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ABSTRACT: The pyran ring is a very common structural
unit of many natural, bioactive molecules that are widely
found in plants, bacteria, and fungi. However, the enzymatic
processes by which many of these pyran-containing molecules
are formed are unclear. Herein, we report the construction of
the pyran ring catalyzed by the cooperation of a flavin-
dependent monooxygenase, XimD, and a SnoaL-like cyclase,
XimE, in the biosynthesis of xiamenmycins. XimD catalyzes
the formation of an epoxide intermediate that spontaneously
transforms to furan and pyran products (43:1) in vitro. XimE
then catalyzes the formation of the pyran ring in a 6-endo
configuration from the epoxide to yield a benzopyran,
xiamenmycin B. Further, we obtained the crystallographic
structure of XimE, with and without product, which suggests a synergistic mechanism in which a group of four residues (Y46−
Y90−H102−E136) acts cooperatively as the general acid and base. Subsequent structure-based analysis of possible viable
substrates indicates that both XimD and XimE exhibit high promiscuity in their catalysis. Overall, this study reveals the
mechanism of pyran ring formation in xiamenmycin biosynthesis and demonstrates the potential application of XimD and XimE
in the biosynthesis of other benzoheterocycle scaffolds, including furano- and pyranocoumarins.
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■ INTRODUCTION

The tetrahydropyran ring is a common structural feature of
many natural bioactive molecules. Notable examples include
bacterial polyketides,1−4 such as lasalocid A, monensin, and
salinomycin, the fungal polyketide aurovertins,5 and plant
chromenes, such as tetrahydrocannabinolic acid.6,7 The pyran
ring within these compounds is usually formed via (i)
epoxidation of an olefin substrate followed by epoxide
hydrolase catalyzed epoxide ring opening reactions,5,8 (ii) a
berberine bridge enzyme catalyzed hydride transfer reaction,6,9

or (iii) a pyran synthase catalyzed oxa-Michael addition.10,11

The sophistication of the processes by which these natural
products are biosynthesized in vivo suggests that the
corresponding enzymes have been highly optimized for the
formation of the pyran skeleton.
A pyran ring containing scaffold that has recently begun to

attract increased attention is 3-chromanol.12−14 This is a
relatively common skeleton found in a wide range of bioactive
molecules from plants and microbial species, including the
antibacterial kuhistanol D from Ferula kuhistanica,15,16 the
anticancer pyranocoumarin decursin from Angelica gigas,17 and
the xiamenmycins from Streptomyces xiamenensis 318 (Figure 1

and Figure S1).18,19 Of note with the last species, the carboxyl
group in xiamenmycin B (1) undergoes a substitution reaction
to produce various potent bioactive homologues, such as the L-
threonine amidated derivative xiamenmycin A, which exhibits
antifibrotic and anti-inflammatory activities.19 However,
despite its wide distribution and frequent occurrence, the
enzymatic process by which the 3-chromanol skeleton is
produced in any of these molecules has not yet been
elucidated.
Nonetheless, great efforts have been made to obtain this

promising pharmacophore. The chemical synthesis processes
of 3-chromanols have been intensively investigated,12,13,20−25

including Au-catalyzed intramolecular cycloalkylation,13

FeBr3/3AgOTf-mediated cyclization of aryl glycidyl ether,12

and VO(acac)2/TBHP catalyzed oxidative cyclization.24

Biologists tried to produce bioactive 3-chromanol-containing
derivatives via Mycobacterium biotransformation26 and engi-
neered the metabolic pathway to improve the production of
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pyranocoumarins in native plant hosts.27,28 An environmentally
friendly, renewable, and sustainable strategy to produce this

widely spread bioactive skeleton is still unavailable. Thus,
discovering and understanding the specific enzymes that can
generate the 3-chromanol building block under mild
conditions is expected to significantly enhance our abilities
to more effectively produce the aforementioned bioactive
compounds as well as develop novel derivatives thereof.
Here, we describe the mechanism of 3-chromanol ring

formation in the biosynthetic pathway of xiamenmycin and
report the apo and cocrystal X-ray structures of the key SnoaL-
like cyclase XimE, which regioselectively catalyzes the
formation of a C2−O bond to generate the 3-chromanol
skeleton. By site-directed mutagenesis and computational
studies, we identify the key residues that govern the
regioselectivity in this XimE and, on the basis of the cocrystal
structure, rationally expand the substrate repertoire of this
enzyme. Together with its upstream flavin-dependent mono-
oxygenase (FMO) XimD, we show that these two enzymes are
capable of producing 14 products with 6 different benzohetero-
cycle scaffolds.

