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Abstract

Bnd4 catalyzes the first committed step in the biosynthesis of the bacterial diterpenoid 

benditerpenoic acid and was the first eunicellane synthase identified from nature. We investigated 

the catalytic roles of the aromatic residues in the active site of Bnd4 through a series of mutation 

studies. These experiments revealed that large hydrophobic or aromatic side chains are required 

at F162 and Y197 for eunicellane formation and that selected mutations at W316 converted Bnd4 

into a cembrane synthase. In addition, the Bnd4Y197A variant expanded the native prenylation 

ability of Bnd4 from accepting C5 and C10 prenyl donors to C15. This study supports the 

mechanism of eunicellane formation by Bnd4 and encourages further engineering of terpene 

synthases into practical and efficient prenyltransferases.

Terpenoids are the most structurally diverse family of natural products.1,2 Most terpenoids 

possess polycyclic carbon skeletons that arise from a family of enzymes, terpene synthases 

(TSs). TSs use carbocation chemistry to catalyze complex cyclization reactions using 

acyclic prenyl diphosphates.3,4 After the initial carbocation is formed, either by diphosphate 

abstraction (type I TS) or protonation (type II TS), TSs exquisitely control product formation 

by chaperoning the extremely reactive cation through a series of intermediates before final 

cation quench. Impressively, TSs guide these reaction cascades, using their hydrophobic 

and aromatic active sites to stabilize the innately reactive intermediates via cation-π 
interactions,5–7 to frequently provide a single stereoselective product. All canonical TSs 
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share the same overall structures,3,8 but their sequence diversities create unsolved challenges 

in understanding sequence–function relationships.

Recently, benditerpenoic acid, a bacterial eunicellane diterpenoid harboring a 6,10-bicyclic 

scaffold, was isolated from Streptomyces sp. (CL12–4).9 In collaboration with Prof. 

Loesgen, we also identified its biosynthetic gene cluster and characterized the first 

eunicellane-forming TS, Bnd4, which produces benditerpe-2,6,15-triene (1) (Figure 1A).9 

We then investigated the mechanism of eunicellane formation through a series of labeling 

studies, quantum chemical calculations, and mutagenesis experiments.10 However, key 

questions remained including how the aromatic residues in Bnd4 assist in controlling 

cyclization and which, if any, residues are directly involved in final deprotonation to form 1. 

We set out to answer those questions with a series of mutation experiments focused on the 

aromatic residues of Bnd4.

In the Bnd4 model, the active site is lined with five aromatic residues, W67, F162, Y197, 

W316, and Y323, all of which are within 4 Å of docked geranylgeranyl diphosphate 

(GGPP) (Figure 1B). These residues are also strictly conserved amongst the eight other 

Bnd4 homologues (Fig. S1).9,10 Based on the mechanism of Bnd4, which is supported by 

isotope labeling studies and quantum chemical calculations, carbocations are sequentially 

formed on C1, C11, C1, and C15 (Figure 1A).10 Y323 is positioned near C1 of GGPP (3.1 

Å) suggesting it may stabilize either the initial carbocation after diphosphate abstraction or 

the monocyclic intermediate after the 1,3-hydride shift, or both. W316, W67, Y197, and 

F162 form one wall of the hydrophobic active site with both Y197 and F162 near the methyl 

groups on C15. Given the proximity of Y197 to C16 (3.5 Å), we hypothesized that Y197 

may act as the base that deprotonates C16 to complete the reaction.

We first performed alanine scanning mutagenesis on the five aromatic residues in the active 

site. Four of the five variants, Bnd4F162A, Bnd4Y197A, Bnd4W316A, and Bnd4Y323A, were 

soluble (Figure S2); Bnd4W67A was insoluble and excluded from further study. In vitro 

incubation of these Bnd4 variants with GGPP resulted in the appearance of new peaks 2–4 
(Figure 2A). Bnd4Y197A abolished production of 1 and gave a polar major peak, 3, and two 

minor peaks, 2 and 4; Bnd4F162A similarly produced 3 and 4, but still produced a significant 

amount of 1. Bnd4W316A produced 1 and several additional minor peaks while the product 

profile of Bnd4Y323A did not change from that of native Bnd4. Considering the proposed 

location of Y323 near C1 of GGPP, (Figure 1B) it was surprising that Bnd4Y323A did not 

affect cyclization activity.

