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ABSTRACT: The semipinacol rearrangement (SPR) is highly
useful in the asymmetric synthesis of complex compounds. In
biological systems, only a few semi-pinacolases belonging to a few
families have been identified to catalyze the SPR on alkaloids.
Here, based on the biosynthesis of a fungal mycotoxin asteltoxin
(1), two semi-pinacolases AstD/MrvD were identified from the
epoxide hydrolase family to catalyze type III SPR on the polyketide
backbone. They were proposed to catalyze efficient regio-selective
hydrolysis on the bis-epoxide and 2,3-migration on the epoxide
alcohol for the rearrangement. Based on the comprehensive
mutations and chemical calculations, a critical Asp residue was
identified as an acid for the coupled catalysis of selective epoxide collapse and subsequent SPR, while other critical residues
facilitated efficient hydrolysis and protected carbocation for SPR. Thus, this study expanded the SPR biocatalyst family and provided
an understanding of the catalytic mechanisms of these bifunctional semi-pinacolases.
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■ INTRODUCTION

The semipinacol rearrangement (SPR) is highly reliable for the
efficient asymmetric synthesis of complex compounds.1,2

During the reactions, the vicinal nucleophilic migrating groups
often attack the oxirane carbons in high regio- and stereo-
selectivity, usually anti to the epoxide, leading to a quaternary
carbon center.3,4 Depending on the electrophilic carbon center,
four types of SPR (Scheme 1a) have been proposed and
strategically utilized,4 and type III SPR mainly focuses on
derivatives of 2,3-epoxy alcohol as the substrates with various
migrations for product diversity.5−7

Semi-pinacolases (SPases) are the biocatalysts for this
fantastic rearrangement to develop the structural complexity
of natural products. To date, several SPases have been
identified in limited families only with alkaloids as the
substrates (Scheme 1a). Most SPases are bifunctional enzymes
belonging to flavin-dependent monooxygenases (FMOs)
(NotI/NotI′, NotB, PhqK, FqzB, AuaG, CtdE)8−14 and the
P450 monooxygenase (CyaH)15 to catalyze epoxidation on
indole/quinolone alkaloids to produce epoxy amines and
subsequent SPR. Other SPases include the NTF2-like
superfamily enzyme (BvnE)16 and a bifunctional cytochrome
P450 (FtmG)13 to catalyze SPR after hydroxylation on the
indole of alkaloids. Meanwhile, most of these SPases catalyze
the migration of substituent groups (mostly prenyl groups)
(Schemes 1a and S1−S3).

Given the intriguing roles and scarcity of SPases, our seeking
of novel SPases was inspired by the proposed biosynthesis of a
fungal mycotoxin asteltoxin (1).17,18 1 is a natural polyketide
with an intriguing 2,8-dioxabicyclo-[3.3.0]-octane ring (or bis-
tetrahydrofuran, bis-THF),19 which is essential for the toxicity
of 1 as an inhibitor of the mitochondrial adenosine 5′-
triphosphate (ATP) synthase.20 This moiety has been
supposed to be derived from multiple epoxidations on the
terminal polyene, subsequent 3,4-epoxide hydrolysis to afford
an epoxy alcohol, and 2,3-migration for the rearrangement of
the polyketide backbone, followed by the formation of a
hemiacetal intermediate17,18,21 (Scheme 1b, route b). This
proposed rearrangement is type III SPR on the polyketide
backbone in a C1 → C3 migration manner, clearly distinct
from the SPR catalyzed by reported SPases (type II, type III in
R3 → C3 migration, and type IV) (Scheme 1a and S1−S3).
This proposed involvement of SPR for 1 biosynthesis implied a
unique SPase in this biosynthetic pathway.
1 is structurally related to fungal mycotoxins aurovertins (2−

4) from Calcarisporium arbuscula22,23 and citreoviridin from
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Aspergillus terreus24,25 (Schemes 1b and S4). The 2,6-
dioxabicyclo-[3.2.1]-octane ring contained in 2−4 has been
proposed to be derived from α-pyrone-polyene precursors 5
and 6 through efficient regio-/stereo-selective epoxidations and
hydrolysis, exerted by four enzymes including a highly reduced
polyketide synthase (PKS) AurA, a methyltransferase (MT)
AurB, a flavin-dependent monooxygenase (FMO) AurC, and
an epoxide hydrolase (EH) AurD. Both the aurovertin
biosynthetic intermediate 7 and citreoviridin contained a
tetrahydrofuran (THF) moiety with the same stereochemistry.
Biosynthesis of citreoviridin has also been disclosed in the
same logic as 7 (Scheme S4). Although no SPR was observed

in the biosynthesis of 2−4 and citreoviridin, their studies
would be helpful to elucidate the biosynthesis of 1 and
therefore the underlying SPase.
Here, from the biosynthetic pathway of 1, two novel

bifunctional SPases AstD/MrvD belonging to the epoxide
hydrolase (EH) family were identified with a distinct substrate
and migration type from the previously reported SPases, and
their catalytic mechanisms were also investigated.

