
 

Figure S1. Adenylation domain specificity code. Amino acid sequences of the A domains of PpaA1, CorA, HapA1, HapA2, and related enzymes were aligned with ClustalW [1]. 
Specificity code positions 1-10 are numbered according to the GrsA sequence [2]. The amino acid on position 5 and the substrate of the respective enzyme are highlighted in 
matching colors. Green: Val/Ile – phenylpyruvic acid (PP); cyan: Asn in basidiomycete enzymes, Phe/Ala/Leu in ascomycete enzymes – 4-hydroxyphenylpyruvic acid (4-HPP); blue: 
Asp – indole-3-pyruvic acid (IP); grey: Ile – phenylalanine (Phe). 
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Figure S2. PCR to verify H. rutilans transgene integration in the A. nidulans genome. (A) Schematic 
representation of the oligonucleotide binding sites of oMG234 in PalcA and oMG169 in TtrpC. (B) Full integration 
of hapA1 in the A. nidulans genome was verified by PCR using oligonucleotide pairs oMG234/oMG169. DNA of 
plasmid pSS10 (encoding hapA1) was used as positive control. (C) Full integration of hapA2 in the A. nidulans 
genome was verified by PCR using oligonucleotide pairs oMG234/oMG169. DNA of plasmid pSS11 (encoding 
hapA2) was used as positive control. Negative controls were dH2O (n.c.) and gDNA of the A. nidulans FGSC A4 
(wild type) parental strain. PCR amplicons were visualized in ethidium bromide-stained agarose gels. Orange 
asterisks indicate the transformants chosen for further work. 



 

Figure S3. MS/MS fragmentation of polyporic acid, produced by (A) H. rutilans, (B) A. nidulans tStL07 and (C) A. 
nidulans tStL08. The spectra were recorded in negative ionization mode.  



 

Figure S4. UV/Vis spectra. Dried extracts were dissolved in methanol. (A) Polyporic acid detected in an H. rutilans 
ethyl acetate extract; (B) polyporic acid in an ethyl acetate extract of A. nidulans tStL07 and (C) A. nidulans tStL08; 
(D-H) UV/Vis spectra (according to the five peaks *, **, (1), (2) and (3) from Figure 5) of an ethyl acetate extract 
of A. niger tPS11; (I) purified phlebiopsin B from A. niger tPS11; (J) synthetic polyporic acid standard.  



 

Figure S5. Biosynthetic route to phlebiopsins as proposed by Kälvö et al. [1] After epoxidation of polyporic acid, 
the pathway hypothetically diverges by two alternative ring opening reactions (A and B). Corresponding masses 
were detected by mass spectrometry in negative mode: polyporic acid m/z 291.0663 [M-H]-; intermediates m/z 
307.0612 and 263.0714 [M-H]-; phlebiopsin A m/z 309.0768 [M-H]-; phlebiopsin B m/z 279.0663 [M-H]-.  
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Figure S6. Alignment of amino acid sequences of fungal dioxygenases.  Shown are portions of the dioxygenase domain of Psilocybe cubensis PpaA1 and the fungal dioxygenases 
TropC [1] and T7H [2]. Color codes of conserved residues: green: interaction with α-keto glutaric acid; red: Fe2+ binding HxD(x)nH motif; blue: acceptor substrate binding. 
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Figure S7. qRT-PCR of P. cubensis ppaA1 and ppaA2 gene expression. The gene expression in fruiting bodies, 
compared to mycelium, was analyzed. Shown values represent log2 fold changes and standard errors of means. 
The values are normalized to the expression of enoA as a control gene. 