■ RESULTS AND DISCUSSION

Role of FMO and a SnoaL-like Cyclase in Xiamenmy-
cin Biosynthesis. The xiamenmycin biosynthetic gene cluster
was previously identified to consist of five genes (Figure 2A).19

This earlier work demonstrated that the initial step in this
pathway is mediated by XimC, a chorismate lyase (ximC), that
cleaves chorismate to produce 4-hydroxybenzoate (4-HBA),
which is then prenylated by 4-HBA prenyltransferase (ximB)

Figure 1. Examples of bioactive natural products and drugs containing
the 3-chromanol skeleton (highlighted in purple). Visnadine is a
vasodilator drug, isolated from Ammi visnaga.29 SMTP-7 is a
thrombolytic stroke drug, isolated from Stachybotrys microspora.30,31

Stachybotrin C exhibits neuroprotective activity, isolated from
Stachybotrys parvispor.32

Figure 2. In vitro assay of XimD and XimE. (A) Xiamenmycin A biosynthetic gene cluster in Streptomyces xiamenensis 318. (B) Enzymatic assay of
XimD and XimE: (i) compound 2 incubated with boiled XimD; (ii) 2 with XimD, FAD+, and NADH; (iii) 2 with XimD, FAD+, NADH, and
XimE. Compounds 1 and 3 are overlapped by HPLC detection in (ii) and (iii). (C) UPLC-HRMS analysis of 18O2 labeling experiment in the
negative ionization mode: (i, ii) reaction product without and with XimE, respectively; (iii, iv) authentic 3 and 1, respectively; (v−vii) mass spectra
of compound 3 in (i), 1 in (ii), and authentic 3, respectively. (D) Enzymatic conversions of 2 catalyzed by XimD in the presence and absence of
XimE.
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to yield the precursor 3-geranyl-4-hydroxybenzoate (GBA, 2).
A gene deletion and complementation experiment had proved
that the two downstream genes encode an FMO (ximD) and a
SnoaL-like cyclase (ximE) that are essential for benzopyran
formation during the biosynthesis of xiamenmycin.19

We previously showed that coexpression of ximD and ximE
in an engineered E. coli strain (strain XM03-MVA33) that
produces a high yield of the precursor GBA (2) results in the
biosynthesis of 1.33 In this study, to clarify the role of XimD in
this process, we overexpressed just ximD (without ximE) in
strain XM03-MVA and compared the metabolic extracts with
those from the parental strain using mass spectroscopy. We
found that the extracts from the strain that solely overex-
pressed ximD contained an additional peak (3) with the
precise expected mass of xiamenmycin B (1) ([M − H]−, m/z
289.1446 for 1 and 289.1417 for 3) (Figure S2). However,
NMR spectroscopy clearly showed that this additional
compound is actually benzodihydrofuran (3) (Table S1).
Since XimD was annotated as a monooxygenase,19 the
identification of the unexpected compound 3 attracted us to
further explore the enzymatic functions of XimD and XimE.
To investigate the roles of XimD and XimE, the