■ RESULTS

Identification of the ast Gene Cluster for Biosyn-
thesis of 1. To find this SPase, the ast gene cluster responsible

Scheme 1. Proposed Semipinacol Rearrangement for Asteltoxin (1) Biosynthesisa

a(a) Four types of semipinacol rearrangement. The known semi-pinacolases were reclassified, and detailed information is shown in the table on the
right panel. (b) Proposed biosynthetic pathways for asteltoxin (1) (route b/c) compared with aurovertins (2−4) (route a) with the same
precursors but different hydrolases. 3,4-Epoxide hydrolysis was previously proposed for aurovertins and asteltoxin biosynthesis (route a and b),
while 5,6-epoxide hydrolysis was proposed in this work (route c).
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for 1 biosynthesis was first identified by local BLAST26 with
queries of aurA-aurD nucleotide sequences on the genome
sequence of a fungal producer of 1 (Figures S1−S3 and Table
S7), Emericella variecolor NHL 2881.18 It contained four core
genes encoding a PKS AstA, an MT AstB, an FMO AstC, and
an EH AstD, which were highly similar to AurA-AurD for
aurovertin 2−4 biosynthesis17,18,22 and CtvA-CtvD for
citreoviridin biosynthesis,24 respectively (Figure 1a).
Next, astA-astD were individually deleted in E. variecolor,

and all mutants showed very similar metabolic profiles with the
corresponding C. arbuscula ΔaurA-ΔaurD mutants, respec-
tively (Figures S4−S11). Production of 1 was completely
abolished in the ΔastA mutant (Figure 1b,i−ii), while the
ΔastB and ΔastC mutants predominantly produced α-pyrone-
polyenes 5 and 6 as C. arbuscula ΔaurB and ΔaurC mutants,
respectively, consistent with the hypothesis that 1 and 2−4
were derived from the same precursors 5 and 6 (Scheme 1b).

Meanwhile, the ΔastD mutant accumulated a series of
compounds with the same molecular weight of 402 ([M +
H]+ = 403) as the C. arbuscula ΔaurD mutant, including the
aurovertin biosynthetic intermediate 7. The EH AurD has been
proposed to work on the bis-epoxide 9 to produce the
intermediate 7 and finally 2 in high regio- and stereo-selectivity
(Scheme 1b).22 However, 9 was supposedly unstable, and
spontaneous hydrolysis of 9 in the ΔaurD mutant resulted in
the production of isomers ([M + H]+ = 403) with a THF
moiety22 (Figure S11).
All above data suggested that this ast gene cluster accounted

for 1 biosynthesis in E. variecolor.
Semipinacol Rearrangement Catalyzed by Epoxide

Hydrolase Family Enzymes. With the identification of the
ast gene cluster, heterologous reconstitution of biosynthetic
pathways was further performed in S. cerevisiae BJ5464-NpgA27

