
Figure S6. Proposed mechanism for VdtE  

    
NOTE: Most naturally occurring BVMOs prefer migration of the more 

nucleophilic carbon during the Criegee rearrangement due to stereoelectronic 

effects.16-18 Recent study in directed evolution of TmBVMO19 completely 

reversed its regioselectivity, suggesting that mutations in the binding pocket of 

enzyme resulted in conformational changes of the corresponding Criegee 

intermediates which overrode the electronic effects in original BV oxidation. 

Sequence alignment of VdtE with homologs from PDB database identified 

multiple residuals that were highly conserved in other homologs but not in VdtE 

(red rectangles). Among them, T391 and N392 could be mapped to be located 

near the interface of FAD and NADPH. The red asterisk indicated residuals 

related to regioselectivity controlling (F269A/W520F, 

L162G/F462G/T463F/L465T, L465A/W520Y of TmCHMO, T71S/L465N/I521A, 

F269V/F300A/F462A of AcCHMO, W520V of CHMO, Q162F of PAMO).20 The 

regio-selectivity of VdtE was proposed to be the result of either alternation of 

ribose phosphate linker of the FAD cofactor or similar conformational changes 

with that of TmBVMO. The hypothesis was to be confirmed by point mutations. 

CPMO: BAC22652.1, CHMO: BAH56677.1, PAMO: WP_011291921.1, AcCHMO: 

BAA86293.1, TmCHMO: WP_028849141.   
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Figure S7. 1H NMR spectrum (500 MHz) of 1 in chloroform-d 
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Figure S8. 13C NMR spectrum (125 MHz) of 1 in chloroform-d 
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Figure S9. DEPT-135 13C NMR spectrum (125 MHz) of 1 in chloroform-d 
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Figure S10. 1H-1H gCOSY NMR spectrum (500 MHz) of 1 in chloroform-d 
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Figure S11. HSQC NMR spectrum (500 MHz) of 1 in chloroform-d 
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Figure S12. HMBC NMR spectrum (500 MHz) of 1 in chloroform-d 
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Figure S13. 1H NMR spectrum (500 MHz) of 1′ in chloroform-d 
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Figure S14. 13C NMR spectrum (125 MHz) of 1′ in chloroform-d 
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Figure S15. DEPT-135 13C NMR spectrum (125 MHz) of 1′ in chloroform-d 
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Figure S16. 1H-1H gCOSY NMR spectrum (500 MHz) of 1′ in chloroform-d 
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Figure S17. HSQC NMR spectrum (500 MHz) of 1′ in chloroform-d 
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Figure S18. HMBC NMR spectrum (500 MHz) of 1′ in chloroform-d 
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Figure S19. 1H NMR spectrum (500 MHz) of 2 in acetonitrile-d3 
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Figure S20. 13C NMR spectrum (125 MHz) of 2 in acetonitrile-d3 
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Figure S21. DEPT-135 and DEPT-90 13C NMR spectrum (125 MHz) of 2 in 

acetonitrile-d3 
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Figure S22. 1H-1H gCOSY NMR spectrum (500 MHz) of 2 in acetonitrile-d3 
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Figure S23. HSQC NMR spectrum (500 MHz) of 2 in acetonitrile-d3 
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Figure S24. HMBC NMR spectrum (500 MHz) of 2 in acetonitrile-d3 
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Figure S25. 1H NMR spectrum (600 MHz) of 3 in acetonitrile-d3 
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Figure S26. 13C NMR spectrum (150 MHz) of 3 in acetonitrile-d3 
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Figure S27. DEPT-135 13C NMR spectrum (150 MHz) of 3 in acetonitrile-d3 
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Figure S28. 1H-1H gCOSY NMR spectrum (600 MHz) of 3 in acetonitrile-d3 
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Figure S29. HSQC NMR spectrum (600 MHz) of 3 in acetonitrile-d3 
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Figure S30. HMBC NMR spectrum (600 MHz) of 3 in acetonitrile-d3 
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Figure S31. 1H NMR spectrum (600 MHz) of 4 in DMSO-d6 
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Figure S32. 13C NMR spectrum (150 MHz) of 4 in DMSO-d6 
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Figure S33. DEPT-135 13C NMR spectrum (150 MHz) of 4 in DMSO-d6 
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Figure S34. 1H-1H gCOSY NMR spectrum (600 MHz) of 4 in DMSO-d6 
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Figure S35. HSQC NMR spectrum (600 MHz) of 4 in DMSO-d6 
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Figure S36. HMBC NMR spectrum (600 MHz) of 4 in DMSO-d6 
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Figure S37. 1H NMR spectrum (600 MHz) of 5 in chloroform-d 
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Figure S38. 13C NMR spectrum (150 MHz) of 5 in chloroform-d 
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Figure S39. DEPT-135 13C NMR spectrum (150 MHz) of 5 in chloroform-d 

 

  

252



Figure S40. 1H-1H gCOSY NMR spectrum (600 MHz) of 5 in chloroform-d 
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Figure S41. HSQC NMR spectrum (600 MHz) of 5 in chloroform-d 
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Figure S42. HMBC NMR spectrum (600 MHz) of 5 in chloroform-d 
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Figure S43. 1H NMR spectrum (600 MHz) of 6 in chloroform-d 
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Figure S44. 13C NMR spectrum (150 MHz) of 6 in chloroform-d 
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Figure S45. DEPT-135 13C NMR spectrum (150 MHz) of 6 in chloroform-d 
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Figure S46. 1H-1H gCOSY NMR spectrum (600 MHz) of 6 in chloroform-d 
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Figure S47. HSQC NMR spectrum (600 MHz) of 6 in chloroform-d 
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Figure S48. HMBC NMR spectrum (600 MHz) of 6 in chloroform-d 
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Figure S49. 1H NMR spectrum (500 MHz) of 7 in DMSO-d6 
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Figure S50. 13C NMR spectrum (125 MHz) of 7 in DMSO-d6 
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Figure S51. DEPT-135 and DEPT-90 13C NMR spectrum (125 MHz) of 7 in 

DMSO-d6 
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Figure S52. 1H-1H gCOSY NMR spectrum (500 MHz) of 7 in DMSO-d6 
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Figure S53. HSQC NMR spectrum (500 MHz) of 7 in DMSO-d6 
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Figure S54. HMBC NMR spectrum (500 MHz) of 7 in DMSO-d6 
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Figure S55. 1H NMR spectrum (600 MHz) of 8 in chloroform-d 
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Figure S56. 13C NMR spectrum (150 MHz) of 8 in chloroform-d 
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Figure S57. DEPT-135 13C NMR spectrum (150 MHz) of 8 in chloroform-d 
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Figure S58. 1H-1H gCOSY NMR spectrum (600 MHz) of 8 in chloroform-d 
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Figure S59. HSQC NMR spectrum (600 MHz) of 8 in chloroform-d 
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Figure S60. HMBC NMR spectrum (600 MHz) of 8 in chloroform-d 
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Figure S61. 1H NMR spectrum (500 MHz) of 9 in DMSO-d6 
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Figure S62. 13C NMR spectrum (125 MHz) of 9 in DMSO-d6 
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Figure S63. DEPT-135 13C NMR spectrum (125 MHz) of 9 in DMSO-d6 
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Figure S64. HSQC NMR spectrum (500 MHz) of 9 in DMSO-d6 
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Figure S65. HMBC NMR spectrum (500 MHz) of 9 in DMSO-d6 
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Figure S66. 1H NMR spectrum (600 MHz) of 10 in chloroform-d 
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Figure S67. 13C NMR spectrum (150 MHz) of 10 in chloroform-d 
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Figure S68. DEPT-135 and DEPT-90 13C NMR spectrum (150 MHz) of 10 in 

chloroform-d 
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Figure S69. HSQC NMR spectrum (600 MHz) of 10 in chloroform-d 
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Figure S70. HMBC NMR spectrum (600 MHz) of 10 in chloroform-d 
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Figure S71. 1H NMR spectrum (500 MHz) of 11 in DMSO-d6 
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Figure S72. 13C NMR spectrum (125 MHz) of 11 in DMSO-d6 
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Figure S73. DEPT-135 13C NMR spectrum (125 MHz) of 11 in DMSO-d6 
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Figure S74. 1H-1H gCOSY NMR spectrum (500 MHz) of 11 in DMSO-d6 
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Figure S75. HSQC NMR spectrum (500 MHz) of 11 in DMSO-d6 
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Figure S76. HMBC NMR spectrum (500 MHz) of 11 in DMSO-d6 
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Figure S77. 1H NMR spectrum (600 MHz) of 11′ in DMSO-d6 
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Figure S78. 13C NMR spectrum (150 MHz) of 11′ in DMSO- d6 
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Figure S79. DEPT-135 13C NMR spectrum (150 MHz) of 11′ in DMSO-d6 
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Figure S80. 1H-1H gCOSY spectrum (600 MHz) of 11′ in DMSO-d6 
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Figure S81. HSQC NMR spectrum (600 MHz) of 11′ in DMSO-d6 
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Figure S82. HMBC NMR spectrum (600 MHz) of 11′ in DMSO-d6 
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Figure S83. 1H NMR spectrum (500 MHz) of 12 in chloroform-d 
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Figure S84. 13C NMR spectrum (125 MHz) of 12 in chloroform-d 
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Figure S85. DEPT-135 13C NMR spectrum (125 MHz) of 12 in chloroform-d 
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Figure S86. 1H-1H gCOSY spectrum (500 MHz) of 12 in chloroform-d 
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Figure S87. HSQC NMR spectrum (500 MHz) of 12 in chloroform-d 
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Figure S88. HMBC NMR spectrum (500 MHz) of 12 in chloroform-d 
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Figure S89. 1H NMR spectrum (500 MHz) of 13 in methanol-d4 
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Figure S90. 13C NMR spectrum (125 MHz) of 13 in methanol-d4 
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Figure S91. DEPT-135 13C NMR spectrum (125 MHz) of 13 in methanol-d4 
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Figure S92. 1H-1H gCOSY spectrum (500 MHz) of 13 in methanol-d4 
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Figure S93. HSQC NMR spectrum (500 MHz) of 13 in methanol-d4 

 

  

306



Figure S94. HMBC NMR spectrum (500 MHz) of 13 in methanol-d4 
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RESEARCH

The fungal gene cluster for biosynthesis 
of the antibacterial agent viriditoxin
Andrew S. Urquhart1†, Jinyu Hu2†, Yit‑Heng Chooi2* and Alexander Idnurm1* 

Abstract 

Background: Viriditoxin is one of the ‘classical’ secondary metabolites produced by fungi and that has antibacterial 
and other activities; however, the mechanism of its biosynthesis has remained unknown.

Results: Here, a gene cluster (vdt) responsible for viriditoxin synthesis was identified, via a bioinformatics analysis of 
the genomes of Paecilomyces variotii and Aspergillus viridinutans that both are viriditoxin producers. The function of 
the eight‑membered gene cluster of P. variotii was characterized by targeted gene disruptions, revealing the roles of 
each gene in the synthesis of this molecule and establishing its biosynthetic pathway, which includes a Baeyer–Vil‑
liger monooxygenase catalyzed reaction. Additionally, a predicted catalytically‑inactive hydrolase was identified as 
being required for the stereoselective biosynthesis of (M)‑viriditoxin. The subcellular localizations of two proteins 
(VdtA and VdtG) were determined by fusing these proteins to green fluorescent protein, to establish that at least two 
intracellular structures are involved in the compartmentalization of the synthesis steps of this metabolite.

Conclusions: The predicted pathway for the synthesis of viriditoxin was established by a combination of genomics, 
bioinformatics, gene disruption and chemical analysis processes. Hence, this work reveals the basis for the synthesis 
of an understudied class of fungal secondary metabolites and provides a new model species for understanding the 
synthesis of biaryl compounds with a chiral axis.

Keywords: Atropisomer, Eurotiales, Gene cluster, Laccase, Polyketide synthase
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Background
Fungi produce a diverse array of polyketide-derived 
biaryl compounds with biological activities that are of 
interest as pharmaceutical lead molecules or through 
modulating fungal interactions with other species in 
the environment. Viriditoxin (Compound 1, Fig.  1) is 
a naphtho-α-pyrone produced by the Eurotiales fungi 
Aspergillus viridinutans and Paecilomyces variotii, and 
in limited amounts by Aspergillus brevipes [1–3]. Related 
biaryl molecules have also been identified from other 
fungi including Fusarium spp. (aurofusarin [4]), Penicil-
lium sp. (rugulotrosin A and B [5]) and Parastagonos-
pora nodorum (elsinochrome A [6]) (these structures are 

provided for comparison in Fig. 1), or Cercospora nicotia-
nae (cercosporin [7]), A. niger kotanin [8], and Emericella 
desertorum desertorin [9]. The gene clusters for aurofusa-
rin [10], elsinochrome [6, 11], cercosporin [12, 13], kota-
nin and desertorin [14] have been identified.

Viriditoxin 1 exhibits interesting biological activi-
ties. In particular, viriditoxin was identified as a potent 
inhibitor of bacterial FtsZ, a protein that is required for 
bacterial cell division [15]. Subsequent work demon-
strated that this was due to decreased transmembrane 
potential and perturbing membrane permeability, which 
prevents membrane proteins including FtsZ from effec-
tively binding to the membrane [16]. Viriditoxin is also 
active against cancer cell lines and is a proposed starting 
molecule for possible therapeutic applications [17, 18]. 
It has also been examined for a potential role in protec-
tion of sheep against blowflies [19]. In natural settings 
viriditoxin likely plays a role in competition against other 
microbes. For example, a strain of P. variotii was isolated 
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as an endophyte from mangroves, and its antagonistic 
activities against bacteria attributed to production of vir-
iditoxin [20].

From the perspective of biochemical synthesis, vir-
iditoxin is of interest as it is a biaryl compound with 
axial chirality, in which rotation about the biaryl axis is 
hindered, resulting in two different stable forms that 
are known as atropisomers. The two atropisomers are 
referred to as M-viriditoxin 1 and P-viriditoxin 1′ with 
the M stereoisomer 1 being the major natural product 
found in P. variotii and A. viridinutans ([21], Fig. 1). The 
formation of such compounds requires the coupling of 
two subunits. How this coupling occurs in fungi is begin-
ning to be understood, as both P450 monooxygenases 
and laccases/multicopper oxidases are able to catalyze 
this coupling. While P450 monooxygenases have been 
shown to be capable of stereoselective coupling [14], 
none of the fungal laccase/multicopper oxidases enzymes 
that have been implicated in biaryl coupling have dem-
onstrated stereospecificity [4, 22, 23]. In plants, laccases 
are able to catalyze stereoselective coupling in combina-
tion with dirigent proteins; however, no such proteins 
have been reported in fungi [24]. Despite the growing 
appreciation of the importance of atropisomers in the 
pharmaceutical industry, it is still not understood how 

laccase-catalyzed reactions can result in stereoselective 
biosynthesis of biaryl compounds in fungi [25, 26].

The rationale of this study was to identify the genetic 
components responsible for synthesis of viriditoxin and 
to establish how this molecule is synthesized by the con-
struction and analysis of metabolites produced in mutant 
strains in those genes. The genomes of two isolates of P. 
variotii were recently sequenced [27], opening opportu-
nities for identifying the basis for the synthesis of viridi-
toxin, or other metabolites that this fungus may produce. 
As part of this work we generated a draft genome of the 
original isolate that produces viriditoxin, A. viridinutans, 
and find related gene clusters in these two Eurotiales spe-
cies. Gene manipulation tools are not yet available for A. 
viridinutans. Hence, the gene cluster was functionally 
characterized in P. variotii, a newly-emerging model fun-
gal species where methods for gene manipulation were 
recently developed [27].

Results and discussion
Identification of a putative cluster of genes for viriditoxin 
biosynthesis by comparative genomics between P. variotii 
and A. viridinutans
We recently sequenced the genome of P. variotii CBS 
101075, which is known to produce viriditoxin [2] and a 

Fig. 1 Structures of (M)‑viriditoxin and (P)‑viriditoxin (1 and 1′), as well as related metabolites produced by other fungi. The “M” and “P” refer to the 
atropisomer confirmations, with the helical configurations illustrated by the bold lines. 1 is the major form produced by A. viridinutans and P. variotii. 
Carbon numbers C3, C4 and C7 are indicated
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second P. variotii strain, CBS 144490 [27]. For compari-
son, the A. viridinutans strain FRR 0576 genome was 
sequenced using Illumina HiSeq2500 paired-end reads. 
14,757,842 reads were generated and assembled into 
285 contigs, totaling approximately 30  Mb (Additional 
file  1: Table  S1). The assembly and raw reads are avail-
able from GenBank under BioProject PRJNA513223. 
A curious commonality between A. viridinutans and 
P. variotii is that both genomes have a bimodal GC and 
AT DNA composition, of which the AT-rich regions of P. 
variotii have been attributed to the action of active repeat 
inducted point (RIP) mutation [27].

The naphthopyrone scaffold of viriditoxin is simi-
lar to a number of other fungal polyketide secondary 
metabolites, such as aurofusarin or the α-pyrone elsino-
chrome C, whose synthesis requires polyketide synthase 
(PKS) enzymes. Hence, candidate genes encoding PKSs 
were sought first in the two P. variotii genomes using 
BLAST with the full length protein sequences of the 
PKS enzymes PKS12 (which is required for aurofusarin 
biosynthesis [28]), or ElcA (which is required for elsino-
chrome C biosynthesis [11]). Matches were obtained to 
10 putative PKS-encoding genes in each strain. Two iter-
ative type I PKS enzymes with low expect values (E-value 
0.0, vs. next best E-value  3e−65) were identified: protein 
IDs 480069 (named VdtA) and 456077 (named PvpP) in 
the CBS 101075 genome, available through MycoCosm 
[27, 29].

BLAST was used to identify the homologous genes for 
these two P. variotii PKS enzymes and the genes on either 
side of them in the assembled A. viridinutans genome 
sequence. This approach revealed a putative candidate 
cluster for viriditoxin (hereafter referred to as the vdt 
cluster) common to both species. This cluster consists 
of nine genes in P. variotii and eight in A. viridinutans, 
with the difference being due to the presence of a second 
putative PKS-encoding gene (vdtX) in P. variotii (Fig. 2a, 
Additional file  1: Table  S2). The predicted functions of 
these proteins are presented in Additional file 1: Table S2.

While performing this genome sequencing and analy-
sis, an independent genomic analysis was conducted by 
Fürtges et al. who proposed the same biosynthetic clus-
ter in A. viridinutans, and demonstrated dimerization 
activity of the recombinantly-expressed laccase, albeit on 
a non-native substrate [22]. Further, a gene cluster was 
identified for the synthesis of agnestins A and B in P. vari-
otii [30].

Transcription factor VdtR regulates expression of the vdt 
gene cluster and viriditoxin synthesis
Fungal secondary metabolite clusters may contain a tran-
scription factor responsible for regulation of the cluster 
genes [31]. VdtR has the characteristics of a six-cysteine 

(C6) zinc cluster type of transcription factor, with simi-
larity to AflR that regulates the genes in the aflatoxin/
sterigmatocystin biosynthesis gene cluster in Aspergil-
lus species. The vdtR gene was deleted by replacing most 
of the open reading frame with a construct conferring 
resistance to hygromycin via homologous recombination. 
The expression of the genes in the gene cluster was com-
pared between the wild type and vdtR deletion strains 
by quantitative PCR. This revealed reduced transcript 
levels of genes in the vdt cluster when vdtR was deleted 
(Fig.  2b), confirming the identity of VdtR as a regulator 
of the genes in the cluster. The vdtR deletion strain also 
lost the ability to synthesize viriditoxin (Fig. 3). Charac-
terization of the transcript levels of the genes flanking the 
putative gene cluster in the P. variotii wild type and vdtR 
strains defines the boundaries of the cluster: the flank-
ing genes encoding proteins ID510298, ID480071 and 
ID423248 were unaffected (gene ID420046 could not be 
detected; Fig. 3b).

