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Abstract 

Fungal bicyclo[2.2.2]diazaoctane indole alkaloids demonstrate intriguing structures and a wide spectrum of 

biological activities. Although biomimetic total syntheses have been completed for representative compounds of 

this structural family, the details of their biogenesis have remained largely uncharacterized. Among them, 

Brevianamide A represents the most basic form within this class bearing a dioxopiperazine core structure and a rare 

3-spiro--indoxyl skeleton. Here, we identified the Brevianamide A biosynthetic gene cluster from Penicillium 

brevicompacticum NRRL 864 and fully elucidated the metabolic pathway by targeted gene disruption, heterologous 

expression, precursor incorporation studies, and in vitro biochemical analysis. In particular, we determined that 

BvnE is a cofactor-independent isomerase that is essential for selective production of Brevianamide A. Based on a 

high resolution crystal structure of BvnE, molecular modeling, mutational analysis, and computational studies 

provided new mechanistic insights into the diastereoselective formation of the 3-spiro--indoxyl moiety in 

Brevianamide A. This occurs through a biocatalyst controlled semi-Pinacol rearrangement and a subsequent 

spontaneous intramolecular [4+2] hetero-Diels-Alder cycloaddition. 

 

Introduction 

The fungal indole alkaloids bearing the unusual bicyclo[2.2.2]diazaoctane core have drawn considerable 

attention from natural product, synthetic and biological chemists for decades. A wealth of studies on the discovery 

of analogs (including semi-synthetic, synthetic and natural), biological activities and biosynthetic mechanisms have 

been conducted.1 The prominent representatives of this structural class have been recognized by our and other 

laboratories as belonging to two main biogenetic families:2, 3 (1) the dioxopiperazines which includes: the 

insecticidal Brevianamide A4, 5 from Penicillium brevicompactum, the anticancer agents (-)-Notoamide A isolated 

from Aspergillus protuberus (formerly Aspergillus sp. MF297-2),6, 7 and (+)-Notoamide A from A. amoenus 

(formerly A. versicolor NRRL 35600),8 the anti-cancer agents Stephacidins A and B from A. ochraceus,9, 10, 11, 12, 13 

the Sclerotiamides,14 the Versicolamides,15, 16 the Taichunamides,17, 18 the anti-fungal Waikialoids,19 Amoenamide 

B,20 the Speramides,21, 22 and the Asperochramides;23 and (2) the monooxopiperazines which includes: the 

anti-parasitic Paraherquamides from Penicillium spp.,24, 25, 26, 27, 28, 29 the Asperparalines,30, 31 the Marcfortines,32, 33 

the calmodulin-inhibiting Malbrancheamides,34, 35, 36, 37 Chrysogenamide,38 the Mangrovamides,39, 40 

Penioxalamine,41 the Penicimutamides,42, 43 and the Asperversiamides,44 (Fig. 1). Moreover, the trend of 

discovering more bicyclo[2.2.2]diazaoctane indole alkaloids has not abated and it is anticipated that more 

congeners of the above two biogenetic families await isolation from both marine and terrestrial fungi, which will 

continue adding new, fascinating structural elements and biogenetic relationships to these families of alkaloids. 

The first natural alkaloids comprising the bicyclo[2.2.2]diazaoctane core, were Brevianamides A and B as 

described by Birch and Wright in 1969, produced by P. brevicompactum in a ratio of ~10:1.4 After we elucidated 

the correct absolute configuration of natural (+)-Brevianamide B through total synthesis,45, 46 it became evident that 

the biogenesis of Brevianamides A and B must accommodate the stereochemical reality that the core tricyclic ring 

systems are pseudo-enantiomeric. Several biogenetic hypotheses based on the pioneering proposal first suggested 

by Porter and Sammes in 197047 reasoned that the bicyclo[2.2.2]diazaoctane core arises via an intramolecular [4+2] 

hetero-Diels-Alder (IMDA) construction (summarized in Fig. 2).48, 49, 50, 51, 52, 53, 54 We experimentally interrogated 

the biogenetic proposal (illustrated in Fig. 2a), through the synthesis of 13C-labeled putative Diels-Alder products 

(±)-2, but could not detect incorporation into either Brevianamide A or B in cultures of P. brevicompactum. Based 



on these results, we then suggested the biosynthetic pathways illustrated in Fig. 2b and c. The fundamental 

difference between the biogenesis described in Fig. 2a, and that in Fig. 2b and c, was the sequential timing of the 

indole oxidation, the semi-Pinacol rearrangement and the crucial IMDA reactions. Thus, it remained conceivable 

that oxidation of Deoxybrevianamide E to the (R)-hydroxyindolenine provides species 5, which can suffer several 

fates. One is N-C ring closure to co-metabolite Brevianamide E (Scheme 1); a second possibility is oxidation and 

tautomerization to the azadiene species 6 (Fig. 2b), which can suffer IMDA cyclization providing 3 and 4, then 

undergo a final semi-Pinacol rearrangement to furnish Brevianamides A and B (route i). Alternatively, azadiene 6 

could first suffer semi-Pinacol rearrangement to 7, which then undergoes the IMDA construction to generate 

Brevianamides A and B (route ii). 

 

Figure 1. Representative bicyclo[2.2.2]indole alkaloids. a. the dioxopiperazines; b. the monooxopiperazines. 