To facilitate the isolation and structural characterization of enzymatic products, we 

established a new GGPP overproduction system in E. coli. Previously, we employed 

published GGPP overproduction systems9,11,12 with varying levels of terpene production 

and reproducibility. Inspired by recent reports of an artificial pathway for isoprenoid 

biosynthesis in E. coli that leverages two kinases to sequentially phosphorylate 

exogenously added isoprenol,13–15 we emulated these systems to establish a reliable GGPP 

overproduction system. We cloned two kinases, namely hydroxyethylthiazole kinase (ThiM) 

from E. coli and isopentenyl phosphate kinase (IPK) from Arabidopsis thaliana, with 

isopentenyl diphosphate isomerase (IDI) from E. coli and a putative GGPP synthase (Bnd3) 
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from Streptomyces sp. (CL12–4)9 into one operon under control of a single T7 promoter 

with a ribosome binding site upstream of each gene (pET28a-MKI4 or pJR1064; Figure S3). 

To test the ability of the MKI4 system to overproduce GGPP, we transformed pET28a-MKI4 

into E. coli harboring Bnd4. Under the conditions tested, 1 was consistently produced at a 

titer of 32 mg L−1 (Figure S3).9

With a new GGPP overproduction system in hand, we set out to isolate and identify the 

new peaks produced by the aforementioned Bnd4 variants. Large-scale (12× 1-L) cultures 

of E. coli strains harboring the MKI4 system with the individual bnd4 mutants led to 

the identification of β-springene (2), geranylgeraniol (3, GGOH), and geranyllinalool (4) 

(Figures 2 and S4–11, SI). Both Bnd4F162A and Bnd4Y197A produced the acyclic terpenes 

3 and 4; however, Bnd4F162A retained its ability to form 1 while Bnd4Y197A did not 

(Figure 2B). This suggested that Y197 is an important player in the formation of the 

eunicellane scaffold. To investigate the role of Y197, we additionally created Bnd4Y197F but 

its cyclization activity was unaffected (Figure 2B). Considering the proximity of F162 to 

Y197 (Figure 1B), we tested Bnd4F162Y, Bnd4Y197A/F162A, and Bnd4Y197F/F162Y. Retention 

of aromaticity at 162 and 197 did not negatively affect the formation of 1 while the double 

Ala variant almost completely abolished all activity. We also mutated Y197 to Trp, His, 

Met, and Leu and each of these variants showed similar activities to that of native Bnd4 

(Figure S12), suggesting that hydrophobicity at Y197 is sufficient to support eunicellane 

cyclization and deprotonation. Re-inspection of the active site revealed that the backbone 

carbonyls of L90 and V192 are both less than 3.4 Å away from the methyls on C15.9 One 

of these carbonyls may act as the base for final deprotonation of the benditerpe-2,6,15-triene 

skeleton.16

The product profile of Bnd4W316A was significantly different than that of the other 

variants tested. W316 is found within the WxxxxxRY motif, which is highly conserved 

among bacterial diterpene synthases and proposed to guide product formation.17 W316 

was additionally mutated to Tyr, Phe, and His to assess its impact on cyclization. In 

vitro, Bnd4W316Y and Bnd4W316F showed activity similar to that of native Bnd4, although 

the production of 1 slightly decreased (Figure 2C). The product profiles of Bnd4W316H 

paralleled that of Bnd4W316A, showing continued production of 1 and the appearance of 

new peaks 5–8; products 5 and 7 were the major peaks of Bnd4W316H and Bnd4W316A, 

respectively (Figure 2C). Using the MKI4 system, we identified four cembranoids from E. 
coli producing Bnd4W316A or Bnd4W316H: nephthenol (5), cembrene C (6), cembrene A 

(7), and the isopropylidene isomer of cembrene C (8) (Figures 2 and S13–22, Table S4). 

Products 5 and 8 were identified by comparison with the known products of DtCycA, 

a cembrene synthase from Streptomyces sp. SANK 60404.18 The formation of these 

cembranoids clearly indicates that substitution of W316 perturbs the active site cavity 

enough to alter the binding orientation of GGPP such that C1 and C14 are in proximity to 

each other and can form the 14-membered macrocycle directly after diphosphate abstraction.

