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Nodulisporic acid E biosynthesis: in vivo
characterisation of NodD1, an indole-diterpene
prenyltransferase that acts on an emindole SB
derived indole-diterpene scaffold†
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Prenylation of aromatic compounds is a key tailoring reaction in biosynthesis of bioactive indole-diterp-

enes. Here, we identify NodD1 as the enzyme responsible for the bisprenylation of nodulisporic acid F. This

prenyltransferase showed a preference for its natural indole-diterpene substrate whereas other related en-

zymes were not able to catalyse this conversion.

Introduction

Indole-diterpenes (IDTs) are a structurally diverse group of
fungal-derived natural products with a range of potentially
useful bioactive properties including anti-MRSA,1 anti-H1N1,2

and insecticidal3 activities. Several different indole diterpene
scaffolds have inhibitory effects on glioblastoma,4 prostate
cancer5 or breast cancer6,7 cell lines. Mechanisms of action
include Eg5 inhibition8,9 and modulation of the canonical
Wnt (β-catenin dependent) signalling pathway. Paspaline and
emindole SB are the simplest stable indole diterpenes so far
identified and have the structural requirements for anti-
cancer bioactivity and both have been identified as interesting
compounds for further study. Unlike paspaline which is a pre-
cursor of many known indole diterpenes, few emindole SB de-
rived compounds have been identified and there is a need to
understand the potential for biosynthetic modification of this
compound in order that greater chemical diversity can be
generated for further bioactivity studies.

The biosynthetic pathway for IDTs, shown in Fig. S1,† be-
gins with the dedicated biosynthesis of geranylgeranyl pyro-

phosphate, which is condensed with an indole moiety to
produce 3-geranylgeranyl indole. Following epoxidation of the
geranylgeranyl tail, specific cyclisation reactions deliver a va-
riety of IDT skeletons. Different patterns of prenylation, hy-
droxylation, reduction, elimination and halogenation of these
scaffolds lead to the diverse repertoire of compounds belong-
ing to this group (Fig. 1).

Indole-diterpene prenyl transferases (IDT PTs) encompass
one of the most important groups of enzymes involved in
IDT biosynthesis, acting as key tailoring enzymes for the gen-
eration of chemical diversity that is associated with specific
bioactive properties.10 IDT PTs catalyse the prenylation of
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Fig. 1 Examples of known IDTs for which the biosynthesis involves
the action of PTs. Compounds are categorised by whether the PTs act
as the ultimate biosynthetic step (A) or in conjunction with oxidase
enzymes to generate cyclic structures (B). Prenyl groups are
highlighted in blue.
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IDTs either in ultimate biosynthetic steps (e.g. emindole Ps,
aflatrems, anthcolorins, sulpinines) as shown in Fig. 1A, or
in conjunction with oxidase enzymes to generate cyclic struc-
tures (e.g. penitrems, shearinines, nodulisporic acids, and
lolitrems) as shown in Fig. 1B. Using DMAPP as the prenyl
donor, these ‘decoration’ IDT PTs prenylate the indole com-
ponent of the IDT core compound in any of the six possible
locations using either ‘head’ or ‘tail’ isoprenoid condensa-
tions (respectively described as ‘regular’ or ‘reverse’
prenylations) to generate mono-prenylated, bisprenylated or a
mixture of mono- and bisprenylated products (Table 1). Al-
though the majority of IDT PTs prenylate at various posi-
tions on the indole core, one IDT PT, LtmF,11 prenylates
lolitrems and terpendole-type IDTs on the terpenoid compo-
nent (shown at the bottom of Table 1). Prenylation of non-
cyclic carbons by aromatic PTs is unusual but not
unprecedented.12