Another possibility (Fig. 2c) involves (R)-hydroxyindolenine 5, which proceeds through a semi-Pinacol 

rearrangement to the indoxyl species 8, followed by further oxidation to the azadiene species 7 and subsequent 

IMDA to furnish Brevianamides A and B. Experimental support to distinguish between these proposed pathways, 

all of which embrace the relative and absolute stereochemistry of Brevianamides A and B, have remained 

unresolved. However, in an attempt to generate species 7, we found that synthetic hydroxyindolenine 10, when 

treated with sodium hydroxide in DMSO-methanol, resulted in exclusive β-elimination providing the prenylated 

indoxyl 12 in high yield (Fig. 2d).55 Alternatively, treatment of 10 with potassium carbonate in DMF, cleanly 



furnished the oxindole species 9 in 90% isolated yield. These results initially led us to doubt the potential 

intermediacy of species 8, as this compound might be anticipated to be similarly unstable to spontaneous 

 

Figure 2. Biogenetic proposals for Brevianamides A and B. a. Early biosynthetic proposal suggested and 

interrogated by Williams et. al.;46 b and c. Original biogenesis proposed by Porter and Sammes (via 7)47 and more 

recent biosynthetic proposals suggested by Williams et al.;48, 49, 54 d. chemical instability of non-oxidized indoxyl 



11.55 

 

β-elimination as observed for 10.55 In addition, the recent isolation of the natural hydroxyindolenines Taichunamide 

A,17, 18 Asperversiamide A44 and even Penicimutamide B,42 provide hints that the biogenesis depicted in Fig. 2b is 

likely correct without being able to distinguish the two routes.  

Herein, we provide new insights into the biogenesis of the Brevianamides with a focus on the indole oxidation 

and subsequent semi-Pinacol rearrangements. From a structural perspective, the bicyclo[2.2.2]diazaoctane 

metabolites are derived from highly modified, reverse-prenylated indoles, which are oxidized either before or after 

the critical IMDA cyclization to render indoxyls (17), oxindoles (18) or, in some instances, stable 

3-hydroxyindolenines (15) (Fig. 3).2, 3, 56 An important structural and biogenetic feature derives from the presumed 

indole 2,3-epoxidation of pathway intermediates such as Deoxybrevianamide E (Fig. 2b) or generic species 13 (Fig. 

3).57 Ring-opening of the epoxide can form a 3-hydroxyindolenine (15, Fig. 3), which in some instances is stable or, 

suffers a spontaneous semi-Pinacol rearrangement to generate 3-spiro--indoxyls (17), or spiro-2-oxindole species 

(18). While the spiro-2-oxindoles are more frequently observed in the prenylated indole alkaloid families, only a 

small number of 3-spiro--indoxyl species have been isolated, and very rarely are natural spiro-2-oxindole species 

and 3-spiro--indoxyls co-produced by a single microbe.22, 58 These co-metabolite profiles strongly suggest that the 

semi-Pinacol rearrangement might be differentially controlled in the partitioning of the putative 

indole-2,3-epoxides and implies a specific biocatalyst-controlling mechanism. 

 

 

Figure 3. Disparate fates of indole-2,3-epoxide and semi-Pinacol rearrangements leading to indoxyls (17), 

oxindoles (18), and stable 3-hydroxyindolenines (15). 

 

Pinacol or semi-Pinacol rearrangements are of great importance in the biogenesis of natural products to 

generate the carbonyl group through a 1,2-alkyl group shift. In addition to the indole alkaloids noted above, further 

examples of putative biosynthetic Pinacol rearrangements include Aflatoxin B1,59 (+)-Asteltoxin,60 (+)-Liphagal,61 

Tropolone,62 and Aurachin.63 The prevalence of this presumed transformation have motivated several studies 

involving semi-Pinacol rearrangements in biomimetic total syntheses (reviewed by Song et al.64). Surprisingly, 

natural product biosynthetic pathways that include a (semi)-Pinacol rearrangement are rare, and currently all known 

pinacolases are cofactor-dependent.65 For example, the FAD-dependent monooxygenase NotB mediating 

biosynthesis of Notoamide C and D,57 the non-heme iron (II) dioxygenase TropC involved in Tropolone 

biosynthesis,66 and a two-enzyme system AuaG/AuaH (FAD/NADH dependent, respectively) responsible for 

assembly of Aurachin.65 Each of these enzymes appears to be bifunctional; not only possessing their intrinsic 

oxidoreductase activity, but also directing a 1,2-alkyl shift to form the carbonyl group. 

Brevianamides A and B represent the most basic structural form that contains the key functional groups 



characteristic of this class of metabolites including: (1) the bicyclo[2.2.2]diazaoctane core and (2) the 

3-spiro--indoxyl functionality. Although the chemical synthesis of Brevianamide A has recently been 

accomplished,67 the various biosynthetic pathway proposals remain unresolved experimentally due to lack of 

access to the key enzymes. Thus, Brevianamides A and B are ideal targets for deciphering the long-standing enigma 

regarding the biogenesis of this important class of fungal metabolites. In this study, we identified the Brevianamide 

A biosynthetic gene cluster (bvn) and fully elucidated its metabolic pathway through complementary approaches 

including gene deletion in Penicillium brevicompactum NRRL864 (Pb), heterologous gene expression in 

Aspergillus oryzae NSAR1 (Ao), precursor feeding experiments, and in vitro biochemical analysis. These efforts 

have resulted in a biocatalytic synthesis of Brevianamides A and B in the ~10:1 ratio observed when isolated from 

the producing fungus (Scheme 1). This work has also enabled identification and characterization of BvnE, a novel 

isomerase catalyzing a semi-Pinacol rearrangement to form the 3-spiro--indoxyl functionality. The BvnE 

pinacolase is revealed to direct selectively the biosynthesis of Brevianamides A and B, and to the best of our 

knowledge, is the first cofactor-independent enzyme catalyzing a semi-Pinacol rearrangement. 

 

 

Scheme 1. Revised biosynthetic pathway for Brevianamides A and B. 

