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Accession numbers: Nucleotide sequences reported in this study were submitted to the NCBI 

GenBankTM/EBI Data Bank with accession numbers: MvCPS1 [KJ584450], MvCPS2 

[KJ584451], MvCPS3 [KJ584452], MvEKS [KJ584453], MvELS [KJ584454].  

 

SUMMARY 

Marrubium vulgare (Lamiaceae) is a medicinal plant whose major bioactive compounds, 

marrubiin and other labdane-related furanoid diterpenoids, have potential applications as 

anti-diabetics, analgesics or vasorelaxants. Metabolite and transcriptome profiling of M. vulgare 

leaves identified five different candidate diterpene synthases (diTPSs) of the TPS-c and TPS-e/f 

clades. We describe the in vitro and in vivo functional characterization of the M. vulgare diTPS 

family. In addition to MvEKS ent-kaurene synthase of general metabolism, we identified three 

diTPSs of specialized metabolism: MvCPS3 (+)-copalyl diphosphate synthase, and the functional 

diTPS pair MvCPS1 and MvELS. In a sequential reaction, MvCPS1 and MvELS produce a 

unique oxygenated diterpene scaffold 9,13-epoxy-labd-14-ene en route to marrubiin and an array 

of related compounds. In contrast to previously known diTPSs that introduce a hydroxyl group at 

carbon C-8 of the labdane backbone, the MvCPS1-catalyzed reaction proceeds via oxygenation 

of an intermediate carbocation at C-9, yielding the bicyclic peregrinol diphosphate. MvELS 

belongs to a subgroup of the diTPS TPS-e/f clade with unusual βα-domain architecture. MvELS 

is active in vitro and in vivo with three different prenyl diphosphate substrates forming the 

marrubiin precursor 9,13-epoxy-labd-14-ene, as identified by NMR, manoyl oxide and 

miltiradiene. MvELS fills a central position in the biosynthetic system that forms the foundation 

for the diverse repertoire of Marrubium diterpenoids. Co-expression of MvCPS1 and MvELS in 
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engineered E. coli and Nicotiana benthamiana offers opportunities for producing precursors for 

an array of biologically active diterpenoids. 

 

INTRODUCTION  

Medicinal plants and their metabolites have been used since ancient times to treat illness 

and disease and continue to serve as a major source for pharmaceuticals in modern times 

(De Luca et al., 2012). These include many plant species that produce terpenoids. Diterpenoids 

in particular have a wide range of pharmaceutical uses in addition to their manifold other 

industrial applications (Bohlmann and Keeling, 2008; Hillwig et al., 2011a; Zerbe and 

Bohlmann, 2014). Marrubium vulgare L. (Lamiaceae), commonly known as white horehound, is 

distributed across Mediterranean Europe, Southern America and Northern Africa, and used for 

medicinal purposes and as ingredient in skin cosmetics and cough lozenges (e.g. Ricola®). 

Biological activities of M. vulgare are attributed to an array of diterpenoids, sterols, flavonoids 

and phenylpropanoids (Meyre-Silva and Cechinel-Filho, 2010).  

Marrubiin and a large group of related furanoid labdane diterpene lactones with 

characteristic oxygenation at carbon C-9 (Fig. 1) are the principal constituents of M. vulgare and 

appear to be unique to the genus Marrubium and a few closely related species of the Lamiaceae, 

including Leonorus cardiaca, Leonotis leonorus and Phlomis bracteosa (Knöss and Zapp, 1997; 

Mnonopi et al., 2011; Hussain et al., 2011). Biological activities of marrubiin and chemically 

modified derivatives such as marrubiinic acid include analgesic and anti-diabetic properties 

(Meyre-Silva et al., 2005; Boudejal et al., 2012; Mnonopi et al., 2012; Popoola et al., 2013). In 

addition, vasorelaxant and anti-hypertensive activity has been reported for the related diterpenoid 

marrubenol (El Bardai et al., 2004). Knowledge of the Marrubium diterpene biosynthetic system 
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can pave the way to better harness the medicinal potential of its metabolites. To this end, we 

recently established a functional genomics strategy, combining metabolite profiling and 

transcriptome sequencing of non-model plants including M. vulgare, to build a comprehensive 

sequence inventory for discovery of diterpenoid pathways (Zerbe et al., 2013).  

Plant diterpenoids are produced from geranylgeranyl diphosphate (GGPP) through 

modular pathways with different combinations of diterpene synthases (diTPSs), cytochrome 

P450-dependent monooxygenases (P450s), and various other enzymes that increase structural 

diversity. DiTPSs share a conserved α-helical fold with variations of three common domains γ, β 

and α, and characteristic functional motifs (DxDD, DDxxD, NSE/DTE) that define the enzymes’ 

catalytic activity (Gao et al., 2012). DiTPSs of angiosperms predominantly belong to the TPS-c 

and TPS-e/f clades of monofunctional diTPSs (Peters, 2010; Chen et al., 2011; Zerbe et al., 

2013). The large group of labdane-related diterpenoids in angiosperms is formed by pairs of 

class I and class II diTPSs (Harris et al., 2005; Xu et al., 2007; Falara et al., 2010; Caniard et al., 

2012, Sallaud et al., 2012; Zerbe et al., 2013; Brückner et al., 2014; Pateraki et al., 2014). 

Class II diTPSs catalyze the protonation-dependent cyclization of GGPP into bicyclic prenyl 

diphosphates assisted by a DxDD functional motif in the N-terminal γβ-domain. Known bicyclic 

prenyl diphosphate products of class II diTPSs include copalyl diphosphate (CPP) of ent 

(9R,10R), (+) (i.e. normal; 9S,10S) or syn (9S,10R) stereochemistry and the oxygenated labda-13-

en-8-ol diphosphate (LPP). These class II diTPS products are substrates for class I diTPSs, which 

have characteristic DDxxD and NSE/DTE motifs in the α-domain. Class I diTPSs cleave the 

diphosphate moiety, followed by various possible rearrangements to afford different diterpene 

scaffolds. Ent-copalyl diphosphate synthases (ent-CPSs) and ent-kaurene synthases (ent-KSs) 

involved in GA biosynthesis of general metabolism are archetypical examples of such a pair of 
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class II and class I diTPSs (Sun and Kamiya, 1994; Yamaguchi et al., 1998; Xu et al., 2007; 

Keeling et al., 2010).  Lineage-specific expansion and diversification of diTPS gene families 

appears to be the result of gene and genome duplications and subsequent neo-functionalization 

(Peters, 2010; Chen et al., 2011).  

