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Abstract

Aurovertins are fungal polyketides that exhibit potent inhibition of ATP synthase. Aurovertins
contain a 2,6-dioxabicyclo[3.2.1]-octane ring that is proposed to be derived from a polyene
precursor through regioselective oxidations and epoxide openings. In this study, we identified only
four enzymes are required to produce aurovertin E 4. The core polyketide synthase produces a
polyene a-pyrone 10. Following pyrone O-methylation by a methyltransferase, a flavin-dependent
monooxygenase (FMO) and an epoxide hydrolase can iteratively transform the terminal triene
portion of the precursor into the dioxabicyclo[3.2.1]-octane scaffold. We demonstrate that a
tetrahydrofuranyl polyene 12 is the first stable intermediate in the transformation, which can
undergo epoxidation and anti-Baldwin 6-endo-tet ring opening to yield the cyclic ether product.
Our results further demonstrate the highly concise and efficient ways in which fungal biosynthetic
pathways can generate complex natural product scaffolds.
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Linear polyketides synthesized by fungal polyketide synthases (PKSs) can be morphed into
structurally complex natural products in a few succinct steps. Examples include the
biosynthesis of decalin cores in lovastatinl and equisetin,? the isoindolone moieties in
cytochalasans, and highly oxygenated, multicyclic rings in meroterpenoids.# The concise
biosynthetic pathways of these natural products showcase the synchronization between the
PKS, which constructs the polyketide chain with strategically positioned reactive groups
such as double bonds and hydroxy! groups, and the associated tailoring enzymes that have
impressive catalytic prowess optimally tuned for the polyketide precursor. Therefore,
understanding the mechanistic basis of these collaborative transformations can not only lead
to the discovery of new enzymatic tools, but also inspire biomimetic strategies for organic
synthesis.

An unusual polyketide-derived structure is the 2,6-dioxabicyclo[3.2.1]-octane (DBO) ring
system found in the aurovertin family of natural products (1-6, Figure 1A) isolated from
fungal species such as Calcarisporium arbuscula.®>" Aurovertin E (4) represents the
structurally simplest member of the family and is the biosynthetic precursor to other
derivatives. The bicyclic ether moiety in 4 is fused to a methylated a-pyrone via a triene
linker, and can be differentially substituted to yield various aurovertin congeners. Acetylated
derivatives 2 and 3 are potent and uncompetitive inhibitors of F1 ATPase and have been
implicated as potential anticancer therapeutics.8-? Despite the occurrence of the DBO moiety
in other microbial and plant natural products (Scheme S1), such as decurrenside A from the
goldenrod plant,10 the antibiotic sorangicin A from myxobacteriall and a marine toxin
palytoxin from zoanthids,12 the enzymatic basis for the formation of this moiety has not
been elucidated to date.

The biosynthetic origin of 4 was proposed and subsequently verified from labeling studies to
derive from a polyketide pathway.13 A polyene-fused a-pyrone derived from one unit of
propionate and eight units of acetate was proposed to be the precursor (Figure 2). Three
epoxidation steps and a cascade of regioselective epoxide-opening reactions were suggested
to take place and yield the DBO moiety.1# Labeling studies using 180 further revealed that
the oxygen between C4-C8 is derived from H,0, thereby suggesting the likely site of
epoxide hydrolysis.14 Synthetic studies aiming at confirming the feasibility of the
biosynthetic proposals were performed to afford 4 and suggested a possible route via a
tetrahydrofuranyl epoxide intermediate.118 Related fungal polyene metabolites such as
citreoviridin,17 asteltoxin,!® and asteltoxin B1° are most likely oxidized from similar pyrone-
polyene precursors as 4 (Scheme S2). Here, we demonstrate that the combination of a flavin-
dependent monooxygenase (FMO) and an epoxide hydrolase are sufficient to
regioselectively install the DBO functionality starting from the PKS product.
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Searching through the sequenced genome?0 of C. arbuscula using highly-reducing (HR)
PKSs as leads, we identified one candidate biosynthetic gene cluster (aur) on contig 1452.
This cluster contains an HR-PKS gene (aurA) and tailoring genes that potentially match the
structural features of 4. The domain architecture of AurA is KS-AT-DH-MT-KR-ACP; the
absence of an enoyreductase (ER) is consistent with the formation of a polyene precursor.
The neighboring genes encode an O-methyltransferase (MT, aurB), FMO (aurC), a predicted
a/p hydrolase (aurD), a protein with sequence homology to bacterial aromatic polyketide
cyclase SnoaL (aurE),?! a putative DNA-binding protein (aurF) and an acyltransferase
(aurG) (Figure 1B). A gene cluster with high sequence homology to the aur cluster was also
found in M. anisopliae, another producer of aurovertins,® and in Aspergillus terreus, the
producer of citreoviridin?? (Table S1-S2). In M. anisopliae, a gene encoding ATP synthase
was also found within the cluster and is likely to confer self-resistance (Figure S1). Deletion
of aurAin C. arbuscula (Figure S2) led to complete abolishment of aurovertin production
(Figure 1C), whereas the wild type strain produced compounds 1-6 at high titers (~30 mg/L
combined) (Figures S16-S27 and Tables S7-S9), confirming the role of the aur cluster.