 

Results 

Brevianamide A biosynthetic gene cluster 

Our long-standing interest in dissecting the biosynthetic pathways for mono- and dioxopiperazine containing 

indole alkaloids and the differential basis for assembly of the bicyclo[2.2.2]diazaoctane indole alkaloids2, 3, 53, 54, 56 

motivated the present study. The biosynthetic gene clusters for Brevianamide structural homologs including 

Notoamides, Paraherquamides and Malbrancheamides have been reported, with each comprised of a bimodular 

nonribosomal peptide synthetase (NPRS) responsible for the cyclodipeptide skeleton assembled from tryptophan 



and proline.2 Through genome mining using the Notoamide NRPS gene notE as a probe, a putative Brevianamide A 

biosynthetic (bvn) gene cluster was identified in Pb (Fig. 4a). The annotated bvn gene cluster (16 kb) is more 

compact than the biosynthetic gene clusters for (+)-/(-)-Notoamide A (not/not´, 45 kb), and reflects the relatively 

simple structure of Brevianamide A. The bvn cluster contains bvnA (NRPS), bvnB (flavin monooxygenase, FMO), 

bvnC (prenyltransferase), and bvnD (P450 monooxygenase, P450), all of which have close homologs 

(49%/64%-68%/81%, similarity/identity) compared to genes for (+)-/(-)-Notoamide A biosynthesis. Moreover, 

bvnE (465 bp) that encodes a putative isomerase shows low homology to Trt14, AusH and PrhC involved in 

meroterpenoid biosynthetic pathways.68 By contrast, the biosynthetic gene clusters of the spiro-2-oxindole 

containing Notoamides, Paraherquamides, and Malbrancheamides2 lack a bvnE homolog, and mining the remainder 

of the corresponding genomes also failed to identify a homologous gene. This finding suggested that BvnE might 

play an important role in formation of 3-spiro--indoxyl moiety. 

 

Gene deletion in Pb 

In the bvn gene cluster, the bimodular NRPS (BvnA; A-T-C-A-T-C) encoded by bvnA is presumed to catalyze 

the formation of Brevianamide F (Scheme 1). Its homologs FtmA (48%/64%, identity/similarity)69 and NotE 

(49%/64%, identity/similarity)6 were previously characterized to be responsible for generating Brevianamide F in 

Fumitremorgin and Notoamide biosynthesis, respectively. Here we confirmed BvnA as another Brevianamide F 

synthase by its heterologous expression in Ao (Supplementary Fig. S1). To elucidate the function of the remaining 

bvnB-bvnE, four individual single gene knockout (KO) strains of Pb were constructed. A hygromycin resistance 

marker was employed to replace the target gene in wild-type Pb (Pb-WT) using homologous recombination 

through PEG-mediated protoplast transformation (see Supplementary Methods). 

Multiple protein sequence alignment (Supplementary Table S1) showed that BvnC is likely a prenyltransferase, 

and its homolog NotF (60%/73%, identity/similarity) was previously determined to be a Deoxybrevianamide E 

synthase in Notoamide biosynthesis.6 To investigate the function of BvnC, we first deleted bvnC in Pb, and the 

resultant Pb-bvnC-KO strain accumulated Brevianamide F (Fig. 4b, trace ii) as the only product. The in vitro assay 

with purified recombinant BvnC showed its ability to catalyze conversion of Brevianamide F into 

Deoxybrevianamide E in the presence of DMAPP and Mg2+ (Fig. 4c, trace ii). Thus, BvnC is a Deoxybrevianamide 

E synthase as previously demonstrated for NotF.6 

Next, we demonstrated that the Pb-bvnB-KO and the Pb-bvnD-KO mutant strains accumulated 

Deoxybrevianamide E (Scheme 1, Fig. 4b, trace iii) and Brevianamide E (Scheme 1, Fig. 4b, trace iv), respectively. 

Brevianamide E is proposed to be a rearranged shunt product resulting from initial 2,3-indole epoxidation of 

Deoxybrevianamide E by BvnB FMO. Unsurprisingly, the recombinant N-His6-tagged BvnB efficiently converted 

Deoxybrevianamide E into Brevianamide E in vitro (Fig. 4d, trace ii) probably via a similar mechanism for NotB57 

(a BvnB homolog, 62%/75%, identity/similarity) in Notoamide biosynthesis. Since Pb-bvnD-KO did not produce a 

bicyclo[2.2.2]diazaoctane structure, we reasoned that BvnD is a key enzyme enabling production of the requisite 

azadiene for the proposed IMDA reaction. 

Finally, when bvnE was deleted in Pb, six detectable substances were observed by HPLC in addition to low 

levels of Brevianamide A and B (Fig. 4b, trace v), all showing the same molecular weight of 365 Da 

(Supplementary Fig. S4). These include 3, Brevianamide X, Brevianamide Y, and three unidentified isomers UI-1, 

UI-2 and UI-3 with the corresponding retention time of 6.3, 6.6, and 16.7 min. Instability (Supplementary Fig. S2) 



prevented structural determination of these three unidentified isomers. The ratio of Brevianamide A : Brevianamide 

B : 3 : Brevianamide X : Brevianamide Y was determined to be 1:1:7:5:9 (Supplementary Table S2, the three 

unidentified isomers were not quantified due to lack of standards). The three isolable derivatives were purified and 

structurally determined to be a new compound 3, and the two known metabolites Brevianamide X and 

Brevianamide Y58 through high resolution mass spectrometry (HRMS) and nuclear magnetic resonance (NMR) 

analyses (Supplementary Table S3 and S4, Fig. S4, S17-S34). The absolute configuration of 3 was elucidated by 

ECD, while those of Brevianamides X and Y by single-crystal X-ray diffraction (see below). Brevianamide Y and 3 

show the opposite stereochemistry in their bicyclo[2.2.2]diazaoctane moiety in terms of facial (top face vs bottom 

face) selectivity for cycloaddition (Scheme 1). Based on the spectral similarity between 3 and UI-1 (Supplementary 

Fig. S5), and the observation that UI-1 spontaneously collapsed to Brevianamide B (perhaps mimicking the 

spontaneous conversion of 3 to Brevianamide A) (Supplementary Fig. S11), we reason that UI-1 is likely to be 

compound 4. Since Pb-WT generates Brevianamide A as the dominant product compared to Brevianamide B 

(~10:1) (Fig. 4b, trace vi; Supplementary Table S2), we reasoned that BvnE mediates isomerization of the 

precursor 6 to form 7, which is likely the direct precursor of Brevianamides A and B. In the absence of BvnE, 

species 6 would undergo spontaneous bond rearrangements and subsequent non-enzymatic IMDA reactions. 