The polyketide synthase VdtA is required for the first step 
of viriditoxin biosynthesis
P. variotii encodes two candidate PKSs that could be 
involved in the synthesis of viriditoxin, i.e. ID480069 
(named VdtA) and ID456077 (named PvpP). The major-
ity of each PKS gene was replaced with a hygromycin 
resistance marker, through homologous recombination 
of constructs transformed into P. variotii using Agrobac-
terium-mediated transformation, and the mutant strains 
were tested for viriditoxin synthesis.

The deletion of vdtA, in both P. variotii strains CBS 
101075 and CBS 144490, abolished the production of 1 
and related derivatives 2 and 3 in the culture filtrates of 
the strains, as detected by liquid chromatography with 
photodiode array detection—mass spectrometry (LC–
DAD–MS), confirming the role of VdtA early in the 
biosynthesis pathway of viriditoxin (Fig.  3). Structures 
of these three compounds were confirmed by 1D and 
2D nuclear magnetic resonance (NMR) analysis. Elec-
tronic circular dichroism (ECM) spectroscopy was used 
to determine the helical conformation of the compounds 
by comparing to a commercial standard of 1 (Additional 
file 1: Tables S3, S5, S6, Figures S3–S8, S15–S26).

In contrast to the impact of deletion of vdtA, muta-
tion of the second candidate gene for viriditoxin syn-
thesis that was identified by bioinformatics approaches 
did not impact viriditoxin production (Fig.  3a). Instead, 
deletion of the pvpP gene in strain CBS 101075 altered 
the pigmentation of the mutant strains (Fig. 3b). PvpP is 
homologous to PksP of Aspergillus fumigatus (GenBank 
accession Q4WZA8), which is required for formation of 
the pigment DHN melanin [32]. PksP of A. fumigatus 
is responsible for the synthesis of the yellow molecule 
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YWA1. BLAST with DHN melanin pathway compo-
nents in A. fumigatus (i.e. GenBank accessions E9QUT3, 
Q4WZB3 and Q4WZB4) [33, 34] required to con-
vert YWA1 into other pigments revealed their absence 
from the P. variotii genome. Thus, PvpP of P. variotii is 
required for the synthesis of the characteristic yellow pig-
ment observed for petri dish cultures, and analysis of the 
genome sequence supports the hypothesis that this pig-
mentation is due to the synthesis of YWA1 or a related 
molecule, without the additional modifications seen in 
other Eurotiales species.

Different polyketide synthase reactions of VdtA and 
PvpP are further supported by the analysis of their Prod-
uct Template domains. Liu et  al. defined these domains 
from fungal proteins into eight groups, based on phyloge-
netic analyses, and correlated their classification with the 
enzyme first ring cyclization modes [35]. VdtA matches 
group IV (C4–C9 cyclization) and PvpP matches group 

III (C2–C7 cyclization), which is consistent with the 
structures of viriditoxin or the putative YWA1-related 
pigment, respectively.

The vdt gene cluster in P. variotii encodes a second 
putative PKS that is absent from the A. viridinutans gene 
cluster. Hence, one hypothesis is that this gene is not 
required for viriditoxin production. Disruption of this 
gene (vdtX) via homologous recombination was unsuc-
cessful, so we employed an alternative approach using 
RIP, which is an active process in P. variotii during het-
erothallic sexual crosses [27]. RIP is a fungal-specific 
mechanism in which duplicated DNA is recognized and 
specifically mutated as part of the sexual cycle, and has 
been used to make targeted mutations in genes in Neu-
rospora crassa [36]. To achieve this, a second partial copy 
of vdtX was introduced into P. variotii CBS 101075, and 
that strain crossed to the wild type strain of opposite 
mating type (CBS 101075) such that RIP could mutate 

Fig. 2 Putative vdt gene cluster encoding enzymes for viriditoxin 1 biosynthesis. a Comparison between the A. viridinutans and P. variotii clusters; 
predicted functions of the encoded proteins are presented in Additional file 1: Table S2. b Comparison of the transcript levels of vdt genes and 
those flanking the cluster between wild type and vdtR deletion mutant measured by qPCR
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the duplicated DNA, followed by the identification of 
progeny carrying mutations. One progeny was obtained 
in which the native copy of the gene had been heav-
ily mutated by RIP, introducing premature stop codons 
(Additional file  1: Figure S1). The ability to generate 
mutants efficiently through RIP adds another technique 
to the repertoire available in P. variotii.

The vdtX RIP mutant continued to produce viridi-
toxin, indicating that VdtX is not required for viriditoxin 
biosynthesis (Fig.  3a). The reduction in the amount of 
metabolites produced in the RIP mutant compared to the 
wild type might be due to the variability expected in the 
progeny of a sexual cross. As vdtX is not involved in vir-
iditoxin synthesis, the gene was not considered further, 
but might possibly play a role in the production of addi-
tional metabolites not extracted or detected by the tech-
niques employed in this study.

The polyketide synthase VdtA is localized 
within a specialized structure
The localization of PKS enzymes in fungal second-
ary metabolite synthesis is largely unknown. The PksP 
(Alb1) PKS of Aspergillus species that is involved in the 

production of melanin is localized to the endosome [37], 
and it represents the only fungal PKS with a demonstrated 
subcellular localization. A strain expressing a VdtA-GFP 
fusion protein displayed green fluorescence tightly con-
fined to small circular structures within the cells (Fig. 4a). 
Expression of GFP alone using PLAU17 [38] localizes to 
the cytosol (data not shown). The VdtA-GFP strain con-
tinued to produce viriditoxin, indicating that the addi-
tion of GFP to its carboxyl-terminus end did not destroy 
the activity of the enzyme (data not shown) and that 
the structures are not an artefact from gene manipula-
tion. These small spherical structures are reminiscent of 
peroxisomes. Peroxisomes have been implicated in the 
production of other fungal secondary metabolites [39]. 
In particular, the aflatoxin precursor norsolorinic acid, 
which is produced by PksA, is localized to the peroxisome 
[40]. However, the PksA enzyme itself has not been local-
ized. Given sequence similarity between the aflatoxin-
producing PksA and P. variotii VdtA, we explored the 
possibility that the unusual localization pattern observed 
for VdtA-GFP represented peroxisome localization by 
dual-labelling with an mCherry-SKL peroxisomal con-
struct. The addition of the three amino acid motif SKL 

Fig. 3 a LC–DAD–MS analysis of A. viridinutans and P. variotii CBS 144490 and P. variotii mutants (pvpP, vdtA, vdtR, vdtX and vdtG). b Deletion of vdtG 
resulted in a sporulation defects and deletion of pvpP resulted in a loss of conidial pigmentation. c Structures of the additional viriditoxin derivatives 
(2 and 3) produced by the wild type P. variotii strain CBS 144490
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to the carboxy terminus is widely used to target fluores-
cent proteins to the peroxisome [41]. However, VdtA-
GFP and mCherry-SKL showed clearly distinct patterns 
of localization. Based on previous analysis of nuclei and 
mitochondria using tagged proteins we can exclude those 
organelles [27]. Thus, these structures where VdtA is tar-
geted remain unknown.

The transporter VdtG is localized to an internal organelle 
and is not essential for viriditoxin production
Deletion of the gene encoding a putative transporter 
VdtG had no effect on the production of viriditoxin or its 
precursors, although their levels were reduced compared 
to the wild type strain (Fig. 3a). However, the gene dele-
tion strains have a sporulation defect (Fig.  3b). Produc-
tion of secondary metabolites is often developmentally 
timed with the beginning of spore formation [42], so we 
hypothesize that this phenotype is likely to result from 
toxicity effects beginning at this stage. Such morpho-
logical differences have not been observed in previously 
disrupted transporters associated with secondary metab-
olite gene clusters such as the genes aflT in A. parasiticus 
[43] or sirA in Leptosphaeria maculans [44], although in 
the case of SirA, sensitivity to sirodesmin was increased 
in the sirA mutants.

To further probe the role of this putative transporter, 
DNA encoding GFP was fused to the native vdtG gene 
of P. variotii. Strains expressing this fusion protein did 
not show the sporulation defects present in the vdtG KO 

strains, indicating that the fusion protein is functional 
(data not shown). Fluorescence microscopy revealed that 
VdtG is localized around an internal membrane struc-
ture and the septa (Fig. 4b). Taken together these results 
lead us to hypothesize that VdtG is required to compart-
mentalize the synthesis of viriditoxin or its intermediates 
within the cell to limit auto-toxic effects.

The VdtG-GFP structure resembles the ‘toxisomes’ of 
F. graminearum [45] and ‘aflatoxisomes’ of Aspergillus 
species [46]. Toxisomes are proliferations of the smooth 
endoplasmic reticulum [47]. For this reason, we examined 
the co-localization of VdtG-GFP with a known endoplas-
mic reticulum protein, Erg11 (Cyp51) required for sterol 
synthesis, as an mCherry fusion [48]. This showed clear 
co-localization of the two proteins suggesting that the 
VdtG-GFP structure is part of the endoplasmic reticulum 
or an endoplasmic reticulum derived structure (Fig. 4b). 
The localization of VdtG to these structures in P. vari-
otii provides evidence that these structures might be 
homologous to toxisomes and aflatoxisomes. There is no 
evidence that the VdtG and VdtA structures co-localize, 
given that the structures to which VdtA are localized are 
more numerous and of different size.

VdtC, VdtF and VdtE are involved in tailoring 
of the polyketide precursor produced by VdtA 
to the monomer semi‑viriditoxin
We next generated knockout mutants for the genes 
encoding putative ‘tailoring’ enzymes VdtC, VdtF and 

Fig. 4 Viriditoxin is synthesized in at least two different organelles. a VdtA‑GFP fusion protein localizes to small spherical structures within hyphae, 
which are distinct from the peroxisomes (labelled with mCherry‑SKL). b VdtG‑GFP localized around a small circular structure and co‑localizes with 
the endoplasmic reticulum marker Erg11‑mCherry
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VdtE. LC–DAD–MS analysis of the culture extracts 
revealed major changes in the metabolite profiles 
(Fig. 5). The compounds were purified from the individ-
ual mutants and subjected to NMR analysis for elucida-
tion of the structures of 3, 4, 5, 7, 8 and 9 (Additional 
file  1: Tables S6–S11, Figures  S21–S56) whereas 6 is 
proposed based on mass (Additional file  1: Figure S1). 
ECM spectroscopy was used to determine the helical 
confirmation of the compounds 3, 4, 5, 7, 8 and 9 (Addi-
tional file  1: Tables S6–S11). The structures of these 
compounds provide insights into the function of each of 
these enzymes.

VdtC shows 44% similarity to the O-methyltranstrase 
AurJ in F. graminearum that is involved in the biosyn-
thesis of aurofusarin [4]. As expected, deletion of vdtC 
results in the production of compounds 4, 5 and 6, which 
differ from viriditoxin in that the hydroxyl group (red –
OH on Fig. 5; off carbon 7 in Fig. 1) has not been meth-
ylated. Interestingly, circular dichroism data showed that 
the two metabolites purified in sufficient quantity for 
ECM analysis, 4 and 5, are both in the P helical form, 
suggesting that the O-methyl group is important for the 
stereoselective coupling of the monomers.

BLAST of the VdtF protein sequence revealed a 
number of close fungal homologs, but also shows 29% 

identity to the 3-oxoacyl-[acyl-carrier-protein] reduc-
tase FabG of bacterium Eschericha coli and thus may be 
able to catalyze a reduction reaction [49]. Deletion of 
vdtF results in the production of compounds 7, 8 and 9, 
which differ from 1 in that the C3-C4 double bond has 
not been reduced (Fig. 5). We thus conclude that VdtF 
is responsible for the reduction of this bond.

BLAST against the Swiss-Prot database show 
that VdtE displays homology to a number of previ-
ously characterized Baeyer–Villiger monooxygenases 
(BVMOs). BVMOs are a group of enzymes responsible 
for the conversion of ketones into esters by inserting an 
oxygen atom between a carbonyl carbon and its neigh-
boring carbon [50]. Consistent with the hypothesis that 
VdtE is a Baeyer–Villiger monooxygenase, deletion of 
vdtE resulted in the accumulation of compound 3 in 
which the ketone group has not been converted into 
the methyl ester found in 1 (Fig. 5). The activity of VdtE 
is similar to MoxY of the aflatoxin biosynthesis clus-
ter found in Aspergillus spp. [51]. MoxY converts the 
ketone hydroxyversicolorone (HVN) into the acetate 
ester versiconal hemiacetal acetate (VHA). This is a 
rather unique reaction, so efforts towards purification 
of recombinant VdtE are ongoing to characterize fur-
ther this unusual enzyme.

Fig. 5 VdtC, VdtF and VdtE are required to tailor the hypothetical alpha pyrone monomer produced by VdtA into semi‑viriditoxin. vdtC, vdtF 
and vdtE deletion strains all failed to make viriditoxin, instead producing a set of viriditoxin‑related metabolites. Comparing the structure of the 
compounds produced by each deletion strain to 1 reveals the role of each tailoring enzyme (differences colored)
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The laccase VdtB is involved in dimerization 
while a non‑catalytic hydrolase‑like protein VdtD affects 
the stereochemistical outcome of the coupling
VdtB is similar to laccase enzymes previously implicated 
in oxidative coupling, including GIP1 that is suggested to 
play a role in the dimerization of two rubrofusarin mol-
ecules to form aurofusarin in F. graminearum [4] and 
MCE that dimerizes monapinone A into dinapinone A in 
Talaromyces pinophilus [23]. Thus, we hypothesized that 
VdtB would be required to form the biaryl bond between 
two semi-viriditoxin molecules to produce viriditoxin. 
Consistent with this hypothesis, disruption of the vdtB 
gene led to the accumulation of four major compounds, 
in which their m/z, as detected by LC–MS, corresponded 
to the molecular weight expected for monomers (Fig. 6a, 
b; Additional file 1: Figure S1). The structure of three of 
these compounds 10, 11 and 12 is predicted based on 
mass. This confirms that the laccase VdtB is responsible 
for the dimerization step in the synthesis of viriditoxin.

The production of semi-viriditoxin 12 is interesting 
because this shows that the tailoring steps catalyzed by 
VdtC, VdtF and VdtE most likely to take place prior to 
dimerization. However, the possibility of these tailoring 

enzymes acting on dimers cannot be excluded. Fur-
thermore, the fact that the vdtC, vdtF and vdtE deletion 
mutants produce dimerized compounds shows that VdtB 
is not strictly specific to semi-viriditoxin in  vivo. Our 
findings concur with the results of a recent study that 
demonstrated that the VdtB homolog of A. viridinutans is 
able to dimerize the non-native substrate (R)-semi-viox-
anthin, using heterologously-produced cell-free extracts 
from Aspergillus niger [22]. However, the heterologously-
produced VdtB lacked the appropriate stereospecificity in 
an in vitro assay [22].

Bioinformatic analysis of VdtD shows it has amino acid 
sequence similarity to serine hydrolases (Fig. 6d). This is 
a functionally diverse group that includes catalytically-
active hydrolases and other proteins that have evolved 
diverse functions that are independent of catalytic activ-
ity. Two such proteins that have lost catalytic function 
and taken on new roles are neuroligins, which are impor-
tant components of the post-synaptic membrane [52], 
and thyroglobulin, a precursor of thyroid hormones [53]. 
The catalytically-active serine hydrolases share a nucleo-
philic serine residue contained within the conserved 
G–X–S–X–G motif (where X is any amino acid) at their 

Fig. 6 a LC–DAD–MS analysis of the vdtB and vdtD deletion strains. b The predicted structures of monomers produced by the vdtB deletion strain 
based on mass. c Comparison of the electronic circular dichroism data of 1 vs 1′ showing that the spectra are mirrors of each other, indicative 
of two atropisomeric forms. d Multiple sequence alignment of VdtD and a lipase from Geotrichum candidum (UniProtKB/Swiss‑Prot: P22394.2), 
a choline esterase from Branchiostoma lanceolatum (UniProtKB/Swiss‑Prot: Q95000.1), a carboxylesterase from Felis catus (UniProtKB/Swiss‑Prot: 
Q8I034.1), and a neuroligin (UniProtKB/Swiss‑Prot: Q8N0W4.1) and a thyroglobin (UniProtKB/Swiss‑Prot: O08710.3) from Homo sapiens. Red box 
encloses the active site serine in the G–X–S–X–G motif of active hydrolases
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active site [54]. The non-catalytic variants lack this active 
site serine [55].

To explore if VdtD is likely to be an active esterase we 
compared the sequence of VdtD to the top 100 BLAST 
results in the Swiss-Prot database. These mostly include 
enzymes, however there are also some neuroligins and 
thyroglobulins. A sequence alignment of a subset of 
these revealed that, as expected, thyroglobin and neu-
roligins lacked the serine residue whereas the serine 
was present in proteins with enzymatic activity (Fig. 6d). 
Importantly, VdtD lacks this serine, having instead an 
aspartate in that position. This suggests that VdtD is 
probably not an active hydrolase, and as with its mam-
malian homologs neuroligin and thyroglobulin has taken 
on new roles.

Intriguingly, disruption of vdtD alters the ratio of the 
two atropisomers of viriditoxin 1 versus 1′ (Fig.  6a). 
While the wild-type strain strongly favors the produc-
tion of the M form 1, the vdtD mutant produced favored 
the P form 1′, as revealed by circular dichroism (Fig. 6c). 
NMR data for 1′ is provided in Additional file 1: Table S4 
and Figures  S9–S14. Despite the growing appreciation 
of the importance of atropisomeric compounds [26], 
how organisms selectively synthesize particular atro-
pisomeric forms remains unknown. Given that the lac-
case VdtB alone has been shown to favor the unexpected 
P-configured stereoisomer in a heterologous system [22] 
we suggest VdtD is likely to be required to control the 
stereoselectivity of the laccase-catalyzed reaction, possi-
bly playing an analogous role to the dirigent proteins of 
plants [24].

The stereochemistry of the metabolites produced 
by the tailoring-enzyme gene knockouts (Fig.  5) pro-
vides initial insight into the substrate requirements 
of the hypothesized VdtD/VdtB coupling system. The 
compounds produced by the vdtF and vdtE knock-
outs, lacking C3–C4 bond reduction and the methyl 
ester, respectively, are predominantly coupled in 

the M helical conformation as 1. This suggests that 
these chemical groups are not integral for interac-
tion with coupling enzymes. However, while not the 
dominant product as measured by ECM (Additional 
file  1: Table  S6), some of the corresponding P stere-
oisomer appears to form a shoulder peak in 3 (Fig. 3), 
so we cannot completely exclude the possibility that 
the methyl ester makes a contribution to the interac-
tion. On the other hand, the metabolites produced by 
the vdtC mutant that lack methylation of the oxygen 
attached to C7 have been coupled in the unexpected 
P configuration. We hypothesize that interaction of 
this methyl group with either VdtB or VdtD is likely 
to be crucial for a controlled stereochemical outcome. 
Further biochemical studies will seek to establish the 
mechanism by which VdtD controls the stereospecific-
ity of VdtB.