Based on the common architecture of labdane diterpenoid biosynthesis, we hypothesize a 

pair of specialized monofunctional diTPSs and several P450s are required for marrubiin 

biosynthesis. Using known structures of diterpenoids identified in Marrubium (Henderson and 

McCrindle, 1969; Meyre-Silva and Cechinel-Filho, 2010; Dendougui et al., 2011), we propose a 

pathway that proceeds via diTPS-catalyzed regio-specific cyclohydration of GGPP into a C-9 

oxygenated intermediate, followed by addition of a furan ring and γ-lactone to yield marrubiin 

(Fig. 1). Additionally, various modifications of marrubiin or pathway intermediates may give 

rise to the array of related Marrubium diterpenoids. Here, we describe the functional 

characterization of four different diTPSs in M. vulgare, which comprise MvEKS ent-KS, 

MvCPS3 as a specialized (+)-CPS, and the pair of MvCPS1 and MvELS that produce specialized 

C-9 oxygenated diterpene intermediates of marrubiin biosynthesis. Substrate promiscuity of the 

class I MvELS enzyme also places this enzyme into three different routes of a diterpene 

biosynthetic system that explains different components of the M. vulgare diterpenoid metabolite 

profile. Combinatorial expression of M. vulgare diTPSs illustrates opportunities for metabolic 

engineering and synthetic biology platforms for marrubiin and other diterpene phytotherapeutics.  

 

RESULTS 

Tissue Profiles of Diterpenoids in M. vulgare  

To evaluate the spatial distribution of diterpenoids in M. vulgare, we established terpenoid 
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profiles for extracts of roots, stems, leaves, stem trichomes and flower calyces and corolla (Fig. 2 

and Table S1). Consistent with earlier studies (Knöss and Zapp, 1997; Belhattab and Larous, 

2006), we found terpenoids only in the above ground tissues with marrubiin as the most 

abundant terpenoid in calyces, leaves and trichomes. We also identified premarrubiin, a 

metabolite with similar pattern of spatial distribution but containing a 9,13-epoxy bridge instead 

of the C-9 hydroxy group present in marrubiin (Fig. 1). Premarrubiin has a nearly identical mass 

fragmentation pattern as marrubiin and converts into marrubiin by heating (Henderson and 

McCrindle, 1969) (Fig. S1). Other detected diterpenoids comprised manoyl oxide, most 

abundant in trichomes, and four diterpenes (A-D) exclusively detected in flowers and with high 

abundance in corolla tissue. Mass spectra of diterpenes A-D showed significant similarity to 

peregrinol (labda-13-en-9-ol; Salei et al., 1967), suggesting a labdane-type diterpene structure 

bearing an oxygen functionality at carbon C-9 characteristic for marrubiin and many of the 

specialized diterpenoids in the genus Marrubium (Fig. S1). 

  

The Diterpene Synthase Family of M. vulgare 

We previously developed a 454 and Illumina transcriptome resource from leaves of 

M. vulgare (Zerbe et al., 2013). Querying the transcriptome assemblies identified 16 TPS 

candidate genes (Zerbe et al., 2013) including five putative diTPSs (Table 1). Three sequences 

(MvCPS1, MvCPS2, and MvCPS3) resembled class II diTPSs featuring a DxDD motif, and two 

transcripts (MvEKS and MvELS) were annotated as class I diTPSs based on DDx2D and 

(N/D)x2(S/T/Q)x3E signature motifs. Phylogenetic analysis placed the five diTPSs with TPS-c 

and TPS-e/f clades (Fig. 3). MvCPS2 and MvEKS belong to subclades that primarily comprise 

known ent-CPSs and ent-KSs, suggesting a role in GA biosynthesis. MvCPS1, MvCPS3 and 
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MvELS were closely related to known diTPSs with functions in specialized metabolism (Fig. 3). 

Specifically, within the TPS-c clade, MvCPS3 was most closely related to (+)-CPSs from Salvia 

miltiorhizza and Coleus forskohlii involved in specialized diterpenoid biosynthesis (Gao et al., 

2009; Pateraki et al., 2014). MvCPS1 clustered with diTPSs from other species catalyzing the 

cyclo-oxygenation of GGPP to LPP (Falara et al., 2010; Caniard et al., 2012; Sallaud et al., 

2012; Zerbe et al., 2013; Pateraki et al., 2014). However, branch length and a low protein 

sequence identity of 37-50% between MvCPS1 and LPP synthases (LPSs) from Salvia sclarea, 

Cistus creticus and tobacco (Nicotiana tabacum) suggested a related but distinct function of 

MvCPS1. MvELS represents a member of a recently discovered diTPS group within the TPS-e/f 

clade that adopt an atypical βα-domain architecture through loss of the N-terminal γ-domain 

(Hillwig et al., 2011b; Caniard et al., 2012; Zerbe et al., 2013). Known diTPSs of this group are 

involved in specialized metabolism, including S. sclarea sclareol synthase (Caniard et al., 2012), 

S. miltiorhizza miltiradiene synthase (Gao et al., 2009), and C. forskohlii manoyl oxide / 

miltiradiene synthases (Pateraki et al., 2014).      

 

DiTPS Transcript Levels in Leaves and Flowers 

DiTPS transcript levels were measured by quantitative reverse transcription PCR (qRT-

PCR) in fully developed leaves and flowers (corolla). Transcripts of all five diTPSs were present 

in both leaves and flowers (Fig. 4). While transcript abundance of MvCPS2 and MvEKS was 

similar in leaves and flowers, transcript levels of MvCPS1, MvCPS3 and MvELS were, 

respectively, 49-fold, 28-fold, and 4-fold higher in leaves compared to flowers. Highest relative 

transcript abundance was detected with MvCPS3 and MvELS in leaves, and lowest relative 

transcript levels were detected with MvCPS1 and MvCPS3 in flowers. Low RNA yields and 
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integrity prevented cell type specific transcript measurements in isolated trichomes. 

