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Abstract

Tanshinones are the bioactive diterpenoid constituents of the traditional Chinese medicinal herb
Danshen (Salvia miltiorrhiza), and are examples of the phenolic abietanes widely found within
the Lamiaceae plant family. Due to the significant interest in these labdane-related diterpenoid
natural products, their biosynthesis has been intensively investigated. In addition to providing the
basis for metabolic engineering efforts, this work further yielded pioneering insights into labdane-
related diterpenoid biosynthesis in the Lamiaceae more broadly. This includes stereochemical
foreshadowing of aromatization, with novel protein domain loss in the relevant diterpene synthase,
as well as broader phylogenetic conservation of the relevant enzymes. Beyond such summary of
more widespread metabolism, formation of the furan ring that characterizes the tanshinones also
has been recently elucidated. Nevertheless, the biocatalysts for the pair of demethylations remain
unknown, and the intriguing potential connection of these reactions to the further aromatization
observed in the tanshinones are speculated upon here.

Introduction

Salvia miltiorrhiza is a Lamiaceae species whose rhizome (roots), termed danshen, is one
of the most widely used herbs in traditional Chinese medicine (TCM). Its intense coloration
led to its original designation as red sage, and danshen is recorded as a supergrade herb

in Shennong’s Herbal Classic of Materia Medica (written in 25-220 CE during the East
Han Dynasty). Thus, danshen has been used for more than 2000 years and is currently one
of the most important herbs for TCM treatment of cardiovascular diseases in China and
other Asian countries. Moreover, Compound Danshen Dripping Pills T89, with danshen as
one of the major active components, has completed phase 11 clinical trials in the USA in
2017 (NCT01659580) and is now undergoing outcome research to confirm the anti-anginal
effect in a phase I11 multi-centered clinical trial (NCT03789552). Many pharmacological
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studies have shown that danshen has various biological activities, including anti-oxidant,
anti-inflammatory, anti-tumor and antimicrobial effects [1].

The lipophilic bioactive component of danshen is composed of the tanshinones [2], which
also are then among the molecular markers used to evaluate the quality of danshen
medicinal materials for use in TCM [3]. These diterpenoid natural products are highly
elaborated derivatives of phenolic abietanes, which are widely found in the Lamiaceae [4].
In particular, not only is the phenolic ‘C’ ring further transformed to an ortho-quinone,
but carbon-20 (C20) is lost (demethylation) with additional aromatization of the adjacent
‘B’ ring and formation of an additional 14,16-epoxy ‘D’ ring as well [5]. Thus, the
tanshinones are minimally norditerpenoids, such as cryptotanshinone (1), with the ‘D’
ring generally further oxidized to a furan, such as in tanshinone I1A (2). Also observed

is an additional demethylation (loss of C19) and aromatization of the ‘A’ ring, yielding
19,20-dinor derivatives such as tashinone | (3) (Figure 1). In keeping with their extensively
conjugated structures, the tanshinones provide the reddish pigmentation of the rhizome.

Due to their medicinal value, chemical total syntheses of tanshinones have attracted
substantial interest, but these have been limited by low yields and are not economically
viable [6]. Thus, the commercial supply of tanshinones relies on extraction from S.
miltiorrhiza rhizomes. While danshen was originally harvested from the wild, due to
increasing demand this is no longer practical. Accordingly, S. miltiorrhizais now field
cultivated, which has become the main source of danshen. With good agricultural practices
the resulting danshen is relatively uniform in quality, but can contain heavy metals and
pesticide residues [7]. An alternative source is hairy root and cell cultures of S. miltiorrhiza,
which produce and secrete tanshinones, particularly in response to elicitation with fungal
extracts [8], but the yields from such cultures also does not yet appear to be economically
viable.

As with many other natural products of interest, elucidation of tanshinone biosynthesis has
been sought to provide insight into the underlying intriguing enzymatic transformations

as well as molecular targets for metabolic engineering, both /n p/anta and for synthetic
biology approaches in microbial hosts such as yeast (Saccharomyces cerevisiae) [2]. Here
the current progress towards this goal is summarized, not least as the recent identification of
the cytochrome P450 (CYP) monooxygenases that form the 14,16-epoxy ‘D’ ring provides
demarcation between the upstream transformations, which are more widespread in the
Lamiaceae, and the downstream more tanshinone specific pathway [9]. Moreover, as also
reviewed here, elucidation of the upstream portions of tanshinone biosynthesis provided
entry into not only phenolic abietane but also other labdane-related diterpenoid biosynthesis
in the Lamiaceae more broadly. Indeed, even beyond the prevalent phenolic abietanes, the
Lamiaceae plant family is a particularly rich source of diverse labdane-related diterpenoids
[10].