Only four native bacterial TSs are known to produce the cembrane skeleton and while 

cembranoids are common in marine organisms, particularly coral,19 there have been no 

cembranoid natural products isolated from bacteria;2 the cyanobacterial tasihalides were 

speculated to arise from an oxygenated cembrane diterpenoid.20 DtcycA and DtcycB from 
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Streptomyces sp. SANK 60404 produce (R)-5 and 8 and (R)-5 and (R)-(−)-7, respectively;18 

the gene product of rxyl_0493 from Rubrobacter xylanophilus produces 6,21 and cembrene 

A synthase from Allokutzneria albata produces (S)-(+)-7.22 Interestingly, DtcycA possesses 

an A321xxxxxRY motif in place of the expected WxxxxxRY motif (Figure S23), which 

made us speculate if DtcycA could be engineered to biosynthesize polycyclic diterpenes 

such as the eunicellane skeleton through a single A321W mutation. We thus obtained a 

synthetic dtcycA gene and confirmed that DtcycA produces 5 and 8 with minor amounts 

of 6 and 7 (Figure 2D). Contrary to our hypothesis, the product profile of DtcycAA321W 

did not change from that of native DtcycA indicating that the residue at 321 is not solely 

responsible for cembrene formation. Additional studies are needed to identify if and how 

cembrene synthases can be engineered into polycyclic-forming diterpene synthases.

Finally, given our recent finding that bacterial diterpene synthases also catalyze the 

prenylation of small molecules using prenyl diphosphates that are shorter than their native 

substrates,23 we saw an opportunity to assess the prenylation activity of Bnd4 variants 

to determine if we could expand their ability to perform Friedel-Crafts alkylation.24,25 

Bnd4 and other diterpene synthases such as CotB2 were shown to use both dimethylallyl 

diphosphate (DMAPP, C5) and geranyl diphosphate (GPP, C10) as prenyl donors but did 

not show prenylation activity with farnesyl diphosphate (FPP, C15) or GGPP (C20).23 We 

proposed that the efficient production of GGOH (3) by Bnd4Y197A provided an active site 

that may be more amenable to using longer prenyl donors for prenylation. To test this 

hypothesis, we incubated Bnd4Y197A with indole and FPP or GGPP. One major peak, which 

was determined to be 3-farnesylindole (9, Figure S24–27, SI), and a related minor peak was 

identified after incubation with FPP (Figure 3); indole was not prenylated by GGPP (Figure 

S28). To evaluate if the corresponding residues of Y197 in other diterpene synthases can 

expand their prenylation activities, we constructed the CotB2W186A variant. As proposed, 

incubation of indole and FPP with CotB2W186A with indole and FPP also resulted in 

the production of 9 (Figure 3). Previous mutations of W186 in CotB2 resulted in early 

termination of the cyclization cascade resulting in (R)-7 (W186L), 3,7,18-dolabellatriene 

(W186L/H), cyclooctat-7-en-3-ol (W186F/H), and 3,7-dolabelladiene-9-ol and cyclooctat-6-

en-8-ol (W186F).17,26,27 This data, along with the formation of 3 by Bnd4Y197A, indicates 

that changes in the active sites of TSs that alter the natural cyclization reactions may provide 

opportunities to engineer TSs into prenyltransferases.

One of the grand challenges in enzymology is the ability to predict substrate, reaction, 

and product from protein sequence alone.28 To realize this goal in terpene enzymology, it 

is important to understand the roles of amino acids in substrate binding and catalysis to 

shape general principles of TSs. In this study, we investigated the roles of the aromatic 

residues in the active site of Bnd4, a bacterial eunicellane synthase. Using mutagenesis and 

an improved diterpene production system in E. coli, we identified that Y197 and W316 

are key players for eunicellane formation. In addition, we engineered Bnd4 and CotB2 into 

prenyltransferases that accept FPP as a prenyl donor, thus expanding the ability of diterpene 

synthases to prenylate small molecules. Future studies are targeted to better understand how 

bacterial diterpene synthases control eunicellane formation and stereoselectivity.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Experimentally supported mechanism of eunicellane formation by Bnd4.10 (B) 

Structural model of Bnd4 displaying key active site aromatic residues (green) and a docking 

model of GGPP (grey); dashed lines are distances.
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Figure 2. 
Mutation of the aromatic residues in Bnd4 alters its product profile. HPLC analyses of the 

Bnd4 variants in comparison with native Bnd4 (A–C) and the cembrene synthase DtcycA 

(D). Control reactions are no enzyme negative controls. (E) Structures of identified diterpene 

products. Enzyme products labeled with asterisks (*) were uncharacterized.

Xu et al. Page 8

Org Biomol Chem. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Prenylation activity of Bnd4 and CotB2 was expanded to farnesylation by engineering their 

active sites. Enzyme product labeled with an asterisk (*) was not isolated.
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