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ABSTRACT: Terretonin (1) is a fungal meroterpenoid isolated
from Aspergillus terreus, and possesses a highly oxygenated and
unique tetracyclic structure. Although the biosynthetic gene cluster
for 1 has been identified and the biosynthesis has recently been
studied by heterologous reconstitution and targeted-gene deletion
experiments, the last few steps of the terretonin pathway after
terrenoid (6) have yet to be elucidated. Notably, the mechanism
for the D-ring expansion to afford the terretonin scaffold has been
a long-standing mystery to solve. Here we report the character-
ization of three enzymes that convert 6 into 1, as well as the
complete biosynthetic pathway of 1. In the proposed terretonin
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pathway, the cytochrome P450 Trt6 catalyzes three successive oxidations to transform 6 into an unstable intermediate, which

then undergoes the D-ring expansion and unusual rearrangement

of the methoxy group to afford the core skeleton of 1. This

unprecedented rearrangement is catalyzed by a novel isomerase Trt14. Finally, the nonheme iron-dependent dioxygenase Trt7
accomplishes the last two oxidation reactions steps to complete the biosynthesis.

B INTRODUCTION

Structural diversity and complex molecular architectures are the
key features of natural products, and therefore they exhibit a
remarkably wide range of biological activities. The biosynthesis
of natural products with unusual carbon skeletons should
involve fascinating chemical transformations catalyzed by the
responsible enzymes. The identification and characterization of
these intriguing enzymes not only are interesting in terms of
fundamental sciences, but also will have a significant impact on
synthetic chemistry, since they might serve as efficient catalysts
for difficult syntheses involving multistep chemical reactions.
Thus, the biosyntheses of complex natural products have
recently been studied intensively, revealing many enzymes that
catalyze unprecedented chemical conversions and new families
of enzymes.'™ It is noteworthy that “unusual” reactions are
often mediated by “usual” enzymes that share relatively high
sequence similarity with well-characterized enzymes. For
example, atypical reactions have recently been reported to be
catalyzed by common oxidative enzymes such as cytochrome
P450s,* "¢ flavin adenine dinucleotide (FAD)-dependent

enzymes,é_8 and nonheme and a-ketoglutarate (a-KG)-

dependent dioxygenases.” "' This implies that the peculiarity
of the substrate is also a key factor for unique reactions to
occur. However, completely new families of enzymes can also
be discovered through biosynthetic analyses. For example,
recent studies revealed the presence of the novel membrane-
bound terpene cyclases in the pyripyropene A pathway,' the
spiroacetal-forming enzymes in reveromycin ~ or avermectin'*
biosynthesis, the p-branching domain in rhizoxin biosyn-
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thesis,"> and the enzyme for [4 + 2]-cycloaddition in the
versipelostatin pathway.'® Once a new enzyme class has been
identified and characterized, it considerably accelerates the
functional analyses of homologous proteins that can easily be
found in the public database.

Terretonin (1)," isolated from Aspergillus terreus, is one of
the fungal meroterpenoids derived from 3,5-dimethylorsellinic
acid (DMOA) and farnesyl pyrophosphate (FPP), and
possesses a unique tetracyclic core skeleton (Figure 1A). In
the 1980s, intensive incorporation experiments using radio-
active/stable isotopes were performed by Simpson’s and
Vederas’ groups, to elucidate the biosynthetic pathway of 1
and the mechanism underlying the construction of its D-
ring.'"* 7! Isotope-feeding studies suggested the following
mechanism for D-ring generation as Figure 1B: after the
formation of the hydroxydiketone intermediate, the intra-
molecular tandem lactonization and retro-Claisen cleavage
would give a ring-expanded f-keto acid, which subsequently
undergoes methyl esterification to afford the scaffold of 1.

The biosynthetic gene cluster (~27.3 kb, 10 genes) for 1
(the trt cluster, Supporting Information Figure S1) has been
identified, and heterologous expression and gene deletion
studies have been performed to establish the biosynthetic
pathway of 1 and its analogue terretonin C (2), lacking the
methyl ester group at C-16."*">* At present, the first seven
steps in the terretonin pathway are well understood, in which
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Figure 1. (A) Biosynthetic pathway of terrenoid (6). (B) Proposed

reaction mechanism for the D-ring construction.

the nonreducing polyketide synthase Trt4 synthesizes DMOA
(3) as the initial precursor.”> Reconstitution experiments
revealed that five enzymes, including Trt4, are responsible for
the generation of the first tetracyclic intermediate preterretonin
A (4).> On the basis of the targeted-gene deletion experiments
by Wang’s group, 4 would then be oxidized into preterrenoid
(5) by the short-chain dehydrogenase Trt9, followed by C-16
hydroxylation catalyzed by the FAD- dependent mMonooxyge-
nase Trt3 to yield terrenoid (6) (Figure 1A).>* Terrenoid (6)
was accumulated upon the disruption of trt6, a cytochrome
P450 monooxygenase gene, but the product(s) of Trt6 has yet
to be identified. Additionally, no intermediate accumulated with
the deletion of trt7, encoding an Fe(II) and a-KG-dependent
dioxygenase, and therefore the function of Trt7 still remains
unclear. Interestingly, the trt14-deletion mutant only produced
2 but not 1, indicating that Trt14, which shares almost no
sequence homology with any characterized enzymes, is
somehow involved in the formation of the methyl ester
group of 1. Since 2 appears to be derived from the
decarboxylation of the f-keto acid shown in Figure 1B, Trt14
was proposed to be engaged in the conversion of the f-keto
acid into its methyl ester.”* On the other hand, AusJ and AusH,
two homologous proteins to Trtl4 involved in austinol
biosynthesis, are most hkely to be isomerases, based on gene
disruption experiments,* but they have not been studied at the
enzymological level. Thus, the functional characterization of
Trt14 would lead to the discovery of novel enzymatic
mechanisms and facilitate studies of other homologous
proteins.