 

Functions of Class II Diterpene Synthases  

 Full length (FL) cDNAs of the five different diTPSs were PCR amplified using 

gene-specific oligonucleotides based on assembled transcript sequences and completed, where 

required, by 5’-RACE. For in vitro functional characterization, recombinant diTPS proteins were 

expressed in Escherichia coli C41, affinity-purified and assayed with GGPP as substrate. FL or 

N-terminally truncated proteins (lacking the predicted plastidial transit peptide) were tested for 

enzymatic activity.  

 Products of the three class II diTPS (MvCPS1, MvCPS2, MvCPS3) activities were 

dephosphorylated by alkaline phosphatase treatment prior to gas chromatography-mass 

spectrometry (GC-MS) analysis and were identified by comparison to appropriate reference 

assay products. DiTPS activities were found for MvCPS1 and MvCPS3, while no activity was 

detected for MvCPS2. Chiral GC-MS analysis identified the MvCPS3 product as copalol (i.e. 

dephosphorylated CPP) when compared to the products of Zea mayz ent-CPS (ZmAN2; Harris 

et al., 2005) and a protein variant of Norway spruce (Picea abies) levopimaradiene/abietadiene 

synthase (PaLAS:D611A) that produces (+)-CPP (Zerbe et al., 2012a) (Fig. 5A). To affirm 

stereoselectivity of MvCPS3, we conducted combinatorial assays with either white spruce (P. 

glauca) ent-KS (PgEKS) specific to ent-CPP (Keeling et al., 2010) (Fig. 5B), or a 

monofunctional pimaradiene synthase from lodgepole pine (Pinus contorta; PcPIM1) accepting 

(+)-CPP as substrate (Hall et al., 2013) (Fig. 5C). While pairwise activity of ZmAN2 and PgEKS 

yielded ent-kaurene (positive control), combination of MvCPS3 with PgEKS did not result in any 

detectable product formation (Fig. 5B). In contrast, coupled assays of MvCPS3 and PcPIM1 
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afforded pimaradiene, whereas no activity was observed when combining ZmAN2 and PcPIM1 

(Fig. 5C). From these experiments, and considering that syn-CPP is to current knowledge 

restricted to members of the Poaceae (Peters, 2010), it can be concluded that MvCPS3 produces 

(+)-CPP. The close phylogenetic relationship between MvCPS3 and known monofunctional 

(+)-CPSs supports this result (Fig. 3).  

The dephosphorylated product profile of MvCPS1 consisted of four compounds showing 

different GC retention times but almost identical mass spectra (Fig. 6A-C; peaks f, g, h and i). 

Cool-on-column GC-MS analysis of the dephosphorylated product identified peak i as the major 

MvCPS1 product (Fig. 6D), accounting for >90% of the product profile, whereas abundance of 

compounds corresponding to peaks f, g and h was largely diminished under these milder analysis 

conditions. Since peregrinol is not available as an authentic standard, compound i was tentatively 

identified as peregrinol based on a characteristic mass fragmentation pattern of m/z 308(0.2), 

290(25), 275(1), 257(1), 209(3), 191(13), 151(100), 123(32), 109(27), 95(25), 81(30), 69(39), 

55(23), 41(22) (cf. Salei et al., 1967), and a consistent parent mass of m/z 308 as verified by 

chemical ionization GC-MS analysis (Fig. S2). MvCPS1 adds a new function to the portfolio of 

known class II diTPSs, transforming (E,E,E)-GGPP into a bicyclic prenyl diphosphate with 

regio-specific oxygenation at C-9, peregrinol diphosphate (PPP) (Fig. 6). Notably, peaks f-i 

detected in the MvCPS1 product profile showed identical retention times and signature mass 

fragments as diterpenoids A-D uniquely detected in flower tissue, suggesting that the most polar 

metabolite (diterpenoid D) represents peregrinol (Fig. S2).  

 

MvELS is a multi-functional βα-Domain Class I Diterpene Synthase  

For in vitro functional characterization of the two class I diTPSs (MvEKS and MvELS) we 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

performed combinatorial assays with class II diTPSs, since the relevant prenyl diphosphate 

substrates are not commercially available. Truncated proteins of MvEKS (Δ32) and MvELS 

(Δ38) lacking N-terminal plastid transit peptides were assayed in coupled reactions with 

MvCPS1, MvCPS3, ZmAN2, or coupled with LPS from C. forskohlii (CfTPS2; Pateraki et al., 

2014). In these assays MvCPS1 was used to produce PPP, MvCPS3 to produce (+)-CPP, ZmAN2 

to produce ent-CPP, and CfTPS2 to produce LPP as candidate substrates for MvEKS and 

MvELS. 

 MvEKS showed detectable activity only in combination ZmAN2, yielding ent-kaurene as 

single product (Fig. 7A). In contrast, MvELS showed no detectable activity when combined with 

ZmAN2, but converted (+)-CPP, LPP and PPP as observed with the following assays: In 

combination with the (+)-CPP-producing MvCPS3, MvELS formed miltiradiene as identified by 

comparison to the product of the combined activity of (+)-CPP synthase (CfTPS1) and 

miltiradiene/manoyl oxide synthase (CfTPS4) from C. forskohlii as recently published (Fig. 7C 

and E, peak k; Pateraki et al., 2014). When coupled with CfTPS2, MvELS converted LPP into 

manoyl oxide as compared to the product of the coupled reaction of CfTPS2 with CfTPS4 and 

characteristic reference mass fragmentation patterns (Fig. 7D and E, peak l; Pateraki et al., 2014; 

Demetzos et al., 2002). The coupled reaction of MvCPS1 and MvELS afforded three products 

(Fig. 7B and E, peaks f, g and h), which were also present in the dephosphorylated product 

profile of MvCPS1. In contrast to the MvCPS1 reaction alone, the additional activity of MvELS 

yielded a product profile that lacked the compound corresponding to peak i, and the compound 

corresponding to peak g became the major reaction product accounting for 80% of the total 

product profile (Fig. 7F).  
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To afford suitable amounts of the product corresponding to peak g for NMR analysis, we 

generated a fusion protein of MvELS and MvCPS1, in this order from the N- to the C-terminus, 

using a previously described linker sequence (GGGS; Zhou et al., 2012a). The MvELS-GGGS-