 

Figure S8. PCR to verify P. cubensis ppaA1 integration into the A. niger genome. (A) Schematic representation 
of the oligonucleotide binding sites of oMG370 in PalcA, oPS363 in ppaA1 and oMG116 in TtrpC. (B) Full length 
integration of ppaA1 in the A. niger genome was verified by PCR using oligonucleotide pairs oMG370/oMG116 
(targeting PterA and TtrpC). (C) Moreover, oMG370/oPS363 (targeting PterA and ppaA1) were used to verify the 
integration of ppaA1. dH2O served as negative control (n.c.). gDNA of the A. niger ATNTΔpyrG24x parental strain, 
tNAL000 empty vector control and the empty vector pSMX2-URA were used as additional negative controls. 
Plasmid pPS14 (encoding ppaA1) was used as positive control. PCR amplicons were visualized in ethidium 
bromide-stained agarose gels. Orange asterisks indicate the transformants chosen for further work. 



 

Figure S9. PCR to verify P. cubensis ppaA2 integration into the A. niger and A. nidulans genomes. (A) Integration of ppaA2 in the A. niger genome was verified by PCR using 
oligonucleotide pair oMG370/oMG116 (which target PterA and TtrpC). (B) Integration of ppaA2 in the A. nidulans host genome was verified by PCR using oligonucleotides oMG474 
and oMG169 (which target PalcA and TtrpC). dH2O (n.c., negative control), gDNA of the A. niger ATNTΔpyrG24x parental strain (in C) and gDNA of the A. nidulans FGSC A4 parental 
strain (wild type, in D) served as negative controls. Plasmids pPS13 and pPS35 (both encoding ppaA2) were used as positive controls. PCR amplicons were visualized in ethidium 
bromide-stained agarose gels. Orange asterisks indicate the transformants chosen for further work. 



 

Figure S10. PCR to verify P. cubensis ppaA1 integration into the A. nidulans genome. (A) Schematic 
representation of the oligonucleotide binding sites of oMG474 in PalcA, oPS363 in ppaA1 and oMG169 in TtrpC. 
(B) Full length integration of ppaA1 in the A. nidulans host genome was verified by PCR using oligonucleotide 
pairs oMG474/oMG169 (targeting PalcA and TtrpC). (C) Moreover, oMG474/oPS363 (targeting PalcA and ppaA1) 
were used to verify the ppaA1 integration. dH2O served as negative control (n.c.). gDNA of the A. nidulans FGSC 
A4 parental strain (wild type), tPS15 empty vector control and DNA of pPS29 empty vector were used as negative 
controls. DNA of plasmid pPS36 (encoding ppaA1) was used as positive control. PCR amplicons were visualized 
in ethidium bromide-stained agarose gels. Orange asterisks indicate the transformants chosen for further work.



 

Figure S11. MS/MS fragmentation of major compounds of A. nidulans tPS19 and of synthetic polyporic acid. 
(A) phlebiopsin B and (B) polyporic acid produced by tPS19; (C) polyporic acid standard. The spectra were 
recorded in negative ionization mode. 



 

Figure S12. Additional chromatograms. Product formation by wild type and mutated Psilocybe cubensis quinone 
synthetases. Chromatograms were extracted at λ = 350 nm. Chromatograms of synthetic polyporic acid and of 
authentic phlebiopsin B, of ethyl acetate extracts of P. cubensis vegetative mycelium and fruiting bodies, and of 
ethyl acetate extracts of the culture broth of Aspergillus niger and A. nidulans expressing ppaA2 or mutated 
ppaA1 variants are shown. 



 

Figure S13. MS/MS fragmentation of major compounds produced by A. niger tPS11. (A) phlebiopsin A; 
(B) phlebiopsin B. The spectra were recorded in negative ionization mode. 



 

Figure S14. 1D NMR spectra of phlebiopsin B. The compound was purified from A. niger tPS11 to > 90% purity. 
(A) Structure of phlebiopsin B. (B) 1H and (C) 13C NMR spectrum (600 MHz for 1H, 150 MHz for 13C, CD3OD, 300 K).  



 

Figure S15. 2D NMR spectra of phlebiopsin B. The compound was purified from A. niger tPS11 to > 90% purity. 
(A) Structure of phlebiopsin B. (B) 1H,1H COSY and (C) 1H,13C HSQC spectrum (CD3OD, 300 K). 



