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Abstract: Lolitrems are tremorgenic indole diterpenes that exhibit a 
unique 5/6 bicyclic system of the indole moiety. Although genetic 
analysis has indicated that prenyltransferase LtmE and cytochrome 
P450 LtmJ are involved in the construction of this unique structure, 
the detailed mechanism remains to be elucidated. Herein, we 
reconstitute the biosynthetic pathway for lolitrems employing a 
recently established genome-editing technique for the expression 
host Aspergillus oryzae. Heterologous expression and bioconversion 
of the various intermediates revealed that LtmJ catalyzes multistep 
oxidation to furnish the lolitrem core. We also isolated the key reaction 
intermediate with an epoxyalcohol moiety. This observation allowed 
us to establish the mechanism of radical-induced cyclization, which 
was firmly supported by density functional theory calculations and a 
model experiment with a synthetic analog. 

Introduction 

Indole diterpenes (IDTs) are representative fungal secondary 
metabolites with remarkable structural diversity and a wide range 
of biological activities, such as inhibition of calcium-activated 
potassium channels, tremorgenic activity, progesterone receptor  
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Figure 1. Representative fungal indole diterpenes. 
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Figure 2. Biosynthetic pathway for terpendoles and lolitrems. A) The biosynthetic pathway for 3. B) The biosynthetic pathway for 8 and 7 from 2 and 6. PT: 
prenyltransferase; FMO: flavin-dependent monooxygenase; TC: terpene cyclase.

agonistic activity, and anti-MRSA activity. [1,2] To understand the 
mechanism of their structural diversification, extensive studies 
have been conducted on their biosynthesis. Among more than a 
hundred natural indole terpenes, paspaline (1) -derived IDTs are 
the largest group, comprising 70% of all isolated IDTs (Figure 1). 

The core structure of IDTs is diversified mainly by cytochromes 
P450, such as PaxPQ, involved in the biosynthesis of paxilline (2), 
or their homologs.[3.4] In the late stage of biosynthesis, prenylation 
of the indole ring and further modification also contribute to 
structural diversification. Previously, we elucidated the 
biosynthetic pathway of penitrem A and shearinines/janthitrems, 
in which prenyltransferases and flavoproteins are involved in the 
construction of a bicyclic system on indole rings (Figure 1). [5,6] 
However, little is known about the biosynthesis of lolitrems, which 
have a unique 5/6 bicyclic system (Figure 1). Lolitrems are 
tremorgenic mycotoxins produced by the fungal endophyte 
Epichloë festucae var. lolii. A major congener, lolitrem B (3), is 
known as a causative agent of ryegrass staggers. [7,8] Among IDTs, 
lolitrems/terpendoles are known as one of the most diverse 

classes of compounds, including more than 30 congeners. Most 
lolitrems are structurally characterized by the presence of trans-
fused 5/6 bicyclic systems (A/B rings), while minor congeners can 
also have cis-fused systems (Figure 1)[2]. The biosynthetic gene 
cluster of lolitrems, which is composed of ten genes and splits into 
three loci,[9,10] contains four genes, ltmGCMB (Figure S1), which 
are responsible for the biosynthesis of 1. [11] In the biosynthesis of 
terpendole C (4), which has an identical structure to the IDT core 
of 3, a key intermediate 1 undergoes a series of modifications 
catalyzed by TerPQFK to yield 4 via terpendole E (5), J, and I (6) 
as intermediates (Figure 2A),[12] suggesting that the orthologous 
enzymes LtmPQFK are responsible for the same conversions in 
lolitrem biosynthesis.[11] Prenyltransferase LtmE and cytochrome 
P450 LtmJ are specific to the biosynthesis of lolitrems and are 
likely involved in the construction of their A/B rings. [11] However, 
the exact mechanism is still unknown. In this study, we elucidated 
the mechanism of P450-catalyzed oxidative cyclization employing 
heterologous expression, density functional theory (DFT) 
calculation, and a model experiment with a synthetic analog. 
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Results and Discussion 