MvCPS1 fusion protein was expressed in an E. coli system engineered for diterpene production 

(Morrone et al., 2010). Following extraction and chromatography of the reaction product on 

silica gel, 1D and 2D NMR spectra were acquired, identifying compound g as 9,13-epoxy-labd-

14-ene (Fig. 7G). While overlapping signals prevented an unambiguous assignment of 

stereochemistry at positions C-8 and C-13, the obtained structure clearly revealed the 

characteristic 9,13-epoxy bridge also found in premarrubiin and many of the related diterpenoids 

in Marrubium (Knöss and Zapp, 1997). This result is consistent with a class I diTPS ionization 

of the diphosphate group of the MvCPS1 product PPP and subsequent deprotonation to afford an 

exocyclic double bond as illustrated in Figure 1. Based on their mass spectral similarity, the 

MvELS by-products peaks f and h are likely related structures with distinct double bond 

arrangements; however, amounts of these minor products were insufficient for structural 

analysis.  

 

In Vivo Co-expression in Nicotiana benthamiana Confirmed DiTPS Product Formation 

To substantiate the results of diterpene product formation of M. vulgare diTPSs determined 

in in vitro assays with recombinant proteins, we used Agrobacterium-mediated transient 

(co-)expression in tobacco (Nicotiana benthamiana) for in planta analyses. FL class II diTPSs 

(MvCPS1, MvCPS2, MvCPS3) were expressed alone or in combination with class I enzymes 

(MvEKS, MvELS) along with the RNA silencing suppressor protein p19 (Voinnet et al., 2003). 

The in planta product profiles generally confirmed products found with in vitro assays (Fig. 8).  
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No product formation was detected with MvCPS2 alone or in combination with MvEKS or 

MvELS (Fig. 8E-G). Expression of MvCPS3 alone (Fig. 8H) afforded copalol (peak b; i.e. 

dephosphorylated CPP) and an unidentified diterpene (peak m; Fig. S3). Since in vivo expression 

assays in N. benthamiana did not include dephosphorylation prior to GC-MS analysis, it is 

plausible that endogenous phosphatases convert the class II diTPS MvCPS3 product into a 

corresponding diterpenol, as was previously suggested for labdane-diol formation in tobacco 

(Sallaud et al., 2012). Both MvCPS3 products (peak b and peak m) were absent when MvCPS3 

was co-expressed with MvELS, while miltiradiene (peak k) was detected as a single product (Fig. 

8J). Combination of MvCPS3 and MvEKS afforded the MvCPS3 products (peak b and peak m) 

and traces of an additional unknown diterpene (peak n) not detected in in vitro assays (Fig. 8I 

and S3). Given the very low abundance of peak n, this product may not represent a major 

product of MvEKS converting (+)-CPP. Expression of MvCPS1 alone yielded a product profile 

consistent with in vitro assays, with peregrinol (i.e. dephosphorylated PPP, peak i) as the major 

product (Fig. 8B). Correspondingly, co-expression of MvCPS1 with MvELS resulted in 9,13-

epoxy-labd-14-ene (peak g) as the major product (Fig. 8D). In contrast, co-expression of 

MvCPS1 with MvEKS yielded no additional product (Fig. 8C), consistent with the substrate 

specificity of MvEKS for ent-CPP to form ent-kaurene.  

 

DISCUSSION 

Furanic labdane diterpenoids of Marrubium vulgare are of potential industrial value for their 

anti-diabetic, analgesic and vasorelaxant properties (Meyre-Silva and Cechinel-Filho, 2010; 

Popoola et al., 2013). Marrubiin and related C-9 oxygenated diterpenoids form the plant’s major 

diterpene constituents and are unique to the genus Marrubium and a few closely related species 
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(Meyre-Silva and Cechinel-Filho, 2010). Knowledge of the biosynthetic genes and enzymes 

offers opportunity to implement metabolic engineering and synthetic biology strategies for 

producing marrubiin and other bioactive diterpenoids. Here we report the functional 

characterization of four diTPSs of M. vulgare, MvCPS1 peregrinol diphosphate synthase, 

MvCPS3 (+)-CPP synthase, MvEKS ent-kaurene synthase, and the multi-functional class I diTPS 

MvELS, which form the foundation of the biosynthetic system leading to the diverse array of 

oxygenated diterpenoids in the genus Marrubium (Fig. 1). This work was building on a recently 

described genomics approach of gene and enzyme discovery of diterpenoid specialized 

metabolism in non-model plant species (Zerbe et al., 2013) 

Phylogenetic relatedness of MvEKS and MvCPS2 with known ent-KSs and ent-CPSs of 

general metabolism indicated a role in GA biosynthesis (Fig. 3). While MvEKS was confirmed 

as an ent-KS (Fig. 7), MvCPS2 was inactive in both in vitro and in planta assays. Sequence 

comparison of MvCPS2 with known ent-CPSs revealed that a conserved aspartate residue, which 

was recently shown to be involved in the reprotonation of the DxDD motif during catalysis in 

Arabidopsis ent-CPS (Asp503; Köksal et al., 2014), is substituted for a valine (Val506) in 

MvCPS2, which may explain the lack of activity.     