Supporting this, the observed product profile (Fig. 4b, trace v) is quantitatively consistent with the calculated 

product distribution with the exception of Brevianamide X (Supplementary Table S10). 



 

Figure 4. Overview of bvn gene cluster and HPLC analysis results. a. The bvn gene cluster from Pb; b–g. HPLC 

analysis (230 nm); b. Pb-WT and KO mutants. i, standards; ii-v, Pb KO mutants of bvnC, bvnB, bvnD, and bvnE; 

vi, Pb-WT; c. BvnC in vitro reactions. i, standards; ii, BvnC + BF; iii, boiled BvnC + BF as a control of ii; d. 

Enzymatic assays with DE as substrate. i, standards; ii, BvnB + DE; iii, BvnB + BvnE +DE; iv, boiled BvnB + DE 

as a control of ii; e, different Ao transformants upon feeding of BF. i, standards; ii, Ao-bvnC; iii, Ao-bvnCDE; iv, 

Ao-bvnBC; v, Ao-bvnBCE; vi, Ao-bvnBCD; vii, Ao-bvnBCDE; viii, Ao-WT; f. Enzymatic assays with 23 as 

substrate. i, BvnB + 23; ii, BvnB + BvnE + 23; iii, boiled BvnB + 23 as a control of ii; g. BvnE enzymatic assays 

with 25-27 as substrates. i, BvnE + 27; ii, boiled BvnE + 27 as a control of i; iii, BvnE + 26; iv, boiled BvnE + 26 

as a control of iii; v, BvnE + 25; vi, boiled BvnE + 25 as a control of v. BA = Brevianamide A; BB = Brevianamide 

B; BE = Brevianamide E; BF = Brevianamide F; BY = Brevianamide Y; DE = Deoxybrevianamide E; BX = 

Brevianamide X; UI-1, UI-2 and UI-3 denote the unidentified isomers. 

 

Heterologous gene expression of bvn genes in Ao 

To validate the function of bvn genes and also to clarify the order of biosynthetic steps, we conducted 



heterologous expression with different gene combinations in Ao. Specifically, wild-type Ao (Ao-WT) was 

transformed with individual plasmids to obtain the recombinant strains for feeding of early biosynthetic 

intermediate Brevianamide F into growing cultures. As expected, Brevianamide F was converted into 

Deoxybrevianamide E by Ao-bvnC (Fig. 4e, trace ii). Ao-bvnCDE produced Deoxybrevianamide E exclusively in 

the feeding experiment (Fig. 4e, trace iii); Ao-bvnBC and Ao-bvnBCE both accumulated Brevianamide E 

exclusively (Fig. 4e, trace iv and v). These results strongly suggest that the presumed indole epoxidation catalyzed 

by FMO BvnB occurs prior to the P450 BvnD-mediated step and preceding the BvnE-catalyzed step. Upon 

introduction of Brevianamide F to Ao-bvnBCD cultures, six products (Brevianamide A, Brevianamide B, 3, 

Brevianamide X, Brevianamide Y, and UI-3) with identical m/z 366 ([M+H]+) were observed (Fig. 4e, trace vi; 

Supplementary Fig. S4) by HPLC and HRMS analysis. Their relative abundance (Brevianamide A : Brevianamide 

B : 3 : Brevianamide X : Brevianamide Y = 1:1:5:2:6) was roughly consistent with the observations in 

Pb-bvnE-KO (Fig. 4b, trace v; Supplementary Table S2) except that UI-1 and UI-2 were not detected (probably 

due to instability in culture conditions). Finally, when bvnE was incorporated, and the Ao-bvnBCDE strain grown in 

the presence of exogenous Brevianamide F, we observed Brevianamide A as the dominant product along with 

Brevianamide B as the minor product (~10:1 ratio) (Fig. 4e, trace vii; Supplementary Table S2). 

These results demonstrated that the metabolites generated through Ao heterologous expression and individual 

Pb bvn deletion mutants correlated directly with one another. The reaction sequence of each enzyme in the pathway 

can now be deduced as BvnA→BvnC→BvnB→BvnD→BvnE. Both systems showed a BvnE-dependent change of 

product profile: When BvnE is present, production of Brevianamide A is increased substantially compared to 

Brevianamide B; When BvnE is absent, Brevianamide A and Brevianamide B are produced in almost equal levels, 

but much reduced compared to 3, Brevianamide X and Brevianamide Y. Taken together, these results demonstrate 

that BvnE functions to catalyze formation of the 3-spiro--indoxyl species 7, and directly impacts diastereocontrol 

of the presumed IMDA reaction. 

 

Structure Elucidation of Brevianamide Derivatives 

NMR analyses were conducted to determine the structures of Brevianamide A, 3, Brevianamide X, and 

Brevianamide Y after scale-up bioconversions using the recombinant Ao strains. The identity of Brevianamide B 

was confirmed by comparisons with the corresponding chemically synthesized authentic standard regarding their 

HPLC retention time, co-injection experiments and HRMS (Supplementary Figs. S3 and S4). The compound with 

the retention time of 14.4 min and 12 min (Fig. 4b, trace v and Fig. 4e, trace vi) showed identical NMR data 

reported for Brevianamide X and Brevianamide Y, respectively (Supplementary Table S4 and Figs. S23-S34).58 For 

the absolute configuration of these two compounds, we observed that the calculated ECD for Brevianamide X (3S, 

11R, 17R, 19R) and Brevianamide Y (3S, 11S, 17S, 19R) reported by Xu et al.58 cannot differentiate between these 

two diastereomers. To confirm the structure and absolute configuration, we conducted single-crystal X-ray 

diffraction analysis of both compounds (Flack parameter = 0.00(6), Fig. 5a and b and Supplementary Table S6), 

which confirmed their identities as Brevianamide X and Y. 

