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Molecular insights into the unusually promiscuous
and catalytically versatile Fe(ll)/a-ketoglutarate-
dependent oxygenase SptF

Hui Tao"®, Takahiro Mori® 23°% Heping Chen', Shuang Lyu!, Akihito Nonoyama? Shoukou Lee* &
lkuro Abe@® 2%

Non-heme iron and a-ketoglutarate-dependent (Fe/aKG) oxygenases catalyze various oxi-
dative biotransformations. Due to their catalytic flexibility and high efficiency, Fe/aKG oxy-
genases have attracted keen attention for their application as biocatalysts. Here, we report
the biochemical and structural characterizations of the unusually promiscuous and catalyti-
cally versatile Fe/aKG oxygenase SptF, involved in the biosynthesis of fungal meroterpenoid
emervaridones. The in vitro analysis revealed that SptF catalyzes several continuous oxida-
tion reactions, including hydroxylation, desaturation, epoxidation, and skeletal rearrangement.
SptF exhibits extremely broad substrate specificity toward various meroterpenoids, and
efficiently produced unique cyclopropane-ring-fused 5/3/5/5/6/6 and 5/3/6/6/6 scaffolds
from terretonins. Moreover, SptF also hydroxylates steroids, including androsterone, tes-
tosterone, and progesterone, with different regiospecificities. Crystallographic and structure-
based mutagenesis studies of SptF revealed the molecular basis of the enzyme reactions, and
suggested that the malleability of the loop region contributes to the remarkable substrate
promiscuity. SptF exhibits great potential as a promising biocatalyst for oxidation reactions.
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ARTICLE

xygenases are widely distributed in nature and catalyze

the incorporation of oxygen into various natural pro-

ducts. One of the largest oxygenase groups is the non-
heme iron and a-ketoglutarate-dependent (Fe/aKG) oxygenase
superfamily, which is involved in both primary and secondary
metabolism!. In animals, Fe/aKG oxygenases play important roles
in physiological processes via hydroxylation or N-demethylation
reactions, with substrates including proteins, nucleic acids, and
lipids!. In plants and microorganisms, in addition to the typical
hydroxylation reactions, Fe/aKG oxygenases catalyze a wide range
of chemical transformations in the biosynthesis of natural
products?>~27, including complex skeletal rearrangement! 112, ring-
expansion!?, and C-C bond formation?!-23, Given their intriguing
chemical reactions, detailed biochemical, structural, and calcula-
tion studies of Fe/aKG oxygenases have been conducted over the
past few decades>®8:28-32,

Fe/aKG oxygenases utilize aKG as a co-substrate and Fe(II) as
a cofactor?3-33. Through the oxidative decarboxylation of aKG, a
reactive Fe(IV)-oxo intermediate is generated to activate a
selective aliphatic C-H bond, which is normally difficult to cleave
due to high bond-dissociation energy, and then oxidative pro-
ducts are generated following radical recombination. Unlike other
oxidases, including P450 monooxygenases, Fe/aKG oxygenases
do not require any reductase partners or expensive cofactors such
as NAD(P)H and FAD/FMN?3°. Furthermore, these enzymes
exhibit high catalytic efficiencies, and typically have large turn-
over numbers! 1143738 These features of Fe/aKG oxygenases,
along with their catalytic versatility, have attracted considerable
attention as a source of biocatalysts36:3%,

SptF is an Fe/aKG oxygenase first discovered in the bio-
synthesis of the fungal meroterpenoid emervaridones#0. It cata-
lyzes two oxidation steps to form emervaridone C (3) from
andiconin D (1) (Fig. 1, Supplementary Fig. 1). The proposed
reaction scheme involves the initiation by a C11 hydroxylation
reaction, followed by water elimination, carbon skeletal rearran-
gement, and deprotonation reactions to yield 2. Compound 2 is
then accepted by SptF again and undergoes an epoxidation
reaction to generate 3. Thus, SptF accepts two skeletally distinct
molecules as substrates and plays a key role in the structural
complexification of andiconin-derived meroterpenoids. Although
the function of SptF has been investigated by in vitro enzymatic
reactions, the detailed mechanisms of the dynamic skeletal rear-
rangement and the accommodation of structurally distinct sub-
strates remain to be elucidated.

