
Supplementary Information

Table S1. Nucleotide sequences of primers used in this study

Primer Name Sequencea

1 AaADSforward CACCATGTCACTTACAGAAGAAAAACCTA
2 AaADSreverse TCATATACTCATAGGATAAACGAGT
3 Specific AmAOSforward AAACGGAGCGTTCAAGCAATCT
4 Specific AmAOSreverse TAGCACCGCCAGTAATGAATAA
5 Specific AmBOSforward AAGTGGAGCGTTCAAGCAATTG
6 Specific AmBOSreverse TAGCACCGCCAAGATTGACTGC
7 Actinforward CCAGGCTGTTCAGTCTCTGTAT
8 Actinreverse CGCTCGGTAAGGATCTTCATCA

aSequence necessary for directional cloning into pENTR/D-TOPO is underlined.

Table S2. Percent amino acid sequence identities of AmAOS as compared to other characterized 

sesquiterpene synthases

Speciesa Name Abbreviation % Identity
Artemisia maritima (+)- -Bisabolol synthase AmBOS 86
Artemisia annua Amorpha-4,11-diene synthase AaADS 84

-Bisabolol synthase AaBOS 85
8-epi-Cedrol synthase AaECS 54
(E)- -Farnesene synthase AaFS 49
Germacrene A synthase AaGAS 33

-Caryophyllene synthase AaQHS 60
Artemisia absinthium Koidzumiol synthase AabKOS 87
Artemisia kurramensis (+)- -Bisabolol synthase AkBOS 86
Mikania micrantha -Caryophyllene synthase MmQHS 52
Solidago canadensis Germacrene A synthase ScGAS 53

Germacrene D synthase ScGDS 55
Tanacetum parthenium -Caryophyllene synthase TpQHS 59

aOnly characterized sesquiterpene synthases from A. annua or from other plants with higher than 

50% amino acid sequence identity to AmAOS were selected in this comparison.
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Table S3. NMR Spectroscopic Data (600 MHz, CDCl3) for 4-amorphen-11-ol

Position C, type H, mult. (J in Hz) HMBCa COSYb NOESYc

1 39.9, CH 1.51, m 6, 9, 10 2 6, 9a, 14
2 a

b
25.3, CH2 1.45, m

1.92, m
4, 6 1, 3 3

3 a
b

29.4, CH2 1.95, m
1.95, m

4, 5 2, 5, 15 2a, 15

4 135.7, C
5 126.3, CH 5.51, dt (3.02, 1.51) 3, 6, 15 6, 12, 15
6 34.6, CH 2.33, m 5, 7, 15 1, 5, 12
7 51.0, CH 1.45, m 5, 6, 9, 11 6, 8
8 a

b
23.4, CH2 1.35, m

1.49, m
10 7, 9 10d, 12

13
9 a

b
29.0, CH2 1.32, m

1.60, m
1, 8 8, 10 1, 14

10 31.5, CH 1.62, m 1, 9, 14 8ad, 14
11 74.4, C
12 26.2, CH3 1.24, s 7, 11, 13 5, 6, 8a, 13
13 30.0, CH3 1.20, s 7, 11, 12 8b, 12
14 19.8, CH3 0.97, d (7.02) 1, 9, 10 10 1, 9a, 10
15 23.7, CH3 1.65, s 3, 4, 5 3, 5, 6 3, 5

aHMBC correlations, optimized for 6 Hz, are from proton(s) stated to the indicated carbon.

bCOSY correlations are from proton(s) stated to the indicated proton.

cNOESY correlations, optimized mixing time for 1.2 ms, are from proton(s) stated to the 

indicated proton.

dSignal partially obscured.
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Figure S1. Alignment of the full-length ORF of AmAOS and AmBOS. Target sequences of each 

specific primer are shown in red boxes.
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Figure S2 (cont.)
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Figure S2. Alignment of deduced amino acid sequences of AmAOS and selected plant 

sesquiterpene synthases. Full name of the enzymes and % amino acid sequence identity of the 

aligned enzymes compared with AmAOS are shown in Table S2. Only characterized sesquiterpene 

synthases from A. annua or other plants with greater than 50% amino acid sequence identity to 
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AmAOS were selected in this alignment. Typical motifs of sesquiterpene synthases are underlined: 

R(R,P)(X)8W, pink; RXR, blue; DDXXD, red; and NSE/DTE, green. Putative catalytic residues 

located within 12Å from the active site (Salmon et al. 2015) are indicated by brown boxes. Black 

shading indicates conserved amino acid residues. Gray shading indicates amino acid residues with 

>51% conservation. Black triangle indicates the magnesium ligands of the NSE/DTE motif 

(residue 447) mentioned in the main text. GenBank accession numbers of aligned enzymes are as 

follow: AmAOS, LC153278; AmBOS, LC106015; AaADS, LC106014; AaBOS, JQ717161; 

AaECS, AF157059.1; AaFS, AY835398.1; AaGAS, DQ447636.1; AaQHS, AF472361.1; 

AabKOS, LC106017; AkBOS, LC106016; MmQHS, ACN67535.1; ScGAS, CAC36896.1; 

ScGDS, CAE47440.1; TpQHS, AEH41845.1. 
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Figure S3. Phylogenetic relationships among Artemisia spp. sesquiterpene synthases. The rooted 

neighbor-joining tree was generated based on amino acid sequences of sesquiterpene synthases 

identified in Artemisia species using CLUSTAL W and MEGA7 software. The numbers indicate 

the bootstrap value (%) from 1,000 replications. AaGAS was used as the out-group. The enzyme 

cloned in this study is indicated in bold. The first cyclization mechanisms are indicated in square 

brackets.
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Figure S4. (A) Numbering and observed correlations from (B) COSY, (C) HMBC, and (D) 

NOESY spectra of 4-amorphen-11-ol. Double-headed arrows 

correlations and (B) long range couplings detected in COSY spectrum. Only NOESY correlations 

necessary for determining the relative configurations are shown.
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Figure S5. 1H NMR spectrum for 4-amorphen-11-ol (CDCl3, 600 MHz).
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Figure S6. 13C NMR spectrum for 4-amorphen-11-ol (CDCl3, 600 MHz).
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Figure S7. Natural and chemically synthesized sesquiterpenoids derived from 4-amorphen-11-ol. 

Compounds shown in black were previously isolated from Fabiana imbricata (Brown 1994a;

Schmeda-Hirschmann and Papastergiou 1994). Fabianane can be either chemically synthesized or 

natural autoxidation/rearrangement from 4-amorphen-11-ol inside F. imbricata via the generation 

of peroxofabianane (Brown 1994b; Jun and Youn 1996; Ngo and Brown 1999). Compounds 

shown in blue were chemically synthesized from 11-hydroxy-4-amorphen-15-oic acid and tested

their bioactivities against gastric lesions as well as cytotoxicity towards human gastric 

adenocarcinoma cell line (AGS) (ATCC CRL-1739) and normal human lung fibroblast (MRC-5) 

(ATCC CCL-171) (Reyes et al. 2005).
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