Compound 3 was determined to be a new metabolite, and its molecular formula was deduced to be C21H23N3O3 

by HRMS ([M+H]+ =366.1813, Supplementary Fig. S4). The 1H NMR spectrum of this compound (Supplementary 

Fig. S17) indicated that 3 is similar to Taichunamide A except for the tryptophan aromatic region. Analysis of the 

2D NMR spectra (Supplementary Fig. S19-S22) was consistent with the planar structure of 3, corresponding to 



Taichunamide A without the 2,2-dimethylpyran ring. NOE correlations, H19/H3-24, NH21/H3-23, H23/OH-3 

indicated the relative configurations to be 3R*,11R*,17R*,19S*. The ECD spectrum (Fig. 5c) showed a positive 

Cotton effect at ~ 211 nm, corresponding to the calculated 3R instead of 3S configuration. Thus, the absolute 

configuration of 3 was determined to be 3R,11R,17R,19S. Although produced by the same strain, compound 3 and 

Brevianamide Y have the opposite absolute stereochemistry in the bicyclo[2.2.2]diazaoctane moiety, reflecting 

enantio-divergent facial selectivity in the cycloaddition reaction responsible for the construction of each IMDA 

core (Fig. 5b and c). 

 

 
Figure 5. Structure elucidation of compound 3, Brevianamide X and Brevianamide Y. a. X-ray ORTEP diagram 

(top) of brevianamide X (bottom); b. X-ray ORTEP diagram (top) of brevianamide Y (bottom); c. Experimental and 

computational ECD spectra (top) of 3 (bottom). 

 

Functional investigation of BvnD 

Having elucidated the function of BvnA, BvnC and BvnB and establishment of the reaction sequence, we next 

sought to characterize the following biosynthetic step presumably catalyzed by the P450 enzyme BvnD. However, 

intensive attempts to produce BvnD in E. coli and Saccharomyces cerevisiae were unsuccessful, thus preventing 

direct analysis of its functionality. Nonetheless, the results that (1) Ao-bvnBCD transformed Brevianamide F into 

multiple IMDA products including Brevianamide A, Brevianamide B, 3, Brevianamide X and Brevianamide Y (Fig. 

4e, trace vi); and (2) Ao-bvnD was not able to recognize Deoxybrevianamide E as a substrate (Fig. 4b, trace iii; Fig. 

4e, trace iii), and the principles for P450 enzymes and DA reactions together suggest that BvnD might oxidize a 

non-isolable intermediate 5 (derived from ring opening of the indole epoxide 19) to 6 in order to present the diene 

moiety required for IMDA cyclization (Scheme 1). In the absence of BvnD, compound 5 would collapse to 

Brevianamide E via an energetically favored N-C ring closure (Supplementary Figs. S55 and S56). 

Although we cannot exclude the possibility that BvnD might be capable of directly desaturating the N-C bond 

in the dioxopiperazine ring of 5, it is more likely that BvnD first catalyzes hydroxylation of 5 followed by 

spontaneous dehydration/tautomerization to yield 6. Although multiple sites on 5 could be potentially oxidized by 

BvnD, all hypothetical hydroxylation products (Scheme 4; Supplementary Figs. S57) should generate the diene 

moiety for IMDA upon a spontaneous dehydration/tautomerization process. Bond dissociation energy (BDE) 

calculations (Supplementary Figs. S57) indicated that the most probable hydroxylation sites include the tertiary 

C-H bond at C11 or C17. We surmise that the C11 hydroxylation catalyzed by BvnD might be the most likely 

reaction as FtmG (a BvnD homolog with 47%/64% identity/similarity in the Fumitremorgin biosynthetic pathway) 



has been experimentally confirmed to hydroxylate an analogous substrate.70 

 

In vitro characterization of BvnE 

Based on the results of Pb-bvnE-KO and Ao-bvnBCD (Fig. 4b and e), BvnE appeared to be a central enzyme 

for controlling the product profile in Brevianamide biogenesis. To assess this unique isomerase in vitro, the 

N-terminal His6-tag BvnE was produced in E. coli BL21(DE3) and purified to homogeneity (Supplementary Fig. 

S6). Next, we sought to identify the potential natural substrate of BvnE from Pb-bvnE-KO. Compounds 3, 

Brevianamides X and Y, and Brevianamide E were tested as substrates, but failed to be transformed 

(Supplementary Figs. S7 and S8). Thus, we hypothesized that 6 might be the substrate of BvnE. Considering the 

inaccessibility of this unstable intermediate, we elected to chemoenzymatically synthesize 

N-methyl-Deoxybrevianamide E (25) (see Supplementary Methods), a stable analog of 6 (Scheme 2) in order to 

block the dioxopiperazine nitrogen from N-C ring closure, and prevent formation of the unstable azadiene 

intermediate upon spontaneous dehydration. The mechanistic probe 25 was prepared through BvnB in vitro 

conversion of the chemically synthesized 23 (for HRMS and NMR analyses see Supplementary Figs. S9, S35-S42). 

Interestingly, two minor products 26 and 27 were also generated from 23 by BvnB along with predominant product 

25 (Fig. 4g, trace i). Structural determination indicated that 26 and 27 are 3-spiro--indoxyl and spiro-2-oxindole 

isomers of 25, respectively (Supplementary Table S5, Figs. S9, S43-S54). Moreover, when 25 was incubated with 

BvnE, it was quantitatively converted into 26 (Fig. 4g, trace v). These results revealed that BvnE is an isomerase 

responsible for the selective formation of the 3-spiro--indoxyl sub-structure (in 26) from the 3-hydroxy-pyrrole 

moiety (in 25). 