In this study, we investigated SptF further by in vitro enzyme
reactions, crystallization, and structure-based mutagenesis. To
our surprise, SptF is an unusually promiscuous and catalytically
versatile enzyme that performs up to four rounds of oxidative
reactions with its natural substrate 1, including hydroxylation,
desaturation, epoxidation, and skeletal rearrangements. SptF also
catalyzed the formation of cyclopropane-ring-fused, highly con-
gested 5/3/5/5/6/6 and 5/3/6/6/6 cyclic skeletons from structurally
distinct meroterpenoid terretonins. Moreover, SptF hydroxylated
steroids, including androsterone, testosterone, and progesterone,
with different regiospecificities. Our crystallographic analyses of
SptF in complex with (un)natural substrates, along with our
structure-based mutagenesis studies, have revealed the molecular
basis for the substrate recognition and suggested that the malle-
ability of the loop region contributes to the remarkable substrate
promiscuity.

Results
Substrate promiscuity and catalytic versatility. Emervaridone C
(3) was previously reported as the final product of SptF from

andiconin D (1)%0. However, our careful reexamination of the
enzyme reaction revealed that SptF actually produced two more
products 4 and 5, in addition to 2, 3, and previously reported
emeridone F40 (Fig. 1a and Supplementary Fig. 1). Structural
analyses established that 4 contains an additional C9 hydroxyl
group and C1-C2 epoxide (Fig. 1c, Supplementary Figs. 2, 19-24
and Supplementary Table 8). In contrast, 5 has a new ether bridge
between C4’ and C2’, along with a C5” hydroxyl group (Fig. 1c,
Supplementary Figs. 25-30 and Supplementary Table 9). Notably,
SptF, in the emervaridone biosynthetic pathway, shares 94%
amino acid sequence identity with AndF, which is responsible for
the generation of anditomin (7) from andilesin C (6), in the
closely related anditomin pathway (Fig. 1c)37. As expected, SptF
also accepted 6 as a substrate to produce 8 and 9 in addition to 7
(Fig. 1b, ¢, Supplementary Figs. 31-42 and Supplementary
Tables 10 and 11). Interestingly, 8 and 9 share the same skeleton,
but have different stereochemistry at the C3°-C9’ epoxide ring.
To determine the reaction sequence, putative intermediates,
including 2, 3, and emeridone F were used as substrates of the
SptF enzyme reactions. As a result, both 2 and 3 were efficiently
converted into 4 and 5, which clearly indicated that SptF converts
1 into 3 via 2, and then 4 and 5 are generated from 3 (Supple-
mentary Fig. 11¢, d). Similarly, 8 and 9 were generated from 6 via
7 (Supplementary Fig. 11e). In contrast, emeridon F with the C9p
hydroxyl group was not accepted by SptF, indicating that it is a
shunt product. It is remarkable that SptF, a single enzyme, accepts
structurally distinct meroterpenoids as substrates and catalyzes
sequential oxidation reactions, including desaturation, epoxida-
tion, hydroxylation, ring-opening, and carbon skeletal rearran-
gements, to generate skeletally diverse products.