Based on the biosynthetic studies of 2,[3] we initially introduced 
four genes, paxG, paxC, paxM, and paxB, into Aspergillus oryzae 
NSPlD1 employing CRISPR/Cas9-based genome editing to 
produce the putative intermediate 1 (Figure S2, Table S1).[13] This 
screening-free method readily enabled us to obtain the AO-
paxGCMB which produced 1 (133 mg kg−1), as we reported 
previously[3] (Figure 3A-ii). Given the expected transformant, 
cytochrome P450 genes terP and/or terQ were introduced into 
AO-paxGCMB. The obtained transformants, AO-paxGCMB/terQ 
and AO-paxGCMB/terPQ, produced 5 (109 mg kg−1) and 6 (148 
mg kg−1), respectively (Figure 3A-iii and iv). Two additional genes, 
terF and terK, were introduced. The obtained transformant, AO-
paxGCMB/terPQFK, which produced 4 (52 mg kg−1), confirmed 
that TerF and TerK exerted the expected activities (Figure 3A-v). 
Finally, we introduced ltmE and ltmJ. The resulting AO-
paxGCMB/terPQ/ltmEJ and AO-paxGCMB/terPQFK/ltmEJ 
produced lolitriol (7)[14] (6 mg kg−1) and lolitrem B (3) (0.3 mg kg−1), 
respectively (Figure 3A-vi and vii). These results showed that 
LtmE and LtmJ are responsible for the construction of the A/B 
rings of lolitrems. The low production of 4 and 3 can be explained 
by the substrate promiscuity of prenyltransferase TerF (Figure 
3A-v and vii). Competition between several enzymes is also likely 
(e.g., 6 is a substrate for both TerF and LtmE). 
  Considering that more than 10 lolitremanes/lolitrem congeners 
have been isolated in nature, we hypothesized that LtmEJ can 
accept a diverse array of IDTs. To investigate their substrate 
scope, we constructed the transformant AO-ltmEJ. Indole 
terpenes 6, 4, and 2 were converted to naturally occurring 
lolitrems 7, 3, and lolilline (8),[15] respectively (Figure 3B). Among 
the compounds tested, paspalinine (9) was converted to the 
putative lolitremane 10, while 13-desoxypaxilline (11) was not 
converted (Figure 4A, B, S3), suggesting that the 13-hydroxy 
group was important for substrate recognition. This hypothesis 
was supported by the observation that terpendole D (12) and 
emindole SB (13) were not converted in the same condition 
(Figure 4C, D). Interestingly, it was possible to apply the same 
empirical rule to indole sesquiterpenes (ISTs): lecanindole B (14), 
which has a 9-hydroxy group, was also converted to the putative 
product 15, while prelecanindole (16) was not (Figure 4E, F, S3). 
These results indicated that LtmE and LtmJ can be applied to the 
modification of IDTs/ISTs with 13/9-hydroxy groups (Figure S4). 
Conversion of 5 was extremely low, but MS spectra and 
chromatograph profiles indicated that lolicine A (17) was formed 
(Figure 4G, S3).[14] Insufficient conversion of 5 suggested the 
other structural features may also be important for their 
recognition by the enzymes. In the case of 6, we also detected a 
trace amount of isomeric metabolites (Figure 3B), suggesting that 
the products with cis-fused A/B rings were formed in the same 
condition. 

LC-MS analysis of the bioconversion of 2, 6, and 4 revealed 
that products 8, 7, and 3 were always accompanied by the 
compounds 18, 19, and 20, respectively, whose deduced 
molecular weights were two mass units larger than those of the 
corresponding lolitrems (Figures 3B and S3). Similar compounds 
were also observed in the cases of 5, 9, and 14 (Figure 4A, E, G, 
S3). We determined the planar structures of 18 and 19 to be 

epoxyalcohols (Scheme 1A, Figure S5, Table S2), suggesting 
that 20 also had the same partial structure. Comparing the 
chemical shifts of 1H and 13C NMR spectra with those of synthetic 
analogs, we determined the relative stereochemistry to be syn 
(Tables S2–S4).[16] Although the NMR spectra of 18, which was 
previously identified by the bioconversion of 2 by AO-
spdE/ltmJ,[17] were nearly identical to those of sespelline (S4), an 
unnatural IDT produced by the bioconversion of 2 by AO-
spdE/spdJ,[17] the difference in their retention times suggested a 
diastereomeric relationship (Figure S6). 