Precursor supply

As isoprenoids, tanshinones originate from the universal precursors isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP). In plants, these precursors are produced via
distinct pathways in the cytoplasm and plastid (Figure 1), which are termed the mevalonate
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(MVA) and 2- C-methyl- D-erythritol 4-phosphate (MEP) dependent pathways, respectively
[11]. As diterpenoids, the tanshinones are largely derived from the plastid MEP pathway,
although cross-talk between these sub-cellular compartments has been observed. Indeed,
cloning and overexpression of a hydroxymethylglutaryl-CoA reductase (HMGR) from the
MVA dependent pathway in S. miltiorrhiza increased tanshinone production in hairy root
cultures [12]. Nevertheless, overexpression of a 1-deoxy-D-xylulose 5-phosphate synthase
(DXS) from the MEP dependent pathway increases tanshinone production significantly
more than does overexpression of HMGR [13].

Following production of the universal isoprenoid precursors, DMAPP and three units of IPP
must then be condensed to form the general diterpenoid precursor (£, £, E)-geranylgeranyl
diphosphate (GGPP, 4) by a GGPP synthase (GGPPS). As with many plant species [14], S.
miltiorrhiza contains a family of genes encoding GGPPS, as well as for the various enzymes
from both MVVA and MEP dependent isoprenoid precursor pathways [15]. Also as seen in
other plant species [14], overexpression of an S. miltiorrhiza GGPPS significantly increases
tanshinone production, even more than overexpression of either HMGR or DXS [13].

Expression pattern matters

In the case of the GGPPS family, as well as those for the enzymes from both the MVA and
MEP dependent isoprenoid precursor pathways, members of each family exhibit essentially
identical catalytic activity. The individual members then generally differ in expression
pattern and/or regulatory mechanism. Accordingly, while overexpression of any family
member is usually sufficient to increase metabolic flux, at least through the corresponding
reaction, the family member(s) most relevant to tanshinone production are presumed to

be those with matching expression pattern. For example, the age-dependent production of
tanshinones in S. miltiorrhiza hairy root cultures was used to propose the relevant genes
from analysis of a cDNA-array with ~4,350 genes [16]. Similarly, an expressed sequence
tag (EST) approach to root and leaf tissues was used to generate a more comprehensive

list [17]. A combination of metabolomics and transcriptomics was used in combination
with induction of such hairy root cultures to provide a more comprehensive view of the
relevant members from the various enzymatic families expected to play roles in tanshinone
biosynthesis [18]. More precise localization of tanshinone accumulation to the rhizome/root
periderm provided further specificity for identification of the relevant genes (Figure 3)

[19]. Beyond those involved in assembly of the general diterpenoid precursor GGPP, these
include members of the terpene synthase (TPS) family and those for oxygenases/oxidases,
particularly from the cytochrome P450 (CYP), 2-oxo-glutarate dependent dioxygenase
(20DD) and short chain alcohol dehydrogenase/reductase (SDR) families. The members of
these latter families differ in catalytic activity and, thus, require biochemical characterization
for identification of the relevant enzyme(s), which are then more specific to tanshinone
biosynthesis as described below.

Formation of the abietane backbone

As abietanes, the tanshinones fall within the labdane-related diterpenoid superfamily, which
is characterized by initial cyclization of GGPP (4) catalyzed by a class Il diterpene
cyclase [20]. These enzymes generate a frans-decalin bicycle via protonation of the
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terminal alkene in 4, with sequential ant/addition of the two internal alkenes yielding

the eponymous labda-13-en-8-yl* diphosphate carbocation intermediate, which is most
commonly immediately deprotonated at the adjacent methyl to produce copalyl diphosphate
(CPP). The resulting bicyclic backbone typically undergoes further cyclization and/or
rearrangement catalyzed by a more prototypical (class 1) TPS, which initiates its reaction

by ionization of the allylic diphosphate ester. In angiosperms, these diterpene synthases
generally fall into the TPS-e subfamily, which is derived from the ent-kaurene synthase (KS)
required for gibberellin phytohormone biosynthesis and, hence, these TPSs are often termed
kaurene synthase-like (KSL) [21].

While the tanshinones are clearly derived from CPP, this metabolite can be produced in

any of four distinct stereochemical configurations [20], and the aromatic nature of the
tanshinones obscured which of these is relevant. Even assuming that the tanshinones are
derived from the base phenolic abietane commonly found in the Lamiaceae (ferruginol)
only provides orientation of the bridgehead methyl substituent at C10, which could stem
from either normal or sy CPP —i.e., those with the corresponding 105 configuration.