In this study, we sought to elucidate the complete
biosynthetic pathway of terretonin (1) and the mechanism
for the D-ring construction of 1. We have determined that three
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enzymes with uncharacterized functions, the cytochrome P450
Trt6, the nonheme iron-dependent dioxygenase Trt7, and the
isomerase Trt14, are responsible for the conversion of 6 into 1,
by in vivo and in vitro reconstitutions of the terretonin
pathway. In the course of our study, we have successfully
reconstructed the biosynthesis of 1 in a single heterologous
host and established the biosynthetic route leading to 1, in
which Trt6 performs three successive oxidative reactions, Trt14
catalyzes an unprecedented rearrangement to generate the
terretonin scaffold, and Trt7 further oxidizes the B-ring to
complete the biosynthesis.

B RESULTS

Reconstitution of Terrenoid Biosynthesis. Although the
previous gene deletion study indicated that terrenoid (6) is
synthesized from preterretonin A (4) by Trt9 and Trt3,**
heterologous expression system with these two enzymes has
not been constructed. To further validate the pathway leading
to 6, and to provide the platform to analyze the other
terretonin biosynthetic genes, we ﬁrst introduced #rt9 and trt3
into the Aspergillus oryzae NSAR1” transformant synthesizing

4, which we constructed previously.” In the expression system,
the sequence of trt9 was manually revised by comparisons with
the sequences of other homologous genes such as adrF in the
andrastin A pathway®’ (Figure S2). When the SDR gene trt9
was introduced, the transformant produced the new product §,
which was not found in the control strain with the five enzymes
(Figure 2A, lanes i and ii). As expected, "H and *C NMR and
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Figure 2. Reconstitution of the early stages of 1 biosynthesis in the A.
oryzae expression system. (A) HPLC profiles of mycelial extracts from
transformants harboring (i) trt4+2+5+8+1; (ii) trt4+2+5+8+1+9; (iii)
trt4+2+5+8+1+9+3. (B) Structures of compounds 4—7. Chromato-
grams were monitored at 254 nm.

MS analyses revealed that the new product is preterrenoid (5),
confirming the role of Trt9 as the alcohol dehydrogenase that
utilizes 4 as a substrate. Further introduction of the FMO gene
trt3 successfully yielded terrenoid (6), which was absent in the
six gene-expression system (Figure 24, lane iii). The trans-
formant also produced one minor metabolite 7, with a 2 Da
larger molecular weight than that of 6. After the isolation and
spectroscopic analyses, 7 was determined to be the reduced
form of 6 with a secondary alcohol at the C-3 position, and was
named terrenoidol (Figure 2B). Terrenoidol is most likely
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generated via the direct oxidation of 4, instead of S, by Trt3.
Thus, it was confirmed that Trt3 is the C-16 hydroxylase.
Functional Analysis of the Cytochrome P450 Trt6.
Next, we investigated the function of the cytochrome P450
monooxygenase Trt6, which is considered to accept 6 as its
substrate. The trt6 gene was coexpressed with the other seven
genes responsible for the biosynthesis of 6, and the LC-MS
analyses of the resulting metabolites clearly revealed the
presence of two new compounds, 8 and 9 with m/z 417 [M
+ H]" and 419 [M + HJ*, respectively (Figure 3A, lanes i and
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Figure 3. Functional analyses of Trt6 and Trt14. (A) LC-MS profiles
of culture supernatant extracts from A. oryzae transformants harboring
(i) trt4+2+5+8+1+9+3; (ii) trt4+2+S5+8+1+9+3+6; (iii)
trt4+2+5+8+1+9+3+6+14. (B) LC-MS profiles of the products from
in vitro enzymatic reactions of Trt6 and Trt14 with 6: (i) reaction with
only AtCPR; (ii) reaction with AtCPR and Trt6; (iii) reaction with
AtCPR, Trt6, and Trtl4. (C) Structures of compounds 8, 9, 12, and
13.

ii). The molecular formula of 8 was established by high-
resolution MS analysis to be C,,H3,0g, which is consistent with
the presence of only 24 signals in the *C NMR spectrum.
Thus, two carbon atoms were somehow lost during the
formation of 8. Interestingly, the 'H NMR spectra of 8 were
quite different from those of 6, in which the signal for the
methyl ester disappeared, and one methyl signal at 6y 1.46,
coupled with a methine newly appearing at oy 5.04, was
detected as a doublet (J = 6.2 Hz). Collectively, it was