In contrast to MvCPS2 and MvEKS, MvCPS1, MvCPS3 and MvELS showed high transcript 

levels in leaf tissue (Fig. 4), suggesting a role in specialized diterpene metabolism consistent 

with the predominant abundance of marrubiin and related diterpenoids in leaves and trichomes 

(Fig. 2). Combinatorial assays with class I diTPSs specific to ent-CPP and (+)-CPP, respectively, 

identified MvCPS3 as a (+)-CPS functionally orthologous to diTPSs from other Lamiaceae 

lineages (Gao et al., 2009; Pateraki et al., 2014; Brückner et al., 2014). Biosynthesis of (+)-CPP 

has also been demonstrated for a monofunctional wheat class II diTPS (Wu et al., 2012), and as 
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intermediate of bifunctional class II/I diTPSs in Selaginella moellendorfii (Sugai et al., 2011) 

and various gymnosperms (Peters et al., 2000; Martin et al., 2004; Keeling et al., 2011; Zerbe 

et al., 2012a; Hall et al., 2013). Formation of (+)-CPP may represent a phylogenetically older 

functionality that evolved repeatedly and independently across the plant kingdom. In the 

angiosperms S. miltiorhizza, Rosmarinus officinalis and C. forskohlii (+)-CPP is converted into 

miltiradiene en route to tanshinones and possibly other phenolic diterpenoids (Guo et al., 2013; 

Brückner et al., 2014, Pateraki et al., 2014). In M. vulgare, MvELS has the capacity to convert 

(+)-CPP into miltiradiene (Fig. 7). However, miltiradiene was not detected in planta and its 

metabolic fate in Marrubium is unclear.  

With MvCPS1, we discovered in M. vulgare a previously unknown class II diTPS, which 

produces a unique C-9 oxygenated prenyl diphosphate intermediate identified as peregrinol 

diphosphate (PPP) based on mass spectral comparison to peregrinol (Salei et al., 1967) (Fig. 6). 

PPP is converted by MvELS into 9,13-epoxy-labd-14-ene as verified by NMR analysis (Fig. 7G). 

The 9,13-epoxy bridge in the product of the coupled reaction of MvCPS1 and MvELS, together 

with the detection of this product in M. vulgare flower extracts (Fig. S2), supports a role of these 

two enzymes in marrubiin biosynthesis.  Based on previous phytochemical studies (Henderson 

and McCrindle, 1969; Knöss and Zapp, 1997), it is thought that marrubiin and a set of other 

specialized diterpenoids found in the genus Marrubium contain the epoxy bridge in the native 

form in planta, with break down of the epoxy bridge to a C-9 hydroxy group upon extraction.  

The MvCPS1-catalyzed biosynthesis of PPP adds a new function to the TPS-c clade of 

diTPSs.  Formation of PPP from GGPP presumably proceeds via formation of a labda-13-en-8-yl 

diphosphate cation, which undergoes additional 1,2 hydride shift between C-8 and the 

neighboring methine group, and termination of the reaction by water quenching of the 
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intermediate carbocation (Fig. 6). This functionality sets MvCPS1 apart from previously known 

class II diTPSs which neutralize the labda-13-en-8-yl diphosphate cation either through 

hydroxylation at carbon C-8 or direct deprotonation at C-8 or C-7 (Mafu et al., 2011; Peters, 

2010). The narrow taxonomic distribution of marrubiin and related diterpenoids in Marrubium 

and a few other Lamiaceae (Knöss and Zapp, 1997; Mnonopi et al., 2011; Hussain et al., 2011), 

suggests that the MvCPS1 function evolved more recently, possibly early in the speciation of the 

genus. Its phylogenetic placement together with several dicot LPSs further suggests the 

emergence of MvCPS1 through duplication and neo-functionalization of an ancestral LPS 

(Fig. 3).  

The activity of the class I diTPS MvELS with multiple substrates, PPP, (+)-CPP, and LPP 

produced by different class II diTPSs (Fig. 1), supports a model according to which diterpenoid 

biosynthesis is a modular system in which different combinations of class I and class II enzymes 

increase the diversity of the chemical space of diterpenoid intermediates and products. Similar 

biosynthetic systems have been emerging with recently described diTPS families in other 

Lamiaceae (Caniard et al., 2012; Pateraki et al., 2014), members of the Poaceae (Xu et al., 2007; 

Morrone et al., 2011; Zhou et al., 2012b) and species of pine (Pinus; Hall et al., 2013). Our 

findings place MvELS in a critical position of the diterpene biosynthetic system in M. vulgare, 

due to its capacity to co-function with different class II diTPSs to form the large array of C-8 and 

C-9 oxygenated diterpene scaffolds (Fig. 1). The ability to form functional pairs with different 

class II diTPSs appears to be prevalent among the group of atypical βα-domain class I diTPSs 

within the TPS-e/f clade, with similar functions shown for other Lamiaceae diTPSs, including 

Salvia sclarea sclareol synthase (Caniard et al., 2012), and manoyl oxide/miltiradiene synthases 

from C. forskohlii and R. officinalis (Pateraki et al., 2014; Brückner et al., 2014). Presence of 
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MvELS reaction products (except for miltiradiene formed through pairwise reaction with 

MvCPS3) in tissue extracts of M. vulgare supports the presence of a modular diterpene 

biosynthetic system (Fig. 2). Given that activities for formation of ent-CPS and LPS (for manoyl 

oxide biosynthesis; Zerbe et al., 2013; Pateraki et al., 2014) were not among the diTPSs 

described here, it appears that additional M. vulgare diTPSs remain to be discovered.  

The naturally occurring pairwise activity of functionally distinct diTPSs in modular diterpene 

biosynthetic systems, inspires opportunities for metabolic engineering and synthetic biology 

platforms through combinatorial expression of diTPSs and possibly P450 enzymes selected from 

the large suite of cloned enzymes for the production of known natural, novel and non-natural 

diterpene bioproducts (Ajikumar et al., 2010; Schalk et al., 2012; Guo et al., 2013, Brückner and 

Tissier, 2013). Although not at production scale, the formation of 9,13-epoxy-labd-14-ene by co-

expression of MvCPS1 and MvELS in microbial and plant systems shown here, illustrates the 

possibility to produce marrubiin and other pharmaceutically active diterpenes in engineered 

biological systems as an alternative to multi-step total syntheses (Mangoni et al., 1972; 

Deschamp et al., 2012).  

 

EXPERIMENTAL PROCEDURES 

Plant Material 

Seeds of M. vulgare were purchased from B&T World Seeds (www.b-and-t-world-seeds.com). 