To investigate the origin of oxygen atoms incorporated by
SptF, we performed labeling experiments using 130, and H,!80
(Supplementary Table 1 and Supplementary Fig. 3). When 1 was
incubated with SptF using 180, (98 atom!80%), +2 of 3 (m/z 428
[M +NH,4] 1) was observed (m/z 426 (4-0): 428 (42)=2.2%:
97.8%). On the other hand, in the experiment with H,!80 (final
concentration 78 atom 130%), small amount of 80 was
incorporated into 3 (m/z 426 (40): 428 (42) =95.6%: 4.4%).
Further, double labeling of H,!80 and 180, revealed that the
enzyme generated +2 of 3 (m/z 428) as a major product together
with 40 (m/z 426) and +4 (m/z 430) of 3 as minor products (m/z
426 (+0): 428 (+2): 430 (+4) = 1.3%: 92.0%: 6.8%). These results
indicated that an epoxide group introduced by SptF is mostly
from O,, while ~5% of water-derived oxygen atom are also
incorporated into 3. This would be caused by solvent exchange of
ferryl and/or ferric species with water during the catalytic cycle?!
and/or nonenzymatic reaction of 3 with water molecule. Indeed,
the incubation of 3 with 78% H,80 without SptF revealed the
incorporation of an oxygen atom from water (m/z 426 (4-0): 428
(4+2) = 94.6%: 5.4%), indicating that an oxygen atom of 3 can be
nonenzymatically exchanged with water. A possible explanation
is addition of water to a carbonyl group to yield a geminal-diol.
Its collapse back to the carbonyl could proceed with elimination
of 10 water, explaining the 180/1°0 exchange. This reaction
may happen at C4’ carbonyl of 3. This carbonyl carbon becomes
less reactive in 4, because the C9 hydroxyl group blocks it, and
also less reactive in 5, where it is turned into an ester carbonyl. In
fact, the observed 180/1°0 exchange was not so significant in 4
and 5 as it was in 3.

On the other hand, major +6 peaks (m/z 447) were observed
for 4 (m/z 443 (+2): 445 (+4): 447 (+6) = 1.1%: 8.6%: 90.3%)
and 5 (m/z 443 (+2): 445 (44): 447 (+6) = 0.9%: 3.4%: 95.7%)
when we incubated 1 and SptF with 98% 180,. Furthermore, the
double labeling experiments with 78% H,!80 and 98% 180,
showed similar labeling pattern to 98% !80,-labeling experiment
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Fig. 1 Characterization of SptF function in vitro using andiconin D (1) and andilesin C (6) as substrates. a LC-MS EICs of products from the in vitro assay
using 1 as the substrate, and b using 6 as the substrate (the + m/z value for each compound is shown). ¢ Biosynthesis and structures of SptF and AndF
products, using 1and 6 as substrates in vitro. Note that the products 4, 5, 8, and 9 were isolated from large scale enzymatic reactions, and their structures

were determined by NMR.

(for 4 (m/z 443 (42): 445 (44): 447 (46): 449 (+8) = 0.9%: 4.8%:
92.1%: 2.2%) and for 5 (m/z 443 (+2): 445 (+4): 447 (+6): 449
(+8) = 0.8%: 3.1%: 95.1%: 1.0%)). These results clearly indicated
that all oxygen atoms incorporated into 4 and 5 are mostly
derived from O,. In contrast, the very small +8 peaks of 4 and 5
were observed in H,!30-labeling and double labeling
experiments.

Encouraged by the promiscuity of SptF, we further explored its
substrate scope by testing six fungal meroterpenoids with
different core scaffolds, preandiloid B (10), preandiloid C (12),
terretonin J (13), terretonin C (15), terretonin A (17), and
terretonin  (19) (Supplementary Fig. 4). Interestingly, SptF
accepted all of them as substrates, except for 12. SptF thus
installed a hydroxyl group at C1 of 10 to form 11 (Fig. 2a, d,
Supplementary Figs. 43-48, and Supplementary Table 12).
Notably, SptF oxidized all four terretonins to yield products with
2 mass units less than the original (Fig. 2b-d), and structure
determinations by spectroscopic analyses established that 14/18
and 16/20 possess highly congested, unique cyclopropane-ring-
fused 5/3/6/6/6 and 5/3/5/5/6/6 scaffolds, respectively (Supple-
mentary Figs. 2, 4, 5, 49-60, and Supplementary Tables 13, 14).
The conversion rate of the enzyme reactions ranged from 6% to
51% over 24 h (Supplementary Table 2).