To date, the products of seven genes encoding these tailor-
ing IDT PTs have been functionally analysed in vivo (PaxD
from Penicillium paxilli,13 AtmD required for aflatrem biosyn-
thesis in Aspergillus f lavus,14 JanD for shearinine biosynthesis
in P. janthinellum,15 PtmD and PtmE for penitrem biosynthe-
sis in P. simplicissimum,16 LtmE and LtmF for lolitrem bio-
sysnthesis in Epichloe festucae11), and five have been
characterised in vitro (PaxD,15,17,18 AtmD,17 JanD,15 PtmE16

and AmyD18). Notably, all the IDT PTs analysed to date deco-
rate paspaline-derived IDT skeletons (Fig. S1†) when
performing their natural biosynthetic functions. Of these,
AtmD has shown the highest degree of substrate promiscuity,
where, as shown in Fig. S2,† not only can it prenylate the in-
dole ring of uncyclized indole terpenes, including farnesyl in-
dole and the IDT precursor geranylgeranylindole, but it is

also observed to alter its mode of prenylation from tail to
head depending on the substrate it is presented with (e.g.
paspalinine vs. paspaline respectively).17 This remarkable
substrate promiscuity may make AtmD a useful template for
creating IDT PTs with novel substrate specificities. However,
there is still very little known about IDT PTs and more infor-
mation is required to rationally engineer mutant enzymes of
altered specificity to increase IDT diversity.

The primary goal of this study was to explore substrate
specificity of an IDT PT, NodD1 from Hypoxylon pulicicidum,
involved in the biosynthesis of the non-paspaline-derived
IDT, nodulisporic acid E (NAE) 1 (Fig. 2A). In line with our
overarching goal to better understand the structural features
of IDT PTs that determine substrate specificities, we also
analysed the abilities of JanD and AtmD, which standardly
prenylate paspaline-derived scaffolds (Fig. 2B and C respec-
tively) to accept an alternative non-paspaline-derived IDT,
nodulisporic acid F (NAF) 2.

Results

Previously, we proposed that one of the two putative PT-
encoding genes (nodD1 or nodD2) identified in the
nodulisporic acid biosynthetic gene cluster (nod) was likely
involved in the bisprenylation of NAF 2 to form NAE 1.19 The
slightly higher level of sequence homology seen for NodD1
compared with PaxD and JanD (Table S1†), enzymes that me-
diate bisprenylation of structurally similar IDTs with similar
regioselectivity to NAE 1 biosynthesis (i.e. bisprenylation at
C21 and C22 of the indole moiety), suggested that NodD1
was the most likely candidate for this enzymatic step.

In turn, using our modular cloning system,20 we heterolo-
gously expressed the gene encoding NodD1 (nodD1) in a strain
of Penicillium paxilli (HPF1) that we previously engineered to
produce NAF 2.19 As shown in trace i.b of Fig. 3, LC-MS results
revealed a new compound which matched the expected mass
of the bisprenylated-NAF derivative, NAE 1 (Fig. S6,† HRMS [M
+ H]+ 572.4101 m/z), corresponding to a molecular formula of
C38H53NO3. Subsequent NMR analysis confirmed the new

Fig. 2 Standard in vivo prenylation mechanisms observed for NodD1
(A), JanD (B) and AtmD (C). As shown in Fig. S2,† alternative in vitro
prenyl transferase activity has been observed for AtmD.17

Table 1 Known prenylations involved in IDT biosynthetic pathways.
Prenyl groups are highlighted in blue. R and R1 on the top white struc-
ture indicate locations where the ‘terpenoid’ component of IDTs at-
taches to the indole component. Prenylations have been grouped by the
region of the IDT they prenylate (i.e. ‘indole’ or ‘terpenoid’ component),
degree of prenylation (i.e. mono- or bisprenylation), and prenylation
mode (i.e. ‘head’ or ‘tail’ isoprenoid condensation). Carbon numbering is
based on the conventional IDT numbering scheme. When comparing
IDTs to non-IDTs decorated by aromatic PTs, C1,2,3 = C1,2,3; C20 = C4;
C21 = C5; C22 = C6 and C23 = C7
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compound was NAE 1 (Table S2 and Fig. S7–S11†). Notably, the
prenylation efficiency of NAF 2 by NodD1 was high, with nearly
full conversion of NAF 2 to NAE 1 observed (see absence of NAF
2 in trace i.b of Fig. 3).

Next, based on previously observed substrate promiscuity
associated with IDT PTs,17 we were curious whether NodD1
would be able to prenylate paxilline 3. To this end, we
expressed nodD1 in wildtype P. paxilli strain PN2013, for
which paxilline 3 is the major IDT product. LC-MS analysis
revealed that at least four novel prenylated IDT compounds
(based on MS fragmentation patterns) with [M + H]+ ions of
504.3 m/z, 504.3 m/z, 502.3 m/z and 570.4 m/z were present in
the transformant extracts and not in the extracts from the pa-
rental P. paxilli strain PN2013 (Fig. S4 and S5† traces ii.b vs.
ii.a). In contrast to the high prenylation efficiency observed
for NodD1 to prenylate NAF 2, very low titres were observed
for the prenylated paxilline compounds hindering further
compound characterisation by NMR analysis.