Nicotiana benthamiana seeds were provided by Dr. Dominique Michaud (Université Laval, 

Canada). Plants were grown in a Cenviron ATC10 phytochamber under long-day conditions (16 

h light at 80 μmol m-2s-1 irradiance) and a day/night temperature of 22/25ºC.  
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Metabolite Analysis 

Extracts were prepared from 25-50 mg fresh tissue of flowering plants. Glandular and non-

glandular trichomes were carefully isolated from stem surfaces using a razor blade without 

damaging the stem tissue. Tissues were pulverized under liquid N2 and terpenoids extracted with 

1.5 ml pentane for 16 h under vigorous shaking at 4 °C. Extracts were freed from residual water 

using anhydrous Na2SO4 and further passed through 0.22 µm GHP membrane filters 

(www.pall.com). After extraction, plant materials were dried for tissue quantification. GC-MS 

analysis was performed on an Agilent (www.chem.agilent.com) 7890A-GC with a 7683B series 

autosampler and a 7000A TripleQuad MS Detector at 70 eV and 1.2 ml min-1 He flow, using a 

HP-5MS column (30 m, 250 µm i.d., 0.25 µm film) and the following GC program: 50 °C for 

1 min, 15 °C min-1 to 320 °C, hold 5 min, pulsed splitless injector at 250 °C. Identification of 

marrubiin was achieved by comparison to the authentic standard (www.chromadex.com). Other 

terpenoid metabolites were identified based on comparison to reference mass spectra from 

databases of the National Institute of Standards and Technology (NIST) MS library searches 

(Wiley W9N08L) and relevant literature. Measurements were performed in duplicate with three 

biological replicates and 1-eicosene as internal standard (www.sigma.com).  

 

Gene cloning 

Full length (FL) cDNAs were amplified from total leaf RNA of 10-week-old M. vulgare plants 

using gene-specific oligonucleotides (Table S2). Rapid amplification of cDNA ends (RACE) 

using the SMARTer cDNA RACE kit (www.clontech.com) was used to obtain 5’-sequences as 

needed. Putative plastidial transit peptides were predicted using the ChloroP and TargetP servers 

(Emanuelsson et al., 1999; Emanuelsson et al., 2007). FL and N-terminally truncated cDNAs 
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were then retrieved by touchdown PCR and ligated into pJET (Clontech) followed by sequence 

verification and subcloning into expression vectors (see below). A fusion cDNA of MvELS and 

MvCPS1 was generated by overlap extension PCR with partially complementary 

oligonucleotides as described by Wurch et al. (1998). 

 

Quantitative real-time PCR (qRT-PCR)  

Total RNA was isolated according to Kolosova et al. (2004) using ~100 mg tissue. RNA 

integrity and concentration was measured using Bioanalyzer 2100 RNA Nano chip assays 

(Agilent) following the manufacturer’s protocol. Equal RNA amounts were used for cDNA 

synthesis with the Superscript III reverse transcriptase (www.invitrogen.com) and random 

hexamer oligonucleotides. The subsequent qRT-PCR reaction was performed on a Bio-Rad 

CFX96 Real-time system using the SsoFast kit (www.bio-rad.com) and target-specific 

oligonucleotides (Table S2). Relative transcript abundance was calculated using efficiency 

corrected ΔCT and ΔΔCT values based on actin as reference gene and triplicate measurements 

with three biological replicates. Statistically significant differences between transcript levels in 

leaves and flowers were calculated for each diTPS based on a Student’s t-test (p-value < 0.05). 

Target specificity was confirmed by sequence verification of representative amplicons. 

 

In vitro enzyme assays 

N-terminally truncated (lacking sequences coding for transit peptides) or FLcDNAs were 

subcloned into the pET28b(+) vector (www.emdmillipore.ca) and transformed into E. coli 

BL21DE3-C41 for heterologous expression and Ni2+-affinity purification as described in Zerbe 

et al. (2012b). Single or coupled diTPS enzyme assays were conducted as previously reported, 
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using 50-100 µg of recombinant protein and 15 µM of (E,E,E)-GGPP (Sigma) as substrate with 

gentle shaking for 1 h at 30 ºC (Zerbe et al., 2012b). Class II diTPS products were 

dephosphorylated by treatment with 10 U of calf intestinal phosphatase (Invitrogen) over night at 

37 °C. Reaction products were extracted with 500 μl pentane and analyzed via GC-MS on a HP-

5MS column as described above or using a DB-wax column (30 m, 250 µm i.d., 0.25 µm film) 

on an Agilent 6890N-GC, 7683B series autosampler, and a 5975 Inert XL MS Detector with 

electron ionization (EI) at 70 eV and appropriate temperature programs. Chemical ionization 

(CI) analysis was conducted with methane on a HP-5MS column at 40 °C for 1 min, 40°C min-1 

to 300 °C, hold 6 min, pulsed splitless injection at 275 °C. Chiral analysis was performed on a 

Cyclodex-B column (30 m, 250 µm i.d., 0.25 µm film) at 100 °C for 2 min, 2 °C min-1 to 230 °C, 

hold 8 min, and pulsed splitless injection at 240 °C; or under cool-on-column conditions at 30 °C 

for 1 min, 40 °C min-1 to 250 °C, hold 30 min, split injection at 230 °C. Product quantification 

was based on three independent assays, each with two technical replicates, and 1-eicosene as 

internal standard. 

 

Diterpene synthase co-expression in Nicotiana benthamiana 

FLcDNA constructs were ligated into the pLIFE33 vector and transformed into A. tumefaciens 

strain AGL-1. Cells were grown at 28 °C in Luria-Bertani media supplemented with 50 mg L-1 

kanamycin, pelleted and resuspended to a final OD600 of 0.5 in 10 mM MES buffer with 10 mM 

MgCl2. Following 60 min incubation at 22°C and gentle shaking, cell suspensions were mixed 

with one volume of the plant viral protein p19 to suppress RNA silencing (Voinnet et al., 2003) 

for single construct transformations, or using equal volumes for dual expression with one volume 

of p19 before infiltration into the leaf underside of 5-week-old N. benthamiana plants. 
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Transfected plants were maintained for four days before metabolites were extracted with 1.5 ml 

hexane from a single transformed leaf and analyzed via GC-MS on a DB-wax column as 

described for in vitro assays. 