Conclusion
The gene cluster responsible for the production of vir-
iditoxin has been identified in the genome of two Euro-
tiales species. First, knock-out mutations in P. variotii 
of all the enzymes required for the production of viridi-
toxin and a candidate transcription factor for their reg-
ulation allowed us to elucidate a predicted biosynthetic 
pathway of this helical chiral biaryl compound (Fig. 7). 
Second, we have also uncovered an intriguing cellular 
localization pattern for the PKS enzyme responsible 
for the first step in the pathway. Third, we have dem-
onstrated that a likely catalytically inactive hydrolase 
enzyme is required for controlling atropisomeric con-
formations through an as yet undefined mechanism. 
Complementary biochemical analyses using heterolo-
gous expression of these enzymes have subsequently 
substantiated the steps in the pathway [56]. Future 
experiments will be able to provide additional resolu-
tion into the process of the synthesis of viriditoxin.

Fig. 7 A proposed pathway for the biosynthesis of viriditoxin as based on the metabolites identified in gene deletion strains of P. variotii. Note that 
the order in which the enzymes VdtC, VdtF and VdtE act has not been determined
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Materials and methods
Strains, DNA extraction, and DNA sequencing of A. 
viridinutans
Two P. variotii strains used in this study were CBS 
101075, which is the type strain of the teleomorph of 
P. variotii (Byssochlamys spectabilis), and CBS 144490, 
which we isolated previously [27]. The A. viridinutans 
ex-type strain FRR  0576 was used. Genomic DNA 
was extracted from 4-day old liquid cultures grown 
in potato dextrose broth (PDB) using an established 
method [57], followed by treatment with RNAseA. A. 
viridinutans was sequenced on an Illumina HiSeq2500 
instrument using 125  bp paired-end reads. The reads 
were assembled using Velvet [58]. Regions homologous 
to putative clusters in the P. variotii genome were iden-
tified by BLASTx searches against the A. viridinutans 
assembly.

Gene expression analysis of the Vdt cluster via qPCR
RNA was extracted from 3-day old cultures of P. vari-
otii grown in PDB using Trizol reagent (Invitrogen) 
following the manufacturer’s directions. cDNA was 
synthesized using AMV reverse transcriptase (New 
England Biolabs) following the standard protocol pro-
vided by the manufacturer. qPCR reactions were con-
ducted using KAPA SYBR FAST qPCR Master Mix. The 
primer pairs used for each gene are given in Additional 
file 1: Table S12.

Generation of gene knockout strains
Gene knockout strains were generated by homologous 
recombination for each gene in the cluster to replace 
most of the open reading frames with a construct con-
ferring resistance to hygromycin, with the exception of 
vdtX. The constructs were generated by first assembling 
two fragments corresponding to the upstream and 
downstream gene regions, into plasmid pPZP-201BK 
that was digested with EcoRI and HindIII, using Gibson 
Assembly with the addition of a restriction site between 
the two fragments. The HYG cassette on plasmid 
pMAI6 was amplified by PCR and introduced into this 
restriction site using a second Gibson reaction. Prim-
ers used to amplify the HYG cassette with appropriate 
homology to introduce it into each construct are given 
in Additional file 1: Table S12.

The constructs were introduced into P. variotii strain 
CBS 144490 or CBS 101075 via Agrobacterium tume-
faciens mediated transformation (AtMT) as described 
previously [27]. Successful gene replacement events 
were identified via PCR using primers given in Addi-
tional file 1: Table S12.

Disruption of vdtX via repeat induced point mutation
A different approach was taken to disrupt vdtX after no 
gene replacements were identified from the homolo-
gous recombination approach. The process of repeat 
induced point (RIP) mutation during a sexual cross was 
employed. A partial vdtX gene fragment was amplified 
using primers RIPF1 and RIPR2 and cloned into pPZ-
PHygHindX [59] linearized with XbaI-EcoRV using 
Gibson assembly. The construct was then transformed 
into strain CBS 144490. One resultant transformant 
was crossed to strain CBS 101075 and progeny isolated 
as described previously [60]. The targeted regions of 
vdtX in the progeny were amplified and sequenced with 
primers RIPseqF and RIPseqR to identify those progeny 
that had been heavily mutated by RIP.

Metabolic profile analysis, compound isolation 
and characterization
Czapek Yeast Extract Agar (CYA, 30 g sucrose, 5 g yeast 
extract, 1  g  K2HPO4, 0.3  g  NaNO3, 0.05  g KCl, 0.05  g 
 MgSO4, 0.01  g  ZnSO4, 0.01  g  FeSO4, 0.5  mg  CuSO4, 
15  g agar in 1 L) was used for culturing of P. variotii 
strains and A. viridinutans for the accumulation of sec-
ondary metabolites. Agar cultures were chopped into 
small pieces and extracted with methanol with sonica-
tion. Crude extracts were filtered, dried and redissolved 
in methanol for LC–DAD–MS analysis.

LC–DAD–MS analyses were performed with an Agi-
lent 1260 liquid chromatography (LC) system coupled 
to a diode array detector (DAD) and an Agilent 6130 
quadrupole mass spectrum (MS) with an ESI source. 
For analytical purposes, a Kinetex C18 column (2.6 µm, 
2.1  mm i.d. × 100  mm; Phenomenex) was used. The 
mobile phase gradient of eluent B (acetonitrile with 
0.1% formic acid) started at 5% and gradually increased 
to 95% over 10 min at a flow rate of 0.75 ml/min.

For compound isolation, P. variotii CYA culture of 
either wild-type strain or specific mutant was extracted 
twice with ethyl acetate/methanol (90:10). Crude 
extracts were dried in vacuo and then fractionated on 
a Reveleris flash chromatography system (Grace) using 
a dichloromethane/methanol gradient on a Reveleris 
HP silica flash cartridge. Fractions containing the tar-
get compound were combined for further purification 
using a semi-prep HPLC with a C18 column (Agilent, 
5 μm, 21.2 × 150 mm).

For structural characterization, nuclear mag-
netic resonance (NMR) spectra were collected for 
purified metabolites on a Bruker Avance IIIHD 
500 MHz/600 MHz NMR spectrometer. Chloroform-d, 
DMSO-d6, and acetonitrile-d3 were used as solvents.
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Electronic circular dichroism (ECD) spectra were 
recorded on a JASCO J-810 spectropolarimeter, with 
acetonitrile as solvent. The axial chirality of dimeric 
compounds isolated was determined by comparing 
with both the ECD spectrum of (M)-viriditoxin stand-
ard purchased from Sapphire Bioscience (Redfern, Aus-
tralia) and published data [21].

Generation of strains for the examination 
of fluorescently‑tagged proteins
The open reading frame of GFP was tagged immedi-
ately downstream of vdtG and vdtA via homologous 
recombination.

In the case of vdtG, a fragment corresponding to the 
end of the gene (omitting the stop codon) was ampli-
fied using primers 24GFP5F and 24GFP5R and GFP was 
amplified using primers 24GFPGFPF and 24GFPGFPR 
and cloned into plasmid pPZP-201BK linearized with 
EcoRI and HindIII using Gibson assembly. The HYG 
construct and 3′ flank of the gene was amplified with 
primers pairs 24GFPHYGF-24GFPHYGR and 24GFP3F-
24GFP3R off plasmids pMAI6 and PLAU17, respectively 
[38], and cloned into the EcoRI site of the previously gen-
erated plasmid to produce the final construct. This con-
struct was transformed into P. variotii strain CBS 144490 
using AtMT [27].

In the case of vdtA, a fragment corresponding to the 
end of the gene (omitting the stop codon) was ampli-
fied using primers 69GFP5F and 69GFP5R and the 3′ 
flank of the gene was amplified with primers 69GFP3F 
and 69GFP3R and cloned into plasmid pPZP-201BK 
linearized with EcoRI and HindIII using Gibson assem-
bly. The combined GFP-HYG section of the construct 
previously generated to tag VdtG was amplified using 
69GFPHYGF and 69GFPHYGR and cloned into the 
BamHI site of the previous construct. This construct was 
introduced into strain CBS 144490 by AtMT as described 
previously [27].

Constructs were generated for the purpose of resolv-
ing the subcellular localization of proteins within the cell, 
namely Erg11-mCherry to tag the endoplasmic reticulum 
and mCherry-SKL to tag the peroxisomes. Erg11 was 
amplified using primers Erg11F and Erg11R and mCherry 
was amplified using primers McherryErg11F and Mcher-
ryErg11R off genomic DNA and plasmid mCherry-dspA 
[27], respectively, and cloned into the BglII site of plasmid 
PLAU53 which has been designed to express proteins 
under the expression of the actin promoter from Lepto-
sphaeria maculans and confers resistance to G418 [38]. 
The mCherry isoform with the addition of sequence cod-
ing for the three amino acid sequence SKL was amplified 
using primers AP57 and AP58, and similarly cloned into 
PLAU53. The mCherry-SKL construct was transformed 

into the VdtA-GFP strain and the Erg11-mCherry con-
struct was transformed into the VdtG-GFP strain.

Isolates were cultured PDB for 3 days, and then exam-
ined using a Leica DM6000 fluorescence microscope.

Additional file

Additional file 1. Supplementary data that feature Tables S1–S12 and 
Figures S1–S56.
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Table	 S1.	 Genome	 sequencing	 statistics	 for	 the	 assembly	 of	 Aspergillus	
viridinutans	 strain	FRR	0576.	The	assembly	and	raw	reads	are	available	from	
GenBank	under	BioProject	PRJNA513223.	
 

Number of contigs 285 
Median length (bp) 5,707 
Mean length (bp) 104,615 
Max length (bp) 1,359,167 
N50 length (bp) 425,947 
Number of contigs >N50 21 
Length sum (bp) 29,815,307 
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Table	S2.	Protein	IDs	and	features	of	the	Vdt	cluster	genes	in	Paecilomyces	
variotii	strains	CBS	101075	and	CBS	144490.	
 
Protein Protein ID  

CBS 
101075 

Protein ID  
CBS 
144490 

Putative function  Similarity/query cover to 
homologs discussed in 
the main text 

VdtA 480069  260870 Polyketide synthase 42/94% to PKS12 (F. 
graminearum; 
aurofusarin) 

VdtB 480050 260889 Laccase 53/86% to GIP1 (F. 
graminearum; 
aurofusarin) 

VdtC 488617 127223 O-methyltransferase 44/96% to AurJ (F. 
graminearum; 
aurofusarin) 

VdtD 510289 190631 Hydrolase-like N/A 
VdtE 480056 190779 Baeyer-Villiger 

monooxygenase 
26/87% to MoxY (A. 
parasiticus; aflatoxin) 

VdtF 480057 260883 Reductase 29/91% to FabG (E. coli) 
VdtG 488624 275282 Major facilitator 

superfamily 
transporter 

49/89% to AurT (F. 
graminearum; 
aurofusarin) 

VdtR 105452 288289 Transcription factor 39/37% to AurR1 (F. 
graminearum; 
aurofusarin) 

VdtX 515060 190767 PKS-like  37/97% to Fum1 
(Fusarium verticillioides) 
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Table	S3.	Structural	information	of	1	(chloroform-d).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 171.0	 -	 -	 -	

2	 -	 -	 -	 -	

3	 75.9	 4.96	(1H,	m)	 4,	11	 4a	

4	 33.0	 2.81	(2H,	m)	 3,	5	 4a,	5,	10a	

4a	 132.1	 -	 	 -	

5	 114.2	 6.23	(1H,	s)	 4	 1,	3,	4a,	5a,	6,	9a,	10,	
10a	 	

5a	 139.3	 -	 -	 -	

6	 110.1	 -	 -	 -	

7	 161.2	 -	 -	 -	

7-OMe	 56.3	 3.77	(3H,	s)	 -	 7	

8	 98.4	 6.79	(1H,	s)	 -	 6,	9,	9a	

9	 159.3	 -	 -	 -	

9-OH	 -	 9.69	(1H,	s)	 -	 8,	9,	9a	

9a	 108.1	 -	 -	 -	

10	 163.5	 -	 -	 -	

10-OH	 -	 13.75	(1H,	s)	 -	 9a,	10,	10a	

10a	 98.8	 -	 -	 -	

11	 39.5	
2.65	(1H,	dd,	J=7.74,	

19.5)	
2.88	(1H,	dd,	J=	8.16,	

19.4)	
4	 3,	4,	12	

12	 169.8	 -	 -	 -	

12-OMe	 52.2	 3.70	(3H,	s)	 -	 12	

	 	

325



Supplementary data for Urquhart et al. The fungal gene cluster for biosynthesis 
of the antibacterial agent viriditoxin. Fungal Biol Biotechnol. 2019. 

4 

Table	S4.	Structural	information	of	1′	(chloroform-d).	 	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 171.1	 -	 -	 -	

2	 -	 -	 -	 -	

3	 75.9	 4.96	(1H,	m)	 4,	11	 -	

4	 32.9	 2.87	(2H,	m)	 3,	5	 4a,	5,	10a,	11	

4a	 132.1	 -	 	 -	

5	 114.2	 6.24	(1H,	s)	 4	 4,	4a,	5a,	9a,	10a	 	

5a	 139.4	 -	 -	 -	

6	 110.2	 -	 -	 -	

7	 161.2	 -	 -	 -	

7-OMe	 56.3	 3.75	(3H,	s)	 -	 7	

8	 98.3	 6.79	(1H,	s)	 -	 6,	9,	9a	

9	 159.3	 -	 -	 -	

9-OH	 -	 9.77	(1H,	s)	 -	 8,	9,	9a	

9a	 108.2	 -	 -	 -	

10	 163.6	 -	 -	 -	

10-OH	 -	 13.77	(1H,	s)	 -	 -	

10a	 98.9	 -	 -	 -	

11	 39.5	
2.68	(1H,	dd,	J=6.55,	

16.3)	
2.92	(1H,	dd,	J=	6.70,	

16.3)	
4	 3,	4,	12	

12	 169.9	 -	 -	 -	

12-OMe	 52.3	 3.70	(3H,	s)	 -	 12	
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Table	S5.	Structural	information	of	2	(acetonitrile-d3).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 	 172.2	 	 -	 -	 -	

1′	 172.0	 -	 -	 	

2	(2′)	 -	 -	 -	 -	

3	 	 76.8	 	 4.96	(2H,	m)	 4,	11	 -	

3′	 77.3	 4.96	(2H,	m)	 4′,	11′	 -	

4	 	 32.8	 	 2.68[a]	 3	 5,	10a	

4′	 33.0	 2.68[a]	 3′	 5′,	10a′	

4a	 	 134.2	 -	 -	 -	

4a′	 134.0	 -	 -	 -	

5	 114.8	 	 6.28	(2H,	s)	 -	 1,	4,	4a,	6,	9a,	10	 	

5′	 114.7	 6.28	(2H,	s)	 -	 1′,	4′,	4a′,	6′,	9a′,	10′	

5a	(5a′)	 140.1	 -	 -	 -	

6	(6′)	 110.9	 -	 -	 -	

7	(7′)	 161.8	 -	 -	 -	

7	
(7′)-OMe	 56.8	 3.71	(6H,	s)	 -	 7	(7′)	

8	(8′)	 99.0	 6.83	(1H,	s)	 -	 6	(6′),	9	(9′),	9a	(9a′)	

9	(9′)	 159.9	 -	 -	 -	

9	(9′)-OH	 -	 9.68	(2H,	s)	 -	 8	(8′),	9	(9′),	9a	(9a′)	

9a	(9a′)	 108.5	 -	 -	 -	

10	 163.7	 -	 -	 -	

10′	 163.8	 -	 -	 -	

10	
(10′)-OH	 -	 13.8	(1H,	s)	 -	 9a	(9a′),	10	(10′),	10a	

(10a′)	

10a	 	 100.0	 -	 -	 -	

10a′	 99.9	 -	 -	 -	

11	 48.3	
2.74[a]	

2.96	(1H,	dd,	J=7.65,	
17.4)	

3	 3,	4,	12	

11′	 39.9	 2.70[a]	 3′	 3′,	4′,	12′	

12	 205.7	 -	 -	 -	
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12′	 170.9	 -	 -	 -	

13	 30.6	 2.12	(3H,	s)	 -	 11,	12	

12′-OMe	 52.4	 3.65	(3H,	s)	 -	 12′	

[a]	unable	to	integrate	or	calculate	J	due	to	signal	overlay	 	
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Table	S6.	Structural	information	of	3	(acetonitrile-d3).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 172.2	 -	 -	 -	

2	 -	 -	 -	 -	

3	 76.8	 4.98	(1H,	m)	 4,	11	 -	

4	 33.0	 2.79	(2H,	m)	 3,	5	 3,	4a,	5,	10a	

4a	 134.4	 -	 	 -	

5	 114.7	 6.27	(1H,	s)	 4	 4,	5a,	6,	9a	 	

5a	 140.2	 -	 -	 -	

6	 110.9	 -	 -	 -	

7	 161.8	 -	 -	 -	

7-OMe	 56.8	 3.71	(3H,	s)	 -	 7	

8	 99.0	 6.84	(1H,	s)	 -	 6,	7,	9,	9a	

9	 159.9	 -	 -	 -	

9-OH	 -	 9.73	(1H,	s)	 -	 8,	9,	9a	

9a	 108.6	 -	 -	 -	

10	 163.8	 -	 -	 -	

10-OH	 -	 13.84	(1H,	s)	 -	 -	

10a	 100.1	 -	 -	 -	

11	 48.3	
2.76	(1H,	dd,	J=7.92,	

17.5)	
2.96	(1H,	dd,	J=	7.74,	

17.5)	
4	 3,	4,	12	

12	 205.7	 -	 -	 -	

13	 30.6	 2.11	(3H,	s)	 -	 11,	12	
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Table	S7.	Structural	information	of	4	(acetonitrile-d3).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 172.2	 -	 -	 -	

2	 -	 -	 -	 -	

3	 76.8	 4.92	(1H,	m)	 4,	11	 -	

4	 33.1	 2.79[a]	 3,	5	 4a,	5,	10a	

4a	 135.0	 -	 	 -	

5	 114.4	 6.35	(1H,	s)	 4	 4,	9a,	10a	 	

5a	 141.5	 -	 -	 -	

6	 109.2	 -	 -	 -	

7	 160.5	 -	 -	 -	

7-OH	 -	 -	 -	 -	

8	 102.7	 6.60	(1H,	s)	 -	 6,	7,	9,	9a	

9	 160.0	 -	 -	 -	

9-OH	 -	 -	 -	 -	

9a	 107.0	 -	 -	 -	

10	 163.6	 -	 -	 -	

10-OH	 -	 -	 -	 -	

10a	 100.3	 -	 -	 -	

11	 48.3	
2.78[a]	

2.95	(1H,	dd,	J=7.45,	
17.45)	

3	 3,	4,	12	

12	 205.9	 -	 -	 -	

13	 30.6	 2.11	(3H,	s)	 -	 11,	12	

[a]	unable	to	integrate	or	calculate	J	due	to	signal	overlay	
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Table	S8.	Structural	information	of	5	(acetonitrile-d3).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 	 172.2	 	 -	 -	 -	

1′	 172.0	 -	 -	 	

2	(2′)	 -	 -	 -	 -	

3	 	 76.8	 	 4.89	(1H,	m)	 4,	11	 -	

3′	 77.3	 4.89	(1H,	m)	 4′,	11′	 -	

4	 	 33.0	 	 2.81[a]	 3	 4a,	5,	10a	

4′	 32.8	 2.81[a]	 3′	 4a′,	5′,	10a′	

4a	 	 135.0	 -	 -	 -	

4a′	 134.7	 -	 -	 -	

5	 114.5	 6.36	(1H,	s)	 -	 4,	5a,	6,	9a,	10,	10a	

5′	 114.4	 6.36	(1H,	s)	 -	 4′,	5a′,6′,	9a′,	10′,	10a′	

5a	(5a′)	 141.5	 -	 -	 -	

6	(6′)	 106.9	 -	 -	 -	

7	(7′)	 160.5	 -	 -	 -	

7	(7′)-OH	 -	 -	 -	 -	

8	(8′)	 102.7	 6.60	(1H,	s)	 -	 6	(6′),	7	(7′),	9	(9′),	9a	
(9a′)	

9	(9′)	 160.0	 -	 -	 -	

9	(9′)-OH	 -	 -	 -	 -	

9a	(9a′)	 109.2	 -	 -	 -	

10	 163.5	 -	 -	 -	

10′	 163.6	 -	 -	 -	

10	
(10′)-OH	 -	 -	 -	 -	

10a	 	 100.0	 -	 -	 -	

10a′	 99.9	 -	 -	 -	

11	 48.3	
2.74[a]	

2.96	(1H,	dd,	J=7.44,	
17.52)	

3	 3,	4,	12	

11′	 39.9	 2.70[a]	 3′	 3′,	4′,	12′	

12	 205.7	 -	 -	 -	

331



Supplementary data for Urquhart et al. The fungal gene cluster for biosynthesis 
of the antibacterial agent viriditoxin. Fungal Biol Biotechnol. 2019. 