To identify the relevant CPP synthase (CPS), as well as subsequently acting KSL, a cDNA-
array with ~8,700 genes was used to analyze elicitation of S. miltiorrhiza hairy root cultures
[22]. Only a single class Il diterpene cyclase was found to exhibit inducible transcription,
and biochemical characterization of the encoded SmCPS1 demonstrated that this produced
normal (95,105) CPP (5) (Figure 4). Similarly, only a single KSL exhibited inducible
transcription, and the encoded SmKSL1 was found to readily convert 5 to an abietane,
termed miltiradiene (abieta-8,12-diene, 6), which also was readily found in induced S.
miltiorrhiza hair root cultures. Notably, the cyclohexa-1,4-diene arrangement of the ‘C’-ring
in 6 imposes a planar configuration, leaving it poised for aromatization [22].

Unusually, while KS(L)s typically exhibit a tridomain architecture stemming from their
evolutionary origins in bifunctional (class | and Il activity) CPS/KS [23], SmKSL1 instead
has a bidomain architecture, with loss of the relictual, class Il activity associated, N-terminal
v domain [24]. Later studies demonstrated that both SmMCPS1 and SmKSL1 are expressed in
the rhizome/root periderm where tanshinones accumulate, as is strikingly evident from the
coloration of root cross-sections (Figure 3). S. miltiorrhiza was further found to contain a
number of other CPSs and KS(L)s, with the normal CPP production exhibited by SmCPS2,
along with its expression pattern, leading to the surprising finding of tanshinone production
in aerial tissues [19]. Nevertheless, RNA interference (RNAIi) knock-down of SmCPS1
expression led to decreased tanshinone accumulation in hairy root cultures [25], as well

as in the root/rhizome of whole plants [19]. By contrast, SmCPS5 produces ent-CPP and
RNAI of this gene leads to a dwarf phenotype, indicating its relevance to gibberellin
biosynthesis, consistent with phylogenetic grouping of this with other such CPSs. Similarly,
SMKS(L2) reacts with ent-CPP to produce ent-kaurene, exhibits tridomain architecture and
phylogenetically groups with other KSs that act in gibberellin biosynthesis [19].

Oxygenation and oxidation to the base phenolic abietane ferruginol

As with other diterpene olefins, miltiradiene (6) is highly hydrophobic and presumably
partitions into membranes, necessitating the addition of oxygen to increase solubility, which
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must then be catalyzed by the membrane-associated CYPs [21], which also play a major
role in generating (di)terpenoid structural diversity [26]. However, in order for 6 to be

acted upon by CYPs, it first must be transported from the plastid where it is formed to the
endoplasmic reticulum (ER) where CYPs are localized (Figure 2) [27]. While the underlying
mechanism remains uncertain, it is possible that this occurs via simple diffusion, as it

has been reported that the plastid and ER may share their nonpolar metabolites (such as
miltiradiene), presumably via hemi-fusion of the outer leaflets of their outer membrane lipid
bilayers [28]. Alternatively, such inter-organelle transport might be accomplished by carriers
such as lipid-transport proteins.

Regardless of transport mechanism, conversion of miltiradiene (6) to the base phenolic
abietane ferruginol (7) can be accomplished by CYP76AH1, which was identified from
fourteen CYP genes that exhibited inducible transcription in an RNA-Seq analysis of S.
miltiorrhiza hairy root cultures by its ability to catalyze this transformation [29]. However,
it appears that CYP76AH1 simply hydroxylates C12 of already aromatized abietatriene (8),
which spontaneously forms from miltiradiene in the presence of oxygen, as indicated by
careful separation and /n vitro assays [30]. Consistent with such activity, knocking down
CYP76AH1 expression via RNAI led to accumulation of 6 and reduction of 7 in hairy root
cultures [31].

Further oxygenation and oxidation

Further oxygenation of ferruginol (7) in S. miltiorrhizais catalyzed by CYP76AH3 and
CYP76AK1, with recombinant CYP76AK1 acting as a 20-hydroxylase, while CYP76AH3
was reported to act as a multi-functional oxidase, carrying out hydroxylation at both