3395

suggested that the D-ring expansion followed by the
decarboxylation, as shown in Figure 1, occurred to generate
8. As the proposed mechanism for the ring expansion results in
the loss of two oxygen atoms, two additional oxygen atoms
should be introduced upon the formation of 8. Further
interpretation of the one- and two-dimensional (2D) NMR
spectra confirmed the existence of a ketone at C-6 and an a-
hydroxyl group at C-7 as well as the complete structure of 8,
which was named terretonin H (Figure 3C). Product 9,
designated as terretonin I, was characterized as the reduced
form of 8 with a C-3 hydroxyl group (Figure 3C), and appears
to be derived from 7. Thus, the results indicated that Trt6 not
only is involved in the three successive oxidations on the B-ring
of 6 or 7 but also causes the expansion of the D-ring to afford
the scaffold of terretonin C (2). Given that the proposed
mechanism for the ring expansion is not a typical oxygenase-
catalyzed reaction, Trt6 could only catalyze the B-ring
oxidation, and the D-ring rearrangement could be a fortuitous
result due to the conformational change induced by the
functional groups introduced to the B-ring.

To obtain further insight into the Trt6-catalyzed reaction, a
microsomal fraction of an A. oryzae transformant harboring trt6
and the cytochrome P450 reductase gene from A. terreus
(AtCPR)*® was prepared and subjected to an in vitro assay. The
reaction was performed with 6 as the substrate and NADPH,
and was analyzed by LC-MS, which confirmed the production
of 8 only in the presence of Trt6 (Figure 3B, lanes i and ii,
Figure S3).

Terretonin C Biosynthesis with the Dioxygenase Trt7.
The Trt6-derived product, 8, possesses the same carbon
skeleton as that of terretonin C (2), and 8 should undergo two
rounds of oxidation to yield 2. Thus, we reasoned that Trt7,
which is a putative Fe(II)/a-KG-dependent dioxygenase with
an uncharacterized function encoded by the trt cluster, converts
8 into 2, in a similar manner to the other multifunctional
dioxygenases, AusE and AndA, found in the fungal
meroterpenoid pathways.”'® To investigate this hypothesis,
trt7 was expressed in A. oryzae along with the eight other genes
involved in the formation of 8. The culture supernatant extract
was analyzed by HPLC and LC-MS, and the major metabolite 2
and the minor product 10 were observed by the addition of #rt7
(Figure 4A, lanes i and ii). After isolation and NMR/MS
analyses, 2 was identified as terretonin C, as expected. On the
other hand, 10, with a molecular weight 16 Da less than that of
2, was later isolated from the ten gene-expressing transformant
(Figure 4A, lane iii). Product 10, designated as terretonin J, was
then determined to be the biosynthetic precursor of 2 lacking
the hydroxyl group at the C-9 position. Taken together, Trt7 is
responsible for the last two steps in terretonin C biosynthesis,
by catalyzing the oxidations at both C-7 and C-9.

Functional Characterization of Trt14. As the previous
study indicated,”* we were unable to obtain terretonin (1) or its
analogues with a methyl ester group at C-16 in the absence of
Trt14, which shares almost no amino acid sequence homology
with characterized proteins. To investigate whether Trt14 is
indeed engaged in the formation of the methyl ester embedded
in the structure of 1, we constructed a heterologous expression
system with all ten of the genes in the trt cluster, including
trt14, and analyzed its metabolites. As a result, the transformant
successfully produced 1 and its precursor terretonin A (11)*
which were not detected in the nine gene-expression system
without trt14, and also yielded a significant amount of 2 as well
(Figure 4A, lane iii). Thus, Trt14 actually plays a role in the
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Figure 4. Functional analysis of Trt7 and complete heterologous
reconstitution of the terretonin biosynthesis. (A) HPLC profiles of
culture supernatant extracts from A. oryzae transformants harboring (i)
trt4+2+5+8+1+9+3+6; (ii) trt4+2+5+8+1+9+3+6+7; (iii)
trt4+2+5+8+1+9+3+6+7+14. (B) Structures of compounds 1, 2, 10,
and 11. Chromatograms were monitored at 277 nm.

methyl ester formation, and we have successfully established
the minimum gene set required for terretonin biosynthesis by
reconstitution experiments.

Given the production of 1, the question now arises about the
catalytic role of Trtl4 in the terretonin pathway. Since it is
unlikely that 2 is the precursor of 1, one reasonable explanation
is that Trt14 methylates the carboxyl group of the Trt6-derived
intermediate before the decarboxylation occurs. However,
considering the fact that Trtl4 shares no homology with
known methyltransferases, and that Aus] and AusH, the two
homologues of Trt14 involved in the austinol pathway,® seem
to be isomerases, it is unlikely that Trtl4 acts as a
methyltransferase. Hence, this led us to hypothesize that the
methyl ester is formed via an intramolecular rearrangement of
the methoxy group that is originally bound to C-25 of 6. To
clarify the origin of the methyl group of the methyl ester, we
performed an isotope-incorporation experiment with
[methyl-"*C]methionine, which was added to the growth
medium for the A. oryzae strain synthesizing 4. The resultant
metabolite is labeled with '3C at the C-22, -24, and -1’ positions
(Figure S32), and this labeled 4 was further incubated with a
transformant expressing rt9, 3, 6, 7, and 14 to yield 13C-labeled
terretonin (1). Assuming that Trt14 works as a methyltransfer-
ase, C-1" of 1 should be unlabeled, while the position would
become labeled upon the intramolecular rearrangement. The
BC NMR spectrum of the metabolite clearly revealed the
labeling of the molecule at three positions, including C-1'
(Figures S and S33), thus excluding the proposal that Trt14 is a
methyltransferase and supporting the involvement of the
intramolecular transfer of the methoxy group.