10 

12′	 170.0	 -	 -	 -	

13	 30.6	 2.10	(1.5H,	s)	 -	 11,	12	

12′-OMe	 52.5	 3.62	(1.5H,	s)	 -	 12′	

[a]	unable	to	integrate	or	calculate	J	due	to	signal	overlay	
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Table	S9.	Structural	information	of	7	(chloroform-d).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 168.0[a]	 -	 -	 -	

2	 -	 -	 -	 -	

3	 148.4	 -	 -	 -	

4	 108.3	 6.10	(1H,	s)]	 11	 3,	5,	10a	

4a	 -[b]	 -	 	 -	

5	 111.7	 6.36	(1H,	s)	 -	 4,	10a	 	

5a	 140.2[a]	 -	 -	 -	

6	 109.9[a]	 -	 -	 -	

7	 161.3	 -	 -	 -	

7-OMe	 56.4	 3.77	(3H,	s)	 -	 7	

8	 98.4	 6.84	(1H,	s)	 -	 9,	9a	

9	 159.3	 -	 -	 -	

9-OH	 -	 9.75(1H,	s)	 -	 8,	9,	9a	

9a	 -[b]	 -	 -	 -	

10	 163.0[a]	 -	 -	 -	

10-OH	 -	 13.6	(1H,	s)	 -	 -	

10a	 97.5	 -	 -	 -	

11	 47.6	 3.47	(2H,	s)	 4	 3,	4,	12	

12	 202.2	 -	 -	 -	

13	 30.1	 2.23	(3H,	s)	 -	 12	

[a]	Lacking	HMBC	correlations.	Chemical	shifts	assigned	based	on	other	compounds	isolated.	
[b]	13C	signals	not	detected.	
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Table	S10.	Structural	information	of	8	(chloroform-d).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 	 .168.0	 	 -	 -	 -	

1′	 167.9	 -	 -	 	

2	(2′)	 -	 -	 -	 -	

3	 	 148.4	 	 -	 -	 -	

3′	 147.9	 -	 -	 -	

4	 	 108.3	 6.10	(1H,	s)	 11	 3,	5,	10a	

4′	 108.0	 6.15	(1H,	s)	 11′	 3′,	5′,	10a′	

4a	 	 130.2	 -	 -	 -	

4a′	 130.5	 -	 -	 -	

5	 111.7	 6.36	(1	H,	s)	 -	 6,	9a,	10a	

5′	 111.8	 6.37	(1	H,	s)	 -	 6′,	9a′,	10a′	

5a	(5a′)	 140.2	 -	 -	 -	

6	(6′)	 109.9	 -	 -	 -	

7	(7′)	 161.3	 -	 -	 -	

7	
(7′)-OMe	 56.4	 3.77	(6H,	s)	 -	 7	(7′)	

8	(8′)	 98.4	 6.84	(2H,	s)	 -	 6	(6′),	7	(7′),	9	(9′),	9a	
(9a′)	

9	(9′)	 159.3	 -	 -	 -	

9	(9′)-OH	 -	 9.75	(2H,	s)	 -	 8	(8′),	9	(9′),	9a	(9a′)	

9a	(9a′)	 108.2	 -	 -	 -	

10	(10′)	 163.0	 -	 -	 -	

10	
(10′)-OH	 -	 13.6	(2H,	s)	 -	 9a	(9a′),	10	(10a′),	9a	

(9a′)	

10a	 	 97.5	 -	 -	 -	

10a′	 97.6	 -	 -	 -	

11	 47.6	 3.47	(2H,	s)	 4	 3,	4,	12	

11′	 38.8	 3.43	(2H,	s)	 4′	 3′,	4′,	12′	

12	 202.2	 -	 -	 -	

12′	 168.7	 -	 -	 -	
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13	 30.1	 2.23	(3H,	s)	 -	 12	

12′-OMe	 52.7	 3.71	(3H,	s)	 -	 12′	
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Table	S11.	Structural	information	of	9	(chloroform-d).	

	

Carbon	
No.	

13C	NMR	 1H	NMR	(ppm,	multi,	J)	 gCOSY	 HMBC	

1	 167.9[a]	 -	 -	 -	

2	 -	 -	 -	 -	

3	 147.9	 -	 -	 -	

4	 108.0	 6.15	(1H,	s)	 11	 3,	5,	10a	

4a	 130.8[a]	 -	 	 -	

5	 111.8	 6.37	(1H,	s)	 -	 9a,	10a	 	

5a	 140.2[a]	 -	 -	 -	

6	 110.0[a]	 -	 -	 -	

7	 161.2	 -	 -	 -	

7-OMe	 56.4	 3.77	(3H,	s)	 -	 7	

8	 98.5	 6.84	(1H,	s)	 -	 6,	9,	9a	

9	 159.3	 -	 -	 -	

9-OH	 -	 9.69	 -	 8,	9,	9a	

9a	 108.1	 -	 -	 -	

10	 163.0	 -	 -	 -	

10-OH	 -	 13.75	 -	 9a,	10,	10a	

10a	 97.6	 -	 -	 -	

11	 38.8	 3.43	(2H,	s)	 4	 3,	4,	12	

12	 168.7	 -	 -	 -	

12-OMe	 52.7	 3.71(3H,	s)	 -	 12	

[a]	 13C	 signals	have	no	HMBC	correlations.	The	chemical	 shifts	were	assigned	based	on	data	of	
other	compounds.	
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Table	S12.	Oligonucleotide	primers	designed	in	this	study	
 
Name Sequence (5´ to 3´) Notes 
vdtB5’F AACAGCTATGACATGATTACGAATCGACGTTGTTTCTTGG Primers used to amplify 

5´ flank of vdtB vdtB5’R GTGGGCAGAATTCGCTCCATGGCAGCAATGTCC 
vdtC5’F AACAGCTATGACATGATTACGTGCTTCTTTATACTGGGTCG Primers used to amplify 

5´ flank of vdtC vdtC5’R TTGAAGAGAATTCGAAGCACTGATTGCCTGTGC 
vdtD5’F AACAGCTATGACATGATTACGCCTTCTTCAAGTATCTTTCC Primers used to amplify 

5´ flank of vdtD vdtD5’R ACATACGGAATTCTGGTAACGGAAGGAAAAGACC 
vdtE5’F AACAGCTATGACATGATTACGGGTTTGTAGGGATCGAATG

C 
Primers used to amplify 
5´ flank of vdtE 

vdtE5’R CCGAAGGGAATTCCAACTCTGAAATACATCTCC 
vdtF5’F AACAGCTATGACATGATTACGCGTCAATCGAGTTGAAATG

G 
Primers used to amplify 
5´ flank of vdtF 

vdtF5’R CAGTCGAGAATTCGTCTGTTCTGTTGTTGGTGC 
vdtG5’F AACAGCTATGACATGATTACGGGTCTGTTCTGTTGTTGGTG

C 
Primers used to amplify 
5´ flank of vdtG 

vdtG5’R CCTCAGGGAATTCTGATCGAGCGCCAACCTACC 
vdtA5’F AACAGCTATGACATGATTACGTTCTTATATACTTATAATTC

G 
Primers used to amplify 
5´ flank of vdtA 

vdtA5’R GAGAACGGGATCCATAAACGACGCAAGCTGG 
vdtR5’F AACAGCTATGACATGATTACGGCGTGCGTAGTAGCTGCTG

C 
Primers used to amplify 
5´ flank of vdtR 

vdtR5’R AGATTGGAATTCTTGAGATAGGGTTTGACTGG 
vdtB3’F ATGGAGCGAATTCTGCCCACGGAGACGATATGC Primers used to amplify 

3´ flank of vdtB  vdtB3’R GTAAAACGACGGCCAGTGCCAGGGCACACAAAGAATCTAG
G 

vdtC3’F GTGCTTCGAATTCTCTTCAAGTATCTTTCCAGC Primers used to amplify 
3´ flank of vdtC  vdtC3’R GTAAAACGACGGCCAGTGCCAGGTAACGGAAGGAAAAGA

CC 
vdtD3’F GTTACCAGAATTCCGTATGTCTTTAATGAGTTGG Primers used to amplify 

3´ flank of vdtD vdtD3’R GTAAAACGACGGCCAGTGCCAATAATAATGTATCCGCTAG
G 

vdtE3’F AGAGTTGGAATTCCCTTCGGAGGAAAACGTACC Primers used to amplify 
3´ flank of vdtE vdtE3’R GTAAAACGACGGCCAGTGCCAATGCTAATATTCTGCCCTGC 

vdtF3’F AACAGACGAATTCTCGACTGCCTGCTTCACTGG Primers used to amplify 
3´ flank of vdtF vdtF3’R GTAAAACGACGGCCAGTGCCAGGCTTCGACACAAACACTG

G 
vdtG3’F TCGATCAGAATTCCCTGAGGGGAGGAAACAAGG Primers used to amplify 

3´ flank of vdtG vdtG3’R GTAAAACGACGGCCAGTGCCAGCCCAGCCCATTACTGCAG
C 

vdtA3’F CGTTTATGGATCCCGTTCTCATTCGGTACAGC  Primers used to amplify 
3´ flank of vdtA vdtA3’R GTAAAACGACGGCCAGTGCCAAAAAGGGGTGGATAATAA
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GC 
vdtR3’F TATCTCAAGAATTCCAATCTGCCCTCGAGTACG Primers used to amplify 

3´ flank of vdtR vdtR3’R GTAAAACGACGGCCAGTGCCAGTGCATTTCTTATACTCAAG
G 

vdtBHYGF GGACATTGCTGCCATGGAGCGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtB construct 

vdtBHYGR GCATATCGTCTCCGTGGGCAGCCTACTGAACGTTATGAC 

vdtCHYGF CACAGGCAATCAGTGCTTCGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtC construct 

vdtCHYGR CTGGAAAGATACTTGAAGAGCCTACTGAACGTTATGAC 

vdtDHYGF TCTTTTCCTTCCGTTACCAGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtD construct 

vdtDHYGR AACTCATTAAAGACATACGGCCTACTGAACGTTATGAC 

vdtEHYGF GAGATGTATTTCAGAGTTGGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtE construct 

vdtEHYGR GTACGTTTTCCTCCGAAGGGCCTACTGAACGTTATGAC 

vdtFHYGF CACCAACAACAGAACAGACGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtF construct 

vdtFHYGR CAGTGAAGCAGGCAGTCGAGCCTACTGAACGTTATGAC 

vdtGHYGF GTAGGTTGGCGCTCGATCAGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtG construct 

vdtGHYGR CTTGTTTCCTCCCCTCAGGGCCTACTGAACGTTATGAC 

vdtAHYGF CCAGCTTGCGTCGTTTATGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtA construct 

vdtAHYGR GCTGTACCGAATGAGAACGGCCTACTGAACGTTATGAC 

vdtRHYGF CCAGTCAAACCCTATCTCAAGCTGGGATTGCCCCTCGATGC Primers used to amplify 
HYG cassette for 
introduction into the 
vdtR construct 

vdtRHYGR CGTACTCGAGGGCAGATTGCCTACTGAACGTTATGAC 

 AP124 AGTCGGCTGTTTGCATCTGC  488617ScF 
 AP125 GATCTGGGTCATAAACATCG 488617ScR 
 AP126 GAGGAGCAAGACAGAGACGG  510289scF 
 AP127 CTTGCATACTTGCCATTTTGG 510289scR 
 AP128 ATCATTGGGGAGATGGGAGG  480056ScF 
 AP129 GGTTATGTGTCGAATAAGCC 480056ScR 
 AP130 TGCCGTACCAACCGATATCG  480057scF 

 AP131 ATGTGATCATTCTAGCGACC 480057scR 
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 AP132 CGGTTAATGCTTTTCCATCC  488624scF 
 AP133 TTTCTCTGATAGGACGATCC 488624scR 
 AP134 AATTGAGAGATTAGATAGCG  480069scF 
 AP135 GCAGATGGAGGAGCCATAGC 480069scR 
 AP136 TGGATGTCTTCCGGGTTGCG  105452_ScF 
 AP137 TTATTATGTGACACGTCTCG 105452_ScR 

 AP138 CAGCTTGATTTCCTCTGCC  480050ScF 
 AP139 TATAGGGGGGACCTTCAACC  480050ScR 

qPCR primers 
Name Sequence (5´ to 3´) Notes  

vdtBqPCRF CTATCACAGACAAAGGGTGC  qPCR primers for vdtB 
vdtBqPCRR AGGGAACACAGCCTTCCTGG 
vdtCqPCRF GCGATCGTGGTTGATGTTGG qPCR primers for vdtC 

 vdtCqPCRR TCACCATGGGCAGGTCTTGC 
vdtDqPCRF ACGGGTTCCGCGCATTTATGC qPCR primers for vdtD 

 vdtDqPCRR AGGATAGATATATTGGCTGG 
vdtEqPCRF GAGCCGTTGAATTGGTTTGG qPCR primers for vdtE 
vdtEqPCRR AAGACCGAAGAGAATATTCC 
vdtFqPCRF CATCTACGGTGCGAGTAAGG qPCR primers for vdtF 
vdtFqPCRR ATGTCGGTGTTGAAATATCC 
vdtGqPCRF AGGATGCGGAATGAGCATGC qPCR primers for vdtG 
vdtGqPCRR AAGAAGATGAGCGAGATACC 

vdtX1qPCRF AGAGAGTAAACGTCTGTTGG qPCR primers for vdtX 
 vdtXqPCRR GCATTGTCGGATATCCGTCG 

vdtAqPCRF AGCGACGGACAGATTTCTCG qPCR primers for vdtA 
 vdtAqPCRR TATAGGGTTCCTCCTGCAGC 

β-tubulinqPCRF GGGCGAGGAGGAGTACAACG qPCR primers for 
β-tubulin β-tubulinqPCRR AATGGGGTATTACTGAGAGC 

ID423248qPCRF AGAGGATGGATTCAGAGAGC qPCR primers for 
protein ID423248 ID423248qPCRR GCAACGCGCGACGTTCTTCC 

 AP169 TAAGGGCGATGATGTATTGG qPCR primers for 
protein ID510298  AP170 GTCAGTAGGCGTCGATCTGC 

 AP171 CCTGTGCTTTCTATAATGACC qPCR primers for 
protein ID480071  AP172 CGTGATTCTGAAGGAGTGC 

Fluorescent tagging primers 
Name Sequence (5´ to 3´) 
24GFP5F AACAGCTATGACATGATTACGTATTCTGCTCTTCTTGAACC 
24GFP5R GCTCCTCGCCCTTGCTCACTACCTTGTTTCCTCCCCTCAGG 

24GFPGFPF GTGAGCAAGGGCGAGGAGC 
24GFPGFPR TAAAACGACGGCCAGTGCCAGAATTCGGTTGTTGGTGCTGGTGG 
24GFPHYGF CACCAGCACCAACAACCGCTGGGATTGCCCCTCGATGC 
24GFPHYGR GCTTACTATACATGCATATTTCCTACTGAACGTTATGAC 
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24GFP3F AAATATGCATGTATAGTAAGC 
24GFP3R AAAACGACGGCCAGTGCCAGGCCCAGCCCATTACTGCAGC 
69GFP5F AACAGCTATGACATGATTACGAACAAGACGGCGACAAATCC 
69GFP5R TCTAGCCGGATCCTAACTGCAAAACTCGAGAC 
69GFP3F GCAGTTAGGATCCGGCTAGAGGAGCAGAGGTTGG 
69GFP3R GTAAAACGACGGCCAGTGCCAGCAGATGGAGGAGCCATAGC 

69GFPHYGF GTCTCGAGTTTTGCAGTTAGTGAGCAAGGGCGAGGAGCTG 
69GFPHYGR AACCTCTGCTCCTCTAGCCGCCTACTGAACGTTATGAC 
Erg11F TCGAAACCTAATCAATCAACATGGGGTTGCTCTCCGCTGTGC 
Erg11R GCTCACCATTGCTTTTTCGGACAGTTGACG 
McherryErg11F CCGAAAAAGCAATGGTGAGCAAGGGCGAGG 
McherryErg11R TGCTCATAGTCACATCCCTCACTTGTACAGCTCGTCCATGC 
AP57 TCGAAACCTAATCAATCAACATGGTGAGCAAGGGCGAGG 
AP58 TGCTCATAGTCACATCCCTCAAAGCTTAGACTTGTACAGCTCGTCCATGC 

Primers used for RIP mutation of vdtX 
Oligo nucleotide Sequence Notes 
RIPF1 CCTCTGCAGGTCGACTCTAGACGATGCTAGATCACAAGTCC Amplification and 

cloning of 2258 bp of 
vdtX 

RIPR2 GGCCAATTCTTAATTAAGATATCGGCGAGAAATGATGTTTT
CC 

RIPseqF AATTTCCAACGATGCTCAGC Amplification and 
sequencing of the native 
vdtX allele in the region 

targeted for RIP 

RIPseqR TTGGAACGAATCAGACAAGG 
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Figure	S1	UV-vis-spectra	and	mass	spectra	for	6,	10,	11,	and	12	 	
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Figure	S2.	Mutation	in	vdtX	via	repeat	induced	point	mutation.	The	top	DNA	
and	predicted	amino	acid	sequences	are	from	wild	type	and	the	bottom	are	from	
the	RIP	mutant.	
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Figure	S3.	1H	NMR	spectrum	(500	MHz)	of	1	in	chloroform-d	
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Figure	S4.	13C	NMR	spectrum	(125	MHz)	of	1	in	chloroform-d	
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Figure	S5.	DEPT-135	13C	NMR	spectrum	(125	MHz)	of	1	in	chloroform-d	
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Figure	S6.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	1	in	chloroform-d	
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Figure	S7.	HSQC	NMR	spectrum	(500	MHz)	of	1	in	chloroform-d	
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Figure	S8.	HMBC	NMR	spectrum	(500	MHz)	of	1	in	chloroform-d	

	
	 	

348



Supplementary data for Urquhart et al. The fungal gene cluster for biosynthesis 
of the antibacterial agent viriditoxin. Fungal Biol Biotechnol. 2019. 