To further evaluate the utility of SptF as a biocatalyst, we also
tested various steroids, including androsterone (21), testosterone
(24), and progesterone (28), as substrates. To our surprise, SptF
accepted 21, 24, 28 of them with high conversion rates of 34%-53%
over 24 h (Supplementary Table 2). The structures of the products
were determined by NMR and the crystalline-sponge-based X-ray

diffraction method (Fig. 3, Supplementary Figs. 6, 61-82, and
Supplementary Tables 15-18). SptF thus accepted 21 and installed
one hydroxyl group at C5 to yield 22, and the second hydroxyl
group at C9 to form the steroid 23. In contrast, 24 underwent
hydroxylation at C9 to yield 25. Moreover, the hydroxylation and
following oxidation at C6 of 24 generated 26, which is interchange-
able with 27 according to the NMR data. Although the structures
of products 29-31 from 28 have not been determined yet, due
to separation and stability problems, they are also predicted to
be hydroxylated and/or oxidized products as judged from their
molecular weights (Supplementary Fig. 2). The substrate promis-
cuity and catalytic versatility of SptF are thus quite exceptional. In
contrast, ergosterol and lanosterol, produced by the natural host,
were not accepted as a substrate by the enzyme.

Substrate binding mode in the active site. To elucidate the
molecular basis of the promiscuous SptF enzyme reactions, we
solved the structures of SptF-Fe/aKG/1, SptF-Fe/N-oxalylglycine
(NOG; a catalytically inactive analogue of aKG*2)/6, and SptF
S114A-Fe/NOG/15 (Figs. 4a-c, 5a-c, Supplementary Fig. 7, and
Supplementary Table 3). The structure of SptF shares the double
stranded [-helix fold and conserved 2-His-1-Asp facial triad
found in other fungal meroterpenoid Fe/aKG oxygenases,
including AndA (PDB: 5ZM3)!'2 with RMSD values of 1.4 A for
Ca-atoms and 38% amino acid sequence identities.

In the active site, 1 or 6 is located on the opposite side of the
facial triad in an almost identical fashion (Fig. 4a, b and Fig. 5a,
b), indicating that the size of the A-ring does not affect the
binding mode. The distance between the iron and the initial
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Fig. 2 Substrate scope of SptF. a-c LC-MS EICs for in vitro assays using preandiloid B (10), preandiloid C (12), terretonin J (13), terretonin C (15),
terretonin A (17), and terretonin (19). The + m/z value used for each compound is shown. d Structures of substrates and corresponding products. Products
11, 14, and 16 were isolated from large scale enzymatic reactions, and their structures were determined by NMR. Note that the structures of 18 and 20
were deduced according to the HRMS, UV pattern, and reaction type (Supplementary Figs. 2 and 5).

reaction site C11 of 1 and 6 is 4.2 and 4.3 A, respectively, which
are close enough for hydrogen atom abstraction by the C-H bond
activation. The active site hydrophobic residues, Ile63, Phel33,
and Ile231, are located within van der Waals distances of the B/C-
ring, suggesting that a hydrophobic surface facilitates the
substrate binding. Similar to the previously reported AndA!2,
the loop between Trp53 and Asn75 of SptF (Supplementary
Fig. 8) was only observed in complex structures with 1 or 6
(Fig. 4a, b). This lid-like loop region interacts with the A-ring of 1
or 6 via only one hydrogen bond with Asn65, suggesting loose
interactions between the lid-like region and substrate. In contrast,
the D/E-rings of 1 and 6 are tightly fixed by several hydrophilic
residues located on the bottom surface of the active site cavity: the
carbonyl oxygen of the E-ring interacts with Ser114, while the
carbonyl oxygen of the D-ring interacts with the main chains of
Leul99 and Thr148 via water molecules (Fig. 4a, b).
Interestingly, the unnatural substrate 15 shows a different
ligand binding mode in the active site. The D-ring of 15 forms a
hydrogen-bond network with Thr148 and Leul99 via water
molecules, but also forms a hydrogen bond directly with Asn150
(Figs. 4c and 5c). Notably, the lid-like loop region was not
observed upon the binding of 15, while the conformations of the