With the gene cluster in hand, we next aimed to identify the polyketide precursor
synthesized by AurA. Expression of AurA in the yeast strain BJ5464-NpgAl (Figure S3) fed
with propionate led to yellow-pigmented cell pellets and the isolation of a highly conjugated
product 7 (/m/z 339 [M+H]*, 3.1 mg/L) (Figure 3, iv). Isolation and NMR characterization
(Figure S28-S29 and Table S10) showed 7 is the hexa-ene pyrone shown in Figure 3.
Therefore, AurA is a highly programmed HR-PKS that can i) select propionate as the starter
unit; ii) synthesize a hexa-ene chain through the repeated functions of the KR and DH
domains in the first six iterations; iii) selectively introduce three a-methyl substitutions at
C4, C6 and C16 using the Sadensylmethionine (SAM)-dependent MT; and iv) shut off KR
and DH in the last three iterations to afford a 1,3,5-triketo portion that can undergo
intramolecular cyclization to yield the a-pyrone product 7 (Figure 2).

To determine if methylation of the C17 hydroxyl group of 7 takes place prior to epoxidation
of the polyene, we inactivated aurB which encodes an O-MT (Figure S4). The C. arbuscula
mutant was unable to produce aurovertins and accumulated 7 (Figure 3, i and ii). No
desmethyl versions of aurovertins could be detected in the extracts. In addition, when AurB
was coexpressed with AurA in yeast, we observed emergence of a new product 8 that has the
expected increase in mass (+14, m/z 353 [M+H]*, 2.8 mg/L) compared to 7 (Figure 3, v).
NMR characterization confirmed the structure of 8 to be a methylated form of 7 (Figure
S30-S35 and Table S10). Furthermore, we inactivated aurCin C. arbuscula (Figure S5),
which is the only oxidative enzyme (FMO) in the gene cluster and is most likely responsible
for the subsequent epoxidation steps. The AaurC strain accumulated significant amount of 8
(Figure 3, iii). Together these results confirmed the role of AurB, and suggested
epoxidations, although are to occur at the distal olefins of the polyene, require the pyrone to
be methylated. Indeed, when AurA and AurC were coexpressed in yeast, no oxidized
products were observed and the strain remained producing 7 (Figure 3, vi). Density
functional theory (DFT)23 calculations on 7 and 8 showed that the preferred conformation of
the polyene region is hon-planar (C3-C4-C5-C6 dihedral = 43°, Figure 3 and S6) due to the
proximity of the methyl groups attached to C4 and C6 (favored over conformer with C3-C4-
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C5-C6 dihedral ~ 170°by approximately 1 kcal mol~1). This implies that the carbon-carbon
double bond between C3 and C4 is not in conjugation with the rest of the polyene and
pyrone O-methylation does not change the electron density of the trisubstituted double
bonds to any great extent (see Mulliken charges, Figure S6). Therefore, the need for
methylation to initiate epoxidation is likely due to the substrate specificity of the
downstream monooxygenase (i.e. AurC).

AurC is predicted to be a membrane-anchored monooxygenase that has sequence homology
to UbiH, the 2-octaprenyl-6-methoxyphenol hydroxylase in ubiquinone biosynthesis. This
sole FMO in the gene cluster is postulated to be involved in the epoxidation steps required to
oxidize 8 en routeto 4. To investigate the role and timing of AurC, we coexpressed AurABC
in yeast, which led to the synthesis of a series of compounds with the molecular weight of
402, including major products 9, 10 and 11 (Figure 4, i).