27 

Figure	S9.	1H	NMR	spectrum	(500	MHz)	of	1′	in	chloroform-d	
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Figure	S10.	13C	NMR	spectrum	(125	MHz)	of	1′	in	chloroform-d	
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Figure	S11.	DEPT-135	13C	NMR	spectrum	(125	MHz)	of	1′	in	chloroform-d	
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Figure	S12.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	1′	in	chloroform-d	
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Figure	S13.	HSQC	NMR	spectrum	(500	MHz)	of	1′	in	chloroform-d	
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Figure	S14.	HMBC	NMR	spectrum	(500	MHz)	of	1′	in	chloroform-d	
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Figure	S15.	1H	NMR	spectrum	(500	MHz)	of	2	in	acetonitrile-d3	
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Figure	S16.	13C	NMR	spectrum	(125	MHz)	of	2	in	acetonitrile-d3	
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Figure	 S17.	DEPT-135	and	DEPT-90	 13C	NMR	 spectrum	 (125	MHz)	of	 2	 in	
acetonitrile-d3	
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Figure	S18.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	2	in	acetonitrile-d3	
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Figure	S19.	HSQC	NMR	spectrum	(500	MHz)	of	2	in	acetonitrile-d3	
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Figure	S20.	HMBC	NMR	spectrum	(500	MHz)	of	2	in	acetonitrile-d3	
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Figure	S21.	1H	NMR	spectrum	(600	MHz)	of	3	in	acetonitrile-d3	
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Figure	S22.	13C	NMR	spectrum	(150	MHz)	of	3	in	acetonitrile-d3	
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Figure	S23.	DEPT-135	13C	NMR	spectrum	(150	MHz)	of	3	in	acetonitrile-d3	
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Figure	S24.	1H-1H	gCOSY	NMR	spectrum	(600	MHz)	of	3	in	acetonitrile-d3	
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Figure	S25.	HSQC	NMR	spectrum	(600	MHz)	of	3	in	acetonitrile-d3	
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Figure	S26.	HMBC	NMR	spectrum	(600	MHz)	of	3	in	acetonitrile-d3	
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Figure	S27.	1H	NMR	spectrum	(500	MHz)	of	4	in	acetonitrile-d3	
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Figure	S28.	13C	NMR	spectrum	(125	MHz)	of	4	in	acetonitrile-d3	
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Figure	S29.	DEPT-135	13C	NMR	spectrum	(125	MHz)	of	4	in	acetonitrile-d3	
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Figure	S30.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	4	in	acetonitrile-d3	
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Figure	S31.	HSQC	NMR	spectrum	(500	MHz)	of	4	in	acetonitrile-d3	
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Figure	S32.	HMBC	NMR	spectrum	(500	MHz)	of	4	in	acetonitrile-d3	
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Figure	S33.	1H	NMR	spectrum	(600	MHz)	of	5	in	acetonitrile-d3	
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Figure	S34.	13C	NMR	spectrum	(150	MHz)	of	5	in	acetonitrile-d3	
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Figure	S35.	DEPT-135	13C	NMR	spectrum	(150	MHz)	of	5	in	acetonitrile-d3	
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Figure	S36.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	5	in	acetonitrile-d3	
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Figure	S37.	HSQC	NMR	spectrum	(600	MHz)	of	5	in	acetonitrile-d3	
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Figure	S38.	HMBC	NMR	spectrum	(600	MHz)	of	5	in	acetonitrile-d3	

 
	 	

378



Supplementary data for Urquhart et al. The fungal gene cluster for biosynthesis 
of the antibacterial agent viriditoxin. Fungal Biol Biotechnol. 2019. 

57 

Figure	S39.	1H	NMR	spectrum	(500	MHz)	of	7	in	chloroform-d	
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Figure	S40.	13C	NMR	spectrum	(125	MHz)	of	7	in	chloroform-d	
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Figure	S41.	DEPT-135	13C	NMR	spectrum	(125	MHz)	of	7	in	chloroform-d	
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Figure	S42.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	7	in	chloroform-d	
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Figure	S43.	HSQC	NMR	spectrum	(500	MHz)	of	7	in	chloroform-d	
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Figure	S44.	HMBC	NMR	spectrum	(500	MHz)	of	7	in	chloroform-d	
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Figure	S45.	1H	NMR	spectrum	(600	MHz)	of	8	in	chloroform-d	
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Figure	S46.	13C	NMR	spectrum	(150	MHz)	of	8	in	chloroform-d	
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Figure	S47.	DEPT-135	13C	NMR	spectrum	(150	MHz)	of	8	in	chloroform-d	
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Figure	S48.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	8	in	chloroform-d	
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Figure	S49.	HSQC	NMR	spectrum	(600	MHz)	of	8	in	chloroform-d	
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Figure	S50	HMBC	NMR	spectrum	(600	MHz)	of	8	in	chloroform-d	
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Figure	S51.	1H	NMR	spectrum	(500	MHz)	of	9	in	chloroform-d	
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Figure	S52.	13C	NMR	spectrum	(125	MHz)	of	9	in	chloroform-d	
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Figure	S53.	DEPT-135	13C	NMR	spectrum	(125	MHz)	of	9	in	chloroform-d	

 
	 	

393



Supplementary data for Urquhart et al. The fungal gene cluster for biosynthesis 
of the antibacterial agent viriditoxin. Fungal Biol Biotechnol. 2019. 

72 

Figure	S54.	1H-1H	gCOSY	NMR	spectrum	(500	MHz)	of	9	in	chloroform-d	
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Figure	S55.	HSQC	NMR	spectrum	(500	MHz)	of	9	in	chloroform-d	
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Figure	S56.	HMBC	NMR	spectrum	(500	MHz)	of	9	in	chloroform-d	
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Chapter 4. The Substrate-Dependent Stereoselectivity of the 

Multicopper Oxidase (MCO)-Catalysed Oxidative Coupling in the 

Biosynthesis of the Bisnaphthopyrone Viriditoxin 

Preface 

The work in Chapter 3 demonstrates that in (M)-viriditoxin biosynthesis the MCO 

VdtB is responsible for the regioselective 6,6ʹ coupling while the dirigent protein VdtD 

controls the M-stereoselectivity. However, the isolation of P-selective atropisomers 

from VdtC-deficient mutants suggested that the stereoselective control of VdtB/VdtD 

mediated oxidative coupling could be varied upon different substrates used. On the 

other hand, UstL, another MCO known to be responsible for the 6,6ʹ coupling in the 

biosynthesis of M-selective Ustilaginoidins, was shown to be flexible in its 

stereoselectivity when used in in vitro production of Ustilaginoidin A (Obermaier et al., 

Angew. Chem. Int. Ed. Engl. 2019, 58(27):9125-9128), indicating that such a substrate-

dependent property is potentially shared by other LMCOs-catalysed oxidative coupling 

systems. Given the success of using cell-free lysate for in vitro enzymatic assays, in this 

work, I applied the same strategy to explore the influence of substrate structures on 

the VdtB-VdtD-mediated oxidative coupling reaction. 12 substrate derivatives were 

acquired by heterologous expression of different combinations of genes from vdt 

cluster, covering all modifications potentially catalyzed by pathway tailoring enzymes 

(C7-OMe/C7-OH, double-bond/△2 double-bond saturation at C3-C4, C12-Me/C12-

OMe/C12-OH). The stereoselective preference of VdtB could be reversed when 

different substrates were used. The stereoselective control of VdtD is also substrate-

dependent, strongly suggesting a protein-ligand-protein complex as the model for the 

VdtB/VdtD system.  

 

This work has resulted in a manuscript which has been submitted to BioRxiv:  

“The substrate-dependent stereoselectivity of the multicopper oxidase (MCO)-

catalysed oxidative coupling in the biosynthesis of the bisnaphthopyrone viriditoxin’’, 
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 10 

Abstract: VdtB, the multiple-copper oxidase (MCO) from the bisnaphthopyrone (M)-viriditoxin biosynthetic 11 

pathway in Paecilomyces variotii, was shown to catalyze regioselective 6,6′-coupling of semi-viriditoxin (1). The 12 

stereoselectivity of the oxidative coupling reaction for the production of the atropisomer (M)-viriditoxin, however, 13 

was controlled by VdtD, a non-catalytic dirigent protein from the pathway. In this work, VdtB either alone or 14 

together with VdtD were investigated for its stereoselective control upon coupling of other monomeric 15 

naphthopyrone derivatives from the pathway with different minor structural variations in terms of 16 

presence/absence of O-methylation at C7-position and C3-C4 △2 double bond on the pyrone ring, and the 17 

different side-chain modifications. We showed that VdtB could favour either M- or P-form coupling in a substrate-18 

dependent manner. For some substrates, VdtB could catalyze oxidative coupling in an enantiomerically selective 19 

manner. The efficiency of the VdtD in exerting stereoselective control of the oxidative coupling reaction also 20 

varies between substrates. The results point to a model whereby VdtB and VdtD form a VdtB-ligand-VdtD 21 

complex in which the stereochemical outcome of the coupling reaction depends on how the substrate interacts 22 

with both proteins, based on the substrate structure. Our findings contributed to a more comprehensive 23 

understanding of dirigent protein-mediated MCO-catalyzed stereoselective oxidative coupling reactions in fungi. 24 

 25 

  26 
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Main Text 27 

Axially chirality in biaryl nature products has been gained growing interest during the past decade, both as 28 

a challenge in total synthetic point of view for controlling of the regio- and stereo-chemistry,[1] and for its potential 29 

importance in pharmaceutical and medicinal chemistry.[2] Significant efforts have been taken to investigate the 30 

stringent regio-and stereo-selective control in natural oxidative phenol coupling mechanism. In higher plants, 31 

the regio- and stereo-selectivity was conducted by the corporation of laccases/multicopper oxidases (LMCOs) 32 

and noncatalytic auxiliary proteins known as dirigent proteins.[3] In Streptomyces, such selectivity was often 33 

attributed to members from cytochrome P450 enzymes (P450s).[4] In fungi, members of P450s have been 34 

characterized as regio- and stereo-selective coupling enzyme,[5] while recent biosynthetic studies featured the 35 

discovery of MCOs that, either alone or together with accessory proteins, are also capable of catalyzing such 36 

regio- and stereo-selective coupling reactions (Figure 1A).[6]   37 

We recently characterized an MCO VdtB which is responsible for the final oxidative phenolic coupling step 38 

in the biosynthesis of the bisnaphthopyrone (M)-viriditoxin in P. variotii CBS101075. The heterologous 39 

expression-based in vitro assays with cell-free lysates showed that with either semi-viriditoxin (1), semi-40 

viriditoxin acid (2) as substrates, VdtB alone exhibited stringent 6-6′ coupling regioselectivity but yielded coupled 41 

products of mixed helical P/M chirality at 2:1 ratio. VdtD, a non-catalytic dirigent protein encoded in the cluster, 42 

was shown to be involved in controlling the stereoselectivity of VdtB-catalyzed coupling, resulting in the 43 

production of (M)-viriditoxin in 90% enantiomeric excess (ee).[6c] In a parallel study, a targeted gene deletion 44 

approach was applied in P. variotii to give a comprehensive understanding of viriditoxin biosynthesis.[6d] 45 

Curiously, disruption of vdtC encoding an O- methyltransferase resulted in the production of derivatives with loss 46 

of methylation at C7/C7′-OH position as expected, but ECD measurement showed that the derivatives all 47 

adopted P-chirality, indicating that the substrate structure could potentially have an influence on the 48 

stereoselectivity of the VdtB/VdtD-mediated oxidative coupling (Figure 1B). On the other hand, recent 49 

characterization of MCOs involved in enantiomeric phenol coupling of γ-naphthopyrones highlighted the inherent 50 

enantioselectivity of some enzymes in this family, which was previously underestimated.[6b] 51 

Inspired by the results above, we set out to test the substrate dependency of the stereoselectivity of 52 

VdtB/VdtD system (and the MCO VdtB alone) with various monomeric naphthopyrone substrates we obtained 53 

during the heterologous reconstruction of the viriditoxin biosynthetic pathway. 1-5, 8, and 12 were derived from 54 
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the previous work.[6c] 6, 7, and 9-11 were further obtained via heterologous expression of different combinations 55 

of vdt cluster genes in Aspergillus nidulans. Variations in these substrates include the presence/absence of O-56 

methylation at C7-position, the presence/absence of △2 double bond at C3-C4 position, and different moieties 57 

at C12 on the side chain (methyl ester/carboxylic acid/ketone). Cell-free lysates of A. nidulans individually 58 

expressing VdtB and VdtD were used for in vitro assays to examine the coupling of the different monomeric 59 

substrates (Figure 2).  60 

When 1 and 2 were tested, the results remained consistent as previously reported, where the VdtD was 61 

shown to direct the stereochemical outcome of the VdtB-catalyzed coupling reaction to produce predominantly 62 

bisnaphthopyrone products in M-form.[6c] In previous study, P. variotii mutants lacking the gene encoding the 63 

reductase VdtF produced bisnaphthopyrones M-15 and M-17, where the pyrone ring is unreduced.[6d] To mimic 64 

that, 3, 4 and 5 with the unreduced pyrone ring was subjected to in vitro assays using cell-free lysates containing 65 

either VdtB and VdtD or VdtB only. When 3 was tested, for both cases (VdtB/D or VdtB only), a peak matching 66 

to M-15 could be detected, along with another peak corresponding to the hydrolyzed dimeric derivative 16, which 67 

matched the results when 4 was used as the substrate. Trace amounts of 16 from both sources were acquired 68 

for ECD measurement, which confirmed that they were both in the M-form (Figure S1). Similar results were 69 

observed in the case of 5, as in both VdtB/D and VdtB only assays, only a single peak matching to dimeric M-70 

17 was detected as the bisnaphthopyrone product. Chiral HPLC was performed for M-17 standard acquired 71 

from P. variotii △vdtF mutant[6d] and 16 from in vitro assay of either 3 or 4 for evaluation of their ee. Under the 72 

HPLC conditions applied, we could not detect any peak splitting, which likely indicated that the M-17 is 73 

enantiomerically pure (Figure S2). However, to be more confirmative, comparison of M-17 with synthetic M/P-74 

17 standards shall be needed. The results are surprising, as VdtD is required for the M-stereoselectivity of the 75 

VdtB-catalyzed oxidative coupling for 1 and 2, but not for 3 and 4. The only structural difference between 1 76 

versus 3 and 2 versus 4 is the absence/presence of △2 double bond at C3-C4 position on the pyrone ring. The 77 

structures of 6 and 7 featured loss of methylation at C7-OH comparing to that of 1 and 2. The two compounds 78 

were applied to the in vitro assays to mimic the oxidative coupling in △vdtC mutant of P. variotii.[6d] Consistent 79 

with the results of △vdtC mutants, LC-DAD-MS analysis of the assays with 6 and 7 could only detect a single 80 

peak with masses corresponding to their respective dimers (18 and 19, respectively), regardless of the presence 81 

or absence of VdtD. 18 and 19 were purified likewise from in vitro reactions using only VdtB cell lysate, and 82 
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ECD measurement confirmed that they both adopted a P-form (Figure S1). Chiral HPLC was performed for both 83 

18 standard acquired from P. variotii △vdtC mutantand purified 18 and 19 from in vitro assays. No peak 84 

separation was detected (Figure S2). The results indicated the lack of methylation at C7-OH on the monomeric 85 

substrates altered the stereoselectivity of VdtB to produce bisnaphthopyrone products in the P-form. The results 86 

also showed that VdtD lost its ability to exert M-stereoselectivity on the coupling reactions in the absence of C7-87 

OMe. 88 

To explore the competitive influence between C7-OH and the double bond at C3-C4 position, 8-10 were 89 

tested. It has also been suggested the alternate chirality at C3 position might have an effect on the 90 

stereoselectivity,[6b] however due to lack of corresponding synthetic substrate the test is omitted in this study. As 91 

shown in Figure 2, single peaks with masses corresponding to the respective dimeric products were detected, 92 

regardless of the presence/absence of VdtD. The standards of 20 and 21 were not available from previous study. 93 

However, given the well-acknowledged 6,6′ regioselectivity of VdtB and its homologs,[6c, 6e] they were also 94 

suggested to be 6,6′-coupling dimers. 22 matched to the P-22 standard acquired from the heterologous 95 

expression of vdtAB in A. nidulans. Only 20 was successfully purified from scaled-up in vitro reaction and its 96 

chiral HPLC was performed together with P-22 standard. While no peak splitting was detected in trace of 20, 97 

one tiny peak corresponding to potentially M-22 was observed, resulting in an ee of 85% in P-22 standard 98 

(Figure S2). The results suggested a stronger influence of C7-OH over that of C3-C4 double bond on the 99 

stereoselectivity of VdtB, and that VdtD has no effect on the stereoselectivity of VdtB for these substrates.  100 

VdtE is a Baeyer-Villiger monooxygenase responsible for the generation of methyl ester from the ketone 101 

side-chain of the monomeric intermediates 11.[6c] The gene deletion study showed that ΔvdtE mutants produced 102 

exclusively bisnaphthopyrone M-23, which corresponds to the dimer of 11. Interestingly, when 11 was used as 103 

a substrate for VdtB-only cell-free lysate assay, it resulted in three peaks in LC-DAD-MS trace, which all have 104 

identical UV-vis spectrum and mass. Two of the peaks matched to the corresponding standards for atropisomers 105 

M/P-23 (M-23 was obtained from WT P. variotii while P-23 was obtained from heating of M-23), but the third 106 

peak 24 did not match to any of the dimeric standards we have. Similar results were observed when 12 was 107 

tested for VdtB-only assay, where besides M/P-25, an additional peak 26 with identical UV-vis spectrum and 108 

mass was detected. Although further structural characterizations were needed for 24 and 26, it seems that the 109 

only reasonable explanation is that they are bisnaphthopyrone products derived from a non-6,6′-coupling 110 
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reaction. This raised the question about the timing of VdtF-catalyzed C3-C4 reduction in the biosynthetic 111 

pathway of viriditoxin, as the observation that ΔvdtE mutant produced exclusively M-23 might be a result of 112 

coupling of the monomeric substrate 5 to M-17 followed by reduction of the dimer product to M-23. The results 113 

also suggest that incorrect substrate could lead to the loss of the regio-selective control of VdtB. In terms of 114 

stereoselectivity, assays using cell-free lysate of VdtB-only produced the M/P-23 in approximately 1:1 ratio, while 115 

the addition of VdtD resulted in the production of higher level of the M-form of 23. For substrate 12, VdtB-only 116 

assay resulted in higher level of the M-form of 25, and the addition of VdtD resulted in no change in the M/P 117 

ratio.  118 

Our results clearly showed that the stereoselectivity of VdtB could be strongly influenced by the structural 119 

modifications on the substrates. With the modification of certain moieties in the substrate structure, the 120 

stereoselective control of VdtB could be reversed (as shown by 1-2 vs. 3-5 vs. 6-7 vs. 8-10). The presence of 121 

C3-C4 double bond changed the stereoselectivity of VdtB to the overall M-form, while the loss of methylation at 122 

C7-OH resulted in a P-preferred coupling. Such substrate effects could also be observed in the ability of VdtD 123 

to exert stereoselective control of the VdtB-catalyzed coupling. In vitro assays clearly showed that the ability of 124 

VdtD to mediate the M-stereoselectivity on VdtB is strong in the coupling of 1 but completely lost in the coupling 125 

of 6-10, probably due to the lower binding affinity to these substrates. For 3-5, it is difficult to determine whether 126 