 

Figure S16. Phylogenetic analysis of clade I quinone synthetases. The analysis is based on the respective adenylation domains. The A domains were aligned using ClustalW2 [1] 
implemented in the MEGA X software [2].The evolutionary history was inferred by using the Maximum Likelihood method and Le_Gascuel_2008 model [3]. The bootstrap 
consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed [4]. Branches corresponding to partitions reproduced in less than 
50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next 
to the branches [4]. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated 
using the JTT model [5], and then selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among 
sites (5 categories (+G, parameter = 0.9383)). This analysis involved 7 amino acid sequences. All positions with less than 90% site coverage were eliminated, i.e., fewer than 10% 
alignment gaps, missing data, and ambiguous bases were allowed at any position (partial deletion option). There was a total of 525 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA X [2]. *  The Phlebiopsis gigantea genome (Genbank: AZAG00000000.1 [6]) was browsed  for corA-like genes (Genbank: OM515349.1 [7]).  
Two genetic loci, PHLGIDRAFT_36214 and PHLGIDRAFT_229718 were identified, referred to as phlA1 and phlA2, respectively. The corresponding enzymes PhlA1 (Protein ID: 
KIP05892.1)  and PhlA2 (Protein ID: KIP03659.1) are hypothetical and have not been characterized experimentally. 
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Figure S17. PCR to verify P. cubensis ppaA1 mutant gene integration into the A. niger genome. (A) Schematic representation of the oligonucleotide binding sites of oMG360 
and oMG370 in PalcA, oPS363 in ppaA1 and oMG116 in TtrpC. Full length integration in the A. niger host genome was verified by PCR using oligonucleotide pairs oMG370/oMG116 
(binding in PalcA and TtrpC. Moreover, integration of ppaA1 mutant constructs were verified by PCR using oligonucleotide pairs oMG360/oPS363 (binding in PalcA and ppaA1). 
(B) Schematic representation of domain structures. Orange stars indicate a mutation. (C-G) Verification of full-length integration of: (C) ppaA1_S628A; (D) ppaA1_D1188A; (E) 
ppaA1_H1243A; (F) ppaA1_H1186A/D1188A/H1243A; (G) ppaA1ΔD. The integration of ppaA1 mutant constructs into the A. niger genome were verified by amplification of a 
gene specific partial fragment: (H) ppaA1_S628A. (I) ppaA1_D1188A. (J) ppaA1_H1243A. (K) ppaA1_H1186A/D1188A/H1243A. (L) ppaA1ΔD. In each case, dH2O (n.c.) and gDNA 
of the A. niger ATNTΔpyrG24x parental strain served as negative controls. DNA of plasmids pPS37 (encoding ppaA1_S628A, panels C/H), pPS39 (encoding ppaA1_D1188A, panels 
D/I), pPS40 (encoding ppaA1_H1243A, panels E/J), pPS41 (encoding the triple mutant gene ppaA1_H1186A/D1188A/H1243A, panels F/K), and pPS42 (encoding the ppaA1ΔD-
domain, panels G/L) were used as positive controls. PCR amplicons were visualized in ethidium bromide-stained agarose gels. Orange asterisks indicate the transformants chosen 
for further work.



 

Figure S18. PCR to verify ppaA1/corA hybrid gene integration into the A. nidulans genome. (A) Schematic representation of oligonucleotide binding sites of oMG474 and oPS494 
in PalcA and oMG169 and oPS500 in TtrpC. Integration of ppaA1/corA hybrids in the A. nidulans genome was verified by PCR using oligonucleotide pairs oMG474/oMG169 or 
oPS494/oPS500 (binding in PalcA and TtrpC). (B) Domain structure of the mutants (green for PpaA1, violet for CorA). dH2O (n.c.) and gDNA of A. nidulans FGSC A4 (wild type) 
served as negative controls. DNA of plasmids pPS50 (encoding ppaA1ΔD, panel C), pPS51 (encoding ppaA1(A-T)::corA(TE), panel D), pPS52(encoding corA(A-T)::ppaA1(TE), panel 
E), pPS53 (encoding corA(A-T-TE)::ppaA1(D), panel F) and pPS54 (encoding corA(A-T)::ppaA1(TE-D), panel G) were used as positive controls. PCR amplicons were visualized in 
ethidium bromide-stained agarose gels. Orange asterisks indicate the transformants chosen for further work. 



