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Abstract: 

Fungal paracyclophane-decahydrofluorene-containing natural products are complex polycyclic 

metabolites derived from similar hybrid PKS-NRPS pathways. Herein we studied the biosynthesis of 

pyrrocidines, one representative of this family, by gene inactivation in the producer Sarocladium zeae 

coupled to thorough metabolic analysis and molecular modelling of key enzymes. We characterized 

nine pyrrocidines and analogues as well as in mutants a variety of accumulating metabolites with new 

structures including rare cis-decalin, cytochalasan and fused 6/15/5 macrocycles. This diversity 

highlights the extraordinary plasticity of the pyrrocidine biosynthetic gene cluster. From accumulating 

metabolites, we delineated the scenario of pyrrocidine biosynthesis. The ring A of the 

decahydrofluorene is installed by PrcB, a membrane-bound cyclizing isomerase, on a PKS-NRPS derived 

pyrrolidone precursor. Docking experiments in PrcB allowed us to characterize the active site 

suggesting a mechanism triggered by arginine-mediated deprotonation at the terminal methyl of the 

substrate. Next, two integral membrane proteins, PrcD and PrcE, each predicted as four-helix bundle, 

perform hydroxylation of the pyrrolidone ring and paracyclophane formation, respectively. 

Modelisation of PrcE highlights a topological homology with vitamin K oxido-reductase and the 

presence of a disulphide bond. Our results suggest a previously unsuspected coupling mechanism via 

a transient loss of aromaticity of tyrosine residue to form the strained paracyclophane motif. Finally, 

the lipocalin-like protein PrcX drives the exo-cycloaddition yielding ring B and C of the 

decahydrofluorene to afford pyrrocidine A, which is transformed by a reductase PrcI to form 

pyrrocidine B. These insights will greatly facilitate the microbial production of pyrrocidine analogues 

by synthetic biology. 

 



 

 

Introduction: 

Pyrrocidines A 1 and B 2 (Fig. 1) are secondary metabolites isolated from diverse fungi1–4 and 

characterized by antimicrobial5 and apoptosis-inducing6 activities, as well as potential inhibitory effects 

of SARS-CoV2 RNA-dependent RNA polymerase.7 More importantly, pyrrocidines produced by the 

maize endophyte Sarocladium zeae (formerly classified as Acremonium zeae) are suggested to have a 

beneficial impact for the host plant, as sub-inhibitory concentrations of pyrrocidines can inhibit the 

fumonisin toxin production in the phytopathogen Fusarium verticillioides.8,9 Pyrrocidines could thus be 

responsible, at least in part, for the protective effect of the producer in maize against phytopathogens. 

Pyrrocidines and analogues are therefore promising targets for the development of biocontrol agents. 

These molecules belong to a growing family of fungal natural products sharing a highly strained 

paracyclophane with a distorted aromatic ring connected to a decahydrofluorene core, which 

encompasses GKK1032A2 3,10 hirsutellone B 4,11 trichobamide A 5,12 xenoacremone C 6, 

ascomylactams,13,14 pyrrospirones15 and embellicines.16 These compounds attract much interest 

recently because of their diverse bioactivities (e.g. antimycobacterial, anti-glioma) and their complex 

structures. Each member possesses different combinations of configuration at the chiral centers 

present in the paracyclophane-decahydrofluorene motif, which represents a great challenge for 

chemical synthesis. This study is focused on the detailed understanding of pyrrocidine biosynthesis in 

S. zeae, in particular, the steps leading to polycyclic formation. Such knowledge will enable future 

pathway engineering efforts to generate pyrrocidine analogs with controlled stereochemistry.  

 

Figure 1: Pyrrocidine structures and related fungal para-cyclophane-decahydrofluorene metabolites. 