to probe the unique SPase referred to previous studies.24,28−31

Figure 1. Epoxide hydrolase AstD catalyzes the semipinacol rearrangement for 1 biosynthesis. (a) Gene clusters of asteltoxin from E. variecolor and
aurovertins from C. arbuscula. Protein identity is shown below the ast cluster. (b) High-performance liquid chromatography (HPLC) analysis of
extracts from E. variecolor wild type, ΔastA mutant, and ΔastA mutant fed with purified 8. Purified 1 is shown as the standard. (c) HPLC traces of
extracts from Saccharomyces cerevisiae introduced with aurABC and coexpressing aurD or astD, as well as C. arbuscula wild type, ΔaurD mutant, and
ΔaurD mutant complemented with aurD or astD. Standard 7 and purified 8 are shown as standards.
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Combinatory heterologous expression of astA, astA/B, and
astA/B/C in yeast produced the same metabolites as an
expression of aurA, aurA/B, and aurA/B/C, respectively
(Figure S12), suggesting that neither AstB nor AstC was the
SPase. However, when astD was additionally expressed in S.
cerevisiae aurA/B/C, a new product 8 ([M + H]+ = 403) was
clearly produced with minor production of 7 (Figure 1c,iii).
But no 8 was produced if aurD was additionally expressed in S.
cerevisiae aurA/B/C, and 7 was still the main product as
reported previously22 (Figure 1c,ii). To further confirm the
AstD-catalyzed production of 8, astD was ectopically expressed
in the C. arbuscula ΔaurD mutant, and 8 was predominantly
produced, along with a small amount of 1, but no production
of aurovertins was observed (Figure 1c,vii). However,
complementation of aurD in the ΔaurD mutant restored the
full production of aurovertin D (4), and no 1 or 8 was
produced (Figure 1c,vi).
Our above distinct metabolic profiles from the heterologous

biosynthetic pathway reconstitution suggested that EH AstD
would be responsible for SPR in the production of 1.
Therefore, this new compound 8 was purified from the C.
arbuscula ΔaurD + astD strain, and its structure was elucidated
as a new tetrahydrofuranyl pyrone-polyene compound by MS
and NMR spectroscopy (Figures S13−S21 and Table S8). As
expected, 8 contained a hemiacetal structure, which was
supposed to develop from the SPR to form an aldehyde group
(Scheme 1b). Importantly, subsequent feeding of 8 into the E.
variecolor ΔastA mutant led to the production of 1 (Figure
1b,iii), confirming that 8 was the authentic on-pathway
intermediate for 1 biosynthesis. These data suggested that
the EH AstD should be the SPase for the production of the
hemiacetal intermediate 8.

To further exclude the possibility that 8 was produced
nonenzymatically or from other enzymes, the LC-MS data
from two EH mutants ΔaurD and ΔastD, as well as yeast cells
expressing aurA/B/C or astA/B/C were carefully checked. All
of these strains produced a series of compounds with a
molecular weight of 402 ([M + H]+ = 403), including 7, but
not 8 (Figure S22 ii, iv, vi, and vii). These compounds have
been supposed from the nonenzymatic hydrolysis of the bis-
epoxide 9 at C3−C6 (Scheme 1b, route a), and one of the
isomers of 7 has been purified previously with the same planar
structure but a subtle stereochemistry difference on THF.22

The absence of 8 in these strains indicated that no SPR
occurred, even though the putative substrate for SPR was
supposed to exist after the spontaneous hydrolysis, supporting
the necessity of AstD and that the SPR occurred enzymatically
in vivo. In addition, the SPR product 8 was produced only
when AstD was present in fungi (Figure S22 i, v, and viii).
These data from three independent fungal genera further
supported that it was AstD that catalyzed SPR.
Next, BLASTp was performed with a query of the deduced

amino acid sequence of AstD for more potential SPases. Two
EHs (accession number: KFG86079.1 and XP_007824469.1)
from Metarhizium anisopliae E6 and Metarhizium robertsii
ARSEF 23, respectively, showed the highest identity (both
66%), and their corresponding genes situated in the gene
clusters were highly homologous to the aur gene cluster
(Figure S23). In addition, CtvD has been shown as an EH for
citreoviridin biosynthesis in A. terreus (Figure 1a and Scheme
S4b).24 Thus, cDNAs of XP_007824469.1 from M. robertsii
ARSEF 23 (named mrvD) and ctvD were expressed in the C.
arbuscula ΔaurD mutant and S. cerevisiae aurA/B/C,
respectively. Interestingly, MrvD remarkably promoted the
production of 8 as AstD, both in yeast and C. arbuscula

Figure 2. Asp is a critical residue as a general acid for hydrolysis and semipinacol rearrangement. (a) HPLC profiles of extracts from C. arbuscula
wild type, the ΔaurD mutant, and the mutant complemented with astD/mrvD/aurD/ctvD and astDD325A/mrvDD313A/aurDD321A/ctvDD296A mutants.
Purified 8 is shown as the standard. (b) HPLC traces of extracts from S. cerevisiae with aurA/B/C and coexpressing astD/mrvD/aurD/ctvD and
astDD325A/mrvDD313A/aurDD321A/ctvDD296A mutants. Standard 7 and purified 8 are shown for standards.
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(Figures 2a,iii−iv and 3b,ii-iii), while no 8 was produced in the
cells coexpressing CtvD, just as AurD (Figures 2a,v-vi and