recombinant proteins were overexpressed and purified to
homogeneity as N-terminally His6-tagged protein (Figure S3).
XimD was previously predicted to be an FMO with a well-
conserved FAD-binding motif (GXGXXG).34 Consistent with
this predication, we found that denaturation of XimD with
methanol and subsequent HPLC analysis indicated that FAD is
noncovalently bound to XimD at a molar ratio of FAD to
protein of 0.93:1 (Figure S4). FMOs require NADH or
NADPH as cofactor to perform the oxidative reactions.35 Here,
both NADH and NADPH can be used by XimD. However,
XimD exhibits an obvious preference for NADH, because the
consumption velocity of NADH is 6-fold that of NADPH
(Figure S5). Thus, an in vitro assay of XimD was performed in
the presence of 2, NADH, and FAD, which yielded furan
compound 3 and a trace amount of 4 (Figure 2B). It is
consistent with the in vivo assay that overexpressing ximD in E.
coli led to the formation of 3. Compound 4 ([M − H]−, m/z
289.1446) has an molecular weight identical with that of 1 and
3 and exhibits an ultraviolet−visible absorbance similar to that
of 2 (Figure S6). We reasoned that this compound may be an
epoxidized product of 2 which was catalyzed by XimD. This
expectation was subsequently confirmed by a comparison of
the retention time and mass spectrum of 4 with the product of
a VO(acac)2/TBHP system24 catalyzed epoxidation using 2 as
the starting material (Figure S7).
In the absence of XimE, the furan compound 3 is the

dominant product, as shown in Figure 2C. When XimE was
added, the benzopyran compound 1 was generated at an
approximate ratio of 1 to 3 of 43:1 (the ratio of peak area), and
the intermediate 4 was no longer present (Figure 2B,C). These
results indicate that XimD catalyzes the monooxygenation of 2
to yield unstable 4, which spontaneously converts to 3 in the
absence of XimE and undergoes an anti-Baldwin cyclization to
yield 1 in the presence of XimE (Figure 2D).
In the construction of a tetrahydrofuran or tetrahydropyran

ring through an epoxide-opening reaction, the epoxide will
either directly undergo a 6-endo-tet or a 5-exo-tet cyclization
or be first hydrolyzed to form two hydroxy groups which then
undergo a cyclization. The latter process occurs during the
dioxabicyclooctane ring formation that is catalyzed by AurD,5

where the oxygen of the C5-hydroxy in the product is derived

from H2O.
5,36 To confirm the origin of the oxygen atom of the

C3-hydroxy in 1, we conducted stable isotope labeling
experiments of the in vitro assay. UPLC-MS analysis indicates
that 1 and 3 were both labeled by the oxygen from 18O2,
instead of H2

18O (Figure 2C and Figure S8), no matter
whether we used only XimD or both XimD and XimE.

Overall Structure of the Apo and Cocrystal of XimE.
Sequence alignment and annotation showed that XimE
belongs to the SnoaL-like cyclase family,19,34 members of
which include SnoaL37 and AknH.38 Both SnoaL and AknH
catalyze intramolecular aldol condensation reactions to form
an aromatic multicyclic ring system. Unlike SnoaL, however,
XimE selectively catalyzes the C2−O bond formation to
generate a benzopyran skeleton. To understand the structural
basis underlying the overwhelming selectivity of XimE in this
catalysis, the crystal structure of apo XimE (PDB: 6ISK) was
solved at a resolution of 1.77 Å by using selenomethionine (Se-
Met) labeling and the single-wavelength anomalous diffraction
method for phasing (Table S2). The subunit of XimE consists
of one domain formed by three α-helices (α1−α3) and five β-
sheets (β1−β5) (Figure 3A). The four antiparallel β-sheets

Figure 3. Overall fold of apo and cocrystal structures of XimE and
SnoaL. (A) Apo structure of XimE (PDB code: 6ISK). (B) Cocrystal
structure of SnoaL (PDB code: 1SJW). (C) Superimposition of apo
and xiamenmycin B-bound structures (PDB code: 6ISL) of XimE.
Xiamenmycin B (green stick) was found to fill in the cavity. (D) 2Fo
− Fc electron density map for 1 and the surrounding residues,
contoured at 2.0σ. The Fo − Fc omit map of the ligand is presented in
Figure S9. (E) Close-up view of the xiamenmycin B−XimE
interactions. Dashed lines indicate hydrogen-bond interactions.
Three β-sheets and one α-helix were removed to clarify the
illustration. (F) Pair fit of free xiamenmycin B (green) and XimE-
bound xiamenmycin B (indigo). The X-ray diffraction data of
xiamenmycin B were deposited with the Cambridge Crystallographic
Data Centre with the accession number CCDC 1871592.
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(β2−β5) are continuous in the primary sequence and are
considerably curved in the structure, encircling to form part of
a barrel-like architecture. The additional β-strand (β1) parallels
with β5, and its C-terminus and N-terminus form two short
loops. These two loop motifs and the three α-helices close off
the barrel-like structure and form a deep hydrophobic cavity.
A query of the PDB database using the DALI program39