 

Figure 3. HPLC analyses of IDTs produced by the transformants. A) Traces of 
the metabolites extracted from the transformants. The peaks marked with 
asterisks indicate putative monoprenylated derivatives of 4. B) Bioconversion of 
6, 4, and 2 by AO-WT or AO-ltmEJ. All chromatograms were extracted at 265 
nm. The black circle indicates a putative 35-epimer of 7 based on its MS 
spectrum. 

Subsequently, we conducted bioconversion of 18 and 19 by 
AO-ltmJ and obtained 8 and 7, respectively (Figures S6 and S7). 
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In addition, 20,21-diprenylterpendole I (21), obtained by the 
bioconversion of 6 by AO-ltmE, was also converted to 7 by AO-
ltmJ (Figure S8, Table S2). These results unequivocally indicated 
that 18 and 19 are the intermediates of 3-step oxidation catalyzed 
by LtmJ (Figure 2B). Interestingly, S4 was not converted to 8 or 
other related compounds (Figure S6), suggesting that the 
stereochemistry of epoxyalcohol is important for recognition by 
LtmJ. 
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Scheme 1. Proposed mechanism of A) LtmJ-catalyzed reaction and B) the 
related radical cyclization. 

Epoxide opening–triggered cyclizations with epoxide hydrolases 
are often found in natural product biosynthesis.[18,19] However, the 
successful conversion of epoxyalcohol into a bicyclic ketone in 
bioconversion with AO-ltmJ strongly suggests that P450 
monooxygenase LtmJ is solely responsible for the formation of a 
bicyclic system via epoxyalcohol. Therefore, we propose a 
mechanism of oxidative cyclization, shown in Scheme 1A. Based 
on previous studies that reported radical-induced epoxide ring 
opening,[20] we hypothesized that H30 would be abstracted by 
LtmJ to generate substrate radical RT, which would be rapidly 
converted to give alkoxy radical IM1. [21] Radical-induced epoxide 
opening was used for the isomerization of α,β-epoxyketones to 
carbocycles (Scheme 1B). [22] A subsequent 1,5-H shift would give 
the isomeric alkoxy radical IM2,[23] which would undergo 
intramolecular addition to the double bond in a 6-exo manner. The 
resulting tertiary radical PD would undergo one electron oxidation 
to give a tertiary cation, [24–28] which would be trapped by the tert-
hydroxy group, furnishing the A/B rings (Scheme 1A, path a). 
Alternatively, the tertiary radical would couple the oxy radical 
which would be generated by abstraction of second hydrogen 
from the hydroxy group (Scheme 1A, path b). 
To examine the feasibility of this hypothesis, we next performed 

DFT calculations. The results of several examinations indicated 
that the most thermodynamically and kinetically favorable 
pathway for radical-induced 6-membered ring (B-ring) formation 
is the multistep reaction cascade shown in Figure 5, which is 
essentially the same framework as that described above: 1) all 
activation barriers are low enough for the reactions to proceed 
smoothly at ambient temperature (no step with a barrier greater 
than 20 kcal mol–1), 2) the first radical-induced epoxide ring-
opening reaction is the rate-determining step with the highest 
energy barrier (12.1 kcal mol–1) in this cyclization cascade, and 3) 
the overall exothermicity is very large (nearly 30 kcal mol–1). The 
initial epoxide ring-opening reaction of RT via TS1 is an 
endothermic process due to the instability of oxy radicals, 
affording an allylic alkoxy radical (IM1), which smoothly 
undergoes a 1,5-H shift via TS2 with very low activation energy 
(2.0 kcal mol–1) to yield the more stable radical intermediate (IM2) 
with a large exothermicity. Judging by the elongated C–C bond 
distance (1.44 Å) and the shortened C–O bond distance (1.24 Å) 
of the enol moiety, we consider IM2 to be an α-ketoalkyl radical, 
in which the secondary carbon radical is stabilized by the 
resonance with an α-carbonyl π bond rather than an enoyl 
(vinyloxy) radical structure (shown in parentheses in Figure 5). 
The next step branches into two possible routes to afford cis- and 
trans-1-tetralone derivatives (PD-c and PD-t). Our computational 
study suggested that the intramolecular trans-annulation of IM2 is 
kinetically more favorable than the cis-pathway by 8.5 kcal/mol–1, 
in line with the experimental findings that a selective formation of 
trans-fused A/B rings with/without only a trace amount of cis-fused 
congeners. Essentially the same results were obtained when we 
used a model substrate 22 with a benzene core (Figure S9). 
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Figure 4. HPLC profiles of feeding experiments to AO-ltmEJ with 9 (A), 11 (B), 12 (C), 13 (D), 14 (E), 16 (F), and 5 (G). All chromatograms were extracted at 265 
nm.  White circles indicate putative intermediates with epoxyalcohol moiety. 
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Figure 5. Computed reaction pathway from RT to PD. Potential energies relative to RT are shown in parentheses (kcal mol−1; Gibbs free energies calculated at the 
UM06-2X/6-31G(d) level).
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Scheme 2. A model experiment of conversion of 22 to 23a. Reagents and 
conditions: Bu3SnH (4 equiv), Et3B (1 equiv), THF, 40°C, 1 h. cis-23a and trans-
23a were obtained as inseparable mixtures with 22 and 23c, respectively.  The 
yields were calculated from the ratios of integration values of 1H NMR spectra 
of these mixtures and described based on the recovered starting material (brsm) 
(49% of 22 was recovered). 