3b,iv-v). These data suggested that the MrvD also catalyzed
the SPR, consistent with the observation that 1 could be
produced in M. anisopliae and M. robertsii (Figure S24), while
CtvD solely possessed the hydrolase activity as AurD.
Critical Asp Residue for Hydrolysis and Rearrange-

ment. Here, two EHs AstD/MrvD were identified as the
SPases. Generally, EHs employ an acidic residue as the general
acid32/base33 for epoxide collapse during hydrolysis. For the
enzyme-catalyzed SPR and a similar Meinwald rearrangement,
particularly with epoxides as the substrates, a general acid is
commonly required to protonate the epoxide oxygen for
efficient C−O cleavage,34 as exemplified by E222 in a
hydratase PenF and R192 in the FMO PhqK for the catalysis
of rearrangement during penigequinolone and paraherquamide
biosynthesis,9,34 respectively. Thus, site-direct mutagenesis was
performed to investigate the critical acidic residues for the
catalytic activities of these newly identified SPases.
Protein sequence alignment among four EHs showed that

nine acidic Asp/Glu residues were highly conserved (Figure
S25). When these acidic residues were individually mutated to
Ala in AstD, only the AstDD325A mutant completely lost both
catalytic activities to produce 8, either in C. arbuscula or in S.

cerevisiae (Figure 2a,vii and b,vi), while mutations of other
acidic residues wholly or partially retained both catalytic
activities to produce 8 (Figure S26). Meanwhile, mutation of
the corresponding Asp residue (D313) in MrvD also
completely abolished 8 production in C. arbuscula and S.
cerevisiae (Figure 2a,viii and b,vii). Mutation of the
corresponding Asp residue in AurD or CtvD could neither
rescue the chemo-type of the C. arbuscula ΔaurD mutant
(Figure 2a,ix,x) nor confer high production of 7 in yeast
(Figure 2b,viii,ix) as their wild-type enzymes. All of these
results indicated that this Asp residue in EHs was critically
involved in both proper hydrolysis and SPR, and D325/D313
in AstD/MrvD should serve as the general acids for both
hydrolysis and SPR.

Other Critical Residues for Efficient Hydrolysis and
SPR. Although critical Asp residues for both hydrolysis and
SPR have been identified, they were highly conserved in all
four EHs, suggesting that there should be other residues/
regions in AstD/MrvD specifically accounting for the SPR. For
efficient SPR, a favorable microenvironment, such as hydrogen
bonds between enzyme-intermediate and the hydrophobic α/
β-barrel fold within the enzymes, should be essentially built up
to stabilize and protect the carbocation intermediates.9,16 So,
protein shuffling was demonstrated between EHs for these
additional critical residues/regions.
Here, MrvD-AurD were chosen as they possessed a higher

sequence identity (67%) than AstD-AurD (63%). MrvD-AurD
were divided into five regions (S1−S5) for shuffling based on
membrane-spanned domains predicted from the TMHMM
server (Figures S27 and S28). Biosynthetic pathway recon-
stitution in S. cerevisiae showed that individual substitution of
MrvD S2−S4 motifs from AurD severely reduced 8 production
(Figure S29). Furthermore, S2A motif substitution completely
abolished the production of 8 (Figure S30, iii), and then the
critical residues were further narrowed down to T94 and S96.
Individual mutation of two residues in MrvD to Pro and Cys as
in AurD (Figure 3b), respectively, abolished production of 8
completely in yeast and conferred a very similar metabolite
profile with S. cerevisiae aurA/B/C and aurA/B/C + mrvDD313A

(Figure 3a,i−v). These data suggested that both residues in
MrvD were essential for proper catalysis of both hydrolysis and
subsequent SPR.
Further substitution of MrvD S2B, S3A, and S4B motifs with

the corresponding fragments from AurD also severely reduced
8 production (Figures S30−S32). Additional mutations of the
14 different residues from these three motifs of MrvD showed
that Q314K or A318V mutation (Figure 3b) severely reduced
8 production (Figure 3a,vi−vii), along with a moderate
reduction of 8 production from four MrvD mutants (G127A
in S2B, A201T in S3A, A317G and M321I in S4B) (Figures
S30−S32). We thus suspected that the side chains of these key
residues might form a favorable microenvironment to ensure
efficient SPR cooperatively. Moreover, these key residues
identified above were highly conserved in MrvD/AstD but not
in AurD/CtvD (Figures S30−S32), suggesting that MrvD/
AstD shared the same mechanism for catalysis.
Nevertheless, when a mutant AurDm was created after all 19

different residues in S2, S3A, and S4B of AurD were altered to
the corresponding residues in MrvD, this mutant still conferred
a similar metabolite profile as AurD, and no 8 production was
observed (Figure S33). These data suggested that there was an
additional catalytic mechanism for SPR, which the above-
identified critical residues could not fully account for.