The biosynthetic origin of this fungal scaffold was first studied by Oikawa10 with isotopic 

incorporations of labelled acetate, L-tyrosine and methionine into GKK1032 biosynthesis. This 

suggested that a hybrid polyketide synthase – non-ribosomal peptide synthetase (PKS-NRPS) is 

involved. Later, feeding experiments on the maize endophyte S. zeae using dual labelling with 18O,13C 

L-tyrosine demonstrated the integration of the amino acid in pyrrocidines with conservation of the 

phenolic oxygen atom.17 Consequently, chemical cascades were suggested to form the paracyclophane 

and decahydrofluorene motifs. The proposed reaction path (Scheme 1) involved a pyrrolidone key 



 

 

intermediate I that results from the PKS-NRPS nonaketide-tyrosine product by Knoevenagel 

condensation, and an intermediate II containing the paracyclophane and ring A. Given the presence of 

a cyclohexene motif (ring C), an intramolecular Diels-Alder reaction (IMDA) would occur from the 

intermediate II in an exo- or endo-cyclizing way to form pyrrocidines or GKK1032A2, respectively. 

Ohashi et al. heterologously expressed the biosynthesis pathways of pyrrocidine B 2 from S. zeae and 

GKK1032A2 3 from Penicillium citrinum  in Aspergillus nidulans.18 This work suggested that four proteins 

function together, likely as a complex, to transform intermediate I to II according to a mechanism 

involving the phenol oxygen attack on the olefinic C13 which then triggers the conjugated addition of 

C12 to the triene at C7 to form ring A. To note, this mechanism would result in a reverse configuration 

of (S)-C13 found in pyrrocidines and GKK1032A2 which corresponds to that observed in hirsutellone B 

(Fig.1). Concurrent to this publication, Liu et al. characterized xenoacremones and their biosynthetic 

pathway in X. sinensis, and proposed that one enzyme (XenF) catalyses [1,11]-sigmatropic 

rearrangement to install ring A in intermediate III (Scheme 1).19 Despite these proposed pathways for 

decahydrofluorene formation, the mechanism by which the paracyclophane is generated still remains 

an enigma.  

 

Scheme 1: Proposed intermediates in previous publications on the biosynthesis of pyrrocidine B, 

GKK1032A2
18 or xenoacremones.19 (IMDA: intramolecular Diels-Alder reaction) 

 

In the present study, we investigated pyrrocidine biosynthesis in S. zeae by gene knock-out and 

thorough metabolic analysis. This reveals an intrinsic plasticity of the pyrrocidine pathway and leads 

to the generation of complex metabolites with new cyclic backbones in the mutants. Moreover, 

structural analysis of key auxiliary enzymes by modelling and of the products accumulated in respective 

gene knock-out strains allowed us to propose a plausible mechanism of paracyclophane formation.  

Results and discussion  



 

 

Pyrrocidine-related compounds in wild-type S. zeae. 

Recent progress in the understanding of fungal natural product biosynthesis have suggested that 

fungal pathways are inherently capable of producing more than one compound from one pathway.20 

We therefore interrogated if this also holds true for pyrrocidine biosynthesis. The fungi S. zeae was 

cultivated on PDA medium for seven days and the ethyl acetate metabolite extracts were analyzed by 

liquid chromatography coupled to high resolution mass spectrometry (LC-HR-MS). Pyrrocidines A 1 and 

B 2 were detected at 15.8 min and 15.9 min ([M+H]+ ions at m/z 488.2795 and 490.2952), respectively 

(Fig S5; for detailed NMR characterizations see Tables S5, S6). Careful analysis of the extracted ion 

chromatogram (EIC) of m/z 490.2952 showed two other small peaks, namely compounds 7a at 15.5 

min and 7b at 14.9 min. Interestingly, these two compounds accumulated significantly compared to 1 

and 2 in the culture on maize medium for 30 days, enabling access to sufficient amounts for isolation 

(Fig S13). Structural characterization by NMR (ESI and Tables S7-9) showed that compound 7a is a 

diastereomer of 2 at position C3 and C6, whereas 7b is the enol form of 7a at C16 (Fig. 2). Both 

compounds resulted from endo-type IMDA cyclization. Moreover, pyrrocidine C 95,17 ([M+H]+ at m/z 

504.2744, RT 15.5 min) and epi-pyrrocidine A3 ([M+H]+ at m/z 488.2795, RT 15.0 min), named here 

pyrrocidine F 11, were also detected by LC-MS. Their structure was confirmed by NMR (Tables S11, 

S13). In addition, a new compound with the molecular formula (MF) C35H41NO5 ([M+H]+ at m/z 

556.3057 obs., Fig. S13) identical to that of trichobamide A 512 was isolated. NMR analysis showed that 

it is an isomer of 5 differing in the substitution of the tetrahydrofuro-pyrrolone moiety at C33 and C34, 

that we named trichobamide B 8 (Fig. 2, Table S10; for proposed biosynthesis of 5 and 8 see Scheme 

S5). 