other active site residues were almost identical. In this structure,
Phel33 and Ile231 are located close to the methyl groups of C8,
C10, and C13, and potentially form hydrophobic interactions.
The C6 enol group of 15 is close to the iron with a distance of
3.7 A, suggesting that the enolic hydrogen atom is abstracted to
initiate the cyclopropane-ring formation reaction via the
proposed path ¢ in Supplementary Fig. 9.

Structure-based mutagenesis. To investigate the importance of
the active site residues, we performed structure-based mutagen-
esis. Firstly, the hydrophobic residues Ile63, Phel33, and Ile231,
lining the active site cavity, were substituted with Ala (Fig. 6a-c,
Supplementary Figs. 10-12). As a result, the I63A variant abol-
ished the formation of 4 and 5, and instead generated the new
product 32 (Fig. 6d) in addition to 2. The structure of 32 was
determined to be an E-ring opened dicarboxylic acid, which is
possibly formed by two rounds of oxidation at the C1’ position of
1 (Fig. 6b, e, Supplementary Figs. 10, 83-88, and Supplementary
Table 19). On the other hand, 163A oxidized 2 to 3, and con-
verted 3 to small amounts of 4 and 5 (Supplementary Fig. 11a, b),
whereas F133A abolished the production of 4 and 5, but accu-
mulated the early-stage intermediates 2 and 3 (Fig. 6b). The
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Fig. 3 Oxidation of human steroid hormones by SptF. a LC-MS EICs for in vitro assays using androsterone (21), testosterone (24), and progesterone (28).
The + m/z value used for each compound is shown. b Structures of substrates and corresponding products. Products 22, 23, and 25-27 were isolated from
large scale enzymatic reactions, and the structures of 22, 23, and 26/27 were determined by NMR, while the structure of 25 was solved by the crystal
sponge method. Note that 26 and 27 are interchangeable with each other according to the NMR data. Products 29-31 were not determined due to
separation problems, but their structures were deduced to be hydroxylated and/or oxidized compounds, considering their molecular weights

(Supplementary Fig. 2).

keat/ Kyt value of F133A for 1 decreased more than 1000-fold as
compared with the wild-type enzyme (Supplementary Table 4).
F133A also converted 1 into the Cl1-hydroxylated product 33
(Supplementary Figs. 89-94 and Supplementary Table 20). In
contrast, the substitution of Phel33 with Tyr retained the gen-
eration of both 4 and 5 (Fig. 6b). Moreover, the I231A variant
showed a similar LC-MS profile to that of F133Y, while affording
32 as the major product. The loss of the sec-butyl group increases
the active site space around the D-ring of 1, which could lead to
an alternative substrate binding mode. Notably, similar results
were observed in the enzyme reactions with the unnatural sub-
strate 15. The activity for the generation of the cyclopropane ring
was abolished in F133A, but retained in F133Y. Moreover, 1231A
significantly reduced the activity to produce 16 (Fig. 6¢), sug-
gesting the similar role of the hydrophobic residues in the
recognition of the unnatural substrate 15. Compound 33, gen-
erated by F133A variant, is a proposed biosynthetic intermediate
of 2 (Supplementary Fig. 1)40. However, in vitro enzyme reaction
of 33 with SptF revealed that 33 is not converted to the final
products 3-5, and therefore 33 is not an intermediate in the
pathway (Supplementary Fig. 13).