Figure 3. Critical residues for efficient hydrolysis and semipinacol
rearrangement. (a) HPLC traces of extracts from S. cerevisiae with
aurA/B/C and coexpressing mrvD and mrvD mutants. Purified 8 is
shown as the standard. (b) Protein sequence alignment of S2A and
S4B motifs of EHs. The identified critical residues are labeled with
asterisks.
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Density Functional Theory (DFT) Calculations for
Asp-Aided Hydrolysis and SPR. Next, DFT chemical
calculations were performed to further investigate the possible
structures of transitional reactants and probe the different
catalytic mechanisms between AstD/MrvD and AurD/CtvD
partners to produce 8 and 7, respectively, as well as the
essentiality of the conserved Asp residue for efficient hydrolysis
and SPR.
The enzymatic system was simplified by adding acetic acid

to mimic the critical Asp residues in all EHs. Our computa-
tional results suggested that the different spatial locations of
acidic residues in enzymes on the bis-epoxide substrates would
result in distinctive ring-opening reactions at 3,4-epoxide or
5,6-epoxide for compound 7 or 8, respectively (Figure S34). In
detail, for the biosynthesis of aurovertins, if Asp-facilitated
protonation for the hydrolysis at 3,4-epoxide occurs (AurD/
CtvD) as proposed previously22 (Scheme 1b, route a, and
Scheme 2, route a), the propylene carbocation intermediate

IM6 forms, and the energy barrier of this rate-determining step
is at least 18.3 kcal/mol (Figure S35). After deprotonation of
C3−OH by Asp, nucleophilic attack of the C3 oxygen toward
C6 carbocation will directly result in the cyclic product 7
(Scheme 2, route a). Biosynthesis of 1 and citreoviridin has
been traditionally proposed for hydrolysis in this way
(Schemes 1b, route b, and S4). However, our DFT calculations
showed the other favorite ring-opening pathway catalyzed by
AstD/MrvD to produce 8 (Schemes 1b, route c, and 2, route c,
and Figure S36). Asp-assisted hydrolysis initially occurs at 5,6-
epoxide to produce IM3, followed by the second ring-opening
reaction at 3,4-epoxide for the intermediate IM5, and the
subsequent intermediate IM6 with C6 carbocation. Finally,
SPR occurs at IM6 for aldehyde and the hemiacetal 8. In this
pathway, the second ring-opening at 3,4-epoxide is the rate-
determining step with an energy barrier of at least 19.5 kcal/
mol.

Scheme 2. DFT Calculations of Proposed Models of Reaction Pathways for the Biosynthesis of Compound 8 or 7 with/without
the Semipinacol Rearrangementa

aAll pathways start with the same epoxide substrate along with hydrolysis at 3,4-epoxide in enzymatic (route a in red) or nonenzymatic (route b in
blue) reactions for 7 biosynthesis, or hydrolysis at 5,6-epoxide in enzymatic (route c in red) or nonenzymatic (route d in blue) reactions, followed
by the semipinacol rearrangement for 8 biosynthesis. The energy profiles of ring-opening of 3,4-epoxide and 5,6-epoxide with the geometric
structures TS1 and TS5 are shown above, respectively. *a hydrated proton mimics the nonenzymatic (water) environment. **an acetic acid that
mimics the aspartic acid residue in the enzyme active site.
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Meanwhile, a hydrated proton was used to substitute the
critical Asp to mimic the nonenzymatic catalytic environment
(without EHs or with Asp point mutant EHs) (Scheme 2,
routes b and d). The energy in the nonenzymatic system
increases to 18.8−21.2 kcal/mol in comparison to the
enzymatic system, implying the instability of strong acidic
conditions. After the high energy starting point, the energy
barriers for the formation of 7 and 8 are 4.5 kcal/mol and 13.6
kcal/mol, respectively, indicating that the formation of 7 has
superiority over 8 in the nonenzymatic catalytic environment.
In addition, it was also noticed that during the SPR, the energy
barrier in the nonenzymatic system (13.6 kcal/mol) is about
two times higher than that in the enzymatic system (6.7 kcal/
mol) (Scheme 2, routes c and d, and Figure S37), further
emphasizing the importance of Asp for the SPR. These DFT
calculations implied that the regio-selectivity of hydrolysis by
EHs was the prerequisite for the SPR.
Overall, our data suggested that AstD/MrvD catalyze the