C11 and C7, as well as subsequent oxidation of the 7-hydroxy to a ketone [32]. Given

both CYPs react with ferruginol, it was suggested that tanshinone biosynthesis proceeds
via a bifurcating pathway. However, the same study reported that RNAi of CYP76AH3
significantly reduces accumulation of only 11-hydroxylated metabolites (not 7 or its 7-keto
derivative — i.e., sugiol, 9), while RNAI of CYP76AKI significantly reduces that of all 20-
hydroxylated metabolites, suggesting a main linear pathway /in p/anta wherein CYP76AH3
acts as a 11-hydroxylase of 7, producing 11-hydroxy-ferruginol (10), and CYP76AK1 as

a subsequently acting 20-hydroxylase, producing 11,20-dihydroxy-ferruginol (11) (Figure
4). Nevertheless, the recombinant activity of these two CYPs is sufficient to convert 7

to 11,20-dihydroxy-sugiol (abietatrien-11,12,20-triol-7-one, 12) in metabolic engineering
studies. Intriguingly, it has since been shown that recombinant CYP76AH3 can convert
abietatriene (8) to 11-hydroxy-sugiol (13), catalyzing hydroxylation at C12, C11 and C7, as
well as further oxidation to form a 7-ketone, such that expression of this single CYP enables
an astonishing series of transformations [33].

Formation of the characteristic 14,16-epoxy ‘D’-ring

While it remains unclear how miltirone (14) is formed, requiring demethylation (loss of
C20) and aromatization of the ‘B’ ring, production of the 14,16-epoxy (dihydrofuran)
‘D’-ring provides a clear demarcation in production of the first eponymous metabolite —
i.e., cryptotanshinone (1). Thus, recent identification of the relevant CYP71D subfamily
members provides clarity to this ‘committed’ step of tanshinone biosynthesis [9]. In
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particular, it was reported that recombinant CYP71D375 can convert 14 to 1, as well as form
this 14,16-epoxy (dihydrofuran) ‘D’-ring with the demethylated (19,20-dinor) derivative
4-methylenemiltirone, while both CYP71D375 and the closely related CYP71D373 can do
the same with the further aromatized ‘A’ ring derivative to yield 15,16-dihydrotanshinone

I. In addition, RNAI of these CYP71D sub-family members led to reduced accumulation of
‘D’ ring containing metabolites and increases in not only 14 and other upstream metabolites
(e.g., ferruginol, 7), but also derived metabolites such as 4-methylenemiltirone, indicating
that substrate promiscuity of the downstream enzymes enables operation of a metabolic
network/grid for tanshinone biosynthesis.

Putting it all together for heterologous microbial production

Identification of the relevant enzymes has enabled heterologous introduction of the upstream
portions of tanshinone biosynthesis (i.e., at least for production of 11,20-dihydroxy-sugiol,
12) into microbial hosts, generally yeast. Such efforts began upon identification of SmCPS1
and SmKSL1, leading to metabolic engineering efforts to increase miltiradiene production,
including fusion of these two enzymes to enforce physical proximity and enhance

metabolic flux [34]. Indeed, identification of CYP76AHL1 as the relevant 12-hydroxylase
was accompanied by its incorporation into this recombinant miltiradiene (6) producing strain
of yeast, which then produces ferruginol (7) as well [29]. Similarly, characterization of

the activity of CYP76AH3 and CYP76AK1 also was accompanied by their incorporation
into the ferruginol producing strain of yeast, which then produced largely (>70%) 12,
among other elaborated phenolic abietane diterpenoids [32]. Building on the crystal
structure obtained for CYP76AH1 [35], protein engineering was undertaken to convert

this 12-hydroxylase to a multiply reactive mono-oxygenase (equivalent to CYP76AH3),
which could be accomplished with switching just two residues, enabling even more efficient
production of 11-hydroxy-ferruginol (10) than with CYP76AH3 [36].

Opening the way to Lamiaceae labdane-related diterpenoid biosynthesis

Notably, identification of SmCPS1 and SmKSL1 presaged discovery of orthologous CPS
and bidomain KSLs also producing miltiradiene in other Lamiaceae plants, including
Rosmarinus officinalis (Rosemary) [37], Salvia pomifera[38] and Salvia fruticosa [39], as
well as /sodon rubescens [40] (Figure 5). Indeed, use of these CPSs and KSLs from different
plants has been shown to increase miltiradiene (6) yields in yeast metabolic engineering
studies [41]. Beyond 6, other close homologs of SmMCPS1 and SmKSL1 produce similar
labdane-related diterpenoids, including hydroxylated derivatives resulting from the addition
of water to carbocationic intermediates by the relevant diterpene synthases and/or cyclases.
For example, Salvia sclarea contains a homolog of SmCPS1 that adds water to the labda-13-
en-8-yl* diphosphate carbocation intermediate to yield labda-13-en-8a.-ol diphosphate,
which is then further hydroxylated to sclareol (labda-14-en-13R,8a-diol) by a subsequently
acting KSL, which also is a homolog of SmKSL1 [42,43]. Alternatively, labda-13-en-8a.-ol
diphosphate can be heterocyclized to manoyl oxide as found with sequentially acting CPSs
and KSLs from Coleus forskohlii [44] and other Lamiaceae species [10]. Similarly, 1,2-
hydride transfer within the labdadien-8-yl* diphosphate carbocation intermediate enables the
addition of water to C9, forming labda-13-en-9a.-ol diphosphate, which then also undergoes
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heterocyclization to a spiro-9,13-epoxy ring as found in Marrubium vulgare [45] and Vitex
agnus-castus [46] as well as other Lamiaceae species [10].