To further understand the substrate specificity/promiscuity
of IDT PTs, we explored whether JanD and AtmD could
prenylate NAF 2 to produce NAE 1 or any novel compounds.
We specifically chose JanD because it has the highest amino
acid sequence identity (53.2%, Table S1†) to NodD1 of all
known IDT PTs and catalyses the bisprenylation of some
paspaline-derived IDTs with the same regioselectivity as
NodD1 (Fig. 2B; prenylation at C21 and C22 of the indole moi-

ety).15 In contrast, AtmD mediates monoprenylation at one of
three sites (Fig. 2C, C20, C21, and a third unidentified posi-
tion) in the biosynthesis of the aflatrems, but was chosen
because it is the most promiscuous IDT PT characterised to
date (Fig. S2†).17 Accordingly, the genes encoding JanD and
AtmD ( janD and atmD) were individually heterologously
expressed in the NAF 2-producing P. paxilli strain (HPF1)
and extracts were analysed. As shown in traces i.c and i.d of
Fig. 3, no new compounds with masses corresponding to
those expected for prenylated-NAF compounds were detect-
able in the extracts of the janD- or atmD-transformants, indi-
cating that their respective PTs are unable to prenylate NAF
2 in vivo. As positive controls, janD and atmD were individu-
ally expressed in wildtype P. paxilli strain PN2013 and, in
accordance with previous in vitro results from Liu et al.
2013 and 2016,15,17 prenylated-paxilline products were ob-
served in the transformant extracts (shown in Fig. 3, traces
ii.c and ii.d). Whereas, nearly full conversion of paxilline 3
to two bisprenylated-paxilline compounds (20–21 and 21–22
bisprenylated-paxillines) was observed in the janD trans-
formants, the atmD transformants only partially converted
paxilline 3 to three monoprenylated-paxilline compounds
(20-, 21-, 22-monoprenylated-paxillines). In other words,
these results imply that JanD may prenylate paxilline 3 more
efficiently than AtmD in vivo, but further kinetic experi-
ments are required to confirm this in vitro.

Fig. 3 HPLC analysis (230 nm) of fungal extracts. Prenylated products, as confirmed by MS fragmentation patterns, for which we do not have
standards, are denoted by an asterisk (*). Note: Some traces contain peaks that have similar retention times to other prenylated IDTs, but MS
results shown in Fig. S3–S5,† indicate that they are not prenylated IDT compounds. Strain names (HPF1 or PN2013) are shown in grey and plasmid
names (e.g. pRC63) are shown in black with the corresponding names of IDT enzymes encoded by the genes of each strain and plasmid shown
within the coloured boxes. The x-axis of each trace has a minimum value of −100 arbitrary units (AU) and the maximum x-axis value is listed on the
right side of the trace. Additional information regarding the strains and plasmids can be found in Tables S4, S5 and S11.†
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Discussion

By heterologous expression in a fungal host we have function-
ally analysed NodD1, one of two PTs that are predicted to act
on an emindole SB derived structural core in the biosynthesis
of the fully functionalised nodulisporic acids, such as
nodulisporic acid A.19 Emindole SB has been identified for
its anti-cancer properties6,7 and the nodulisporic acids are
known for their highly potent toxicity towards invertebrates
and absence of tremorgenic or other toxic properties against
mammalian species that are associated with many of the
paspaline-derived IDTs.3,21 Functional characterisation of
NodD1 may provide valuable insights into the relationships
between IDT PT sequences, reaction chemistries and sub-
strate selectivities.