revealed several different enzymes that are structurally similar
to XimE (Table S3). Among the 55 most closely related
targets, 16 of them are SnoaL-like polyketide cyclases and 9 of
them are ketosteroid isomerases. None of these enzymes,
however, shows high primary sequence identity to XimE and
so can be grouped into a similar “SnoaL-like fold” family on
the basis of their structural similarity.40 A comparison of XimE
with the well-characterized polyketide cyclases SnoaL and
AknH, indicates that the folding manner of XimE is nearly
identical with those of SnoaL and AknH37,38,41 (Figure 3B),
although XimE exists as a homodimer and SnoaL exists as a
dimer of dimers.37 Thus, together with the NCBI blastp
prediction,19 this structural comparison unequivocally indicates
that XimE is a member of the SnoaL-like cyclases.
However, the observed overall structure of apo XimE does

not suggest an obvious candidate for the active sites of
substrate binding and catalysis. We thus determined the 1.77 Å
resolution structure of XimE bound to xiamenmycin B (Figure
3C and Table S2; PDB code: 6ISL). Globally, the ligand-
bound and apo structures are nearly identical, with an rms
deviation of 0.141 Å over 227 atoms (including ligands). In the
cocrystal structure of XimE, xiamenmycin B (1) is buried in
the pocket of the barrel-like region which was filled by the
buffer molecules malonic acid (chain A) and ethylene glycol
(chain B) in the apo XimE (Figure 3C,D and Figure S9). The
prenyl moiety of 1 is fully extended inside the pocket and
contacts the hydrophobic residues, such as Ala50, Leu60, and
Val94. In addition, the carboxyl group points to the mouth of

the pocket and is anchored by a hydrogen-bond interaction
with Tyr153 (Figure 3E). In particular, the oxygen atom O1 of
the pyran ring is found to form a hydrogen bond with the
imidazole group of His102. Further, the carboxyl group of
Glu136 is almost rotated by 100° to allow bifurcated
hydrogen-bonding interactions with the hydroxyl O4.
Furthermore, the π−π stacking interaction between the phenyl
ring of xiamenmycin B and Trp118 is observed. These specific
interactions with the protein change the pyran conformation of
xiamenmycin B: i.e., the equatorial orientation of the C2−CH3
group in isolated xiamenmycin B turns into an axial orientation
and the axial C3−OH is flipped to an equatorial orientation
(Figure 3F). Interestingly, a hydrogen-bonding network with
Tyr90 is found to enhance the polarity of Tyr46 (Figure
S10).42

Cooperative Roles of Active Sites in XimE. Inspection
of the apo and cocrystal structures led to the identification of
Tyr46, His102, Glu136, and Y153 as possible key residues for
the pyran ring formation. To test this, we examined the activity
of single-point mutants of XimE in which each of these
residues were mutated to alanine, using a 2-Cl-substituted
GBA33 molecule (5) as a surrogate in vitro, since its pyran-
containing (6) and furan-containing (7) products can be
clearly separated by HPLC. In comparison to wild type XimE
(where the 7:6 ratio is 1:24), both H102A and Y46A mutants
yielded a greater accumulation of 7, exhibiting 7:6 ratios of
1.5:1 and 1:1.4, respectively (Figure 4A,B). This accumulation
is likely due to a subnormal activity of the mutants, leading to a
nonenzymatic cyclization of the epoxide (8). Overall, we found
that the catalytic selectivity of all of the single-point mutants
was decreased (Figure 4A,B). However, interestingly, the 6-
endo-tet ring closure activity is not completely absent in any of
them, which suggests that the 6-endo cyclization involves
multiple residues. We hence constructed double (Y46A/
H102A and Y46A/E136A) and triple (Y46A/H102A/E136A)