The Lamiaceae go beyond miltiradiene

It should be noted that many of these Lamiaceae bidomain KSLs exhibit a certain

degree of substrate promiscuity. For example, the miltiradiene synthases readily react
with the hydroxylated derivative of their native substrate (i.e., labda-13-en-8a.-ol
diphosphate) and catalyze heterocyclization to manoyl oxide [37,44,47-49]. Indeed,
analogous heterocyclization was reported with even more widely distributed KSs from
gibberellin metabolism, demonstrating that class | (di)terpene synthases broadly exhibit
such catalytic promiscuity [48]. However, these all exhibit limited substrate promiscuity.
By contrast, sclareol synthase was found to react with all known class Il diterpene cyclase
products, but exhibits catalytic specificity, generally adding water to C13 of the allylic
(distributed) carbocation formed by initiating lysis of the diphosphate ester bond to form
tertiary alcohol derivatives [49-51]. Intriguingly, sequence comparison to the other (non-
hydroxylating) Lamiaceae bidomain KSLs led to identification of a key residue for the
addition of water catalyzed by sclareol synthase, offering some insight into evolution of the
underlying enzymatic activities [52].

Conservation of CYP activity with miltiradiene in the Lamiaceae

Identification of the relevant CYPs from S. miltiorrhiza similarly presaged discovery

of orthologous CYPs from other Lamiaceae plants that act on abietatriene. This

included CYP76AH4 [30], as well as CYP76AH22 and CYP76AH23 from rosemary

and CYP76AH24 from S. fruticosa [39], which were all initially reported to act as 12-
hydroxylases (i.e., ferruginol synthases), but later found to exhibit analogous (multiply
reactive) activity as CYP76AH3, being sufficient to convert abietatriene (8) to 11-hydroxy-
sugiol (13) [33]. The ability of CYP76AH sub-family members to act at least as bi-
functional hydroxylases at C12 and then C11 upon recombinant expression in yeast,
enabling the production of 11-hydroxy-ferruginol (10), was first shown for the CYP76AH24
ortholog from S. pomifera (SFCYP76AH24) and then shown for CYP76AH4 from rosemary
as well [53]. This same study also reported that CYP76AK sub-family members can

act as multiply reactive oxidases at C20, converting this methyl group to a carboxylic

acid, as found with both CYP76AK6 from S. pomiferaand CYP76AKS8 from rosemary.
Thus, recombinant co-expression of CYP76AH24 and either CYP76AK6 or CYP76AK8

in yeast enables conversion of 8 to carnosic acid [53]. Similarly, a separate study reported
that not only SFCYP76AH24 (from S. fruticosa) but also CYP76AH22 and CYP76AH23
from rosemary analogously act as bifunctional hydroxylases (i.e., 11-hydroxy-ferruginol
synthases), along with characterization of SFCYP76AK®6 (from S. fruticosa) and CYP76AKY
as well as CYP76AKS8 from rosemary as 20-oxidases, again enabling recombinant
production of carnosic acid in yeast. This study also probed the basis for the restricted
12-hydroxylase (ferruginol synthase) activity of CYP76AH1, finding that switching three
residues converted this to production of 10 [54]. Note that these included both residues later
shown to be sufficient to enable CYP76AHL1 to catalyze the even more extended series of
transformations leading to production of 13 [36]. Again, these studies offer some insight into
evolution of the underlying enzymatic activities.
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CYP76 family members act in Lamiaceae labdane-related diterpenoid biosynthesis more

broadly

Beyond those reacting with abietatriene (8) described above, CYP76AH sub-family
members play roles in Lamiaceae labdane-related diterpenoid biosynthesis more broadly.
Indeed, the elaboration of manoyl oxide to deacetyl-forskolin in C. forskohlii seems

to entirely rely on this CYP76AH sub-family, with CYP76AH15, CYP76AH8 and
CYP76AHL17 acting as 11-oxidases to produce the 11-keto moiety, with the latter two also
able to act as 1a-hydroxylases, as is CYP76AH11, which also additionally can install