To validate the proposed cyclization mechanism of the 6-
membered ring from epoxyalcohols 18 and 19, we designed a 
model experiment using a simplified prenyl benzene (22) 
possessing epoxyketone at the ortho position, as it has been 
reported that reaction of epoxyketone with a  tin radical induces 
ring opening of the epoxide via a ketyl radical, a proposed 
intermediate in the enzymatic reaction (Scheme 1B). After several 
experiments, we found that epoxyketone 22 was heated with 
Bu3SnH in the presence of Et3B at 40°C for 1 h to give the 
expected product 23a along with 23b and 23c (Scheme 2).  A 
careful separation and NMR analysis enabled us to determine the 
yield of the products as shown in Scheme 2. The relative 
stereochemistry of trans-23a was determined by extensive NMR 

analysis of the alcohol obtained by stereoselective reduction of 
trans-23a[29]. Product 23b was formed from 23a by a retro aldol 
reaction, while product 23c was formed by hydrogen abstraction 
of the enolate radical intermediate from Bu3SnH. The conditions 
of low temperature and short reaction time despite the low 
conversion were due to suppression of the retro aldol reaction.[25] 
The formation of 23a and 23b thus strongly supports the proposed 
enzyme reaction mechanism. 

Conclusion 

In this study, we achieved total biosynthesis of 3 and elucidated 
the mechanism of the construction of characteristic A/B rings. 
Bioconversion of various indole terpenes suggested that both 
LtmE and LtmJ show relaxed substrate specificities, which 
account for the diversity of the reported lolitrems. As a synthetic 
route for 5, a key intermediate in the biosynthesis, has already 
been established, [30] other structurally related terpendoles can be 
synthesized in either natural or unnatural forms. Bioconversion of 
those synthetic analogs with AO-ltmEJ would be effective for the 
biosynthesis of lolitrem derivatives.[31]  

In fungal metabolite biosynthesis, we often observe the 
conversion of secondary alcohol to ketone via a carbinyl radical, 
such as RT. An intriguing point of LtmJ-catalyzed oxidative 
cyclization is that RT did not end up forming ketone. Instead, rapid 
epoxide opening preceded O-rebound to give enol radical IM1. 
This branch point completely changed the LtmJ-catalyzed 
reaction pathway to one distinct from conventional P450-
catalyzed reactions. Our proposed pathway is firmly supported by 
DFT calculations and chemical demonstration of the last oxidative 
cyclization. Our findings add a radical-induced mechanism to the 
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repertoire of biosynthetic cascade cyclization, which is usually 
initiated by acid-catalyzed epoxide opening. 
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Lolitrem B is a tremorgenic indole diterpene produced by a fungal endophyte. During its biosynthesis, LtmJ, a P450 monooxygenase, 
catalyzes a 3-step oxidation of a diprenylated intermediate to construct the 5/6 bicyclic system. Given the reaction intermediate with 
an epoxyalcohol, we establish the mechanism of radical-induced cyclization, supported by density functional theory calculations and 
a model experiment.  

Institute and/or researcher Twitter usernames: ((optional)) 

 