 

Figure S19. Structure prediction of quinone synthetases. The models of (A) S. lacrymans NPS3 (cyan), (B) P. cubensis PpaA1 (green) and (C) T. caerulea CorA (violet) were 

predicted with AlphaFold2 [1]. ChimeraX software [2, 3] was used to superimpose each of the models with the experimentally verified structure of the McyG A-PCP didomain 

(PDBe 4r0m [4]; brown) co-crystallized with phenylalanyl-adenylate (magenta). Panels A-C show close-up views of a portion of the adenylation domain around the specificity-

conferring position identified in our study. The structures of the respective amino acid residues (Figure 8 and Figure S1) are shown (Asn323 of NPS3, Val302 of PpaA1 and Ile298 

of CorA). The oxygen and nitrogen atoms of the carboxylic acid amide group of Asn323 are marked in red and blue, respectively (panel A). The distance between C4 of the 

substrate phenyl ring and the amino acid residue co-conferring specificity was calculated using ChimeraX [2, 3]. 
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Figure S20. PCR to verify corA-, ppaA1-, nps3-mutant and native nps3 integration into the A. nidulans genome. 
(A) Schematic representation of oligonucleotide binding sites of oMG474 in PalcA and oMG169 in TtrpC. 
Integration of corA, ppaA1 and nps3 mutants as well as native nps3 in the A. nidulans genome was verified by 
PCR using oligonucleotide pairs oMG474/oMG169 (targeting PalcA and TtrpC). (B) Schematic representation of 
domain structures of quinone synthetases (green for PpaA1, violet for CorA, orange for Nps3). Orange stars 
indicate a mutation. (C) Verification of the full-length integration of corA_I298N. DNA of plasmid pPS57 (encoding 
corA_I298N) served as positive control. (D) Verification of the full-length integration of ppaA1_V302N. DNA of 
plasmid pPS58 (encoding ppaA1_V302N) served as positive control. (E) Verification of the full-length integration 
of nps3_N323I. DNA of plasmid pPS59 (encoding nps3_N323I) served as positive control. (F) Verification of the 
full-length integration of nps3_N323V. DNA of plasmid pPS60 (encoding nps3_N323V) served as positive control. 
(G) Verification of the full-length integration of nps3.  DNA of plasmid pPS61 (encoding nps3) was used as positive 
control. In each case, dH2O (n.c.) and gDNA of the A. nidulans FGSC A4 parental strain (wild type) served as 
negative controls. DNA of plasmids PCR amplicons were visualized in ethidium bromide-stained agarose gels. 
Orange asterisks indicate the transformants chosen for further work.



 

Figure S21. MS/MS fragmentation of atromentin, produced in vivo. Atromentin produced (A) by A. nidulans 
tPS36; (B) by A. nidulans tPS37; (C) by A. nidulans tPS38; (D) by A. nidulans tPS39.  (E) MS/MS spectrum of an 
atromentin standard. The spectra were recorded in negative ionization mode. 



 

Figure S22. 1H NMR spectrum of synthesized 2,5-dihydroxy-3,6-diphenyl-1,4-benzoquinone (polyporic acid). 400 MHz, (CD3)2CO. 

 



 

Figure S23. 13C NMR spectrum of synthesized 2,5-dihydroxy-3,6-diphenyl-1,4-benzoquinone (polyporic acid). 101 MHz, (CD3)2CO. 

 

 