ring-opening reactions at 5,6-epoxide (Scheme 1b, route c) for
their efficient hydrolysis and subsequent SPR, which is totally
different from the previous hypothesis of hydrolysis at 3,4-
epoxide (Scheme 1b, route b), as adopted from the
biosynthesis of aurovertins and citreoviridin (Scheme S4).

■ DISCUSSION
The SPR is important for asymmetric synthesis to confer the
structural diversity and complexity of compounds, and SPases
have been shown to have efficient and elegant catalytic
activities of the SPR in high regio-/stereo-specificity during
natural product biosynthesis. However, few SPases have been
identified in limited enzyme families, and all discovered SPases
showed catalysis of the SPR on alkaloids after oxidations
(epoxidation or hydroxylation). One SPase (FtmG) catalyzes
type II SPR with an allylic alcohol as the substrates13 and two
SPases (BvnE and AuaG) catalyze type IV SPR.12,16 However,
other SPases (NotB, PhqK, FqzB, CtdE, NotI/NotI′,
CyaH)8,9,11,13−15 are oxidases and catalyze epoxidation-
coupled type III SPR in an R3 → C3 2,3-migration manner,
to shift the substituent groups and confer the structural
complexity, such as spirocycles9 (Schemes S1−S3).
Here, two novel SPases AstD/MrvD belonging to the EH

family were identified from the biosynthetic pathway of the
fungal polyketide-type mycotoxin asteltoxin. They are bifunc-
tional enzymes, working as EHs for regio-selective epoxide
ring-opening on the bis-epoxide and subsequently SPases on
the epoxy alcohol intermediate for structural complexity.
Although these two enzymes also catalyze the type III SPR for
2,3-migration, they can recognize epoxy alcohol and catalyze
the rearrangement of the polyketide backbone in C1 → C3
migration (Scheme 1).
EHs have been widely used for the synthesis of chirality-

desired compounds with epoxides as native substrates.35−39

They are involved in epoxide ring-opening in high regio-/
stereo-specificity for the asymmetric biosynthesis of complex
natural products with intriguing building blocks, such as
enantio-pure vicinal diols, polyether, and other structural
moieties.37,40−42 There is no report of bifunctional enzymes or
enzymatic cascades for these coupled epoxide hydrolysis and
SPR. Thus, our work has expanded the SPase family.
We further identified critical Asp residues in these SPases as

general acids for their catalysis. DFT calculations showed that
the spatial location of these key Asps was essential for regio-
specific hydrolysis and subsequent SPR, which might be one of

the main reasons why AurD/CtvD could not execute the SPR.
The introduction of this key Asp could dramatically reduce the
energy barriers of both catalytic activities (Scheme 2). Thus,
we introduced a modified proposed pathway for AstD-
catalyzed regio-selective hydrolysis and SPR for 1 biosynthesis
(Scheme 1b, route c).
Benefiting from rapidly developed de novo protein structure

prediction based on artificial intelligence (AI), structures of
four SPases were computationally obtained from Tencent AI
lab (https://drug.ai.tencent.com/console/en/tfold) (Figure
S38). The three-dimensional (3D) models showed α-helix-
rich structures along with seven transmembrane domains, as
well as a hydrophobic pocket for substrate binding in each
SPase. After the molecular docking of SPases with the
proposed bis-epoxide substrate 9 by Autodock (Figure S39),
these four EHs showed distinctive shapes of the hydrophobic
pockets, which led to the different orientations of the substrate
inside. Despite the discrepancy in pockets, the carboxyl groups
of the identified critical Asp in all SPases were in high
proximity with the epoxide oxygen. Moreover, the critical Asp
residue was apparently much closer to 5,6-epoxide than 3,4-
epoxide in AstD/MrvD, but the distance discrepancy was
reversed in AurD/CtvD, which was consistent with the
prediction from DFT calculations for regio-selective hydrolysis.
We also showed that two conserved residues T94/S96 were

