & % B (4. niger) 1 1) TyrPT
LA DMAPP Jy it 1A, i fb it 2 R S H AT ZE 4 4-OH )
O- 7 R F Al LA R 0 3 18 S AT A=) C-7 L 1 C- 37
S FE A ik G iR T) B (Fusarium fujikuroi) H [
DMATS1 LA DMAPP Jy 44, {46 L- 528 R N-1 47 (1 )%
) S M AR — S BT SR UE 1Y) aPTs R B0 H 0
() S LM B 52 AR R iZ % 1% o Rasamsonia emersonii
H1 ) RePT LA DMAPP Jy it 4%, W] i 4L L- (0 2R « L-T¥%
IR R RN E G RE RS W 7 A
o ZHEH) D BE T ER LN O-aPT; 1 DA L- 5 B N
JEADI, B S A C-7 A ) e M B Ak, (R ] AR
B N-1 A7 0 S 1m) S 0 B A 7= Y. T AR
(Taiwanofungus camphoratus) " ] AcaPT UL DMAPP
N A B AR, A L- R R A SRR
A Z B 7 B RS I S A B il (4.
terreus) I AtaPT B A 532 B JRWZ A= 1%, f#e PA
DMAPP.GPP I FPP Jy 5 [ A 2 {14, HEAK 72 Fih 55 A
A& S R AL, B = BRATAEY VR IE R
VIR A T F RN TR 4 A AL T DL
S A AR 7=, A B 8 1) S M B A S R
3 EUGEESERHY aPTs

I M B B 1 I T — 30T aPTs, ‘EAIT AT DA
WG] W 258 55 1 5475 C-6 AL 1) 7 M 24K, 5 UbiA Y
ABBA %! I DMATS % aPTs ¥ ¢ W &, ) 7 1) # 8 1,
M 5 # % 445 & BB (squalene synthase) F1J\ &2 Hih 41
# 17l (phytoene synthase) A7 5 i ¥ 2 ¢ P A 45 4
AR (B 1), EATH OB KM aPTs, JF H R A
A T IRHERE 7, S exfoliatus T (1) CqsB4"”
AIS. sp. MA37 H1 1) NzsG™ L DMAPP Ay 57 % 4 25 it
&, L = IR M (tricyclic carbazole) C-6 17 H 5 %,
Jfi JE AL, 42 ) carquinostatin A1 neocarazostatins. S. sp.
LHW2432 7 ] LdqG #1 S. viridochromogenes 2942-
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SVS3 () LvgB4"™ DL ¥ 3 4K %L % (cyclolavandulyl
diphosphate, CLPP) 1F Ay s [ B i A4, R fb — 2R IE e
C-6 i 1) 7 X =4k, A Ji lavanduquinocin .
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