 
Figure 2: Analogues of pyrrocidines isolated and characterized from Sarocladium zeae in this study. 

Function of genes whose deletion still leads to pyrrocidine scaffold  

To identify the biosynthetic gene cluster (BGC) of pyrrocidines, we constructed a genomic 

library, sequenced the genome of S. zeae and subsequently identified three potential PKS-NRPS gene 



 

 

clusters.  We then established protocols for gene inactivation in S. zeae, based on allelic exchange with 

a hygromycin resistant cassette by homologous recombination, using protoplastization and PEG-

mediated transformation21 (ESI and Fig. S1-4). Inactivation of the PKS-NRPS genes of each cluster 

allowed to assign the cluster responsible for pyrrocidine biosynthesis named prc (Fig. 3A, S6). Sequence 

analysis predicted that the prc cluster contains 11 genes encoding a PKS-NRPS (PrcA), a Diels-Alderase 

(PrcB), two trans-acting enoyl reductases (ER; PrcC and I), an α,β-hydrolase (PrcH), two transcription 

factors (PrcF and J), a transporter (PrcG), a lipocaline-like protein of unknown function (PrcX) and two 

integral membrane proteins (PrcD and E). Genome mining revealed thirteen similar BGCs in the 

sequenced fungi databases (Fig. S16). To assign a precise function to each post-PKS/NRPS protein 

encoded by the BGC, we generated single gene knock-out strains of S. zeae. Extracts of the mutants 

were analyzed by LC-HR-MS and accumulated products were purified from maize cultures (Tables S2-

4) and characterized by NMR analysis.  

First, given the weaker similarity of PrcI to ER, we reasoned that it is involved in the reduction 

of pyrrocidine A 1 to form B 2, instead of acting as a canonical ER of PKS-NRPS. Indeed, the deletion of 

prcI abolished the production of pyrrocidines B 2 and D 7a,b, but not pyrrocidine A 1 (Fig. 3B and S8).  



 

 

 

Figure 3. A. Biosynthetic gene cluster (prc) of pyrrocidines in Sarocladium zeae. B. LC-MS analysis of 

metabolite extracts from wild type (WT) and deletion mutants of S. zeae. Superimposed EIC: m/z 

490.295 (dark blue), 488.279 (red), 556.306 (green), 494.326 (violet), 506.290 (black), 476.316 (pink), 

474.300 (blue) for each deletion mutants and wild type S. zeae. C. Structures of isolated metabolites.   

Next, deletion of prcX (lipocaline-like protein) led to a strong decrease of 1 and 2 production, 

without impacting the formation of pyrrocidines D 7a,b (Fig. 3B and S9). This result shows that 1 and 

2 can be formed without PrcX. This protein thus controls the Diels-Alder cycloaddition in favor of the 

exo product from precursor 26 (Scheme 2, Fig. S2), but is not indispensable in this process. Moreover, 



 

 

from maize culture (Fig. S14) we could detect a new compound named pyrrocidine E 10 (MF C31H37NO5; 

[M+H]+ m/z 504.2736, RT 15.4 min), whose structure was assigned to the C3, C6 diastereomer of 

pyrrocidine C 9 by NMR (Fig. 2, Table S12). It can be resulted from epoxidation of 27, which is the 

equivalent of 1 from endo-type cyclization (Schemes 2 and S2). Intriguingly, the strong decrease of 1 

and 2 in ΔprcX mutant enabled the isolation of a previously-unidentified metabolite 12 (MF C32H39NO5; 

[M+H]+ m/z 518.2901, RT 16.0 min), named sarocladine A. Subsequent re-examination of the wild-type 

strain also revealed the presence of 12. The structure of 12 was characterized as the C3-epimer of 

GKK1032C.22 Indeed, NOESY spectrum through the cross-correlations H31-H24-H13-H6-H12-H15, H13-

H15-H1a-H6 and H14-H26-H29 showed that H12, H13, H15, H6, methyl 31 and the vinyl group are 

cofacial, while H14 and methyl 29 are on the opposite face of the decahydrofluorene (Table S14). The 

trans-fused junction of rings B and C in both 10 and 12 was corroborated by the shielding of C7, C28 

and C29 chemical shifts (as in 7a,b, see ESI). The formation of 12 indicates that PrcA is able to perform 

four and five methylations on the elongating polyketide chain, respectively, which is to our knowledge 

the first reported example for a fungal PKS-NRPS. Moreover, the inverse configuration of C3 in 

sarocladine A 12, compared to other endo-cyclized products (i.e. 7a,b, 10), suggests an influence on 

the stereochemical control by the methylation event during post-PKS-NRPS processes. 