To obtain Trtl4-derived metabolite(s) and to establish the
complete biosynthetic pathway to 1, we constructed a
transformant expressing trt14 as well as the eight genes for
the generation of 8. As expected, the transformant produced
two new metabolites, 12 and 13 with m/z 475 [M + H]* and
477 [M + HJ", respectively (Figure 3A, lane iii). Product 12,
which was identified as terretonin D,” possesses a similar
structure to that of 8 but additionally contains a methyl ester
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Figure 5. Labeling experiment using [methyl-'*C]methionine.

group at the C-16 position, corroborating the role of Trt14 as
the methyl ester-forming enzyme. As in the cases of 7 and 9,
product 13, which is designated as terretonin K, was found to
have the same carbon skeleton as that of 12, and only differs at
C-3 with a hydroxyl functionality. Thus, 12 would be the key
intermediate of the terretonin pathway that lies between
terrenoid (6) and terretonin A (11).

Next, we sought to characterize Trt14 by in vitro assays using
recombinant Trt14 heterologously expressed in Escherichia coli.
The purified Trt14 was incubated with the microsomal fraction
containing Trt6 and AtCPR, in the presence of 6 as the
substrate. The reaction extract was subjected to LC-MS
analysis, which revealed the production of 12 in a Trtl4-
dependent manner (Figure 3B, lane iii, Figure S4). No
additional cofactors or metals were required for the activity
of Trtl4. This result clearly demonstrates that Trt14 works
collaboratively with the P450 monooxygenase Trt6 to generate
the terretonin scaffold.

We also performed the reaction with only Trtl4 and the
substrate 6, which yielded the isomerized product 14 (Figure
6A). After the preparative-scale enzymatic reaction, 14 was

*) .
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OH /=0
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Figure 6. LC-MS profiles of the products from in vitro enzymatic
reactions of Trt14 with 6: (i) without Trt14; (ii) with 15 uM of Trt14.
(B) Structures of 14, terretonin E, and terretonin F.

isolated and subjected to NMR analyses. The 'H NMR
spectrum of 14 is somewhat similar to that of 6, but revealed
one additional methine signal at 5 5.01 (q, ] = 6.2 Hz) coupled
with a methyl signal at 5 1.41. In the *C NMR spectrum, one
signal around O 210 disappeared, and alternatively, a new
signal appeared at dc 171.9, which is indicative of the
emergence of an ester group. Taken together, we thought
that the O-lactone D-ring present in 1 was generated. Very
surprisingly, further analyses by 2D NMR spectra, however,
revealed that the methyl ester group is retained at C-14, and
that the positions of the ester and a-methyl ketone of the D-
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Scheme 1. Complete Biosynthetic Pathway of Terretonin (1)
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ring are reversed from those of 1. Interestingly, 14, which we
named terretonin L, has the same carbon skeleton as those of
terretonin E and terretonin F***' (Figure 6B). Given that the
intramolecular rearrangement of the methyl ester was not
observed when 6 was utilized as the substrate, the functional
groups on the B-ring could play a crucial role in the drastic
conversion to afford the terretonin scaffold.

B DISCUSSION

In this study, we have successfully established the complete
biosynthetic pathway leading to terretonin (1) and terretonin C
(2) by characterizing the functions of three enzymes, Trt6,
Trt7, and Trtl4, and by isolating key intermediates including
previously undescribed molecules (Scheme 1). Targeted-gene
deletion experiments are a powerful tool for the functional
prediction of biosynthetic genes. However, the complete
determination of the pathway is sometimes hampered by the
lack of intermediate accumulation upon gene deletion; indeed
several key intermediates such as 8, 10, 11, and 12 were not
obtained in the gene disruption experiment.** As we have
demonstrated in this study, as well as in our previous study on
anditomin,'® multiple genes (~10 genes) can now be readily
introduced into A. oryzae heterologous expression system, and
the resulting metabolites are usually obtainable in good yield.
Remarkably, the yield of 2 reached ~60 mg/L even after the
introduction of nine biosynthetic genes. Collectively, the
combination of targeted-gene deletion and heterologous fungal
expression will further accelerate biosynthetic studies on fungal
natural products.
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The terretonin pathway requires 10 dedicated enzymes,
which is fewer than the sum predicted based on the number of
reactions required for the biosynthesis. This is mainly attributed
to the involvement of two multifunctional oxygenases; the P450
monooxygenase Trt6 and the nonheme iron-dependent
dioxygenase Trt7 are responsible for three and two successive
oxidation reactions, respectively. Multiple oxidation and
structural complexification by a single enzyme have recently
been reported for many fungal natural products, as exemplified
by the P450s in the lovastatin,?® fumagillin,5 and andrastin A%’
biosyntheses, the a-KG-dependent dioxygenases in the
austinol,” anditomin,'® and viridicatin'! biosyntheses, and the
FAD-dependent monooxygenase in cytochalasin E biosyn-
thesis.” Thus, oxidative enzymes in natural product biosyn-
theses significantly contribute to the structural diversification
and complexification. Further exploration of the oxygenases will
indeed lead to the discovery of other intriguing enzymatic
transformations.