VdtD was functional as the coupling resulted in products in the M-form regardless of the absence or presence 127 

of VdtD. In the case of 2, however, we observed that the efficiency of such control by VdtD dropped as we 128 

observed a slightly lower ratio of M/P-14 compared to M/P-13 when 1 is used as the substrate. To examine this, 129 

we tested if the concentration of VdtD could have an effect on the ratio of the atropisomer products. We found 130 

that in order to obtain comparable M-selective coupling for 2 when compared with that of 1, a higher 131 

concentration of VdtD was required (Figure 3). This substrate-dependent nature of the stereoselectivity we 132 

observed in the binary VdtB/VdtD-mediated oxidative coupling led us to propose a VdtB-ligand-VdtD complex 133 

model whereby the stereoselective outcome of the coupling reaction is a result of the interplay of interactions 134 

between the substrate, and both VdtB and VdtD, which have different substrate affinities. 135 

All the recently characterized LMCOs from fungal biaryls biosynthetic gene clusters (BGCs) shared 136 

significant protein sequence similarities. TpMCO from Talaromyces pinophilus was characterized to catalyze the 137 

8,8′-regioselective coupling in the biosynthesis of dinapinones (Figure 1).[6a] Four laccases, namely UstL, CheL, 138 
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AshL, and MytL, were recently characterized to be involved in the stereoselective coupling of γ-139 

naphthopyrones.[6b] Using nor-rubrofusarin as the substrate, CheL, AshL, and MytL showed stringent P-selective 140 

coupling ability. UstL, on the other hand, showed flexible stereoselectivity. VdtB shares 53% protein sequence 141 

identity with TpMCO and 52-55% identity with the four MCOs mentioned above. Their catalytic features also 142 

have some resemblances. Under most in vitro conditions and native substrates tested, the LMCOs exhibited 143 

consistent regioselectivity, but considerable difference in their corresponding stereoselectivity were sometimes 144 

observed in vivo and when non-native substrates were used in vitro. For example, dinapinones A1 and A2 were 145 

initially isolated as atropisomers with an M:P ratio of close to 1:1 in vivo, while purified TpMCE showed a P-146 

preferred coupling with an M:P ratio of 1:2.5 in vitro.[6a, 7] When a non-native substrate semi-vioxanthin was used 147 

for assaying Av-VirL, a homolog of VdtB from Aspergillus viridinutans, the observed stereochemical outcome of 148 

the coupling reaction favoured the P-form instead of the expected M-form observed for viriditoxin.[6e] Remarkable 149 

flexibility was also observed for the stereoselectivity of UstL depends on its concentration, where only biaryls in 150 

the M-form could be isolated from its original host Ustilaginoidea virens.[6b, 8] The results in this work showed 151 

that variations in substrate structures could have a major impact on the stereoselectivity of VdtB, and we 152 

hypothesize that this property is potentially applicable to other LMCOs.  153 

Thus, this study together with the recent work clearly demonstrated that fungal LMCOs have the potential 154 

to catalyze oxidative coupling in a stereoselective manner.[6b] However, the presence of accessory protein, such 155 

as the dirigent protein VdtD, could affect the stereoselectivity of the LMCO-catalyzed coupling. VdtD was initially 156 

predicted to be non-catalytic α/β-hydrolase because of a key mutation of S228D in the classic catalytic triad of 157 

serine hydrolases. A mutant of VdtD carrying D228S mutation was also generated here to restore the serine in 158 

the catalytic triad. Interestingly, the mutant showed same level of stereoselective influence over VdtB and no 159 

observable hydrolase activity for the methyl ester moiety in the monomeric substrates, suggesting that the whole 160 

protein has undergone neofunctionalization (Figure S6). There were suggestions that there is at least another 161 

family of accessory protein that accompanies fungal LMCOs, which is known as fasciclin domain-containing 162 

proteins (FACs).The presence of such non-catalytic FACs has been identified in multiple LMCOs-mediated biaryl 163 

BGCs, and their importance in the biosynthesis has been highlighted (Figure S5).[6e, 9] In a previous study about 164 

the biosynthesis of ustilaginoidins, a FAC was also present in the BGC identified, but its function was 165 
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uncharacterized.[10] The FAC SpoF was also shown recently to be essential for the oxidative coupling in 166 

sporandol biosynthesis.[11] We hypothesize that their role might resemble that of VdtD in viriditoxin biosynthesis.  167 

Another interesting hypothesis from this study is that it suggests, for the exclusive production of (M)-168 

viriditoxin to occur in P. variotii, a stringent order of the biosynthetic steps shall be followed in the pathway. This 169 

is because the in vitro assay results suggested that VdtB possess considerable substrate flexibility (Figure S7-170 

S8). For example, VdtC-catalyzed C7-OH methylation has to occur prior to VdtB-catalyzed oxidative coupling 171 

for the formation of the M-bisnaphthopyrones. In the previous study, in vitro assay of VdtE also suggested that 172 

in order to remain its regioselectivity, 5 but not 11 is the correct substrate.[6c] This makes us wonder if there exists 173 

a multi-protein complex (at least VdtC, VdtB, and VdtD in the case of vdt cluster), although the 174 

compartmentalization of enzymes in different compartments in fungal SMs biosynthesis could not be excluded.[12] 175 

In summary, this work highlights the substrate-dependent stereoselectivity of VdtB and identifies the key 176 

moieties that could influence the stereoselectivity of VdtB. It was demonstrated that VdtB could accept a range 177 

of structurally related naphthopyrone substrates. For certain substrates, the coupling reactions catalyzed by 178 

VdtB were highly stereoselective, thus making VdtB a potentially powerful enzymatic tool for stereoselective 179 

phenol oxidative coupling. The dirigent protein VdtD provides another layer of stereoselective control for VdtB, 180 

although the substrate scope for VdtD is more limited. Despite the widespread use of fungal MCOs in industries 181 

and their biotechnological potentials, the detailed mechanisms of MCOs-mediated oxidative coupling reactions 182 

are currently under-studied. Future exploration of the molecular basis of VdtB/VdtD-mediated regio- and stereo-183 

selective oxidative coupling could provide more insights into the application of these powerful enzymes. 184 

Experimental Section 185 

Experimental details, supplementary figures, and spectroscopic data could be found in supplementary 186 

information which could be found at https://doi.org/10.1101/846196 187 
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Figure 1. (A) Examples of fungal biaryl products derived from Laccases/MCOs-mediated oxidative coupling. (B) While wild-type P. 226 

variotii product viriditoxin-related compounds selectively in M-form, disruption of vdtC resulted in selective accumulation of P-form 227 

derivatives with loss of O-methylation at C7/C7′ position.  228 
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Figure 2. HPLC traces for in vitro oxidative coupling of VdtB/VdtD using different substrates. Asterisks indicate compounds of which 230 

the structures were not characterized. Compounds labeled with M or P indicated their corresponding helical conformations had been 231 

confirmed. 232 
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Figure 3. The stereoselective control of VdtD over VdtB on coupling of 1 and 2. The endogenous hydrolase activity increased when 234 

larger amounts of mycelium were used for preparing cell-free lysates. This endogenous hydrolase specifically acts on M-13 (Figure S6). 235 

The difference between the ratio of M-14:P-14 suggested that hydrolysis proceeded after the oxidative coupling catalyzed by VdtB. 236 
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Experimental procedures section 

Strains and culture conditions  

Glucose minimal medium (GMM, 10 g Glucose, 6g NaNO3, 1.52 g K2HPO4, 

0.52 g KCl, 0.52 g MgSO4·7H2O, 22 mg ZnSO4·7H2O, 11 mg H3BO3, 5 mg 

MnCl2·4H2O, 1.6 mg FeSO4·7H2O, 1.6 mg CoCl2·5H2O, 1.6 mg CuSO4·5H2O, 

1.1 mg (NH4)6Mo7O24·4H2O, 50 mg Na4EDTA in 1L, adjusted to pH 6.5) was 

used for culturing of A. nidulans. Uracil/Uridine, riboflavin, and pyridoxine with 

suggested concentration are supplemented if necessary. In terms of A. nidulans 

protoplast transformation, Stabilized minimal medium (SMM, GMM 

supplemented with 1.2 M sorbitol) was used. 

For small-scale metabolic profile analysis of A. nidulans culture, spores 

with a concentration of ~108/L were inoculated into 50ml GMM media. Cultures 

were grown at 37 oC/180rpm for 18h. 2.5ml/L of cyclopentanone was added to 

induce the expression of Palc promoters.1 Cultures were incubated at 25 
oC/180rpm for another 4 days for the accumulation of secondary metabolites. 

For each combination, three separate transformants were peaked as replicates. 

For isolation of target compounds, scaled-up cultures were performed under 

the same conditions. 

Construction of Yeast-Fungal Artificial Chromosomes (pYFACs) for 

heterologous expression in A. nidulans 

A. nidulans heterologous expression vectors (pYFAC-CH1/2/4/5) were 

constructed in previous work. Yeast homologous recombination was used for 

the construction of YFACs in this work. Full-length genomic fragments of vdt1-

6 were amplified with primers designed and cloned into corresponding vectors 

(Table S1) as previously described.2 Yeast miniprep of corrected transformants 

was performed with Zymoprep™ Yeast Plasmid Miniprep I Kit. 1 ul from the 

miniprep was used for E. coli NEB10-beta® electroporation. Samples with 

correct digestion pattern were used for A. nidulans transformation as previously 

described.1  

Sample preparation and Metabolic profile analysis 

For A. nidulans cultures, extracts from both mycelium and media were 

analyzed. Mycelium was collected by filtration and extracted with acetone. 

Media was extracted with either ethyl acetate/methanol/acetic acid (89:10:1). 

Crude extracts were dried down and redissolved in methanol for LC-DAD-MS 

analysis. For P. variotii cultures, agar culture was chopped into small pieces 

and extracted with methanol under sonication condition. Crude extracts were 

filtered, dried and redissolved in methanol for LC-DAD-MS analysis. 

LC-DAD-MS analysis was performed with Agilent 1260 liquid 

chromatography (LC) system coupled to a diode array detector (DAD) and an 

Agilent 6130 quadrupole mass spectrum (MS) with an ESI source. For 

analytical purpose, a Kinetex C18 column (2.6 µm, 2.1 mm i.d. x 100 mm; 

Phenomenex) was used. The mobile phase gradient of eluent B (acetonitrile 

with 0.1% formic acid) started at 5% and gradually increased to 95% over 10 
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mins at a flow rate of 0.75 ml/min. 

Chiral HPLC analysis was performed with Chiralcel OJ-R cellulose column 

(5 µm, 4.6 mm i.d. x 150 mm, Dicel). The mobile phase of eluent B (acetonitrile 

with 0.1% formic acid) was run with an isocratic method varying from 30% to 

60% with a flow rate of 0.5 ml/min. 

Compound isolation and structural characterization. 

Ethyl acetate/methanol/acetic acid (89:10:1) extraction method was used 

for isolation of 4-13 from A. nidulans culture medium. Ethyl acetate/methanol 

(90:10) was used for extraction from P. variotii CYA culture. Crude extracts were 

dried in vacuo and then fractionated on a Reveleris flash chromatography 

system (Grace) using a dichloromethane /methanol gradient on a Reveleris HP 

silica flash cartridge. Fractions containing the target compound were combined 

for further purification using a semi-prep HPLC with a C18 column (Agilent, 5 

μm, 21.2 × 150 mm). 

For structural characterization, nuclear magnetic resonance (NMR) 

spectra were collected on Bruker Avance IIIHD 500MHz/600MHz NMR 

spectrometer. Chloroform-d, DMSO-d6, acetonitrile-d3, and acetone-d6 were 

used as solvents. Electronic circular dichroism (ECD) spectra were recorded 

on a JASCO J-810 spectropolarimeter, with acetonitrile as solvent. The axial 

chirality of dimeric compounds isolated was determined by comparing with both 

the ECD spectrum of (M)-viriditoxin standard as previously described.2  

Standards of 1-5, 10, 13-15, 17-18, and 23-24 were derived from previous 

works. 2, 3 Compounds 6-9, 11-12 and 22 were isolated in this work. 

Preparation of cell-free extracts for VdtB and VdtD 

pYFAC-10/11 expressing vdtB/vdtD was transformed into A. nidulans. 

Mycelium was harvested after 3-days induction, frozen with liquid nitrogen and 

grinded into a fine powder with pestle and mortar. The powder was 

resuspended in 50 mM citrate buffer pH 5.0 supplemented with 2 mM DTT and 

lysed by sonication on ice. Cellular debris was removed by centrifugation at 

17000 rpm, 4 oC for 40 min and the supernatant was used directly for in vitro 

assays.  

in vitro enzymatic reaction assay for VdtB, VdtD  

All in vitro reactions were performed at 100 µl scale in 50 mM citrate buffer, 

pH 5.0.2 40 µl VdtB cell-free lysate/purified fraction and an equal volume of 

VdtD cell-free lysate/purified fraction was added together with 2 mM substrates. 

0.1% Triton X-100 was also added to increase compound solubility. The 

reaction was carried out at 30 oC, 400 rpm and incubated for 5 hours. The 

reactions were quenched with 200 µl of ethyl acetate/methanol/acetic acid 

(89:10:1). The organic phase was separated, dried, redissolved in 50 µl of 

methanol, and analyzed with LC-DAD-MS as previously described. 
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Supplementary Tables 

Table S1. List of constructs used in this work. 

Construct name Description Source 

pYFAC-CH1 AMA1; CEN/ARS; ColE1 ori; pyrG; URA3; AmpR; PalcA.  

pYFAC-CH4 AMA1; CEN/ARS; ColE1 ori; pyrO; URA3; AmpR; PalcA-T1-
PalcSM-T2-PaldA. 

 

pYFAC-CH5 AMA1; CEN/ARS; ColE1 ori; ribo; URA3; AmpR; PalcA-T1-PalcSM.  

pYFAC-1 pYFAC-CH1 expressing vdtA 2 

pYFAC-2 pYFAC-CH5 expressing vdtB 2 

pYFAC-3 pYFAC-CH4 expressing vdtC 2 

pYFAC-4 pYFAC-CH4 expressing vdtC and vdtD 2 

pYFAC-5 pYFAC-CH4 expressing vdtC and vdtE 2 

pYFAC-6 pYFAC-CH4 expressing vdtC and vdtF 2 

pYFAC-7 pYFAC-CH4 expressing vdtC, vdtD and vdtE 2 

pYFAC-8 pYFAC-CH4 expressing vdtC-F 2 

pYFAC-10 pYFAC-CH1 expressing vdtD fused with 6xHis-tag 2 

pYFAC-11 pYFAC-CH1 expressing vdtB fused with MBP-tag This work 

pYFAC-12 pYFAC-CH4 expressing vdtE This work 

pYFAC-13 pYFAC-CH4 expressing vdtF This work 

pYFAC-14 pYFAC-CH4 expressing vdtC and vdtF This work 

pYFAC-15 pYFAC-CH5 expressing vdtB and vdtD This work 
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Table S2. Structural information of 6 (DMSO-d6). 

 

Carbon No. 13C NMR 1H NMR (ppm, multi, J) gCOSY HMBC 

1 .- - - - 

2 - - - - 

3 75.7 4.95 (1H, m) - - 

4 31.7 
3.05 (1H, dd, J=2.90, 13.40) 

2.99 (1H, dd, J=3.01, 13.15) 
- 3, 4a, 5, 10a, 11 

4a 133.1 -  - 

5 115.1 6.87 (1H, s) - 4, 5a, 6, 9a, 10a  

5a 140.7 - - - 

6 101.9 6.53 (1H, d, 1.70) - 5, 5a, 7, 8, 9a 

7 160.9 - - - 

7-OH - 10.22 (1H, s) - 6, 7, 8 

8 101.8 6.39 (1H, d, 1.75) - 6, 7, 9, 9a 

9 158.3 - - - 

9a 107.1 - - - 

10 162.6 - - - 

10a 99.1 - - - 

11 38.8 
2.92 (1H, dd, J=4.00, 13.55) 

2.84 (1H, dd, J=6.75, 13.55) 
- 3, 4, 12 

12 170.0 - - - 

12-OMe 51.7 3.66 (3H, s)  12 
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Table S3. Structural information of 7 (MeOD-d4). 

 

bon No. 13C NMR 1H NMR (ppm, multi, J) gCOSY HMBC 

1 172,3 - - - 

2 - - - - 

3 77.8 4.99 (1H, m) - - 

4 33.3 
3.00 (1H, dd, J=2.40, 13.35) 

3.10 (1H, dd, J=9.30, 13.05) 
- 3, 4a, 5, 10a, 11 

4a 134.2 -  - 

5 116.9 6.84 (1H, s) - 4, 5a, 6, 9a, 10a  

5a 142.4 - - - 

6 103.2 6.51 (1H, d, 1.75) - 5, 7, 8, 9a 

7 162.6 - - - 

8 102.9 6.37 (1H, d, 1.80) - 6, 7, 9, 9a 

9 159.9 - - - 

9a 108.3 - - - 

10 163.7 - - - 

10a 99.6 - - - 

11 40.3 
2.80 (1H, dd, J=4.65, 13.60) 

2.84 (1H, dd, J=6.15, 13.55) 
- 3, 4, 12 

12 173.2 - - - 
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Table S4. Structural information of 8 (DMSO-d4). 

 

Carbon No. 13C NMR 1H NMR (ppm, multi, J) gCOSY HMBC 

1 .166.1 - - - 

2 - - - - 

3 148.2 - - - 

4 106.6 6.59 (1H, s) 11 3, 4a, 5, 10a, 11 

4a 131.0 -  - 

5 112.1 7.02 (1H, s) - 4, 5a, 6, 9a, 10a  

5a 141.6 - - - 

6 101.6 6.60 (1H, d, 2.15) - 5, 7, 8, 9a 

7 161.0 - - - 

7-OH - 10.32 (1H, s) - 6, 7, 8 

8 101.9 6.43 (1H, d, 2.05) - 6, 7, 9, 9a 

9 158.5 - - - 

9a 107.4 - - - 

10 162.8 - - - 

10a 96.7 - - - 

11 38.1 3.70 (2H, s) 4 3, 4, 12 

12 169.0 - - - 

12-OMe 52.2 3.68 (3H, s)  12 
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Table S5. Structural information of 9 (DMSO-d4). 

 

Carbon No. 13C NMR 1H NMR (ppm, multi, J) gCOSY HMBC 

1 .166.2 - - - 

2 - - - - 

3 149.2 - - - 

4 106.6 6.56 (1H, s) - 3, 4a, 5, 10a, 11 

4a 131.2 -  - 

5 111.8 7.02 (1H, s) - 4, 5a, 6, 9a, 10a  

5a 141.6 - - - 

6 101.5 6.59 (1H, d, 2.10) - 5, 7, 8, 9a 

7 162.0 - - - 

7-OH - 10.29 (1H, s) - 6, 7, 8 

8 101.8 6.42 (1H, d, 2.10) - 6, 7, 9, 9a 

9 158.6 - - - 

9a 107.4 - - - 

10 163.0 - - - 

10a 96.7 - - - 

11 38.5 3.57 (2H, s) - 3, 4, 12 

12 170.0 - - - 
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Table S6. Structural information of 12 (DMSO-d4). 

 

Carbon No. 13C NMR 1H NMR (ppm, multi, J) gCOSY HMBC 

1 171.3 - - - 

2 - - - - 

3 75.6 5.08 (1H, m) - - 

4 31.9 
2.9 (1H, dd, -)[a] 

3.1 (1H, dd, -)[a] 
- 3, 4a, 5, 10a, 11 

4a 133.3 -  - 

5 115.0 6.89 (1H, s) - 4, 5a, 6, 9a, 10, 10a  

5a 140.6 - - - 

6 101.8 6.53 (1H, d, 2.58) - 5, 8, 9a 

7 163.2 - - - 

7-OH - 10.21 (1H, s) - 6, 7, 8 

8 101.7 6.38 (1H, d, 2.64) - 6, 7, 9, 9a 

9 158.2 - - - 

9a 107.0 - - - 

10 162.5 - - - 

10a 98.6 - - - 

11 47.3 
2.9 (1H, dd, -)[a] 

3.1 (1H, dd, -)[a] 
 3, 4, 12 

12 205.2 - - - 

13 30.2 2.17 (3H, s) - 11, 12 

[a] unable to calculate J due to peak overlapping 
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Table S7. Structural information of 22 (acetone-d3). 

