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Figure S1. Fungal diketomorpholine indole alkaloids.1,2,3,4,5,6 Until this work, the biosynthesis of 
diketomorpholines was unknown.
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Figure S2. MS/MS structural data for acu-dioxomorpholine A and B. A) MS/MS spectra for acu-
dioxomorpholine A and B are highly similar. Comparing the spectra for the two analogs, the three most 
intense peaks are related by CH2. B) A proposed fragmentation pathway for acu-dioxomorpholine A 
and B. A predicted alkyl migration of the prenyl group to the C4 position results in highly stable indole 
fragment ions (at right).



 

4 

 
 
Figure S3. Atom tracking in acu-dioxomorpholine B biosynthesis using stable isotope labeling and MS. 
Data shown here corresponds to acu-dioxomorpholine A stable isotope labeling data in Figure 3. 
Feeding with (D5-indole)-Trp resulted in a shift of +5 Da (422.2487 m/z, 0.09 ppm error), confirming Trp 
is a precursor. A +4 labeled species was also detected, likely corresponding to loss of the C2 deuteron 
during prenylation and ring closure. Feeding with (D5-phenyl)-Phe resulted in a shift of +5 Da 
(422.24908 m/z, 1.0 ppm error), consistent with Phe being the source of the phenyl ring in acu-
dioxomorpholine. Feeding with 13C9-Phe resulted in a shift of +9 Da (426.2477 m/z, 0.4 ppm error), 
providing further support for phenylalanine incorporation. Feeding with D8, 15N-Phe resulted in a shift 
of +7 Da (424.2615 m/z, 0.8 ppm error), indicating that phenylalanine is incorporated into acu-
dioxomorpholine with loss of the nitrogen and a single deuteron. A + 6 Da species was also detected 
from D8, 15N-Phe labeling, likely resulting from phenylpyruvate tautomerization.
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Figure S4. MS/MS spectra of [D5-indole]-Trp labeled acu-dioxomorpholine A and B. The major species 
correspond to retention of four deuterons, consistent with an alkyl migration that results in loss of a 
deuteron. Species corresponding to three deuterons likely result from loss of the C2 deuteron during 
fragmentation.
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Cluster 
Name 

GenBank Accession No. of Amino 
Acids 

Closest Genbank Homolog Amino Acid 
Identity (%) 

 XP_020052745 
 

827 Calpain Family Cysteine Protease 
(Colletotrichum simmondsii) [KXH31552]  
 

417/896 
(47%) 

 
XP_020052746 

 
451 Hypothetical Protein (Aspergillus bombycis) 

[XP_022388258] 
278/461 

(62) 
 

XP_020052747 
 

197 TM2 Domain-Containing Protein 2 (Fusarium 
oxysporum f. sp. Cubense race 4) [EMT69206] 

56/116 (28) 

 
XP_020052748 

 
343 Dihydroflavonol-4-Reductase (Capronia coronata 

CBS 617.96) [XP_007727020] 
203/338 

(59) 
 

XP_020052749 
 

115 Tyrosinase (Aspergillus nomius NRRL 13137) 
[XP_015404592] 

44/64 (38) 

 
XP_020052750 407 Flavin-Containing Monooxygenase 1 (Diplodia 

corticola) [XP_020127287] 
115/352 

(28) 
 

XP_020052751 368 Alpha-1,6-Mannosyltransferase (Aspergillus 
niger) [GAQ45755] 

215/350 
(58) 

 
XP_020052752 172 Envelope Glycoprotein D (Talaromyces marneffei 

PM1) [KFX48112] 
22/34 (13) 

 
XP_020052753 430 Flavohemoprotein (Aspergillus fumigatus var. 

RP-2014) [KEY80579] 
378/433 

(88) 
 

XP_020052754 734 Ankyrin Repeat Protein (Aspergillus fumigatus 
Z5) [KMK56345] 

204/721 
(28) 

 
XP_020052755 682 Sensor Histidine Kinase/Response Regulator 

(Aspergillus niger CBS 513.88) [XP_001398645] 
323/681 

(47) 
 

XP_020052756 706 Glucan 1,3-Beta-Glucosidase D (Aspergillus 
niger CBS 513.88) [XP_001394735] 

549/708 
(78) 

 
XP_020052757 267 AhpC/TSA Family Thioredoxin Peroxidase 

(Aspergillus kawachii IFO 4308) [GAA85921] 
240/266 

(90) 
 

XP_020052758 435 Peptidase M20 (Penicillium italicum) 
[KGO68526] 

277/437 
(64)  

XP_020052759 
 

467 Pantothenate Transporter (Aspergillus oryzae 
RIB40) [XP_003190219] 

406/467 
(87) 

 
XP_020052760 

 
223 Acetyltransferase GNAT Domain Protein 

(Aspergillus parasiticus SU-1) [KJK67501] 
85/223 (38) 

 
XP_020052761 

 
157 Mannose-Binding Lectin (Penicillium expansum) 

[XP_016596221] 
61/140 (39) 

 
XP_020052762 

 
176 Cytochrome P450 (Aspergillus parasiticus SU-1) 

[KJK61402] 
58/93 (33) 

 
XP_020052763 

 
367 Transaldolase (Talaromyces islandicus) 

[CRG84235] 
241/364 

(66)  
XP_020052764 

 
765 Transcription Factor, Fungi (Penicillium 

camemberti) [CRL25087] 
506/733 

(66) 
 