One of the key reactions in the terretonin pathway is the D-
ring construction, and the underlying mechanism has been a
long-standing question. Although we were unable to isolate any
intermediates between terrenoid (6) and terretonin H (8), the
mechanisms for this rearrangement could be proposed as
follows. Considering that Trt6, the key enzyme for the ring
expansion, is a P450 monooxygenase, it is unlikely that the
rearrangement is catalyzed by an oxidative enzyme. Since 6
does not undergo spontaneous ring expansion, it is most likely
that the functional oxygen groups on the B-ring introduced by
Trt6 would have some effect on the D-ring expansion.

DOI: 10.1021/jacs.5b00570
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Scheme 2. Proposed Reaction Mechanisms for the Transformations (A, B) Mediated by Trt6 and (C—E) Catalyzed by Trt14
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Additionally, as the ring expansion causes the huge structural oxygen could form a hydrogen bond with the C-16 hydroxyl

change, it is most likely that Trt6 oxidizes 6 in a successive group to accelerate the reaction as in the first proposal (Scheme
manner before the rearrangement occurs, and that the P450 2B). The retro-Claisen reaction of 18 at C-15 would provide
yields 15, which is the analogue of 6 with the oxidized B-ring the ring-opened intermediate 19, which undergoes the
(Scheme 2A). Given that the C-7 hydroxyl group is a-oriented, lactonization between the C-17 alcohol and the C-25 carbonyl
it would form a hydrogen bond with the carbonyl oxygen of the to generate 17.
methyl ester of the predicted intermediate 15 (Scheme 2A). Another intriguing point in the terretonin pathway is the
The hydrogen bond could activate the carbonyl to induce the Trtl4-catalyzed methyl ester formation. Assuming that 15
lactonization via the nucleophilic attack by the C-16 alcohol. undergoes the lactonization with the hydrogen bond between
The resulting intermediate 16 would then undergo retro- the C-7 alcohol and the C-25 carbonyl, as shown in Scheme 2A,
Claisen type cleavage at the p-ketoester moiety to yield the the hydroxyl group should attack the Re-face of the carbonyl,
ring-expanded f-keto acid 17. Spontaneous decarboxylation resulting in the tetrahedral anionic intermediate 20 (Scheme
then converts 17 into 8, to complete the reaction. Alternatively, 2A). Supposing the intramolecular nucleophilic attack at the C-
the C-7 alcohol first attacks the carbonyl carbon of the methyl 15 ketone by the leaving methoxide ion instead of water, an
ester to produce the y-lactone 18, in which the C-25 carbonyl analogue of 17, but with a methyl ester group at C-16, could be
3398 DOI: 10.1021/jacs.5b00570
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obtained. However, the direction of the methoxy group in 20 is
apparently unfavorable for attacking the C-15 carbonyl carbon.
In contrast, Trt14 might reverse the face selectivity to induce
the Si-face attack, in which the resulting intermediate 21
possesses the methoxy group that is adjacent to the C-15
(Scheme 2C). In the second possible mechanism, involving the
lactonization between the C-7 alcohol and the C-25 carbonyl
(Scheme 2B), the generated methoxide ion would attack the C-
1S to initiate the retro-Claisen reaction. As in the case of the
first proposal, the C-7 alcohol would attack the Re-face of the
C-25 carbonyl to make the methoxy group of 22 proximate to
C-15 (Scheme 2D), while the hydroxyl group would attack the
Si-face when the hydrogen bond between the C-25 carbonyl
and the C-16 alcohol is formed (Scheme 2B). Taken together,
Trtl4 would activate the functional oxygen group(s) of the
predicted substrate 15 and arrange the methoxy group of the
methyl ester so that the intramolecular attack by the methoxide
ion on C-15 can proceed, and/or would protect the unstable
intermediate such as 21, from water molecules to make the
methoxide ion the only nucleophile that can induce the retro-
Claisen cleavage.

Although this methoxy rearrangement has not been
proposed to date, the reaction is consistent with the previous
isotope feeding experiment by Simpson’s and Vederas’ groups
(Figure S5).*° In their incorporation study, ethyl DMOA
doubly labeled with 'O and *C at either the C-2 alcohol or
the C-7 carbonyl was used in an equal amount. The labeled
substrate is hydrolyzed into DMOA (3) before incorporation
into the terretonin pathway, and therefore the two oxygen
atoms bound to C-7 of 3 are both labeled equally. The methoxy
oxygen of labeled terretonin (1) was labeled with '*O, and this
was originally attributed to the existence of a free carboxylic
acid before the methyl esterification occurs. However, this
position should also be labeled upon the methoxy rearrange-
ment, supporting our proposed mechanisms.