 

Carbon No. 13C NMR 1H NMR (ppm, multi, J) gCOSY HMBC 

1 .168.3[a] - - - 

2 - - - - 

3 150.7 - - - 

4 108.4 6.34 (1H, s) 11 3, 5, 10a, 11 

4a 132.7[a] -  - 

5 111.5[b] 6.50 (1H, s) - 4, 6, 9a, 10a  

5a 142.4[a] - - - 

6 109.2[b] - - - 

7 160.2[b] - - - 

7-OH - - - - 

8 102.8 6.63 (1H, d, 2.04) - 6, 7, 9, 9a 

9 161.1 - - - 

9-OH - - - - 

9a 106.8[b] - - - 

10 - - - - 

10-OH - - - - 

10a 98.1 - - - 

11 47.8 3.63 (2H, s) 4 3, 4, 12 

12 202.8 - - - 

13 29.6 2.19 (3H, s) - 11, 12 

[a] 13C signals have no HMBC correlations. The chemical shifts were assigned based on data of other compounds. 

[b] Weak signals in 13C spectrum. 
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Supplementary Figures 

Figure S1. ECD spectrum of M-16, P-18, P-19, and P-20 

i) M-16 purified from VdtB catalyzed in vitro coupling of 3; ii) M-16 purified from VdtB 

catalyzed in vitro coupling of 4; iii) P-18 purified from VdtB catalyzed in vitro coupling of 6; 

iv) P-19 purified from VdtB catalyzed in vitro coupling of 7; v) P-20 purified from VdtB 

catalyzed in vitro coupling of 8. 

 

 

  

423



Figure S2. Chiral HPLC traces for M-15, M-16, M-17, P-18, P-19, P-21, and 

P-22 

i) M-15 isolated from P. variotii △vdtF mutant; 

 

ii) M-16 purified from VdtB catalyzed in vitro coupling of 3;  

 

iii) M-17 isolated from P. variotii △vdtF mutant;  

 

iv) P-18 purified from both VdtB catalyzed in vitro coupling of 6 and P. variotii △vdtC mutant;  

 

v) P-19 purified from VdtB catalyzed in vitro coupling of 7; 

 

vi) P-20 purified from VdtB catalyzed in vitro coupling of 8; 

 

vii) P-22 was isolated from heterologous expression of vdtAB in A. nidulans. 
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Figure S3. In vitro assay results with standards or EIC. 
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Figure S4. HPLC traces of heterologous expression of combinations 

mimicking the in vitro assay results 

 

 

Figure S5. Characterized fungal BGCs encoding laccases/MCOs-

mediated biaryl compounds biosynthesis.  

 

From top to bottom: aur cluster for biosynthesis of aurofusarin Fusarium 

graminearum;4 dpa cluster for biosynthesis of dinapinones in Talaromyces pinophilus;5 

elc/CTB/HYP clusters for biosynthesis of elsinochrome C/cercosporin/hypocrellins;1, 6 vio 

cluster for biosynthesis of vioxanthin in Penicillium citreonigrum;7 xae cluster for 

biosynthesis of xanthoepocin in Penicillium arizonense;7 vdt cluster for biosynthesis of 

viriditoxin in Paecilomyces variotii;2 ust cluster for biosynthesis of ustilaginoidins in 

Ustilaginoidea virens.8 The presence of fasciclin-domain containing proteins was 

highlighted. 
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Figure S6. in vitro assay of VdtD-D228S. 

 

i) oxidative coupling of VdtB using 1 as substrate. VdtD-D228S still possesses 

stereoselective control over VdtB.  

ii) 1, 13, and 13′ were used for testing the hydrolase activity of VdtD and VdtD-D228S. 

cell-free lysate of A. nidulans L0830 was used as negative control. It is noteworthy that the 

endogenous hydrolase act selectively on 13. VdtD and VdtD-D228S, on the other hand, 

did not show obvious hydrolase activity. 

 

Figure S7. In vitro assays of VdtB and VdtD with a mixture of 1 and 3 as 

substrates. 
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Figure S8. In vitro assays of VdtB and VdtD with a mixture of 1 and 6 as 

substrates. 

 

 

Figure S9. 1H NMR spectrum (600 MHz) of 6 in DMSO-d4 
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Figure S10. 13C NMR spectrum (150 MHz) of 6 in DMSO-d4 

 

 

Figure S11. 1H-1H gCOSY spectrum (600 MHz) of 6 in DMSO-d4 
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Figure S12. HSQC NMR spectrum (600 MHz) of 6 in DMSO-d4 

 

 

Figure S13. HMBC NMR spectrum (600 MHz) of 6 in DMSO-d4 
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Figure S14. 1H NMR spectrum (600 MHz) of 7 in methanol-d4 

 

 

Figure S15. 13C NMR spectrum (150 MHz) of 7 in methanol-d4 
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Figure S16. 1H-1H gCOSY spectrum (600 MHz) of 7 in methanol-d4 

 

 

Figure S17. HSQC NMR spectrum (600 MHz) of 7 in methanol-d4 
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Figure S18. HMBC NMR spectrum (600 MHz) of 7 in methanol-d4 

 

 

Figure S19. 1H NMR spectrum (500 MHz) of 8 in DMSO-d4 
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Figure S20. 13C NMR spectrum (125 MHz) of 8 in DMSO-d4 

 

 

Figure S21. DEPT-135 13C NMR spectrum (125 MHz) of 8 in DMSO-d4 
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Figure S22. 1H-1H gCOSY spectrum (500 MHz) of 8 in DMSO-d4 

 

 

Figure S23. HSQC NMR spectrum (500 MHz) of 8 in DMSO-d4 
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Figure S24. HMBC NMR spectrum (500 MHz) of 8 in DMSO-d4 

 

 

Figure S25. 1H NMR spectrum (500 MHz) of 9 in DMSO-d4 
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Figure S26. 13C NMR spectrum (125 MHz) of 9 in DMSO-d4 

 

 

Figure S27. DEPT-135 13C NMR spectrum (125 MHz) of 9 in DMSO-d4 
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Figure S28. 1H-1H gCOSY spectrum (500 MHz) of 9 in DMSO-d4 

 

 

Figure S29. HSQC NMR spectrum (500 MHz) of 9 in DMSO-d4 
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Figure S30. HMBC NMR spectrum (500 MHz) of 9 in DMSO-d4 

 

Figure S31. 1H NMR spectrum (500 MHz) of 12 in DMSO-d4 
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Figure S32. 13C NMR spectrum (125 MHz) of 12 in DMSO-d4 

 

 

Figure S33. 1H-1H gCOSY spectrum (500 MHz) of 12 in DMSO-d4 
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Figure S34. HSQC NMR spectrum (500 MHz) of 12 in DMSO-d4 

 

 

Figure S35. HMBC NMR spectrum (500 MHz) of 12 in DMSO-d4 
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Figure S36. 1H NMR spectrum (500 MHz) of 22 in acetone-d3 

 

 

Figure S37. 13C NMR spectrum (125 MHz) of 22 in acetone-d3 
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Figure S38. DEPT-135 13C NMR spectrum (125 MHz) of 22 in acetone-d3 

 

 

Figure S39. 1H-1H gCOSY spectrum (500 MHz) of 22 in acetone-d3 
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Figure S40. HSQC NMR spectrum (500 MHz) of 22 in acetone-d3 

 

Figure S41. HMBC NMR spectrum (500 MHz) of 22 in acetone-d3 
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Chapter 5. Conclusion and Future Directions 

 

5.1 Summary of key findings 

Fungi produce diverse axially chiral biaryl NPs via oxidative coupling and many of 

them have various antibiotic, antiviral and anticancer bioactivities. The regio- and 

stereochemistry at the biaryl axes of these compounds has important implications on 

their pharmaceutical properties and provides unique challenges for organic synthesis. 

It was initially thought that such a regio- and stereoselective biaryl coupling is 

catalysed by fungal P450s,1-3 and fungal LMCOs, which are also known to possess 

oxidative coupling activities, are more likely to be nonselective considering their 

counterparts in higher plants. The work in thesis, together with other recent studies 

unequivocally demonstrate that fungal LMCOs either alone or together with auxiliary 

proteins, are also capable of controlling the chirality of the biaryl axis in the oxidative 

coupling reactions.4-7 The knowledge acquired could deepen our understanding of NPs 

biochemistry and expand enzymatic tools for chemoenzymatic synthesis of novel NPs-

like bioactive molecules. 

5.1.1 The genetic basis for structural conservation and variations in class B 

perylenequinone biosynthesis 

   The fungal Class B perylenequinones are characterized by the stereogenic C7,C7ʹ 

side chains as well as the oxidative substitutions at C2,C2ʹ and C6,C6ʹ.8 Well-known 

members of this class of compounds such as elsinochromes, cercosporin, and 

hypocrellins could be further classified into three subclasses based on the structural 

variations in their perylenequinone cores (Figure 5.1.1). However, been 60 years since 

the first isolation of this class of compounds, cercosporin, in 1957,9 and decades of 

research on their bioactivities and chemical synthesis,10, 11more insights in their 

biosynthesis were only gained recently using genomics/genetics and biochemical tools. 

Identification of the biosynthetic gene clusters (BGCs) of elsinochrome A (elc cluster in 
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P. nodorum),12, 13 cercosporin (revised CTB cluster in C. beticola),14, 15 and hypocrellin A 

(HYP cluster in Shiraia sp. slf14)16 revealed significant similarities among their BGCs 

and also genes that are unique to each biosynthetic pathways.  
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Figure 5.1.1 Classification of perylenequinone-type NPs. Class A perylenequinones include NPs with 

intact or partially reduced perylenequinone core; Class B perylenequinones are characterized by their 

stereogenic C7/C7ʹ side chains as well as the oxidative substitutions at C2/C2ʹ and C6/C6ʹ. It could be 

further classified into three sub-classes. The structural difference in each subclass is highlighted by 

different colors, as represented by elsinochrome A (dihydrobenzo(ghi)-perylenequinone, red), 

cercosporin (perylenequinone core, blue), and hypocrellin A (cyclohepta(ghi)-perylenequinone, green); 

Class C perylenequinones usually refer to perylenequinones isolated from aphin.17 

Our work on heterologous reconstruction of elsinochrome A pathway in 

Aspergillus nidulans in Chapter 2 clearly showed that cognate pairing between ElcE 

and ElcG encoding a berberine bridge enzyme-like oxidase and a laccase-like 

multicopper oxidase, respectively, or between their homologs from the biosynthetic 

pathway of cercosporin, is essential for the double oxidative coupling of two naphthol 

intermediates to form the M-helical perylenequinone core resulting in a common 

intermediate for subsequent pathway-specific modifications. ElcH, a novel flavin-

dependent monooxygenase, is responsible for oxidative enolate coupling of a 

perylenequinone intermediate to the hexacyclic dihydrobenzo(ghi)perylenequinone in 

elsinochromes. When ElcH is absent, the perylenequione intermediate formed a 
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hexacyclic cyclohepta(ghi)perylenequinone system in hypocrellins via an 

intramolecular aldol reaction. The unique 1,3-dioxepine moiety in cercosporin was 

recently shown to be catalyzed by CTB9/10 not conserved in elc or HYP clusters. Thus, 

a comprehensive view about the biosynthesis of the Class B perylenequinones could 

be generated. 

Based on the results, a hypothesized biosynthetic pathway of elsinochrome A 

could be proposed, which highlighted the involvement of the ElcG LMCO in the first 

intermolecular coupling in a regio- and stereo-selective manner via a phenol radical 

coupling mechanism, and simultaneous cognate pairing of the ElcE BBEO in forging the 

second C–C bond intramolecularly via a hydride transfer mechanism, in order to form 

a relatively stable intermediate with perylenequinone core. At that time, there were 

no precedents of such regio- and stereoselective fungal LMCOs. The later work in 

Chapter 3/4 on the characterization of the MCO VdtB in viriditoxin biosynthesis as well 

as the recent work on the characterisation of the laccases UstL/CheL in ustilaginoidins/ 

chaetochrominA biosynthesis6 demonstrated the capability of LMCOs in catalysing 

regio- and stereo-selective coupling, thus supporting the postulation that the LMCO 

ElcG is responsible for the first (intermolecular) oxidative coupling step in 

elsinochrome biosynthesis.  

Further explorations of ElcG-mediated oxidative coupling is warranted but was 

hindered by the complexity envisaged: firstly, heterologous expression of the genes 

encoding the earlier steps in the biosynthetic pathway only resulted in accumulation 

of shunt products, suggesting that the direct substrate of ElcE/ElcG is reactive and 

difficult to access; secondly, it is unknown if protein-protein interactions between the 

ElcG and ElcE or the fasciclin protein ElcF could play a role in this regio- and stereo-

selective coupling of perylenequinones; furthermore, clues exist that ElcE/ElcG might 

be part of a potential mega-enzyme complex for esinochrome biosynthesis. Disruption 

of ElcE and ElcB in our CRISPR-Cas9-based “top-down” approach only resulted in the 

complete silence of the whole pathway, while heterologous expression of different 

combinations of genes mimicking such single-gene deletions resulted in accumulation 
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of shunt products converted from unstable naphthol intermediates. This phenomenon 

may not be simply explained by the proposed extracellular enzyme complex in 

aurofusarin biosynthesis18 or the aflatoxisomes19 in aflatoxin biosynthesis. It seems 

that the ElcE/ElcG-mediated oxidative coupling step is substrate-specific and there 

exists a more delicate biosynthetic control on the protein-protein interaction level 

which requires the presence of multiple tailoring enzymes from the upstream pathway 

to form a precise assembly line for producing such a reactive intermediate, which 

might be too unstable to be transported in vivo.  

Heterologous reconstruction approach is becoming increasingly widely-used in 

elucidating the biosynthesis of secondary metabolites,20-23 especially when the target 

BGCs are silenced in the original host. In our case, this approach allows us to isolate 

the highly reactive naphthol intermediates trapped as shunt products, providing 

insights into the biosynthetic step and generating derivatives with novel structures. 

The modular nature of the tripartite YFAC system and the convenience in manipulation 

allows us to easily construct strains with various combinations or swap genes with 

their homologs. With that said, it is also worth noting that the episomal nature of 

YFACs and its reliance on auxotrophy markers for maintenance, means that some 

fungal cells may not contain all three YFACs we transformed. This may lead to the 

accumulation of more shunt intermediates, especially when the stability of the 

intermediates is poor, due to the absent of downstream enzymes in the same cell to 

rapidly take on the intermediates as substrates.  

5.1.2 The regio- and stereoselective control of the oxidative coupling step in (M)-

viriditoxin biosynthesis. 

Paecilomyces variotii strain CBS01075 produces (M)-viriditoxin, an antibacterial 

and cytotoxic bisnaphthopyrone with a single C-C bridge, as a major metabolite. 

Sequencing of the genome of P. variotii CBS01075 revealed a putative BGC (vdt cluster) 

for the biosynthesis of (M)-viriditoxin, in which the only candidate for oxidative 

coupling is a laccase/multicopper oxidase (LMCO) VdtB. Identification of the vdt cluster 

provides us with a chance to explore the nature of fungal LMCOs-mediated oxidative 
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phenolic coupling reactions. Further exploration of the detailed biosynthetic pathway 

by heterologous reconstruction approach in A. nidulans showed that the VdtB LMCO 

is responsible for the regioselective 6,6ʹ-coupling of the monomeric semi-viriditoxin, 

with an enantiomeric excess (ee) of 33% favouring the P-form. The M-selective axial 

chirality of the product, on the other hand, is directed by a dirigent protein like VdtD. 

With the presence of VdtD, the ee of the oxidative coupling reaction was close to M-

selective. One another unique tailoring enzyme uncovered in this work is the Baeyer–

Villiger monooxygenase (BVMO) VdtE, which was shown to be able to transform the 

alkyl methyl-ketone side chain to methyl ester against the migratory aptitude. 

The targeted gene deletion approach was also conducted in P. variotii at the same 

time. Unlike the case in the elucidation of cercosporin/elsinochrome biosynthesis, 

deletion of the individual gene in vdt cluster resulted in accumulation of derivatives 

with structural modifications corresponding to the loss of function of the enzymes 

encoded by the gene, further confirming the role of each gene in the biosynthetic 

pathway. Most importantly, the work revealed the importance of methylation at C7-

OH in stereoselective control in (-)-viriditoxin biosynthesis, which was overlooked in 

the heterologous reconstruction work. The discovery led to the subsequent 

exploration of the substrate-dependency of the stereoselective coupling by VdtB/VdtD. 

From this work on the elucidation of (M)-viriditoxin biosynthesis in Chapter 3, we 

could envisage the advantage of the application of a combined approach 

(heterologous pathway reconstruction and gene deletion) in the exploration of novel 

and complex secondary metabolites biosynthesis. The targeted gene deletion 

approach is more straightforward in revealing the function of individual gene, but 

could not provide much information about the pathway order and was hindered by 

the limited availability of selective markers. Heterologous reconstruction, on the other 

hand, allows us to conveniently characterize multiple structurally variant 

intermediates, build up the pathway and perform in vitro assays for exploration of the 

regio- and stereoselectivity of VdtB and VdtD, although we experienced distraction 

from endogenous hydrolase during the process. Taken together, the two approaches 
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provide complementary data which conclusively contribute to a more comprehensive 

insight into the study.  

5.1.3 The potentially inherent substrate-dependent regio- and stereoselectivity for 

fungal LMCOs. 

Via heterologous expression, a total of 12 monomeric naphthopyrone substrates 

derived from viriditoxin biosynthetic pathway were generated and subsequently used 

in the in vitro assays of VdtB and VdtD. Variations in the structures of substrates include 

C7-OH/C7-OMe, unsaturated double-bond or saturation at C3-C4, and methyl 

ketone/carboxylic acid/methyl ester on the side chain. We found that VdtB exhibited 

reversible stereoselective preference in a substrate-dependent manner. VdtB showed 

P-favoured coupling selectivity for all substrates with C7-OH and was M-favoured with 

substrates possessing both C7-OMe and C3-C4 double-bond. The M/P ratio (or ee 

value) was not reported as no atropisomers were co-observed for the individual 

coupling reactions above with the alternative naphthopyrone substrates tested. When 

the direct substrate of VdtB in viriditoxin biosynthesis was used, which harbours C7-

OMe and saturation at C3-C4, VdtB was P-favored with an ee of 33%. The results 

indicate that modifications in substrate structures may result in drastic changes in 

protein-ligand interactions, which in turn could lead to opposite stereoselective 

preference in VdtB-catalyzed oxidative coupling. The results are potentially important 

for the elucidation of the mode of action of VdtB as regio- and stereoselective fungal 

LMCO. 

The stereoselective control of VdtD also varies between different substrates. This 

control was completely lost for substrates with C7-OH, not applicable for substrates 

possessing C7-OMe but with C3-C4 double bond as VdtB was also M-favored in this 

case. While very efficient with the direct or native substrate, the efficiency of VdtD in 

influencing the stereoselectivity of VdtB-mediated coupling dropped drastically when 

the methyl-ester moiety in the substrate was hydrolyzed to a carboxylic acid. This 

further supported our hypothesis presented in previous study where we postulated 

that VdtD was involved in binding of the methyl-ester side chain of the direct 
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monomeric substrate (semiviriditoxin). 