both 6@ and 7B hydroxyl groups, while CYP76AH16 acts as a 9a-hydroxylase, such

that recombinant co-expression of CYP76AH15, CYP76AH11 and CYP76AH16 enables
production of deacetyl-forskolin in yeast [55]. Perhaps not surprisingly, other CYPs also
seem to operate in such biosynthetic pathways, with CYP76BK1 acting as a peregrinol
9a-hydroxylase in V/ agnus-castus [46], CYP71BES52 as a ferruginol 2a-hydroxylase in S.
pomifera[53], and CYP71AUS87 as a hydroxylase targeting the C4 geminal methyls (C18
and C19) in spiro-9,13-epoxy labda-14-ene in M. vulgare [56]. While these also fall within
the large CYP71 clan, given the range of CYPs observed to function in labdane-related
diterpenoid biosynthesis in plant more generally [26], it can be expected that more divergent
CYPs will be found to do so in the Lamiaceae as well.

A tanshinone-associated biosynthetic gene cluster in S. miltiorrhiza

Plant genomes occasionally contain biosynthetic gene clusters (BGCs), composed of
proximal unrelated genes involved a common metabolic pathway [57]. Given the interest
in danshen, the S. miltiorrhiza genome has been subjected to a number of sequencing efforts,
with early draft genomes [58,59] now supplemented with a genetic linkage map based
chromosome-scale assembly [60]. Even in the initial draft genome there was a suggestion
that there might be a BGC associated with tanshinone biosynthesis, as SmCPS1 was found
to neighbor CYP76AH sub-family members (CYP76AH12and CYP76AH13), albeit these
still have not been shown to be involved in such metabolism [58]. Notably, SmKSL 1 also
has been found to reside nearby, along with CYP76AH1, CYP76AH3and SmCPSZ, all of
which act in tanshinone biosynthesis (as described above), as well as the uncharacterized
CYP76AHZ28, defining a 310 kb BGC (Figure 6) [9,60].

Notably, the expression patterns of the genes within this S. miltiorrhiza BGC indicates roles
in tanshinone biosynthesis in both roots and aerial tissues. The putative role for SmCPS2in
tanshinone production in aerial tissues has already been noted above, and while CYP76AH1
and CYP76AH3 are specifically expressed in roots, CYP76AH12and CYP76AHZ28are
expressed in aerial tissues [9,60]. It can then be speculated that these might play similar
roles for tanshinone production in aerial tissues.

Wider conservation of the (tanshinone) biosynthetic gene cluster

Strikingly, there appears to be an ortholog of the S. miltiorrhiza BGC in Salvia splendens,
for which a chromosomal-scale genome sequence was recently reported [61]. This S.
splendens BGC contains homologs to not only SmCPS1 and SmKSL1but CYP76AH1 as
well (Figure 6) [9]. Given that the divergence between Salvia splendensand S. miltiorrhiza
is estimated to have occurred over 28 million years ago [61,62], this suggests both early
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assembly and long-standing retention of this BGC in the Sa/via genus. From the observed
enzymatic activities, this BGC enables production of the base phenolic abietane ferruginol
(7) rather than that of tanshinones more specifically. Indeed, the CYP71D sub-family
members that form the heterocyclic ‘D’ ring characteristic of the tanshinones are found
elsewhere in the S. miltiorrhiza genome as a tandem gene array [9]. On the other hand, the
orthologous region in the genome of the more distantly related Scutellaria baicalensis [63],
despite also falling within the Lamiaceae, contains only homologs to SmCPS1 and SmCPS2
[9]. Accordingly, the exact age and relevance of this BGC to phenolic abietane diterpenoid
production in the Lamiaceae remains uncertain, although it will be of interest to determine if
this is present in other Sa/via species, as well as rosemary.

Future directions towards elucidating tanshinone biosynthesis

Numerous transformations in tanshinone biosynthesis remain unresolved. Relevant enzymes
may be found within not only the CYP but also the 20DD and SDR super-families,

all of which contain over 100 members in S. miltiorrhiza [64]. In order to reduce the

number of enzymes to be investigated various co-expression analyses have been applied.