Figure 4. Enzymatic assay of XimE and various mutants. (A) HPLC profiles of an in vitro assay of XimE and various mutants by using 5 (2-Cl
substituted 2) as substrate. (B) Proportion of tetrahydrofuran (7) and tetrahydropyran (6) in the reaction products, calculated by the peak area.
For each mutant, XimD was used to generate epoxide intermediate 8. (C) Time-course analysis of the conversion of 4 to 1 in the presence of 40
nM XimE or mutants. The isomers of 4 were used as substrate. We performed the in vitro experiment on ice (0 °C) to slow down the reaction rate.
The concentration of pyran product 1 and initial reaction time was fitted to a linear function (dashed lines) by Origin (OriginLab, Northampton,
MA) to obtain the initial reaction rate, Vi. The Vi value consists of enzymatic transformation VE(6‑m‑r) (6-m-r = 6-membered ring) and
nonenzymatic conversion rate Vnon(6‑m‑r): i.e., Vi = VE(6‑m‑r) + Vnon(6‑m‑r). However, Vnon(6‑m‑r) is negligible under the current reaction conditions:
phosphate buffer with a pH value of 9.58. Vi thus can be the close approximation of VE(6‑m‑r).
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mutants to further localize the essential sites. We found that
Y46A/H102A was even further attenuated in pyran formation
(2:1), whereas Y46A/H102A/E136A exhibited almost no 6-
endo catalytic ability (19:1) (Figure 4A,B).
We tried to determine the steady-state enzyme kinetics value

of each mutant in order to compare their activities. However,
the instability of epoxide 4 impeded the purification and
characterization of wild type XimE and its mutants. The rapid
nonenzymatic conversion of 4 was observed in varied solutions
(Figure S11). In phosphate buffer (5% ACN, pH 8.0, 22 °C),
the first-order rate constant knon was determined to be 1.3 ×
10−3 s−1, with a half-time of 8.9 min. Alternatively, we
performed the time-course analysis of the conversion from 4 to
1 at low temperature (0 °C) to compare the relative activity of
each variant (Figure 4C and Figure S12). The initial reaction
rate of wild type XimE was determined as 0.179 ± 0.012 μM
s−1. The single mutants E136A, Y46A, and H102A exhibited a
dramatic decrease in velocities, with initial rates of 0.028 ±
0.003, 0.012 ± 0.001, and 0.013 ± 0.002 μM s−1, respectively.
Additionally, the circular dichroism (CD) spectra of mutants
revealed the fluctuation of absorbance between 190 and 200
nm (Figure S13), suggesting that these residues may play an
important role in stabilizing the secondary structure of XimE.
Collectively, the mutational experiments suggest that the
residues E136A, Y46A, and H102A are functionally important
to catalysis, substrate binding, and structural stabilization.
Regioselectivity of XimE. We further used QM/MM

calculation to study the reaction energy potential surface of the
6-endo cyclization (Figure 5A,B). As a result, a water molecule
was found be involved in the hydrogen-bond network of
Tyr46−Tyr90−Glu136 that plays a general-acid role in the
transition state. This indicates that the protonation process is
promoted by both Tyr46 and Glu136, rationalizing the
complicated effect observed in the mutagenesis experiment.
Protonation of the epoxide results in the electron deficiency of
carbon atoms of C2 and C3, especially C2, which can be
stabilized by other two substituents, which are thereby
vulnerable to nucleophilic group. Notably, due to the hydrogen
bond network formed between the epoxide oxygen atom and
hydroxy groups of Glu136 and Tyr46 which is mediated by a
water molecule, the epoxide ring is stretched to be a
nonisosceles configuration. The 1.87 Å length of C2−O is
more unstable than C3−O, which is the canonical 1.41 Å in
length, the same as the epoxide motif present in the cocrystal
structure of Lsd19 with its substrate analogue8 (Figure 5C). In
addition, the distance (2.09 Å) between p-OH and carbon
atom C2 of the substrate is closer than that (2.63 Å) of
between p-OH and C3 (Figure 5B). Moreover, imidazole of
His102 points the p-OH at about 2.50 Å and is proposed to
deprotonate the phenol hydroxyl group to form a nucleophilic
phenolate anion that is also stabilized by imidazole of His102,
a similar function of the amino group of His107 in SnoaL.37