 

Nuclear magnetic resonance (NMR) analysis 

For NMR analysis diterpenes were produced by co-expression of the plasmid pET28-Mv-fusion 

producing the MvELS-GGGS-MvCPS1 fusion protein with the plasmid pGG in E. coli 

BL21-C41 as described in Morrone et al., (2010). Cultures were grown at 37 °C and 150 rpm in 

500 ml Terrific Broth medium to an OD600 of ~0.6. The temperature was then reduced to 16 °C 

and the pH adjusted to 7.0 before induction with 1 mM isopropyl-β-D-1-thiogalactopyranoside 

for 48-72 h. Diterpenes were extracted with 500 ml hexane after sonication of cultures and 

purified through iterative separation on silica matrix with hexane as mobile phase. Proton, 

gCOSY, ROESY, gHSQC, and gHMBC spectra were acquired in MeOD at 600 MHz on a 

Bruker Avance 600 MHz spectrometer equipped with a Bruker BioSpin TCI 1.7 mm 

MicroCryoProbe.   

 

Phylogenetic analysis  

Protein sequence alignments were generated using the Dialign 2.2.1 server (Morgenstern, 2004) 

and further manual inspection. Maximum likelihood phylogenetic analyses were performed 

using PhyML-aBayes version 3.0.1 beta (Anisimova et al., 2011) with four rate substitution 

categories, LG substitution model, BIONJ starting tree and 100 bootstrap repetitions.  
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Figure S1. GC-MS analysis of diterpene metabolites detected in Marrubium vulgare tissue 

extracts. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Figure S2. GC-MS analysis of MvCPS1 products compared with diterpenes detected in M. 

vulgare flower tissue extracts. 

Figure S3. Mass spectra of products obtained by combinatorial transient expression of 

M. vulgare diterpene synthases in N. benthamiana. 

Table S1. Terpenoid profile of Marrubium vulgare. 

Table S2. Oligonucleotides used in this study. 

Table S3. Abbreviations and accession numbers of proteins used for phylogenetic analysis.  
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TABLES 

 

Table 1: Diterpene synthase candidate sequences identified in the leaf transcriptome of Marrubium vulgare 

Gene ID FL NCBI Annotation 
E-value 
(closest 
match) 

Functional Motifs 

MvCPS1 + 
Copalyl diphosphate synthase, Salvia 
miltiorrhiza [ABV57835.1]  

0 DIDD 

MvCPS2 - 
Copalyl diphosphate synthase, Scoparia dulcis 
[BAD91286.1] 

0 DIDD 

MvCPS3 + 
Copalyl diphosphate synthase, Salvia miltiorrhiza 
[ABV57835.1] 0 DIDD 

MvEKS - 
Kaurene synthase 2, Salvia miltiorrhiza 
[AEZ55689.1] 

6*10-155 DDFFD, NDVQTFKKE  

MvELS + 
Kaurene synthase, Salvia miltiorrhiza 
[ABV08817.1] 

0 DDFFD, NDIQTCERE  

 

 

FIGURE LEGENDS 

Figure 1: Diterpene synthases in the diterpenoid biosynthetic system of the medicinal plant 

Marrubium vulgare  

Illustrated is a general proposed biosynthesis system of marrubiin and related diterpenoids based 

on known compounds from different Marrubium species. Diterpene synthases form the 

foundation of the diterpene chemical diversity in Marrubium, producing distinct diterpene 

scaffolds. DiTPS products and other downstream pathway intermediates are further modified by 

cytochromes P450 and other enzyme classes to afford the array of specialized diterpenoids. 

Structures are illustrated as published in the literature. Marrubiin and related compounds are 

thought to occur with a 9,13-epoxide bridge in planta, and produce a free hydroxyl group upon 

metabolite extraction (Henderson and McCrindle, 1969; Knöss and Zapp, 1997).          
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Figure 2: Terpenoid profiles of different organs of Marrubium vulgare 

Heat map showing abundance of terpenoids detected in above-ground organs and stem trichomes 

of M. vulgare. Metabolites were isolated from ground tissues by pentane extraction and 

identified by GC-MS analysis and comparison to authentic marrubiin and reference mass spectra 

databases (Wiley W9N08L). Quantitation was based on 1-eicosene as internal standard (n=3). 

Detailed results of the quantitative analysis are given in Table S1. 

 

Figure 3: Phylogeny of Marrubium vulgare diterpene synthases 

The maximum likelihood tree illustrates the phylogenetic relatedness of M. vulgare diterpene 

synthases and known diterpene synthases of other species of the TPS-c and TPS-e/f clades. The 

ancestral Physcomitrella patens ent-kaurene/kaurenol synthase was used to root the tree. 

Branches with bootstrap support of >80% (100 repetitions) are highlighted with grey dots. 

Descriptions of diterpene synthases used in the phylogeny are listed in Table S3.  

 

Figure 4: Relative transcript abundance of Marrubium vulgare diterpene synthases in 

flowers (corolla) and leaves 

Transcript abundance was measured by qRT-PCR and normalized to the internal reference actin. 

Error bars represent standard errors based on triplicate measurements of three biological 

replicates. Statistically significant differences between transcript abundance in leaves and 

flowers were calculated using a Student’s t-test (p<0.05), and two-tailed p-values are 

highlighted. Reaction specificity was verified by dissociation curves and sequence verification of 

representative products.  
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Figure 5: Diterpene product formation by MvCPS3 

[A] Chiral GC-MS analysis of the dephosphorylated reaction product of recombinant MvCPS3 

with GGPP as substrate, compared to dephosphorylated (+)-CPP and ent-CPP produced by Picea 

abies PaLAS:D611A (+)-CPP synthase (Zerbe et al., 2012a) and Zea mayz ZmAN2 ent-CPP 

synthase (Harris et al., 2005), respectively. [B] GC-MS analysis of Picea glauca ent-KS 

(PgEKS; Keeling et al., 2010) in coupled in vitro assays with MvCPS3 or ZmAN2. Comparison 

with authentic ent-kaurene showed PgEKS activity when combined with ZmAN2, but not in 

coupled assays with MvCPS3, suggesting MvCPS3 does not produce ent-CPP. [C] GC-MS 

analysis of the reaction product of the (+)-CPP-specific Pinus contorta pimaradiene synthase 

(PcPIM1; Hall et al., 2013) in coupled in vitro assays with MvCPS3 or ZmAN2. Comparison 

with authentic pimaradiene showed PcPIM1 activity when coupled with MvCPS3, but not in 

assays with ZmAN2, suggesting MvCPS3 produces (+)-CPP. Peak a, geranylgeraniol 

(dephosphorylated GGPP), peak b, (+)-copalol; peak c, ent-copalol (dephosphorylated ent-CPP); 

peak IS, internal standard; peak d, ent-kaurene; peak e, pimaradiene.  