Comparing to the wild type C. arbuscula strain, however, only 9 was shared between the two
extracts (Figure 4, iii). Purification of these compounds turned out to be challenging due to
rapid isomerization and instability. For example, purified 9 existed as a mixture of two
interchangeable compounds (Figure S7). A dominant form (~75%) was observed in CD3Cl,
which allowed us to assign its structure as the (3R, 4R, 5R, 6S) tetrahydrofuranyl pyrone
shown in Figure 4 (Table S11, Figure S36-S41). The absolute stereochemistry of the furan
ring in 9 is the required configuration to generate the DBO moiety in 4 in a subsequent
epoxide opening step (Figure 2).24 Indeed, when 9 was supplemented to the C. arbuscula
AaurA strain, restored production of aurovertins can be observed (Figure 4, v and vi).
Confirming 9 as a biosynthetic intermediate also suggests that the three epoxidation
modifications of the precursor 12 occur in two separate steps (Figure 2), in which bis-
epoxidation of the two terminal olefins takes place first to yield 13; another epoxidation
would occur at C7-C8 after tetrahydrofuran formation to yield the epoxide 14.

We purified 10 from the yeast cell extract and solved its structure to be a 6R epimer of 9
(Table S11, Figure S42-S47). The inversion in stereochemistry however, places the C4-OH
of 10 away from the C7-C8 double bond and cannot lead to the formation of 4. As expected,
feeding of 10 to the AaurA strain did not restore aurovertin production (Figure 4, vii). We
reason that in the absence of a regioselective epoxide hydrolase, both 9 and 10 can form
from 13 via a spontaneous Sy1-like reaction to yield the resonance stabilized allylic
carbocation at C6, which can be attacked by H,O to yield the mixed stereoisomers 16
(Figure 2). Attack of the C6-OH on C3 results in formation of the diastereomers 9 and 10.
Purification of 11 was not successful as it rapidly degraded under all attempted conditions.
Based on its identical UV absorbance and m/zto 9 and 10, 11 should also be a
spontaneously cyclized product.

Given that only 9 is the on-pathway intermediate, and previous labeling studies confirmed
the C4 oxygen is derived from H»O rather than O, the formation of 9 in C. arbuscula must
be catalyzed by an epoxide hydrolase via the 5-exo-tet mechanism shown in Figure 2. The
only possible candidate in the gene cluster is AurD, which is predicted to be an integral
membrane-bound a/p hydrolase based on 1D protein structure prediction.2> Knocking out
aurDin C. arbuscula (Figure S8) did not eliminate the production of 2, but accumulated
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significant amounts of new shunt products including 10 and 11 (Figure S9). Furthermore,
coexpression of AurD with AurABC in yeast led to drastic attenuation of both 10 and 11,
while 9 became the predominant product with molecular weight of 402 (Figure 4, ii). Hence,
AurD is involved in the regioselective epoxide hydrolysis of 13 to form 9.

Surprisingly, in the yeast AurABCD overexpression strain, we observed noticeable amounts
of 4 (Figure 4, ii). Selected ion-monitoring revealed that even in the AurABC expression
strain, production of 4 can be detected (Figure 4, i). This suggested that AurC and AurD
may also be involved in the transformation of 9 to 4 as well, which requires the formation of
the epoxide 14 and an ant/-Baldwin 6-endo-tet epoxide opening (Figure 2). We confirmed
the involvement of AurC in the C7-C8 epoxidation step, as feeding of 9 to the C. arbuscula
AaurC strain could not restore the production of aurovertins. Despite repeated attempts, no
soluble or active AurC could be obtained for biochemical assay. Nonetheless, the yeast
reconstitution and chemical complementation results confirmed the multifunctional role of
AurC in catalyzing the epoxidation of three double bonds in two separate steps in the
biosynthesis of 2. The low amount of 4 in AurABC-expressing yeast is due to the low
amount of spontaneously formed 9. In the presence of AurD and the elevated amount of 9,
the level of 4 increased correspondingly. We also observed incomplete conversion of 8 to 4
in the yeast host, which is most likely due to suboptimal expression and activities of fungal
membrane proteins in the simpler yeast.