When prcH encoding the α,β-hydrolase was inactivated, pyrrocidine production was not 

impaired (Figure 3B and S7). BLAST search in the genome confirmed the absence of another copy of 

prcH and homologous genes. In addition, compound 14 (MF C31H43NO4; [M+H]+
 m/z 494.3297), an all-

E polyene alcohol, accumulated in the extract (Scheme 2, Table S15). 14 is conceivably a shunt product 

that is formed via further reduction of a putative aldehyde intermediate 13, released from the PKS-

NRPS by the terminal reduction domain. This result is consistent with previous reports on other fungal 

PKS-NRPS BGCs23,24 in which α,β-hydrolases were inactivated. Moreover, the non-essentiality of PrcH 

in pyrrocidine production could be attributed to the spontaneous Knoevenagel condensation of the 

aldehyde 13 (Scheme 2). Aldehyde evaded detection in the extract, likely due to fast conversions in 

alcohol or pyrrolidone derivatives. Cox and coworkers provided evidence to this scenario using 

synthetic aldehyde compounds and enzymatic assay in a related PKS-NRPS pathway.25,26 These results 

suggest that the role of PrcH is to prevent the reduction of the PKS-NRPS off-loaded reactive aldehyde 

13 in order to promote its ring closing into pyrrolidone 15 through a Knoevenagel condensation.  
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Scheme 2: Proposed biosynthesis pathway of pyrrocidines in Sarocladium zeae. Isolated compounds 

are framed while non-isolated intermediates appear with a grey numbering. 

 

Function of genes involved in the paracyclophane-decahydrofluorene formation 

Individual disruptions of prcB, D and E genes led to accumulation of compounds with novel ring 

structures. In ΔprcB mutant, the production of pyrrocidines is abolished and we observed the 

formation of 16 and 17 with MF of C31H39NO5 ([M+H]+ of m/z 506.289; RT at 14.9 and 15.8 min, 

respectively) (Fig. 3B, S10). Structure elucidation showed that 16 is a 5-hydroxy-3,4-epoxy-pyrrolidone 

substituted with a linear polyolefinic chain as in 14. Compound 17 is a cis-decalin with a relative 

stereochemistry deduced from NOESY data by the cross correlations H12-H29-H10b-H14-H15-H4 

(Table S16-17). It can be resulted from 16 by an exo-selective IMDA (Scheme S1). The couple of 

compounds 18 and 19 were also detected, at a higher retention time (17.6 and 17.8 min, respectively). 

Similarly to the couple 16 and 17, structure assignments (MF of C31H37NO3 with [M+H]+ of m/z 472.283) 

show a polyolefinic system and a cis-decalin for 18 and 19, respectively (NMR tables S23, S24, Scheme 

S1).  



 

 

Several shunt products accumulated in ΔprcE mutant (Fig. 3B, S12), in addition to 16, 17, 18 and 

19.  Compound 20 (MF C31H39NO3; [M+H]+ m/z 474.2998; RT 15.8 min) was revealed to have a unique 

6/10/6/5 fused polycyclic structure substituted by a tyrosine residue by NMR (Table S18). This 

macrocycle fused to an amino acid-derived octahydro-isoindole resembles cytochalasans.27 20 was 

thus named pyrrochalasin A and represents the first nonaketide-tyrosine member of this family. Its 

relative stereochemistry was assigned by NOESY experiment, on the base of two identified groups of 

cross correlations H30-H10b-H31-H12-H14-H28 and H29-H6-H4-H19-H23, which indicates that these 

groups of protons are respectively on each side of the equatorial plan of the molecule. Furthermore, 

two other cyclic compounds with a MF of C31H39NO4 ([M+H]+ m/z 490.293 obs.), named pyrrocyclines 