Taken together, the activated epoxide thus accepts regiose-
lectively nucleophilic attack at C2 by phenolate anion, giving
rise to the formation of a pyran ring (Figure 6).
The QM/MM calculation and the crystal structures

indicated that XimE-catalyzed pyran ring formation is mainly
realized by protonation and stabilization of epoxide by the
catalytic acidic residues Tyr46 and Glu136 and basic residue
His102. Particularly, the acidic condition is essential for the
pyran ring formation. To verify this hypothesis, the non-
enzymatic transformation was carried out in aqueous phases
with different pH values. With a decrease in pH, a shift was

found from the furan-favored compound 3 under basic
conditions to the pyran-favored compound 1 under acidic
conditions (Figure 5D and Figure S14). When the pH is 6.32,
benzofuran is predominant, in which the ratio of pyran (1 +
1′) to furan (3 + 3′) is 1:19.8. Under acidic conditions, e.g., at
pH 3.43, the benzopyran form is the major product with a ratio
of pyran to furan of 25:1 (Figure 5D). The pH-dependent
transformation agrees with a hypothetical synergistic mecha-
nism in which the protonated pathway prefers a pyran form,
while the deprotonated conditions prefer furan in the
calculations (Figure S15). We noted that 1′ is not increased
in the in vitro reactions by using stereoisomers 4 + 4′ as
substrate (Figure S12), which indicates that XimE is unable to
transform 4′ into 1′. We speculate that when 4′ was
accommodated by XimE, the opposite configuration of the
epoxide either is energetically unstable in the cavity or cannot
be activated by the catalytic residues to accept nucleophilic
attack in a manner of 6-endo-tet cyclization (Figure S16).
Pyran ring formation reactions are also found in the

biosynthesis of bacterial and fungal polyketides:1,3−5,8 e.g.,
Lsd19-catalyzed lasalocid A formation, AurD-catalyzed auro-
vertin E formation, and biosynthesis of salinomycin catalyzed
by SalBIII. However, very limited identity (less than 16% with
any of them) (Table S4) in the primary sequence between
XimE and these enzymes leads to a remarkable divergence in
phylogenetic tree and significant difference in the 3D structure
(RMSD = 4.964 Å with Lsd19B) and active-site organization

Figure 5. Computational studies of XimE-catalyzed 6-endo
cyclization. (A) Potential energy surface of C−O bonds in the
transition state. (B) Transition state of epoxide opening ring closure
in a 6-endo-tet manner. The black dashed lines indicate H bonds and
water bridge. (C) Configuration of 4 in the catalytic pocket of XimE.
(D) Nonenzymatic conversion of 4 to 1 and 3 in aqueous phases with
different pH values. The ratio of 1 to 3 (and 3 to 1) and pH values
were fitted to the BiDoseResp function by Origin (OriginLab,
Northampton, MA) to obtain the sigmoidal curve, with R2 values of
0.998.
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(Figures S17 and S18). This indicates that XimE had optimally
tuned to be a SnoaL-like cyclase that specifically catalyzes
benzopyran skeleton formation.
Structure-Based Substrate Scope. The critical role of

XimE is to spatially orient the epoxide for exclusively
nucleophilic attack at C2 and allow reasonable variation at
the substrate. We proposed that other substitution on the
benzene ring will not affect 6-endo cyclization, as we have
proved this by using 2-Cl-substituted GBA as a surrogate. 2-
Chloro substitution could also be replaced by other groups,
such as 2-hydroxyl as shown in Figure 7. Furthermore, because
the aromatic ring is oriented to the outside of the catalytic
pocket (Figure S19), other benzoheterocycle skeletons might
also be tolerant to XimE. 7-Demethylsuberosin (9), the
putative precursor of linear pyranocoumarin decursinol,43 was
used as a substrate to verify our assumption. The analysis of
reaction products revealed the formation of marmesin (10);
[M − H]+, m/z 247.0970) without XimE, and decursinol (11;
[M − H]+, m/z 247.0967) appeared in the presence of XimE.
This result was confirmed by a comparison of retention times
and accurate masses with the authentic samples by UPLC-
QTOF-MS (Figure S20). By using osthenol (12) as substrate,
the combination of XimD and XimE could also produce the