Spontaneous conversion from 25 to 26 and 27 in laboratory solution conditions occurred slowly (Scheme 2; 

Supplementary Fig. S10). Considering the chemical similarity between 25 and 6, one can reasonably expect that the 

spontaneous isomerization from 6 to 7 and 22 could also occur, which explains why multiple isomers 

(Brevianamides A and B, 3, Brevianamides X and Y, and other putative diastereomers UI-1, UI-2 and UI-3 shown 

in Fig. 4b, trace v) were generated by the Pb-bvnE-KO strain. 

 

Scheme 2. BvnB and BvnE in vitro reactions with N-methylated substrates 23 and 25. 

 

BvnE crystal structure, docking with compound 25, and site-directed mutagenesis 



BvnE belongs to a family of NTF2-like superfamily enzymes that have been previously studied in fungal 

meroterpenoid biogenesis.68 As a key component in controlling product outcome in the Brevianamide biosynthesis, 

we sought to determine how BvnE catalyzes formation of the 3-spiro--indoxyl species. We solved the crystal 

structure of BvnE at 1.8 Å resolution (Fig. 6a) by molecular replacement using PrhC (31% sequence identity; PDB 

ID #: 5X9J) as a search model (final r.m.s. deviation 1.5 Å) (Supplementary Fig. S12). PrhC is a recently 

disclosed68 multifunctional isomerase involved in D-ring expansion and hydrolysis during monoterpene 

biosynthesis in the Paraherquonin pathway.71 PrhC and its functional homologs Trt14 and AusH display a similar 

overall structure to the NTF2-like superfamily enzymes,68 despite their unique sequence and catalytic features. 

Similarly, BvnE is a symmetric homodimer with ~1200 Å2 buried surface along the dimer interface. Each subunit 

shares an α+β-barrel fold composed of a six-stranded β-sheet surrounded by five α-helices. The presumed active 

site lies at the end of each barrel. This solvent-exposed cavity (CASTp volume 326 Å3) has a predominantly 

hydrophobic interior and also contains several acidic and basic residues (Arg38, Tyr109, Tyr113, Glu131), which 

could be involved in acid-base chemistry typically reported for this family of enzymes (Fig. 6a; Supplementary Fig. 

S13).  

Docking of the substrate 25 (Fig. 6b) and the 3-spiro--indoxyl product 26 (Fig. 6c) facilitated identification of 

the BvnE active site. Based on previous studies of BvnE structural homologs,68 we searched for polar residues 

around 25, and revealed Arg38, Tyr109, Tyr113 and Glu131 to be most likely involved in substrate binding and 

catalysis. These four residues were subjected to site-specific mutagenesis and in vitro activity assays with 25 as 

substrate (Scheme 2). BvnE activity in the Y109F and Y113F mutants was severely attenuated, and both E131A 

and E131Q mutations almost completely abolished catalysis (Fig. 6d). Additionally, BvnE variants R38A and 

R38Q also eliminated isomerase activity (Fig. 6d). As shown in the docking structure (Fig. 6b), Y109 and E131 are 

within hydrogen bonding distance from 25, with Y109 interacting with the tryptophan carbonyl oxygen and also 

hydrogen bonding with Y113. Importantly, E131 has its side chain pointing toward the 3-OH of 25, suggesting its 

role of hydrogen abstraction to initiate the semi-Pinacol rearrangement (Fig. 6e). Abrogation of BvnE activity by 

E131 mutations and the calculation results (see below) also supported this hypothesis. When product 26 was 

docked in the active site (Fig. 6c), the E131 side chain is shown to form a hydrogen bond with the proline carbonyl 

oxygen, and Y109 is close to the newly formed 3-oxo oxygen, which may explain the selective formation of 

indoxyl instead of oxindole. R38 is on the loop region around the active site and has its side chain facing the 

substrate, which plays an important, yet unknown role in the enzyme function. Notably, the distance between R38 

and the substrate appears too far to be involved in direct interactions. On the basis of these docking studies, we 

propose the reaction mechanism (Fig. 6e) of BvnE includes: (1) serving as a general base to initiate the 

semi-Pinacol rearrangement; and (2) stabilizing the transition state through hydrogen bonding. 

 



 

Figure 6. BvnE crystal structure, docking and the proposed reaction mechanism. a. Structure overview of BvnE: 

left chain shown in rainbow spectrum from N-terminus (blue) to C-terminus (red), the right chain in grey cartoon 

with putative catalytic acid-basic residues (cyan) and water molecules in active site (red spheres). b. BvnE-25 

(green) docking complex; c. BvnE-26 (orange) complex; the mutated residues are highlighted in cyan. d. 

Site-specific mutagenesis results; e. Proposed BvnE reaction mechanism for isomerization of 25. 

 

Quantum chemical calculations 

We used density functional theory calculations (DLPNO-CCSD(T)//M06-2X-D3/6-31+G(d,p))72 to evaluate 

the intermediate and transition state (TS) structures in the revised biosynthetic pathway for Brevianamides A and B 

(Scheme 1), and to explore innate regio- and stereochemical preferences associated with key steps (Fig. 7). 

Accordingly, the semi-Pinacol rearrangement to form either 3-spiro--indoxyl 7 or spiro-2-oxindole 22 is 

favorably exergonic and irreversible (G −11.6 and −24.1 kcal·mol-1, respectively). Competition between these 

two pathways was found to be strongly dependent on whether the reaction undergoes basic activation of the 

hydroxyl group or acidic activation of the imine group (Fig. 7b): whereas general/specific acid activation at 

nitrogen results in a buildup of positive charge in the migrating group in the TS, favoring 1,2-prenyl migration 

(G‡ 8.8 kcal·mol-1), basic activation of the hydroxyl group has the opposite effect, inverting the selectivity to 

favor migration of the dioxopiperazine-containing group (G‡ 0.7 kcal·mol-1). The contrast between 

regioselective biosynthetic conversion of 6 into 7 and the nonselective, spontaneous conversion of 25 to 26/27 

corroborates the involvement of E131 as a general base in BvnE (Fig. 6e) during this key step.  