 

Figure 6: Diterpene product formation by MvCPS1 

[A] Extracted ion chromatograms (EIC) of products from in vitro assays of MvCPS1 with GGPP 

as substrate. Product formation was observed only after dephosphorylation and consisted of four 

compounds (peaks f-i) with near identical mass spectra matching the published fragmentation 

pattern of peregrinol (Salei et al., 1967) [B and C]. [D] Cool-on-column GC-MS analysis 

verified compound i as major MvCPS1 product. [E] Proposed MvCPS1-catalyzed reaction 

mechanism via cyclo-isomerization of GGPP to a labda-13-en-8-yl+ intermediate, followed by a 
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hydride transfer between carbons C-8 and C-9 and carbocation neutralization by water capture to 

afford peregrinol diphosphate.  

 

Figure 7: Diterpene product formation by MvEKS and MvELS 

[A] Total ion chromatograms (TIC) of ent-kaurene produced in coupled in vitro assays of 

ZmAN2 and MvEKS, compared to the authentic standard. [B-D] Extracted ion chromatograms 

(EIC) of products from coupled in vitro assays of MvELS with MvCPS1, MvCPS3 or 

C. forskohlii CfTPS2 (Pateraki et al., 2014). [B] Coupled assays with MvCPS1 (producing PPP) 

resulted in the formation of 9,13-epoxy-labd-14-ene. [C] Combined assays of the (+)-CPS 

MvCPS3 with MvELS yielded miltiradiene verified by comparison to the pairwise reaction of the 

(+)-CPP synthase CfTPS1 and the miltiradiene/manoyl oxide synthase CfTPS4 from 

C. forskohlii (Pateraki et al., 2014). [D] Combination of the LPS CfTPS2 with MvELS afforded 

manoyl oxide as identified by comparison to the known coupled activity of CfTPS2 and CfTPS4 

(Pateraki et al., 2014). [E] Mass spectra of 9,13-epoxy-labd-14-ene (peak g), miltiradiene (peak 

k) and manoyl oxide (peak l) produced by MvELS. [F] Relative abundance of products formed 

by MvCPS1 alone (after dephosphorylation) and in coupled assays with MvELS as based on 

three independent duplicate measurements. [G] NMR analysis of 9,13-epoxy-labd-14-ene 

produced in the pairwise reaction of MvCPS1 and MvELS. 1H-NMR (600 MHz, MeOD): 6.07 

(1H, dd, J=17.4, 10.9 Hz, H-14), 5.16 (1H, dd, J=17.4, 1.6 Hz, H-15), 4.94 (1H, dd, J=10.9, 1.6 

Hz, H-15), 1.30 (3H, s, H-16), 0.92 (3H, s, H‑20), 0.87 (3H, s, H-18), 0.83 (3H, s, H-19), 0.82 

(3H, d, J=6.8 Hz, H-17). 13C-NMR (MeOD) 13C obtained from HSQC and HMBC spectra: 147.2 

(1C, C-14), 110.7 (1C, C15), 93.8 (1C, C-9), 84.6 (1C, C-13), 48.4 (1C, C-5), 43.0 (1C, C-10) 

42.7 (1C, C‑4), 38.0 (2C, C-8, C12), 34.0 (2C, C-1, C-3), 33.7 (1C, C-18), 32.5 (1C, C-7), 30.5 
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(1C, C-11), 23.5 (1C, C-16), 22.9 (1C, C-2), 22.2 (1C, C-19), 19.9 (1C, C-6), 18.4 (1C, C-17), 

17.8 (1C, C-20). Arrows illustrate the HMBC correlations of the extracyclic C-14-C-15 double 

bond of the 9,13-epoxy bridge. Peak IS, internal standard; peak j, ent-kaurene; peak f and h, 

unidentified diterpenes produced by MvCPS1 and MvELS; peak g, 9,13-epoxy-labd-14-ene; 

peak i, dephosphorylated PPP; peak k, miltiradiene; peak l, manoyl oxide.      

 

Fig. 8: Diterpene synthase co-expression in Nicotiana benthamiana 

Extracted ion chromatograms (EIC) of extracts from N. benthamiana leaves after 

Agrobacterium-mediated transient (co-)expression of MvCPS1, MvCPS2 and MvCPS3 with 

MvEKS or MvELS. Expression was performed together with the plant viral protein p19 to 

suppress RNA silencing and compared to p19 expression alone [A]. Product formation was 

evaluated four days post infiltration with identification based on reference mass spectra or 

authentic standards. [B] Formation of dephosphorylated PPP and the three additional products f-

h after expression of MvCPS1. [C] Co-expression of MvCPS1 and MvEKS showing no 

additional class I diTPS products. [D] Co-expression of MvCPS1 and MvELS yielded 

compounds f-h with compound g as major product. [E-G] No product formation was detected 

after expression of MvCPS2 alone or in combination with MvEKS or MvELS. [H] Expression of 

MvCPS3 resulted in (+)-copalol and an unidentified diterpene not observed in in vitro assays. [I] 

Co-expression of MvCPS3 and MvEKS showed an additional minor diterpene product (peak n). 

[J] When co-expressing MvCPS3 and MvELS no (+)-copalol was detectable, while miltiradiene 

was produced. Peak f and h, unidentified diterpenes produced by MvCPS1 and MvELS; peak g, 

9,13-epoxy-labd-14-ene; peak i, dephosphorylated PPP; peak b, (+)-copalol (dephosphorylated 

(+)-CPP); peak m and n, unidentified diterpene product; peak k, miltiradiene; peak o, ethanone.  
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