IDT PTs appear to be part of a broader group of microbial
indole PTs known as the αββα (“ABBA”) PTs that prenylate
an aromatic ring via Friedel–Crafts electrophilic alkylation.22

Despite low amino acid sequence homology, members of this
group of soluble enzymes share a common structural archi-
tecture.23 The αββα PTs are found only in bacteria and fungi
where they are involved exclusively in the biosynthesis of sec-
ondary metabolites. To date, the crystal structures of five fun-
gal aromatic PTs have been reported. This group includes
FgaPT2,23,24 FtmPT1 (ref. 25–27) and CdpNPT27,28 from Asper-
gillus fumigatus, AnaPT29 from Neosartoria fischeri, AtaPT30

from Aspergillus terreus. All these enzymes have been identi-
fied through genome mining and characterised in vitro mak-
ing it difficult, in some cases, to identify their in vivo sub-
strates and metabolic products with certainty; however, all
can mediate the transfer of DMAPP onto the indole core of at
least one indole containing substrate.30,31 Whereas FgaPT1
and FgaPT2 appear to demonstrate high substrate specificity
and regioselectivity, CdpNPT, AnaPT and AtaPT are able to
utilise a variety of indole containing substrates and even ap-
pear to catalyse both head and tail prenylations.23–28,32 AtaPT
also has been shown to mediate C-and/or O-prenylation on
non-indole containing substrates.30,31

The low level of sequence identity seen between the IDT PTs
and the other fungal aromatic PTs for which structures are
known is consistent with the low level of sequence similarity
that exists in the αββα PTs, despite their apparent common ar-
chitecture and shared patterns of catalytic function. Phyloge-
netic analysis, shown in Fig. 4, demonstrated that, with the ex-
ception of PtmE, the known IDT PTs form two distinct clades
with LtmE, LtmF (involved in the biosynthesis of lolitrems)11

and AmyD forming one clade (33–56% ID) and the remaining
enzymes (PaxD, JanD, PenD, NodD1, NodD2 and AtmD)
forming the second clade (29–66% ID), both of which are dis-
tinct from the five fungal PTs for which structures are known.

Several fungal ABBA PTs have been engineered to alter
their substrate specificity and/or regioselectivity, which is
highly desirable for creating novel chemical analogues and
could be applied to the IDT PTs. However, with such high
levels of sequence dissimilarity it is difficult to make predic-
tions based on amino acid sequence data alone and it will be

necessary to have a greater understanding of relationships
between sequence and function and to determine the struc-
tural features that drive catalytic diversity in these enzymes.

Of the IDT enzymes, the aromatic PTs are the most well
studied as they are not membrane associated and can there-
fore be characterised in vitro, making them a potential bioen-
gineering starting point to generate diverse IDTs. Our results
demonstrate clear differences in substrate specificity between
NodD1, JanD and AtmD, with the latter two IDT PTs unable
to prenylate a non-paspaline derived cyclic IDT core of NAF.
Notably, NodD1 and JanD, while responsible for the substitu-
tion at the same position on the indole ring (i.e. C21 and
C22), do not readily interchange IDT substrates. While
NodD1 showed some ability to prenylate paxilline 3, JanD
was unable to transform the less cyclised precursor, NAF 2,
that possesses a partially uncyclised prenyl tail, and notably,
a carboxylic acid functionality. Similarly, AtmD which
displayed the ability to accept a variety of substrates during
an in vitro study,17 was unable to accept NAF 2 as a substrate.

Conclusions

The IDT PTs offer great potential for the ability to create
novel compounds via combinatorial biosynthesis using en-
zymes from different pathways and through creation of en-
zymes with novel catalytic functions. Prenylation of the
emindole SB derived compound nodulisporic acid F provides
the first report of an IDT PT that acts on a non-paspaline IDT
core providing insight into the ability to modify compounds
with anti-cancer therapeutic potential. This also provides evi-
dence to further delineate the pathway for the biosynthesis of
the nodulisporic acids, compounds with pesticidal properties
which have so far been untapped. The strong preference of
NodD1 for its natural substrate, NAF 2, and the inability of
the related enzymes JanD and AtmD to prenylate this com-
pound may help contribute to a greater understanding of
how primary structure relates to the substrate specificities
and regioselectivities displayed by these enzymes. There is

Fig. 4 Phylogenetic tree (uncorrected UPGMA) based for IDT PTs
compared with fungal aromatic PTs with known structures
(underlined). Numbers indicate difference in amino acid identity values
over the entire sequence (Table S1†).
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much to explore and apply with this important group of en-
zymes as we begin to access the huge chemical and bioactive
diversity that exists in the IDTs.
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