angular furanocoumarin columbianetin (13; [M − H]+, m/z
247.0969) and pyranocoumarin lomatin (14; [M − H]+, m/z
247.0971) (Figure S21). We successfully obtained 14 products
with 6 different benzoheterocycle scaffolds by using XimD and
XimE as catalysts, as summarized in Figure 7.
The enzymes responsible for the conversion of 7-

demethylsuberosin to decursinol in the plant Angelica gigas,
and the biosynthesis from osthenol to lomatin or colum-
bianetin in Lomatium nutalli have been longstanding
mysteries.43−47 Nevertheless, the widespread use of coumarins
in traditional and modern medicine29,48−50 has triggered
extensive effort toward their biosynthesis in microbes.51−53

Due to the unavailability of enzyme tools (Figure S25), the
most common ways of getting coumarins are through plant cell
extraction or chemical synthesis. Only simple coumarins have
been obtained in the manner of microbial synthesis until now:
i.e., the biosynthesis of umbelliferone, scopoletin, and 4-
hydroxycoumarin52 in engineered E. coli. Thus, by incorpo-
ration with the recently identified umbelliferone 6-dimethy-
lallyltransferase and 8-dimethylallyltransferase43 that respec-
tively catalyze the formation of 9 and 12, the well-characterized
XimD and XimE will be promising downstream enzymes for

Figure 6. Proposed mechanism of XimE-catalyzed pyran ring formation and spontaneous transformation from 4 to 1 and 3.

Figure 7. Substrate scope of XimE and XimD. Successfully obtained products are benzodihydrofuran (3, 7, 16, 19, 22), benzodihydropyran (1, 6,
17, 20, 23), furanocoumarin (10, 13), and pyranocoumarin (11, 14) scaffolds, which are highlighted by different colors. The conversion rate
represents the percentage of transformed substrate in vitro under the same catalytic conditions and was estimated by HPLC analysis. The ratio 6-m-
r:5-m-r represents the relative amount of pyran product to furan product, which was estimated by peak areas in HPLC analysis. For HPLC and
HRMS data see Figures S20−S23. Several unsuccessfully transformed substrates are summarized in Figure S24.
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furanocoumarin and pyranocoumarin biosynthesis in E. coli or
yeast.
Using microbe-derived enzymes as alternatives to fill in the

missing gaps in phytochemical biosynthetic pathways is an
attractive approach.54 This strategy leverages the promiscuity
of catalytic enzymes, especially those involved in secondary
metabolite biosynthesis, and thus yields a pool of potential
candidates for combinatory biosynthesis. Outstanding exam-
ples include the biosynthesis of (−)-menthol using Δ5−3-
ketosteroid isomerase from Pseudomonas putida55 and the
reconstruction of dopamine in E. coli using the Streptomyces
castaneoglobisporus tyrosinase and Pseudomonas putida L-DOPA
decarboxylase.56 These cases have showcased that, by fully
releasing the catalytic potential of enzymes, the aforemen-
tioned strategy will enable the efficient and renewable
biosynthesis of important plant natural products in a microbial
system from simple carbon sources.

■ CONCLUSIONS
In this study, we determined the biosynthetic mechanism by
which the pyran ring of xiamenmycin is formed. The SnoaL-
like cyclase XimE catalyzes a pyran-forming reaction by
mediating the intramolecular attack of a phenolate anion
onto the epoxide moiety of the epoxidized form of 3-geranyl-4-
hydroxybenzoic acid. We demonstrated the critical importance
of the catalytic dyad Y46−E136, acting as a general acid, of this
enzyme in establishing the proper spatial organization of the
epoxide and controlling the substrate preference of the
nucleophilic attack. The unique architecture of the catalytic
pocket and the precise chemical reaction that it catalyzes was
found to permit a high flexibility on potential substrates for this
enzyme. Indeed, the catalytic versatility of XimE and XimD
functioning together strongly suggests that these novel
enzymes may become highly effective tools for the chemo-
enzymatic synthesis of many bioactive benzoheterocycle
scaffolds, including benzofurans and benzopyrans, as well as
plant-derived linear and angular furano- and pyranocoumarins.
The rational expansion of substrates we demonstrated here
also provides a promising strategy for future microbial
synthesis of high-value phytochemicals.
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