For example, an RNA-Seq approach was applied to identify 35 CYP450 genes co-expressed
with CYP76AH1[65], while 16 CYPS (including CYP76AHI) were identified as being
most specifically expressed in the periderm [64]. Indeed, knock-out lines of two homologs
of CYP76AKI1 (CYP76AKZand CYP76AK?3) that were closely co-expressed with this and
CYP76AHI1 were very recently shown to exhibit reduced tanshinone accumulation, although
the relevant reaction catalyzed by these CYPs remains unclear [66]. Periderm specific
expression was similarly applied to the 20DD and SDR super-families, identifying 16 such
20DDs and 5 SDRs [64]. More comprehensive analysis of the 20DD super-family has been
used to highlight a list of 13 20DDs that might be involved in tanshinone biosynthesis, with
RNAI of the most promising candidate (Sm20DD5) found to reduce the accumulation of
miltirone (14) and downstream tanshinones, although the exact reaction catalyzed by this
remains unclear [67]. Just recently, another 20DD (Sm20DD14) was found to act as a
dehydrogenase, introducing the 15,16-double bond that completes formation of the furan ‘D’
ring to yield tanshinone I1A (2) from cryptotanshinone (1) [68]. Obviously, the potential
roles of these enzymes in tanshinone biosynthesis invites further investigation.

More speculatively, conversion of 11,20-dihydroxy-ferruginol (11) to 14 represents

a particularly intriguing transformation, requiring demethylation (loss of C20) and
aromatization of the ‘B’ ring. In particular as these two modifications may be coupled

since essentially all reported diterpenoids from S. miltiorrhiza only contain an aromatic

‘B’ ring in the absence of this C10 methyl substituent and all such norditerpenoids

exhibit such aromaticity [1]. Thus, while carnosic acid, with C20 already oxidized to a
carboxylic acid, provides an obvious potential intermediate for demethylation, the observed
oxidative targeting of C7 by CYP76AHS3 lends itself to speculation that formation of a
heterocyclic bridge between C20 and C7 (e.g., the 20,7p-olide of carnosol) might enable
such cooperative aromatization (formation of 5(10) and 6(7) double bonds) with loss of

C20 (originally the C10 methyl substituent). The case for subsequent coupled demethylation
(loss of C19) and aromatization of the ‘A’ ring is less compelling, as S. miltiorrhiza contains
such 19,20-dinor-diterpenoids in which loss of C19 is not necessarily accompanied by such

Curr Opin Plant Biol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Peters

Page 10

aromatization, although an aromatic ‘A’ ring is only found in the absence of this C4p methyl
substituent. Nevertheless, formation of a heterocyclic bridge between C19 and C2 could

be envisioned to similarly enable cooperative aromatization (formation of 1(2) and 3(4)
double bonds) with loss of C19. Indeed, precedent for such heterocyclic bridge formation

in diterpenoid demethylation can be found in gibberellin biosynthesis, where C20 is lost
concurrently with formation of a 19,10a-olide (y lactone ring), which has been shown to
proceed via a key heterocyclic C20 gem-diol anhydride intermediate [69]. It can be expected
that coupled demethylation and aromatization reaction(s) in tanshinone biosynthesis also
would draw significant mechanistic interest.

Conclusions and Outlook

With the recent identification of the role of CYP71D sub-family members in formation

of the 14,16-epoxy (dihydrofuran) ‘D’-ring that characterizes these (di)norditerpenoids

[9], it seemed an opportune time to review progress towards elucidation of tanshinone
biosynthesis. While upstream transformations for production of the relevant nor-diterpenoid
intermediate miltirone remain unknown, those that have been identified enable production
of 11,20-dihydroxy-sugiol (12), which has led to significant metabolic engineering efforts,
particularly in yeast. Significantly, elucidation of tanshinone production provided pioneering
insights into not only phenolic abietane but labdane-related diterpenoid biosynthesis in the
Lamiaceae more broadly, enabling identification of the relevant enzymes in a number of
these plant species. Building on the discovery of the ferruginol BGC in the S. miltiorrhiza
genome, it will be of further interest to determine if this locus has been functionally retained
more widely. Regardless, investigation of tanshinone biosynthesis, as well as that of the
various labdane-related diterpenoids of interest in the Lamiaceae more generally, remains an
active area of study, with more intriguing discoveries sure to be made.
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Figure 1. Tanshinones and their base structures.
Shown are the base structures for labdanes and abietanes, along with the three most

prevalent tanshinones found in S. miltiorrhiza (numbered as described in the text)

Curr Opin Plant Biol. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang and Peters Page 16

Cytosol

Acetyl-CoA
¢ AACT

Acetoacetyl-CoA
¢ HMGS .

MVA Pathway HMG-CQA i

MVA

¢ MK
Peroxisome MVAP
¢ PMK

MVAPP

MDC

DI
DMAPP «—» IPP

—

FPP
&7 T
Sesquiterpene Triterpene

Tanshinones < -- Miltirone «-- Ferruginol «— Miltiradiene

Figure 2. The subcellular compartmentalization of isoprenoid and tanshinone biosynthesis more
specifically.