Trtl4 also catalyzes another rearrangement, in which
terretonin L (14) is synthesized from terrenoid (6). The
reaction would be initiated by the nucleophilic attack of water
at the C-17 ketone to yield the ring-opened intermediate, which
could be followed by the lactonization to generate 14 (Scheme
2E). In this conversion, Trt14 would probably activate the C-17
carbonyl and/or water molecule to perform the p-diketone
cleavage. Given that 14 has the scaffold of terretonin E and
terretonin F°>*! and that no molecule with the same carbon
skeleton as 14 could be obtained in the coupling reaction with
the P450 Trt6, the biosynthesis of terretonin E and terretonin F
should involve an enzyme that is similar to Trtl4 but is
functionally specialized for the ring expansion reaction.
Furthermore, the observation that the methoxy rearrangement
could not be detected without the oxygenated functional
groups on the B-ring suggests that the C-7 alcohol functionality
is essential for the rearrangement. Thus, the mechanism
described in Scheme 2D is more likely, but further work
including X-ray crystallography is required to fully elucidate the
reaction mechanism.

Interestingly, a homology search of Trt14 using the Phyre2**
server suggested that Trtl4 is structurally similar to proteins
such as ketosteroid isomerase,> limonene-1,2-epoxide hydro-
lase,* the polyketide cyclase Snoal,>® and the epoxide
hydrolase MonBI,*® although their sequences share almost no
homology with that of Trt14. Like Trt14, these enzymes are all
small proteins that consist of less than 150 amino acid residues,
and additionally, aspartate residues are thought to be
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catalytically important in all four enzymes. A sequence
comparison of Trtl4 with its homologous enzymes such as
Aus], AusH, and AusF involved in the austinol pathway,>
revealed several highly conserved aspartate residues as well as
glutamates (Figure S6). Considering the structural and reaction
similarities between Trtl4 and the above-mentioned enzymes,
these conserved acidic residues could play a central role in the
Trtl4-catalyzed reaction. On the other hand, despite the
analogy in the reactions, Trt14 exhibits no apparent similarity
with the known p-diketone hydrolases, such as the 6-oxo
camphor hydrolase®” and the oxidized polyvinyl alcohol
hydrolase,® in either primary or secondary structures.

H CONCLUSION

The mechanism of D-ring construction in terretonin biosyn-
thesis has been a long-standing mystery since the isolation in
1979. In this study, we answered this question by identifying all
of the dedicated enzymes in the terretonin pathway. We have
established the complete biosynthetic pathway of terretonin,
and identified Trt14 as a new type of isomerase that is engaged
in the highly unique rearrangement. Two multifunctional
oxygenases, the cytochrome P450 Trt6 and the nonheme iron-
dependent dioxygenase Trt7, are also key components in
terretonin biosynthesis, thus providing another example in
which an oxidative enzyme is responsible for drastic structural
rearrangement and diversification. However, further inves-
tigation on the multifunctional P450 Trt6 and the unique
isomerase Trtl4, including mutagenesis and X-ray crystallog-
raphy, should be performed to conclusively solve the problem,
and are now in progress in our laboratory.

B MATERIALS AND METHODS

Strains and Media. Aspergillus terreus NIH 2624 was cultivated at
30 °C, 160 rpm in DPY medium (2% dextrin, 1% hipolypepton
(Nihon Pharmaceutical Co., Ltd.), 0.5% yeast extract (Difco), 0.5%
KH,PO,, and 0.05% MgSO,-7H,0) for 3 days, and used as the source
for the cloning of each gene in the trt cluster as well as the AtCPR
gene.

Aspergillus oryzae NSAR1 (niaD™, sC~, AargB, adeA™)* was used as
the host for fungal expression. Transformants of the A. oryzae strain
were grown in shaking cultures in DPY medium for 6 days, at 30 °C
and 160 rpm. The cells were then transferred into Czapek-Dox (CD)
medium with hipolypepton (10 g/L), and starch (20 g/L) to induce
expression under the a-amylase promoter, and the cultures were
shaken for three to 6 days further.

Standard DNA engineering experiments were performed using
Escherichia coli DHSa, purchased from Clontech (Mountain View,
CA). E. coli cells carrying each plasmid were grown in Luria—Bertani
medium and were selected with appropriate antibiotics. E. coli
Rosetta2(DE3) (Novagen) was used for the expression of Trt14.

Construction of Fungal Expression Plasmids. For the
construction of one-gene containing fungal expression plasmids, each
gene in the trt cluster was amplified from A. terreus NIH 2624 genomic
DNA, with the primers listed in Tables S1 and S2. The full-length trt
genes were purified, digested with appropriate restriction enzymes, if
necessary, and ligated into the pTAex3,>” pUSA,* or pUNA*" vectors
using an In-Fusion HD Cloning Kit or Ligation Kit Ver. 2.1 (TaKaRa)
according to the manufacturer’s protocol (Table S2). For introduction
into pAdeA* and pBARL,'® a fragment containing the amyB promoter
(PamyB) and the amyB terminator (TamyB) was amplified from the
pTAex3-based plasmids, and ligated into each vector (Table S2).