A 21 and B 22, were detected at RT 13.2 and 13.0 min, respectively. Their planar structures were 

established showing a unique backbone consisting of a 15-membered macrocycle fused to 6- and 5-

membered rings. NOESY spectra indicated that they adopt a conformation in which protons H14, H12, 

H6, H8, H4, H2 and NH are oriented on the same face of the equatorial plan of the molecule, while 

H23/27, H21, H19, H1 H3, H28, H29, H13, H11 are located on the opposite face (Tables S19-20). 21 and 

22 differ from each other at the position of the hydroxyl group. Trimethyl-cyclohexane-containing 

compounds 23 (MF C31H41NO3; [M+H]+ m/z 476.3146 obs.; RT 16.0 min) were also isolated and NMR 

analysis revealed that 23 is a mixture of two E/Z isomers of C13-C14 olefin in a 1:1 ratio (measured 

coupling constants: 23a 3JE = 15.3 Hz and 23b 3JZ = 9.3 Hz) (Tables S21-22). Note that a conjugated 

trienic chain substituting the trimethyl-cyclohexane motif was isomerized at the C1 terminal position 

in 23, unlike the polyketide part in 14, 16 and 18. In addition to these new compounds, ΔprcE produces 

pyrrocidines D 7a,b and few amounts of B 1 but not A 2 neither its derivatives 8 or 9. On the contrary, 

deletion of prcD led to few accumulated products. Only macrocycles 21 and 22 were present in ΔprcD 

mutant (Fig. S11).  

Given that the accumulating metabolites from ΔprcE or ΔprcD harbor the trimethyl cyclohexane 

motif (ring A), whereas those observed in the ΔprcB mutant do not, PrcB is proposed to install ring A 

with an isomerization-cyclization step from pyrrolidone 15 to the key intermediate 24.  Isolation of 

compounds 20, 21 and 22 provides strong support for the intermediacy of 24 (Scheme 2, Fig. S15). 

Indeed, 19 can gives rise to 20 in ΔprcE through an endo-selective IMDA as in the biosynthesis of 

cytochalasans. It is to mention that such a stereocontrolled cyclization required a pericyclase as 

demonstrated by Hantke et al. in pyrichalasin H biosynthesis.27 This suggests that the formation of 20 

is not spontaneous and may be governed by a protein like PrcX (Scheme S3). Macrocyclization of 24 

after epoxidation at C1-C2 or C3-C4 olefins can provide the compounds 21 and 22 (Scheme S4).  

The formation of 16 and 17 can be explained by C20 hydroxylation of 15 followed by 

spontaneous either dehydration or epoxidation, respectively (Scheme S1). Such autooxidation of 



 

 

strained olefins to form epoxides has been previously reported28 and is also exemplified by the known 

spontaneous conversion of 1 to 9.5,17 Metabolite profile comparison of all the mutants showed that 

shunt products 16, 17, 18 and 19 are absent when prcD is inactivated (Fig. S7-S12). This indicates that 

PrcD is involved in hydroxylation of the pyrrolidone moiety. Taken together, we deduced that PrcD 

hydroxylates 24 to give 25 (Scheme 2). PrcE next installs paracyclophane motif on 25 to give 26, which 

undergoes an exo IMDA assisted by PrcX to afford 1. By contrast, in ΔprcE mutant the formation of 

paracyclophane in 7 and 2 may occur from the enol form of 25 by the O-attack of phenol on C13 

(Scheme S5). Concomitant rearrangement of the Pi-system with protonation at C19 installs the C14-

C15 double bound required for the next IMDA reactions directly supplying pyrrocidines D and B. 

Moreover, complementation of ΔprcE mutant with prcE gene restored the production of pyrrocidine 

A (Figure S15). Consequently, the formation of pyrrocidines B and D but not pyrrocidine A in ΔprcE 

mutant corroborates our proposed biosynthetic pathway via intermediate 26.  

Genes prcE, D and B were separately cloned for heterologous expression in E. coli. However, 

protein inductions show cell toxicity for PrcE and D and led to a low solubility of PrcB, very likely due 

to the membrane nature of these proteins. Metabolites 24, 17 and 23 when tested as substrates of 

PrcB or in biotransformations with ΔprcE or ΔprcB mutants were not transformed. Therefore, we 

turned towards in silico analysis of the proteins for understanding the molecular basis of their 

mechanisms.   