required for proper hydrolysis and SPR, since MrvDT94P/
MrvDS96C mutants conferred null production of 8 and almost
identical metabolite profiles to the MrvDD313A mutant after
pathway reconstitution in yeast (Figure 3a). These two critical
residues were found located around the binding pocket (Figure
S40). Based on de novo protein structure prediction, the
structural models of wild-type MrvD and mutants MrvDT94P

and MrvDS96C were almost the same in the overall
conformation, after superimposing these active sites (Figure
S41). Therefore, we constructed systems of MrvD, MrvDT94P,
and MrvDS96C complexed with the substrate. Three replicas of
30 ns MD simulations were performed for each system. During
the dynamic simulations, the active pockets exhibited slightly
different change trends for each system. Based on the structural
characteristics, different binding conformations of the substrate
were maintained in the most representative structure for these
systems. The distributions of distances d(Asp313Cγ-SubO3,4)
and d(Asp313Cγ-SubO5,6), which represented the 3,4-epoxide
and 5,6-epoxide hydrolysis, respectively, revealed that T94P
and S96C mutations could influence the reaction distances
between D313 and the substrate. For the MrvD system, the
distance d(Asp313Cγ-SubO3,4) was concentrated, while the
distributions of distances d(Asp313Cγ-SubO3,4) and d-
(Asp313Cγ-SubO5,6) in two mutant systems were scattered
and the distances could be enlarged to 12 Å, which was
unbeneficial for enzyme-catalyzed hydrolysis (Figure S41).
These models were consistent with our observations that
mutations of T94 and S96 led to loss-of-function in hydrolysis
catalysis and subsequent SPR.
Six critical residues (G127/A201/Q314/A317/A318/

M321) of MrvD for efficient SPR were also identified, and
mutations of these residues significantly decreased the
production of 8 (Figures S30−S32). Here, residues G127/
Q314/A317/A318/M321 in MrvD were predicted to be
located around the hydrophobic pocket (Figure S40). These
residues are nonpolar or hydrophobic amino acids (G, A, Q,
M). Two mutations Q314K and A318V in MrvD particularly
reduced 8 production, suggesting subtle changes of the side-
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chain charge, and the steric hindrance significantly affected the
SPR efficiency. In MrvD, G127 was embedded in the
transmembrane domain, while the other four residues were
in high proximity to the key D313 (Figure S26). We proposed
that these residues formed a favorable anhydrous micro-
environment to facilitate regio-specific ring-opening by D313
or protect the carbocation from attacks of water molecules or
the proximal hydroxyl groups within the substrate. Therefore,
mutations in these residues might reduce the regio-selectivity
of hydrolysis and eventually lead to the decreased production
of 8. In the other way, mutations of these residues might result
in a more facile quenching of the carbocation by the hydroxyl
group for direct cyclization and therefore reduced SPR, as the
energy barrier for 7 production (from direct cyclization) was
3.4 or 5.0 kcal/mol (Figure S35), lower than that for the
rearrangement (6.7 kcal/mol) (Scheme 2).
Overall, this work identified two new SPases from the fungal

EH family and explored possible mechanisms for regio-specific
hydrolysis and efficient SPR. These EH family SPases adopted
distinctive orientation for epoxide collapse and a more
favorable enzymatic pocket for the SPR compared with the
canonical EHs without SPR catalytic activity. This work will be
helpful for understanding and further engineering these
powerful biocatalysts for asymmetric biosynthesis of complex
compounds.

■ CONCLUSIONS
SPases are intriguing biocatalysts for structural diversity and
complexity of natural products, but only a few of them have
been identified and characterized. Here, based on the
biosynthesis of a fungal mycotoxin asteltoxin, two new
bifunctional SPases AstD/MrvD were identified, which
possessed both EH and SPase catalytic activities for the
cascade reactions of regio-selective hydrolysis on the bis-
epoxide and SPR on the epoxide alcohol. They catalyze C1 →
C3 migration on the polyketide backbone as type III SPR. A
conserved Asp residue was proposed to be essential for both
catalysis, and other critical residues form a microenvironment
to facilitate efficient epoxide hydrolysis and proper SPR. Our
discovery expanded the SPR biocatalyst family and provided a
new understanding of the catalytic mechanisms of these novel
bifunctional SPases.
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