AACT, acetoacetyl-CoA thiolase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR,
HMG-CoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate kinase; MDC,
pyrophosphate decarboxylase; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; G3P,
glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 2-C-Methyl-D-
erythritol 4-phosphate; DXR, DXP reductoisomerase; CDP-ME, 4-diphosphocytidyl-2-C-
methyl D-erythritol; MCT, 4-diphosphocytidyl-2-C-methyl D-erythritol synthase; CMK,
4-diphosphocytidyl-2-C-methyl D-erythritol kinase; CDP-MEZ2P, 4-diphosphocytidyl-2-C-
methyl D-erythritol 2-phosphate; MECPP, 2-C-methyl-D-erythritol 2, 4-cyclodiphosphate;
MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HMBPP, 4-hydroxy-3-
methylbut-2-enyl diphosphate; HDS, 4-hydroxy-3-methylbut-2-enyl diphosphate synthase;
HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; IPI, IPP isomerase; GPP,
geranyl pyrophosphate; GPPS, geranyl diphosphate synthase; FPP, farnesyl diphosphate;
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FPPS, farnesyl diphosphate synthase; GGPP, geranyl geranyl pyrophosphate; GGPPS,
geranylgeranyl diphosphate synthase

Curr Opin Plant Biol. Author manuscript; available in PMC 2023 April 01.

Page 17



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang and Peters

Page 18

CPST1*
CPS5
KSL1*
KSL2
CYP76AHT*
CYP76AH3*
CYP76AKT*
CYP71D375

Figure 3. Tissue and cell-type specific CPS, KSL and CYP gene expression in S. miltiorrhiza.
Key enzymatic genes highly expressed in root (colored red, consistent with the accumulation

of the pigmented tanshinones in this organ), leaf and flower. In addition, the root was
further divided into four cross-section cell-types, roughly correlated to the periderm (colored
red, consistent with the more specific localization of tanshinones in this cell-type), cortex,
phloem and xylem, and those genes known to have higher expression in these cell-types
also are indicated. Red text indicates genes with known roles in tanshinone biosynthesis and
those known to exhibit inducible expression with an asterisk (*)
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Figure 4. Proposed tanshinone biosynthesis.
Miltiradiene is produced from the general diterpenoid precursor GGPP by the successive

action of SmCPS1 and SmKSL1, and undergoes presumably spontaneous oxidation to
abietatriene. The ferruginol synthase (CYP76AH1, green), 11-hydroxyferruginol synthase
(CYP76AHS3, red), and 20-hydroxylase (CYP76AKZ1, blue) then catalyze successive
hydroxylation reactions at C12, C11, C7, and C20, respectively. CYP71D375 (orange) is
known to generate the 14,16-epoxy D-ring, which is then further oxidized to a furan ring by
Sm20DD14 (yellow). Compounds numbered as described in the text, while the shaded area
indicates the linear pathway that seems to predominate /n planta biosynthesis

Curr Opin Plant Biol. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang and Peters

99

97— RoCPS1
SfCPS
100 L— smcps2

100

100

— SmCPS1
100 — SsTPS3
SmCPS3

AtCPS1

sl smeess
9 SmCPS5

9

SmKSL2
AtKS1
99 RoKSL2
SfKSL

0.20

100 SsTPS1
99 SmKSL1
75— RoKSL1

Protein

i

1 OO_aa

Figure 5. Phylogeny, protein and genomic structure of CPS and KSL genes in S. miltiorrhiza.
Left) Phylogenetic tree of diterpene cyclases and synthases from Salvia miltiorrhiza (Sm),

Salvia splendens (Ss), Salvia fruticosa (S1), Rosemarinus officinalis (Ro) and Arabidopsis
thaliana (A, constructed using the neighbor-joining method with MEGA-X. Numbers at
nodes indicate bootstrap values (percentage of 1000 replicates). The scale bar at bottom
represents the genetic distance. Middle) Domain architecture (box coloring: white, plastid
targeting sequence; orange, y domain; green, p domain; blue, a domain). Right) Exon/
intron structure of the indicated genes. Blue boxes indicate exons and black lines indicate

introns
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Figure 6. Chromosomal location of tanshinone biosynthesis genes in S. miltiorrhiza and
comparison of associated BGC with S. splendens.

@ S

miltiorrhiza chromosomes with position of the tanshinone (ferruginol) associated

biosynthetic gene cluster (BGC) as well as that of the CYP71D array and individual genes

(CPS

and CYP76AK1-3) indicated by a red arrow and black triangles, respectively.

(b) Syntenic relationship of the Danshen BGC and CYP71D tandem array with S. splendens.

Gene

nomenclature follows that previously assigned [9,58,60,66]
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