Tridimensional model of PrcB and docking calculations with the biosynthetic intermediate 15.                                                                                                                            

Sequence alignments of PrcB show that its closest homologs with identified functions belong to 

the fungal decalin synthases (DS) family like CghA, Fsa2 and Phm7 (21%, 22% and 24% sequence 

identities, respectively; Fig. S18). These three proteins all adopt the same fold made of a N-terminus 

β-sandwich domain connected by a short α-helix to a C-terminus �-barrel domain as revealed by recent 

crystal structure resolutions.29–31  The DS active sites are located in the cavity formed at the interface 

of these two domains. Noteworthily, compared to the characterized DSs, PrcB has extended sequences 

that are predicted to form α-helixes at both of its extremities (Fig. S17); this feature is conserved in all 

PrcB homologs found in pyrrocidine-like BGCs (Fig. S16). The N-terminus helix of PrcB (residues 5-22) 

has the signature of a transmembrane segment, which suggests PrcB is anchored in the membrane 

and likely forms a complex with the integral transmembrane proteins PrcD and PrcE, enabling to 

channel reactive intermediates up to the end product.  

In order to investigate the catalytic mechanism of PrcB, we modelized this protein according to 

the crystal structure of CghA and performed docking calculations with substrate 15. An active site 

pocket at the interface of the two domains was delineated. We obtained several similar poses of 15 



 

 

fitting the cavity in which the molecule adopts an elbow shape with the phenoxy group anchored in a 

calix made of four tryptophan residues (Trp81, Trp254, Trp261, Trp276) and Leu248. The hydrocarbon 

chain from C7 to C12 is preorganized in a chair-like conformation, with the C30 and C31 methyls in 

equatorial positions and C29 in an axial position as in the ring A. This part of the molecule interacts 

with residues Tyr120, Tyr360, Met362, Met370 and Leu132 (Fig. 4 and S22). In the vicinity of the C12-

C15 diene we also identified the presence of the residue Glu118. Interestingly, the terminal methyl C1 

points towards the guanidinium of Arg265 which interacts with both carboxylates of Asp87 and Glu85 

via a salt bridge and charge-charge interaction, respectively. All these residues involved in the binding 

pocket are conserved in PrcB homologs found in pyrrocidine BGCs (Fig. S17). 

 

Figure 4. Docking of the intermediate 15 adopting a C14-C15 s-trans conformation in modelized PrcB: 

A. View of 15 (in yellow) in the pocket localized at the interface of both N- and C-terminal domains; B. 

View of the interactions of 15 with C-terminal domain residues (Arg265 red, Val263 pink, Tyr254 and 

Tyr261 cyan, Tyr276 spring green, Tyr360 green, Met370 dark green); C. View of the interactions of 15 

with the N-terminal domain residues (Trp81 blue, Trp254 cyan, Leu248 violet, Tyr120 green, Asp87 

orange, Glu85 ochre yellow, Glu118 brown). 

This model allowed us to propose a plausible cyclization mechanism for ring A formation. Given 

the interaction of C1 and Arg265, we proposed that Arg265 activated by Glu85 and Asp87 

deprotonates C1 and initiates the isomerization of double bonds along the chain. This would trigger 

the attack of C7 from its si face onto the si face of C12 to afford ring A after protonation of C15 by 

Glu118 (Fig. S22). Arginine residues are known to act as general base catalysts in various enzymes in 

which the guanidinium is activated through an interaction network with carboxylate groups from other 

residues.32,33 Noteworthily, this tetrad of residues is specific to and conserved in all PrcB homologs of 

pyrrocidine BGCs but not in DSs, in which either Arg265 (CghA, Fsa2) or Glu85/Glu118 (Phm7) are 

present (Fig. S17-18).  Furthermore, among the different docking poses of substrate 15, the C13-C14 

bond adopts either s-trans (most of the cases) or s-cis conformation. By the cyclo-isomerization 

mechanism we proposed, these conformers would generate the (13-14)-E-alkene 24 and its (13-14)-Z 

isomer 28, accounting for the formation of isolated compounds 23a,b (Scheme 3). Our PrcB model 



 

 

showing that the C1 and C15 in 15 are strongly distanced in the cavity (ca. 10 Å) does not support a 

[1,11] sigmatropic rearrangement, as speculated in the process of xenoacremone biosynthesis19 with 

XenF (80.2 % sequence identity with PrcB) and where the required cyclic transition state should bring 

these carbons closer for H migration. 