Following formation of 14, the C4 hydroxyl group is spatially set up to attack either C7 (5-
exo-tet) or C8 (6-endo-tet), to yield the dioxabicyclo[2,2,1]-heptane (DBH) 15 and the
DBO-containing 4, respectively. No compounds related to 15 can be found in C. arbuscula
or in the yeast strain expressing AurABCD, suggesting that the ant/-Baldwin epoxide
opening to yield 4 is preferred and may therefore also be enzymatically controlled. To
understand the epoxide opening mechanisms, DFT calculations using a model substrate 17
were performed (Figure S10). The 6-endo-tet product was calculated to be
thermodynamically favored over the 5-exo and 5-endo-tet products by 4.1 and 19.6 kcal
mol 1, respectively. Epoxide opening requires either an acid catalyst at the epoxide oxygen,
a base catalyst at the hydroxyl, or both.28 The transition structures (TSs) for 5-exo, 5-endo
and 6-endo-tet epoxide openings were located with hydroxide as the base to simulate base-
catalyzed conditions (Figure S$11).26:27 In agreement with Baldwin’s rules, 5-exo-tet
cyclization is favored by 1.6 and 22.5 kcal mol™~1 over the 6-endo and 5-endo-tet pathways,
respectively. In contrast, the 6-endo-tet TS is favored over Sy1 C-O bond cleavage and 5-
exo-tet TSs under acid-catalyzed conditions by 5.3 and 7.9 kcal mol~1, respectively (Figure
S12). This change in mechanism is due to stabilization of the cationic TS by the carbon-
carbon double bond in the 6-endo-tet TS.28 Therefore, the outcome of the spontaneous
reaction is predicted to be dependent upon the reaction conditions.

To simulate simultaneous general acid/base catalysis which is common in enzymatic
epoxide hydrolysis,26:27.29 TSs were located with formate as the base and a formic acid to
protonate the epoxide oxygen. The lowest energy 6-endo-tet TS is lower in energy by 1.3
kcal mol~! relative to 5-exo-tet TS. This energy difference increases to 3.1 kcal mol=1 if the
lowest energy 6-endo-tet TS is compared to a 5-exo-tet TS with similar catalytic residue
positioning (Figure S13). A 3.1 kcal mol~1 energy difference predicts almost exclusive
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formation of the 6-endo product (>100:1). Hence, the computational results suggest that
formation of 4 from 14 is facilitated by enzyme environment, such as that of AurD.
Alternatively, the active site of AurC may also provide the general acid/base residues
required for formation of 4, immediately following the epoxidation reaction.

Other enzymes in the pathways are not essential for the formation of the DBO moiety of 4.
Deletion of the SnoaL-like enzyme AurE reduced yields of products; while yeast
reconstitution studies with AurA and AurE showed that AurE enhances the rate of pyrone
formation and product release off the PKS, which is consistent with its predicted role as a
cyclase.1® AurG was verified to be the C-acyltransferase that converts 4 to 2, while AurF
was shown to be most likely the transcriptional activator of the aurcluster (Figure S14-S15).

Our studies show the aurovertin pathway is concise, and uses only two enzymes to convert
the polyene pyrone into 4. The activities of the FMO and hydrolase are well-orchestrated to
sequentially oxidize and regioselectively hydrolyze the epoxides. The biosynthesis of
citreoviridin and asteltoxin likely involve same enzymes to generate the complexities from
pyrone polyene precursors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aurovertins and the biosynthetic cluster. (A) Aurovertin and related fungal natural products

are proposed to derive from a polyene polyketide precursor. The 2,6-dioxabicyclo[3.2.1]-
octane ring is shown in red; (B) The aurbiosynthetic gene cluster in C. arbuscula. HRPKS:
highly reducing PKS; KS: ketosynthase; AT: acyltransferase; MT: methyltransferase; FMO:
flavin-dependent monooxygenase; TF: transcriptional factor; AcT: acyltransferase; and (C)
Genetic knockout of aurAin C. arbuscula followed by HPLC analysis of organic extracts.
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A proposed pathway based on observed intermediates and shunt products.
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Investigation of the PKS AurA function. Top: HPLC analyses of metabolites produced from

fungal and yeast strains. Bottom: structures of 7 and 8, and lowest energy conformation of 8.
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The roles of AurC and AurD in biosynthesis of aurovertins. Traces i and ii are extracts from
yeast, both UV and extracted ion MS traces are shown. Traces iii-vii are extracts from C.
arbuscula. The extracted ion chromatogram of WT is shown for comparison.

JAm Chem Soc. Author manuscript; available in PMC 2016 September 23.



	Abstract
	Graphical Abstract
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4