Transformation of Aspergillus oryzae NSAR1. Transformation
of A. oryzae NSARI was performed by the protoplast—polyethylene
glycol method reported previously.** The previously constructed
transformant coexpressing trt4, trt2, trtS, trt8, and trtl was transformed
with pUNA-trt9+3 to construct the seven gene-expression system, and
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was further transformed with pBARI-trt6+7+14 to generate the 10
gene-expressing strain.”> When constructing the transformants with
trt9, trt3, trt6, trtl4, and trt7, two plasmids, pUNA-trt9+3 and pBARI-
trt6+7+14, were used to transform A. oryzae NSARIL. To construct the
coexpression system of Trt6 and AtCPR, pAdeA-trt6 and pUSA-
AtCPR were used to transform A. oryzae NSARI. For the construction
of negative control strains that do not express one or more genes, the
corresponding void vectors or plasmids with only one gene were used
for the transformation.

HPLC Analysis of Each Product. Products from each of the
transformants were analyzed by HPLC, with a solvent system of 0.5%
acetic acid (solvent A) and acetonitrile containing 0.5% acetic acid
(solvent B), at a flow rate of 1.0 mL/min and a column temperature of
40 °C. Separation was performed with solvent B/solvent A (20:80) for
S min, a linear gradient from 20:80 to 100:0 within the following 20
min, 100:0 for 5 additional min, and a linear gradient from 100:0 to
20:80 within the following 3 min.

LC-MS Analysis of Each Product. Products from each of the
transformants and the in vitro reaction mixture were analyzed by LC-
MS, with a solvent system of 1.0% acetic acid (solvent A) and
acetonitrile containing 1.0% acetic acid (solvent B), at a flow rate of
0.2 mL/min and a column temperature of 20 °C. Separation was
performed with solvent B/solvent A (50:50) for S min, a linear
gradient from 50:50 to 75:2S within the following 15 min, and a linear
gradient from 75:25 to 50:50 within the following 5 min.

Isolation and Purification of Each Metabolite. For the
isolation of each metabolite, 1—4 L of the culture media were
extracted with ethyl acetate. Mycelia were extracted with acetone at
room temperature overnight, concentrated, and reextracted with ethyl
acetate. Both extracts were combined and subjected to silica-gel
column chromatography and further purification by preparative
HPLC. The detailed purification procedures for each compound are
described in the Supporting Information.

Expression and Enzymatic Reaction Assay of Trt6. Mycelia
from a three day culture of A. oryzae transformed with Trt6 and
AtCPR were ground in liquid nitrogen, suspended in 25 mL of the
reaction buffer (50 mM HEPES pH 7.5, 1.0 mM EDTA, 20% glycerol,
1.5 mM 2-mercaptoethanol), and disrupted with a French Press
(25000 psi). After removing the cell debris by centrifugation at 5800g,
ultracentrifugation was performed at 100000g to obtain the
microsomal fraction, which was then suspended in the reaction buffer.

The enzymatic reaction of Trt6 with terrenoid (6) was performed in
a reaction mixture containing 193 uL of microsomal fraction, 2.5 mM
NADPH, and 0.5 mM 6, in a final volume of 200 uL. After an
incubation at 30 °C for 12 h, the reaction mixture was extracted with
ethyl acetate. After evaporation, the extract was analyzed by LC-MS/
MS.

Labeling Experiment of Terretonin (1). To a 500 mL DPY
culture of the A. oryzae transformant harboring trt4, trt2, trtS, trt8, and
trtl, 200 mg of [methyl-"*C]methionine was added, and the culture
was continued at 30 °C and 160 rpm for 4 days. The labeled
preterretonin A (4) was extracted and purified (see Supporting
Information for the detailed purification procedure), and then further
incubated with the A. oryzae transformant possessing trt9, trt3, trt6,
trt7, and trt14 in a 360 mL culture, incubated at 30 °C and 160 rpm for
4 days. After isolation, the labeled terretonin (1) was analyzed by
NMR.

Expression and Purification of Trt14. To express trt14 in E. coli,
trt14 was introduced into the pET-28a(+) vector (Novagen). The full-
length trt14 gene was amplified with the primers listed in Tables S1
and S2, purified, digested with Ndel and Xhol, and ligated into the
pET-28a(+) vector using a Ligation Kit Ver. 2.1 (Table S2).

For the expression of Trt14, E. coli Rosetta2(DE3) was transformed
with the pET-28a(+)-trt14 plasmid. The transformant was incubated
with shaking at 37 °C/160 rpm, in LB medium supplemented with
100 mg/L kanamycin sulfate. Gene expression was induced by the
addition of 0.5 mM IPTG when the cultures had grown to an ODgq, of
0.6, after which the incubation was continued for 14 h at 30 °C/160
rpm. The cells were harvested by centrifugation, resuspended in lysis
buffer (50 mM Tris-HCL, pH 7.5, 150 mM NaCl, S mM imidazole, 5%
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glycerol), and lysed on ice by sonication. The cell debris was removed
by centrifugation, and the supernatant was loaded onto a Ni-NTA
affinity column, which was washed with 30 column volumes of wash
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM imidazole,
5% glycerol). The His-tagged protein was eluted with S column
volumes of elution buffer (S0 mM Tris-HCL, pH 7.5, 150 mM NaCl,
300 mM imidazole, 5% glycerol). The purity of the enzymes was
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The protein concentration was determined using a UV-
1700 PharmaSpec Spectrophotometer (Shimadzu).