Proposed mechanism of paracyclophane formation 

Sequence analysis of PrcD and PrcE with various bioinformatic tools (Fig. S23-28)34–36 allowed us 

to classify both protein in the four transmembrane (TM) protein family which encompasses a large 

diversity of topologies and functions.37 The TM architecture of PrcD (Fig. S19) resembles that of 

connexin,38 but no enzymatic function was identified for this TM family allowing to propose a 

hydroxylation mechanism for PrcD. By contrast, the topology of PrcE (Fig. S20) which harbors a 30-

residue loop between TM1 and TM2 structured as a short α-helix and a strand, is similar to that of 

vitamin K epoxide reductase (VKOR)39,40 and disulfide bond formation protein DsbB.41,42 These enzymes 

commonly use cysteine pairs as active site residues to reduce a quinone (vitamin K in VKOR and 

ubiquinone or menaquinone in DsbB) to its hydroquinone form, by switching between reduced and 

disulfide-bridged states. In this process, one of the cysteines covalently binds to the substrate to form 

a transient cysteine-quinone adduct. Indeed, PrcE possesses a unique pair of cysteines positioned 

almost in the middle of TM1 (Cys22) and TM4 (Cys114), facing each other in a way allowing a disulfide 

bond formation inside the four-helix bundle scaffold (Fig. S26).  This was confirmed by our PrcE model 

showing a stable disulfide bridge (Figure 5). 

 

Figure 5. Modelized PrcE with C22-C114 disulfide bond (Cysteins: yellow, sulfur atoms: orange). Four 

TM segments are located at residues 10-29 (TM1), 60-78 (TM2), 84-104 (TM3) and 107-123 (TM4).  



 

 

Inspired by the mechanism of VKOR and DsbB, we reasoned that PrcE can use disulfide bond as 

electron acceptor in the oxidative step of paracyclophane formation via a transient cysteine-quinone 

adduct formed between C22 of the intermediate 25 and sulfur of one of the active site cysteines 

(Scheme 3). The resulting introduction of sp3 hybridization on carbon C22 and the loss of aromatization 

releases the chain constrain allowing C13 and the oxygen of the transient quinone to come closer. 

Next, the attack of C13 on the quinone oxygen would occur to close the ring with liberation of cysteine 

residue and restoration of aromaticity resulting in a trapped distorted benzene ring. This reactivity is 

supported by the work of Guo & Mayr reporting the O-electrophilicity of activated quinones towards 

Pi-nucleophiles.43 This attack can be triggered by the abstraction of a proton at C15 to generate the E-

C14-C15 double bond of 26 required for the subsequent IMDA step. Taken together, backed by in silico 

analysis of PrcE, the proposed mechanism of paracyclophane formation involving a transient 

dearomatization step bypasses the energetic constraint inherent to the distorted aromatic ring found 

in pyrrocidines, and provides for the first time a plausible insight into this process. 

 

Scheme 3. Proposed mechanism for the formation of the paracyclophane-decahydrofluorene of 

pyrrocidine A 1 involving PrcB,D,E and X. C13-C14 σ-bond of intermediate 15 adopts a s-cis or s-trans 

conformation in PrcB giving rise to E-24 or Z-28 intermediates after double bond displacement. 

Accumulation of 23a,b in ΔprcE mutant resulted in reduction of the double bond in pyrrolidone moiety. 



 

 

Conclusions 

Herein, applying gene inactivation coupled to thorough metabolic analysis and protein 

modelling, we were able to draw a biosynthetic pathway for pyrrocidines and propose a mechanism 

for paracyclophane-decahydrofluorene formation involving a membrane bound protein sequence. 

This work underlines the extraordinary plasticity of the pyrrocidine pathway, illustrating perfectly the 

intrinsic property of “one pathway, many compounds”. Altogether, these insights provide a blueprint 

for future engineering efforts allowing pathways to generate valuable pyrrocidine analogues. 
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