Distinct IMDA cyclizations were studied from intermediates 6, 7 and 21, 22 (Fig. 7a). In each case, there are 

four possible stereochemical outcomes. In this regard the levels of diastereoselectivity of IMDA of 7 are 

exceptional, displaying high selectivity for the formation of Brevianamide A over pseudo-enantantiomeric 

bicyclo[2.2.2]diazaoctane Brevianamide B by 2 kcal·mol-1, with a very large (ca. 6 kcal·mol-1) preference for the 

two anti-configured products over their syn-diastereomers. This selectivity is a result of intramolecular hydrogen 



bonding in the TS structures (Fig 7a). Whereas both IMDA pathways from 6 giving rise to anti-configured products 

3 and 4 involve a single H-bond and occur competitively, for 7 such an interaction is only present in the TS leading 

to major product Brevianamide A. The formation of Brevianamide Y via IMDA reactions is favored from 21 or 22, 

with the pathway from 21 predicting levels of diastereoselectivity more congruent with experimental observations. 

All of these IMDA transformations are highly exergonic and are expected to occur irreversibly: the activation 

barriers are consistent with room-temperature reactivity over the course of minutes/hours. The stereospecific 

conversion of 3 into Brevianamide A, via a ring-contraction was found to be more challenging than the earlier 

1,2-rearrangements (higher activation barrier by 11 kcal·mol-1), however, this is exergonic by 4 kcal·mol-1. This 

ring-contraction can be accomplished under laboratory conditions by treating 3 with sodium hydroxide in water 

(Scheme 1). 

 

Figure 7. a. anti-Selective IMDA transition structures and products accessible from intermediates 6, 7, 21, and 22; b. 

1,2-alkyl shift (semi-Pinacol) transition structures for the migration of CH2-diketopiperazine (LHS) and reverse-prenyl 

(RHS) groups. Computed Gibbs energies are in kcal/mol and highlighted distances in Å. 

 

Discussion 

Pericyclic reactions in natural product biosynthesis have been recognized across numerous structural classes 

and include inter- and intramolecular Diels-Alder reactions mediated by a range of fascinating enzymes.73, 74 The 

fungal indole alkaloids bearing the bicyclo[2.2.2]diazaoctane core have evolved two distinct pathways for the 

biogenesis of the monooxopiperazine and dioxopiperazine families. Moreover, we have established that two 

distinct branch points involving the order of Diels-Alder reaction or semi-Pinacol rearrangement are apparent in 

these systems. Due to challenges involving soluble expression of fungal P450s, we employed gene disruption, 
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heterologous gene expression, precursor feeding, and in vitro biochemical assays to dissect Brevianamide assembly 

in this study, which resolves a biosynthetic proposal first described by Birch in 19694 and Sammes in 1970.47 

Our findings reveal a new order of IMDA cyclization that constructs the core bicyclo[2.2.2]diazaoctane ring 

system and indole 2,3-oxidation in Brevianamide biosynthesis. The well-characterized dioxopiperazine compounds 

such as the Notoamides, and monooxopiperazine compounds such as the Paraherquamides, are all fashioned in a 

biosynthetic sequence involving elaboration of a bicyclo[2.2.2]diazaoctane ring system first, followed by 

FMO-catalyzed indole 2,3-oxidation and semi-Pinacol rearrangement to render the 2-spiro-oxindoles.2 However, 

for the Brevianamides, this sequence is reversed, and is reminiscent of the production of shunt products 

Notoamides C and D in the Notoamide pathway.57 However, compared to Notoamide C, which is apparently not 

further metabolized, the P450 enzyme BvnD in the Brevianamide pathway directs the oxidized indole intermediate 

5 to suffer subsequent oxidation to an azadiene species, which then undergoes the IMDA cyclization. Our 

elucidation of this unprecedented biogenetic sequence reflects the plasticity of diversified biosynthetic strategies 

that these genetically related fungi deploy for creating structurally diverse spiro-cyclized indole alkaloids. 

Here we achieved the first total biocatalytic synthesis of the Brevianamides in Ao heterologous hosts, and 

constructed the complex chemical structure of the bicyclo[2.2.2]diazaoctane core by expressing the BvnD P450 

enzyme. IMDA products require the two-electron oxidation by BvnD to provide the azadiene group, however, in 

the Brevianamide pathway, the [4+2] IMDA is likely a spontaneous process that follows the formation of 6, 7 and 

22 (Scheme 1) rather than an enzymatic reaction catalyzed by BvnD. This conclusion is based on (1) laboratory 

corroboration that ambient temperature cycloadditions from authentic azadiene species 22 has been accomplished 

(Scheme 3); and (2) it is difficult to imagine that a Diels-Alderase can accommodate several distinct substrates in a 

common active site for diastereo-divergent cyclization, leading to the experimentally observed Brevianamides A 

and B, 3, Brevianamides X and Y, and other diastereomeric products (Fig. 4b trace v and 4e trace vi) in both 

Pb-bvnE-KO and Brevianamide F-fed Ao-bvnBCD. Nonetheless, understanding the precise functionality of BvnD 

through in vitro biochemical studies remains a high priority objective.  

Furthermore, we predicted in 2003,54 that hydroxyindolenine 5 could reasonably suffer oxidation to the 

azadiene species 6 prior to the semi-Pinacol rearrangement; IMDA cyclization would then furnish the 

hydroxyindolenines 3 and 4 (Fig. 2) leading to Brevianamides A and B through a final semi-Pinacol rearrangement. 