Enzymatic Reaction Assays of Trt6 and Trt14. The enzymatic
reactions of Trt6 and Trtl4 with terrenoid (6) were performed in
reaction mixtures containing 192 yL of microsomal fraction, 2.5 mM
NADPH, 0.5 mM of 6, and 0.25 uM of Trt14, in a final volume of 200
uL. After an incubation at 30 °C for 12 h, the reaction mixture was
extracted with ethyl acetate. After evaporation, the extract was
analyzed by LC-MS/MS.

Enzymatic Reaction Assay with Only Trt14. The enzymatic
reaction of Trtl4 with terrenoid (6) was performed in a reaction
mixtures containing S0 mM Tris-HCl (pH 7.5), 2.0 mM of 6, 150 mM
NaCl, 10 mM imidazole, 5% glycerol, and 15 uM of Trtl4, in a final
volume of 100 L. After an incubation at 30 °C for 12 h, the reaction
mixture was extracted with ethyl acetate. After evaporation, the extract
was analyzed by LC-MS/MS.

Preterrenoid (5). White solid; [a]*p —53.0 (¢ 1.00, CHCL); for
UV spectrum, see Figure S7; for "H and *C NMR data, see Table S5
and Figures S12 and S13; HR-FAB-MS found m/z 429.2623 [M + H]"
(caled 429.2641 for C,4H;,05). The NMR data are in good agreement
with the reported data,** but are slightly revised and updated in this
study.

Terrenoid (6). Yellowish white solid; [a]* —26.5 (¢ 1.00, CHCL,);
for UV spectrum, see Figure S7; for 'H and '*C NMR data, see Table
S6 and Figures S14 and S15; HR-FAB-MS found m/z 445.2576 [M +
H]* (caled 4452590 for Cy4H;,04). The NMR data are in good
agreement with the reported data.**

Terrenoidol (7). White solid; [a]?*, +0.5 (¢ 0.13, CHCL,); for UV
spectrum, see Figure S7; for 'H and C NMR data, see Table S7 and
Figures S16 and S17; HR-FAB-MS found m/z 447.2766 [M + H]"
(calcd 447.2747 for C,gH3505).

Terretonin H (8). White solid; [a]*, —160.5 (¢ 1.00, CHCL,); for
UV spectrum, see Figure S7; for 'H and '*C NMR data, see Table S8
and Figures S18 and S19; HR-FAB-MS found m/z 417.2293 [M + H]*
(caled 417.2277 for C,,H3305).

Terretonin | (9). Colorless solid; [a]*p —78.3 (c 0.48, CHCL); for
UV spectrum, see Figure S7; for 'H and '*C NMR data, see Table S9
and Figures $20 and S21; HR-FAB-MS found m/z 419.2439 [M + H]*
(caled 419.2434 for C,,H;04).

Terretonin J (10). Colorless solid; [a]**, —106.5 (¢ 0.11, CHCL,);
for UV spectrum, see Figure S7; for 'H and *C NMR data, see Table
$10 and Figures S22 and $23; HR-FAB-MS found m/z 415.2139 [M +
H]* (caled 4152121 for Cy,H;,Og).

Terretonin A (11). White solid; [a]*p —111.7 (¢ 0.44, CHCL,); for
UV spectrum, see Figure S7; for 'H and '3C NMR data, see Table S11
and Figures S24 and S25; HR-FAB-MS found m/z 473.2189 [M + H]*
(caled 473.2175 for Cy4H;305). The NMR data are in good agreement
with the reported data.*®

Terretonin D (12). Colorless solid; [a]*p —43.9 (¢ 1.00, CHCL,);
for UV spectrum, see Figure S7; for 'H and ®C NMR data, see Table
S$12 and Figures S26 and S27; HR-FAB-MS found m/z 4752344 [M +
HJ* (caled 475.2332 for C,qH;s0g). The NMR data are in good
agreement with the reported data.”®

Terretonin K (13). White amorphous solid; [a]*p —62.9 (¢ 1.00,
CHCL,); for UV spectrum, see Figure S7; for 'H and *C NMR data,
see Table S13 and Figures S28 and S29; HR-FAB-MS found m/z
4772485 [M + H]" (calcd 477.2488 for C,4H;,04).

Terretonin L (14). White amorphous solid; [a]** +50.5 (¢ 0.16,
CHCL,); for UV spectrum, see Figure S7; for 'H and *C NMR data,
see Table S14 and Figures S30 and S31; HR-FAB-MS found m/z
4452604 [M + H]" (calcd 445.2590 for C,4H;,04).
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Terretonin C (2). White solid; [a]*, —60.4 (¢ 1.00, CHCL,); for
UV spectrum, see Figure S7; for 'H and *C NMR data, see Table S4
and Figures S10 and S11; HR-FAB-MS found m/z 431.2085 [M + H]*
(calcd 431.2070 for C24H%107). The NMR data are in good agreement
with the reported data,”**” but are slightly revised and updated in this
study.

Terretonin (1). White solid; [a]**, —133.1 (¢ 0.82, CHCL,); for UV
spectrum, see Figure S7; for 'H and '*C NMR data, see Table S3 and
Figures S8 and S9; HR-FAB-MS found m/z 489.2133 [M + H]* (calcd
489.2125 for C,¢Hy30,). The NMR data are in good agreement with
the reported data,** but are slightly revised and updated in this study.
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