Our original hypothesis is that VdtD might evolved from a hydrolase that catalyse 

the hydrolysis of the methyl-ester of a substrate similar to semi-viriditoxin. 

Interestingly, mutation of D228S in VdtD to restore the classical catalytic triad did not 

result in any hydrolase activity in the mutant, suggesting that although VdtD adopts 

the folding of α/β hydrolase, it may have further evolved to obtain the dirigent protein 

activity. VdtB could also be evolved from a hydrolase where its function was not 

hydrolysis of methyl-ester as we hypothesized. These observations would help in 

further exploration of the mode of action of VdtD as a dirigent protein.  

In summary, our results suggest that VdtB as LMCO could tolerate various 

substrates and exhibit different coupling properties. This feature might be common for 

other LMCOs involved in secondary metabolism in fungi. Fungal LMCOs are versatile 

enzymes with valuable biotechnological and industrial potentials, however, currently, 

the molecular basis for this powerful family of enzymes is only beginning to be 

understood. Structural and protein interaction studies will be required for further 

exploration. 

 

5.2 Future directions 

5.2.1 Understanding the molecular mechanism and structure-function relationship 

of the methylester-forming BVMO in (M)-viriditoxin biosynthesis 

The vdt cluster encoding the biosynthesis of (M)-viriditoxin in P. variotii features 

not only the M-selective 6,6ʹ-coupling conducted by MCO VdtB and dirigent protein 

VdtD but also the involvement of the unique methyl ester-forming BVMO VdtE, which 

I did not have sufficient time to fully elucidate the molecular mechanism.  
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Figure 5.2.1. Protein sequence alignment of VdtE with our characterized BVMOs. Asterisk: residuals 

involved in regioselective controlling of AcCHMO/TmCHMO/PAMO. Red frame: residuals that are 

mutated in VdtEm.  

The formation of methyl ester via Baeyer-Villiger oxidation requires the migration 

of the less nucleophilic carbon during the Criegee rearrangement, against the 

migratory aptitude.24-26 VdtE is the first naturally occurring BVMO reported that 

catalyses the formation of methyl esters from a ketone. Although recently application 

of directed evolution has successfully led to the alteration of the regioselectivity of a 

bacterial BVMO TmCHMO towards the formation of methyl-esters, in which the 

reversal was attributed to the change in conformation of the Criegee intermediate in 

the binding pocket,27 the fact that VdtE does not share high homology with any 

structurally characterized BVMOs in PDB database, and that sequence alignment 

identified multiple residuals that are highly conserved in other homologs but not in 

VdtE, makes it reasonable to speculate that the methyl-ester forming mechanism in 

VdtE might be unique. Exploring the molecular basis of such an alternative 

regioselective control in VdtE could be beneficial in future engineering of BVMOs for 

biocatalysis purpose. 

To investigate the molecular basis of the regioselectivity of VdtE, preliminary 

experiments were carried out. Phyre2 modelling of VdtE suggested that T391 and 
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N392 are the two non-conserved residuals that could be mapped to be located near 

the interface of FAD and NADPH (Figure 5.2.1). A mutant of VdtE (referred to as VdtEm) 

carrying double T391A and N392V mutations was created and used for substrate tests 

together with VdtE. As shown in Figure 5.2.1, VdtE showed exclusive regioselectivity 

when 1 was used as the substrate. When 2 was used, LC-DAD-MS analysis detected 

two product peaks with identical UV-vis spectrum and mass (as shown by extraction 

chromatography (EIC)), but slightly different in retention time. The major product peak 

matched to 4 standard. The minor product, which we labelled as 4ʹ (red colour 

indicating it was not characterized), was hypothesized to be the isomer of 4 where the 

Baeyer-Villiger oxidation happened in the normal regioselective manner involving the 

migration of the R-CH2-rather than the -CH3 methyl group.7 The VdtEm, on the other 

hand, remained regioselective for both of the substrates, however, the efficiency 

appeared to have dropped. Measurement of the kinetics of both VdtE and VdtEm shall 

be further required. 
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Figure 5.2.2. i) in vitro assay of VdtE and VdtEm using 1 as substrate; ii) in vitro assay of VdtE and VdtEm 

using 2 as substrate; iii) SDS-PAGE of VdtE and VdtEm. Both VdtE and VdtEm were purified to 

homogenicity and subsequently used for cocrystalization; iv) the structures of 1-4. 
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The regio-selectivity of VdtE was proposed to be the result of either the steric 

effects of the active-site residuals or similar conformational change of the Criegee 

intermediate as in the case for TmBVMO. To further explore our hypothesis, both VdtE 

and VdtEm were purified to homogeneity (Figure 5.2.2) and used for cocrystallization 

of 1 and 2. The crystallization conditions are currently being explored.     

5.2.2 The role of auxiliary proteins and protein-protein interactions in fungal SMs 

biosynthesis involving LMCOs. 

VdtD has been characterized as the pathway dirigent protein in (M)-viriditoxin 

biosynthesis controlling the stereoselectivity of VdtB the LMCO catalysed oxidative 

coupling. It is conserved in vdt cluster homologs from other viriditoxin related 

compounds producing fungi such as Aspergillus viridinutans and Cladosporium 

cladosporioides.28 The finding highlights the potentially important roles of certain 

proteins which are conserved between homologs, their encoding genes clustered and 

co-regulated with other members in the BGCs, proven to be essential for the 

biosynthesis but yet have no (clear) catalytic functions. 

In the characterized biosynthetic pathways involving an LMCOs-mediated oxidative 

coupling step, another family of proteins with such a feature is the fasciclin domain-

containing proteins (fasciclins, Figure 5.2.3). Experimentally verified examples include 

ElcF/CTB11/ORF2 in elc, CTB, HYP cluster, respectively, and AurS in aurofusarin BGC in 

Fusarium graminearum.12, 15, 18 Missing such a protein in the biosynthesis could result 

in loss of the oxidative coupling activity (△aurS in F. graminearum), unstable 

production (removal of ElcF in heterologous reconstruction) or even complete silence 

of the pathway (△CTB11 in C. beticola). In fact, such fasciclin protein (named UgsS) 

was also identified recently in the ustilaginoidin BGC in Ustilaginoidea virens.29 In the 

recent study using heterologously-produced cell-free lysate, the LMCO UstL from the 

same BGC showed remarkable flexibility in its oxidative coupling stereoselectivity 

when nor-rubrofusarin was used as the substrate,6 despite all ustilaginoidin derivatives 

in nature adopt M helicity.30 Apart from the potential substrate-dependent 

stereoselective manner of UstL, this intriguing observation also makes UgsS an 
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interesting target for further exploration of its potential ability to influence the 

stereochemistry outcome of UstL-catalysed oxidative coupling, acting like a dirigent 

protein. Seemingly consistent with this hypothesis, no gene encoding fasciclin protein 

(or another candidate dirigent protein) was reported to be encoded in the dpa cluster, 

which encodes the biosynthesis of dinapinones as 1:1 atropisomeric pair in the native 

fungus.31 A recent study on sporandol biosynthesis also showed that the 

fasciclin/laccase (SpoF/SpoL) combination is essential for the oxidative coupling step.32 

NR-PKSs fasciclin-domain containing

dirigent proteinLMCOs

vdtA vdtD vdtB

Tr-vioF

Tr-vioL Tr-vioA

xaeF xaeL xaeA
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CTB1 CTB11

CTB12
elcHelcG elcF elcA

ORF2

ORF1

HYP1 HYP11 HYP12

TpMCE ORF7

PKS12 GIP1 ausR

spoLspoFspoP

 

Figure 5.2.3 Characterized and putative BGCs encoding LMCOs-mediated biosynthesis of biaryl NPs. 

From top to bottom: aus cluster for biosynthesis of aurofusarin in F. graminearum;33 dpa cluster for 

biosynthesis of dinapinones in T. pinophilus;4 CTB cluster for biosynthesis of cercosporin in C. beticola;15 

elc cluster for biosynthesis of elsinochrome A/C in P. nodorum;12, 13 HYP cluster for biosynthesis of 

hypocrellin A in Shiraia sp. Slf14;16 vio cluster and xae cluster for biosynthesis of vioxanthin in F. 

graminearum and xanthoepocin in P. arizonense, respectively;28 vdt cluster for biosynthesis of (-)-

viriditoxin in P. variotii;7 spo cluster for biosynthesis of sporandol in Chrysosporium merdarium;32 

ugs/ust cluster for biosynthesis of ustilaginoidins in U. virens.6, 29 Backbone NR-PKSs (red), LMCOs 

(orange), and auxiliary proteins (blue/green) were highlighted.  

In light of the important role of auxiliary protein-MCO interactions, the work in 

the exploration of fungal LMCOs-mediated biaryl natural product biosynthesis calls for 

the investigation into a wider-spectrum protein-protein interactions, i.e. the formation 

of a multiple-enzyme complex by at least part of the biosynthetic pathway tailoring 

enzymes. The idea was initially proposed in the elucidation of the aurofusarin 
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biosynthesis18 by the formation of “extracellular enzyme complex”, as disruption of the 

individual gene in the proposed complex resulted in the loss of the coupling activity. 

The “extracellular enzyme complex” was proposed on the basis that an N-terminal 

signal peptide was predicted to be present in these enzymes (ausF/O/S, and MCO 

GIP1). In the heterologous reconstruction of elc cluster in Chapter 2, it was found that 

the cognate pairing of ElcG LMCO and ElcE BBEO is essential for the formation of the 

conjugated perylenequinone core, which should be directly taken by ElcH as the 

substrate in order to form the hexacyclic dihydrobenzo(ghi)perylenequinone in 

elsinochromes, and ElcG along with ElcE and ElcH also have predicted N-terminal signal 

peptide. It was also shown that in (M)-viriditoxin biosynthesis the M-selective 

production of viriditoxin-type compounds requires not only the presence of the 

dirigent protein VdtD but also the proper function of VdtC and VdtF to form a precisely 

tuned assembly-line (Chapter 3 & 4). These observations are all consistent with the 

enzyme complex hypothesis, however we argue that the localisation of the complex 

might not be extracellular as the N-terminal signal peptide only suggest that these 

proteins would be translocated during translation but the proteins could be retained 

in endoplasmic reticulum or transported to Golgi apparatus or endosomes. Being 

supportive of our standpoint, in the cases for the LMCOs TpMCE, VdtB, and UstL/CheL, 

signal peptide all presents at their N-terminals, yet all their enzymatic activities were 

detected in cell lysate but not extracellularly in the growth medium. It is also worth 

noting that many fasciclin domain-containing proteins are known as membrane bound 

cell-adhesive proteins in other organisms. Thus, we hypothesize that the presence of 

such MCO-containing enzyme complexes are likely to be in the intracellular membrane 

compartments (e.g. endosomes), potentially resemble those so-called toxisomes in 

aflatoxin and deoxynivalenol biosynthesis.34, 35 Future explorations in this aspect could 

provide insights into the fundamental biochemical process of secondary metabolite 

biosynthesis, protein co-localization studies, and structural and protein interaction 

studies, will be required. 

The potential existence of such complex multiple-proteins interactions also 
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prompts us to reconsider its significance in the regio- and stereo-selective coupling of 

perylenequinones. Our work in Chapter 2 regarding the biosynthesis of elsinochrome 

A suggested that the oxidative coupling catalysed by ElcG/ElcE would produce an 

intermediate with M-helical perylenequinone core, and the production of P-

hypocrellins in heterologous reconstruction of elcA-G in A. nidulans is due to 

spontaneous aldo addition and atropisomerisation. Further introduction of ElcH 

resulted in formation of extra C-C bond which prevent atropsiomerism and locks the 

conformation of the perylenequinone core in M-helicity. However, in light of the 

potential formation of multienzyme complex, an interesting question to ask here is 

whether ElcH is involved in altering the stereoselectivity of the oxidative coupling 

catalysed by ElcG. What if the formation of M-helicity is also facilitated by the protein-

protein interactions between ElcH and ElcG/ElcE? This hypothesis could be an 

alternative explanation for the observation of P-hypocrellins in the absence of ElcH. 

Future mutagenesis experiments could be performed to explore this possibility, which 

include introduction of point mutations in ElcH to remove its oxidative activity and 

subsequent co-expression of such ElcH mutant with ElcA-G.   

5.2.3 Uncovering the molecular and structural basis for the regio- and 

stereoselective oxidative coupling mediated by VdtB and VdtD  

Unlike the plant MCOs involved in lignin biosynthesis, of which both the regio- and 

stereoselectivity of the coupling are controlled by dirigent proteins,36-38 all the recently 

characterized regio- and stereoselective fungal LMCOs in biaryl nature product 

biosynthesis are inherently regioselective, although their degree of stereoselectivity 

varies. These fungal LMCOs share over 50% similarity in their protein sequences,4, 7, 12, 

28, 39 despite the structural difference in their direct substrates, such significant 

similarity, along with their resembled catalytic properties, indicate the potential 

existence of a more general mode of action in this family of oxidative coupling enzymes. 

One clue for understanding the molecular basis behind this may be the formation of 

the so-called “weak dimer” or “transient dimer” as has been observed in crystallization 

works of a limited number of fungal laccases,40-42 in which the binding pockets of the 
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two monomeric molecules are packed together (Figure 5.2.3). It was suggested that 

the formation of such dimers is not random, and thus may have certain functional 

implications.40, 41 In a subsequent substrate-function study for one of these dimeric 

fungal laccases, Melanocarpus albomyces laccase rMaL, with a synthetic substrate 2,6-

DMP, the major product was C-C coupling dimer.43 In this model, subtle changes in 

protein-ligand interactions could result in changes in stereo- and even regioselectivity, 

which is consistent with the results in Chapter 4 and may explain the detection of 24 

and 25, the two bisnathphopyrones with potentially non-6,6' coupling patterns, in the 

in vitro assays of VdtB with 11 and 12 as substrates, respectively. 
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Figure 5.2.3 i) co-crystal structure of rMaL with 2,6-DMP; ii) rMaL catalyzed oxidative coupling products 

with 2,6-DMP. 

In regard to the stereoselective control of VdtD, so far there is not much 

information yet, however the different protein folding between VdtD and plant 

dirigent proteins suggests their controlling mechanisms could be completely 

different.44-46 The in vitro assay results suggested that the methyl ester moiety in the 

substrate plays an important role. It has been observed in the heterologous 

reconstruction of vdt cluster in Chapter 3 that VdtD appears to have a protective effect 

against the endogenous hydrolase in A. nidulans.7 The presence of methyl ester mioety 

is also important for the efficient of stereoselective control of VdtD on the VdtB-

mediated coupling of semi-viriditoxin (Chapter 4). It is possible that VdtD acts by 

binding to the methyl-ester moiety, given that VdtD adopts the classical α/β-hydrolase 
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fold. On the other hand, VdtD purified from E. coli showed no activity, indicating the 

possibility of post-translational modifications, such as glycosylation. SDS-PAGE of the 

VdtD cell-free lysate from heterologous expression in A. nidulans resulted in detection 

of VdtD at different size bands, suggesting the potential existence of dimer or even 

trimer. Taken into consideration the formation of “weak dimer” in fungal LMCOs, one 

bold hypothesis would be the formation of a potential VdtB/VdtD “dimer-dimer” 

complex, either via protein-protein interactions or through the binding of the 

ligand/substrate.  
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50 kDa

VdtD-His
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Figure 5.2.4. i) SDS-PAGE of VdtB-MBP eluent after amylose resin purification and its identify-cation by 

MALDI-ToF/ToF; ii) SDS-PAGE of fractions containing VdtD in gradient precipitation method and its 

identification by MALDI-ToF/ToF; iii) gradient precipitation LC-MS results. 

Nonetheless, further structural and protein interaction studies would be required 

to examine the above hypothesis. Initial trial for purification of VdtB tagged with 

maltose-binding protein (MBP-tag) from A. nidulans resulted in a mixture of proteins 

in the eluate fraction (Figure 5.2.4). MALDI-ToF/ToF confirmed the presence of VdtB-

MBP. Gradient precipitation of VdtD cell-free lysate using 30% acetone resulted in a 

major band with the size of 65 kDa. The presence of VdtD was also confirmed with 

MALDI-ToF/ToF. Further optimization of the protein purification process, such as 

application of gradient precipitation and fast protein liquid chromatography (FPLC), 

will be required. Similar optimizations will also be applied to purification of VdtD, of 

which elucidating its molecular basis could provide complementary information to our 
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understanding of the fungal LMCOs.  

5.2.4 Discovery of new oxidative coupling enzymes 

Fungi apply intermolecular oxidative coupling for production of prolific bioactive 

biaryl NPs. The diversity in this type of NPs is generated via formation of the biaryl 

linkage in terms of the monomeric substrates coupled, the regioselectivity, and the 

stereoselectivity.47 Representatives of common biaryl NP types along with their 

specific coupling patterns were shown in Figure 5.2.5. So far, P450s were exclusively 

found encoded in the BGCs responsible for coumarin and xanthone biaryl biosynthesis, 

and include both symmetric and asymmetric couplings.48, 49 LMCOs, on the other hand, 

are mainly characterized in the biosynthesis of naphtho-α-pyrone biaryls, most of 

which adopt the symmetric 6,6ʹ or 8,8ʹ coupling pattern.50 Both MCOs and P450s have 

been shown to conduct the regio- and stereo-selective oxidative coupling step in the 

biosynthesis of naphtho-γ-pyrone compounds, i.e. the LMCOs responsible for the 9,9ʹ-

coupling coupling found in ustilaginoidins and chaetochromins,6 and the recently 

characterized subfamily of P450s responsible for the 10,10ʹ- and 7,10ʹ-coupling in 

bifonsecins and aurasperones, respectively.51  

Despite the recent advances in the understanding of fungal oxidative coupling 

enzymes, there are still a several pieces missing to complete the puzzle, which includes 

those responsible for C-O-C biaryl ether-linked dimers isolated from certain Aspergillus 

species,52, 53 the trimeric PF1158A-C isolated from Geosmithia argillacea and a similar 

shunt product isolated during the heterologous re-construction of elc cluster in A. 

nidulans,12, 54 and the 9,10ʹ-coupled rubasperone A found in Aspergillus species.55  

It is also worth noting that the so-far characterised LMCOs only conduct 

symmetric biaryl coupling reactions, while P450s could be involved in both symmetric 

and asymmetric coupling. This may be due to the mechanisms of the biaryl coupling 

catalyzed by these two different class of oxidases are different. Whether this 

observation reflects the truth requires further verification, yet it may help direct future 

exploration in biosynthesis of novel biaryl NPs as well as the catalyzing mechanisms of 
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these fungal P450s and LMCOs. The (so-far) symmetric coupling feature of LMCOs also 

strongly reminds us of the formation of “weak dimer” for LMCOs, suggesting the 

adoption of a diradical coupling mechanism. On the other hand, the behaviour of 

these P450s resembles their counterparts in bacteria, of which the structural studies 

suggest that the spatial variation of the two substrate molecules incorporated near the 

Heme centre is crucial for the regioselectivity of the coupling.56, 57 The coupling could 

also be conducted via formation of diradicals, however, the possibility of mono-radical 

attack (or sequential phenolic O-H abstraction proposed in the intramolecular 

oxidative cyclization of GsfF) could not be excluded.58  
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Figure 5.2.5 Various coupling patterns in fungal biaryl NPs. Structures highlighted in red represent 

coupling patterns that have not been linked to any coupling enzymes. 
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