This prediction has now been realized by the bvnE knockout experiments (Scheme 1) where hydroxyindolenine 3 is 

indeed produced, and 4 (likely to be UI-1) also appears to be produced (Fig. 4). It is also significant to note that 

hydroxyindolenine 3 is not converted to Brevianamide A upon exposure to BvnE, further indicating that this 

pinacolase operates on oxidized piperazinedione substrates before the IMDA construction. Compound 3 does 

however, rearrange to Brevianamide A spontaneously in DMSO or more rapidly when treated with base 

(Supplementary Fig. S11). 

We also synthesized Brevianamide Y by the biomimetic route shown below (Scheme 3; Supplementary 

Methods) wherein optically pure β-hydroxyproline-derived species 33 was subjected to spiro-oxindole formation 

by t-butyl hypochlorite oxidation and Pinacol rearrangement to give a diastereomeric mixture of 34. Mitsunobu 

dehydration furnished the unsaturated species 35 that was subjected to treatment with KOH in methanol to give 

Brevianamide Y. The synthetic material matched the data reported for Brevianamide Y. As expected, the 

anti-diastereomer (Brevianamide Y) was the major product as supported by theoretical calculations (Fig. 7), in 

which anti-configuration products are favored by several kcal·mol-1 and Brevianamide Y is favored modestly over 



the pseudo-enantiomeric bicyclo[2.2.2]diazaoctane. Moreover, several aspects are noteworthy here: First, the 

oxindole species 35 is a stable compound and does not suffer fragmentation as discussed above for a related 

indoxyl substrate 11 (Fig. 2). Secondly, we have generated proposed biosynthetic intermediate 22 (Scheme 1), 

which validates that Brevianamide Y does not require a specific Diels-Alderase for mediating the conversion of 6 

to Brevianamide Y as this cycloaddition occurs at room temperature in aqueous methanolic KOH. The same is 

likely true for azadiene 7 that, once generated from the BvnD and BvnE sequence from 5, will spontaneously 

undergo IMDA cyclization to generate Brevianamides A and B without the need for a Diels-Alderase. 

 

 

Scheme 3. Biomimetic synthesis of Brevianamide Y. 

 

Regarding the exact reaction catalyzed by BvnD, oxidation of 5 to the azadiene species could occur via many 

plausible intermediates. As shown in Scheme 4, reasonable oxidation intermediates include: the N-hydroxylated 

species 28; the two -C-hydroxylated species 29 and 30; and the two desaturated alkenes 31 and 32. Precedent for 

each mode of hydroxylation exists based on metabolite profiles in alkaloids isolated from fungi. For example, 

Notoamide M15 contains the -C-hydroxylated proline species similar to 30. Dehydronotoamide C with an 

unsaturated proline moiety similar to 31 was reported from an Aspergillus sp. recently.75 N-hydroxylated 

piperazinediones are also well-known fungal metabolites.76 We currently do not know the precise structure of the 

species generated from 5 by BvnD on the way to the azadiene species 6 and this constitutes a current focus of our 

investigations. Nonetheless, any of the species 28-32 depicted in Scheme 4 represent the oxidation state of the 

azadiene and can reasonably dehydrate and tautomerize to azadiene 6. Indeed, we have validated tautomerizations 

of desaturated species corresponding to 31 and 32 to the corresponding azadienes in biomimetic total syntheses of 

the Brevianamides, Stephacidins, Notoamides and other natural members of this family in the laboratory.56 



 

Scheme 4. Possible structures of BvnD oxidation intermediate progenitors to the azadiene. 

 

The discovery of BvnE as a key component for control of the Brevianamide pathway product profile reveals 

the unique role of this small protein. It is also the first time that this type of enzyme has been shown to function in 

assembly of fungal spiro-indole alkaloids. BvnE employs acid-base chemistry to guide the direction of the 

Brevianamide pathway, and is an indispensable component for efficient and selective production of Brevianamides 

A and B. Although we have thus far been unable to isolate the native substrate of BvnE (likely unstable due to 

spontaneous IMDA cyclization), we synthesized 25 and with this probe were able to characterize the activity of 

BvnE in vitro, demonstrating that it directs the semi-Pinacol rearrangement toward 3-oxo indoxyl formation, which 

is consistent with in vivo genetics (Pb-bvnE-KO). The BvnE crystal structure, and docking of 25 enabled us to 

delineate a catalytic mechanism supported by mutational analysis (Fig. 6). Thus, BvnE was revealed to be a novel 

enzyme catalyzing the semi-Pinacol rearrangement in a cofactor-independent manner. It is now clear that BvnE 

directs the Brevianamide pathway through the 6→7 transformation, leading to the generation of the 

3-spiro--indoxyl species (Scheme 1). Production of Brevianamides A and B in a ratio of ~10:1 (Fig. 4b and c) in 

the presence of BvnE is likely the manifestation of thermodynamic control (Fig. 7).  

In conclusion, we have characterized and fully reconstituted Brevianamides A and B biosynthesis, and 

identified an isomerase/Pinacolase BvnE as a key enzyme for biocatalytic control of the pathway. BvnE was 

characterized biochemically and structurally to be the first cofactor-free enzyme for catalyzing the semi-Pinacol 

rearrangement. The [4+2] IMDA-derived dioxopiperazine bicyclo[2.2.2]diazaoctane core construction has also 

been demonstrated for the first time and the data support a spontaneous pericyclic reaction. Several fascinating 

mechanistic questions nonetheless remain, including: (1) what are the mechanistic details of the BvnD-catalyzed 

two-electron oxidation required for azadiene formation to enable the IMDA construction?; and (2) what, if any, 

biogenetic relationships exist between Brevianamide biogenesis and that of other dioxopiperazine families 

constituted of the bicyclo[2.2.2]diazaoctane ring system, such as Notoamide A? Efforts are currently underway in 



our laboratories to resolve these intriguing biosynthetic questions. 
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