XP_020052765 
 

136 RutC Family Protein YjgH (Aspergillus 
udagawae) [GAO81378] 

110/136 
(80) 

 
XP_020052766 

 
368 N-Ethylmaleimide Reductase (Aspergillus 

kawachii IFO 4308) [GAA92790] 
274/361 

(74) 
 

XP_020052767 
 

505 60S Ribosomal Export Protein NMD3 
(Aspergillus terreus NIH2624) [XP_001212120] 

384/492 
(76) 

 
XP_020052768 

 
469 Protein Ycf2 (Talaromyces islandicus) 

[CRG87194] 
188/423 

(44) 
 

XP_020052769 
 

349 Arrestin-Like, N-Terminal (Penicillium 
camemberti) [CRL18225] 

101/323 
(33)  

XP_020052770 
 

162 Hypothetical Protein (Talaromyces islandicus) 
[CRG87192] 

83/147 (56) 
 

XP_020052771 
 

356 Integral Membrane Protein (Aspergillus kawachii 
IFO 4308) [GAA92009] 

182/350 
(52) 

 XP_020052772 
 

390 Alcohol Dehydrogenase (Aspergillus kawachii 
IFO 4308) [GAA87592] 

285/391 
(73) 
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Cluster 
Name 

GenBank Accession No. of Amino 
Acids 

Closest Genbank Homolog Amino Acid 
Identity (%) 

adxA XP_020052773 
 

2413 Nonribosomal Peptide Synthetase 10 
(Penicillium subrubescens) [OKP06700] 

810/2095 
(39) 

adxB XP_020052774 
 

378 NADPH-Dependent Methylglyoxal Reductase 
(Aspergillus clavatus NRRL 1) [XP_001276060] 

174/372 
(47) 

adxC XP_020052775 
 

422 Aromatic Prenyltransferase, DMATS Type 
(Penicillium expansum) [XP_016600775] 

224/428 
(52) 

 
XP_020052776 

 
135 Protein of Unknown Function DUF4267 

(Penicillium occitanis) [PCG98689] 
64/126 (47) 

 XP_020052777 
 

1379 ABC Transporter, Integral Membrane Type 1 
(Penicillium expansum) [XP_016594290] 

864/1423 
(63) 

 

Table S1. Predicted Open Reading Frames on FAC AaFAC30-6A16. 
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Figure S5. Genetic deletions of predicted acu-dioxomorpholine BGC genes. Acu-dioxomorpholine A 
production was completely abolished upon deletion of adxA, nonribosomal peptide synthetase; adxB, 
phenylpyruvate reductase; and adxC, prenyltransferase. 
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Figure S6. Multiple sequence alignment of AdxB, phenylpyruvate reductase. AdxB contains an 
NAD(P)H binding motif and a Ser-Tyr-Lys catalytic triad characteristic of short chain dehydrogenase 
family enzymes. 
 



 

10 

 
 
Figure S7. Adenylation domain substrate predictions for AdxA, nonribosomal peptide synthetase. (A) 
AdxA-A1 is proposed to activate Trp. Substrate binding residues are hydrophobic and similar to those 
of other Trp-activating adenylation domains. (B) AdxA-A2 is proposed to activate phenyllactate. 
Substrate binding residues are hydrophobic and similar to those of PF1022 synthetase which also 
activates phenyllactate. Residues are colored according to the Taylor coloring scheme.7 
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Figure S8. Bioinformatics analysis of the first condensation domain of AdxA. (A) AdxA-C1 has an 
arginine in place of the catalytic histidine observed in bacterial and fungal condensation domains. 
Sequences include AdxA-C1, the bacterial NRPS proteins TycC and GrsB, and the ten closest 
experimentally-characterized fungal homologs of AdxA-C1 from SwissProt. (B) A profile HMM 
generated from 240 fungal condensation domains in MIBiG reveals that eight other fungal condensation 
domains also contain an arginine in place of the usual catalytic histidine (H3256 for TycC). (C) Multiple 
sequence alignment of these eight condensation domains and AdxA-C1. The LpsA and LpsC 
condensation domains catalyze amide formation in the biosynthesis of D-lysergic acid peptides.8 LovB 
does not catalyze amide formation; however, its precise role in lovastatin biosynthesis is unknown.9
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Figure S9. Two possible roles for AdxA Arg197. (A) Arg197 could act to stabilize the tetrahedral 
intermediate. Additional active site residues bind to the hydroxyl group of the phenyllactate-S-T 
intermediate to aid in nucleophilic attack. (B) Arg197 could act as a catalytic base, deprotonating the 
hydroxyl group of the phenyllactate-S-T intermediate for nucleophilic attack. Additional active site 
residues would bind to Arg197 to promote its availability as a Lewis base to deprotonate the hydroxyl 
of phenylactate.
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Figure S10. Multiple sequence alignment of AdxC, aromatic prenyltransferase. AdxC has a glutamate 
predicted to bind to the substrate indole nitrogen and residues predicted to bind to DMAPP. AdxC lacks 
a lysine proposed to abstract the proton from the C4 position in 4-dimethylallyl tryptophan synthases, 
which is consistent with its proposed prenylation at C3.
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Figure S11. Putative diketomorpholine or a-hydroxy acid BGCs. These clusters were identified by 
BLASTP searches of AdxB. Genes are labeled with their GenBank accession numbers and functional 
annotations. The A. udagawae and A. clavatus clusters each contain an NRPS adenylation domain 
with substrate-binding residues similar to those of AdxA-A2.
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