Secondly, the hydrophilic residues that interact with substrates,
including Asné65, Ser114, Thr148, and Asnl50, were substituted
with alanine (Fig. 6a-c). Due to the insolubility of T148A, the
T148S variant was used for the enzyme reaction. As a result,
N65A significantly reduced the 4 and 5 formation activity to 20%
and accumulated 3 (Fig. 6b, e), suggesting that the hydrogen-
bond interaction with Asn65 is not completely essential but
moderately important for the binding of 3. Interestingly, as
compared with wild-type SptF, the activities for the formation of
4 and 5 were maintained at 83%, 93%, and 52% in the S114A,
T148S, and N150A variants, respectively. The ratio of 4 and 5 was

altered to 7:3 in S114A and T148S, as compared with 4:6 in the
wild-type, and decreased to 1:9 in NI150A (Fig. 6e). Our
observations suggested that these three residues determine the
position of the hydrogen atom abstraction (C9 or C7) by
anchoring 3 within the binding pocket, to generate 4 and 5 via a
hydrogen-bond network.

Asn65 in SptF is uniquely substituted with threonine in the
closely related AndF (Supplementary Fig. 12). To clarify the
function of Asné65, we constructed the SptF N65T variant, which
converted 1 into 5 as the major product, with a slight amount of 4
(Fig. 6b, e). Notably, in the crystal structure of SptF N65T-Fe/
NOG/1, a hydrogen bond was observed between the C3 ketone at
the A-ring and the newly introduced Thr65 (Figs. 5d, 6f, and
Supplementary Table 3). These results indicated that a subtle
change of the hydrogen-bond interactions affects the position of
the hydrogen atom for abstraction and determines the product
specificity. Interestingly, only the NI150A variant lacked the
activity for the conversion of 15 into 16 (Fig. 6b, c), suggesting
that the direct hydrogen bonding between Asnl50 and 15 is
crucial for the substrate binding.

Lid-like loop region and substrate recognition. The mutagenesis
studies revealed that the hydrogen-bond and hydrophobic
interactions in the active site cavity are important for the sub-
strate recognition. In contrast, while Ile63 and Asn65 on the lid-
like loop region are important for the formation of 4 and 5, these
residues are not essential for the reaction with the unnatural
substrate 15, suggesting that 15 is mainly recognized by active site
residues but not via residues on the lid-like loop. Indeed, the
kinetic analysis of I63A and N65A variants toward 1 and 15
revealed that the k.,/Ky values for these variants towarding 15
were comparable to that of wild-type SptF due to the decrease of
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Fig. 4 Active site view of SptF in complex with natural substrate or unnatural substrate. a Active site residues interact with andiconin D (1), including
hydrogen bonding with Asn65 and Ser114, indirect interactions with Thr148 and Leu199 via waters in SptF (shown in salmon). b Active site residues
interact with andilesin C (6), including hydrogen bonding with Asn65 and Ser114, indirect interactions with Ler199 via waters in SptF. ¢ Active site residues
interact with terretonin C (15), including hydrogen bonding with Asn150, and indirect interactions with Thr148 and Leu199 via waters in S114A (shown in
yellow). Note that the lid-like loop region, shown as blue cartoon, was only observed in the complex structure with 1 or 6. Water molecules are shown as
red spheres, and Fe are shown as orange spheres. aKG/NOG, 1, 6, and 15 are shown as green, cyan, purple, and blue sticks, respectively. Hydrogen
networks are shown as yellow dash lines, and distances from Fe are shown with green dash lines. Key hydrogen-bond interactions are shown in

green boxes.

Ky, while the k., /Ky values of N65A for 1 was 14 times lower
than that of wild-type. (Supplementary Table 4).

To further investigate the importance of the flexible lid-like
loop region, with a length of 19 amino acid residues, we tested
truncated loops. Based on the sequence comparison as well as the
structures of SptF in complex with 1, loop-truncated variants of 6
residues (His61-Val66), 9 residues (Lys58-Val66), 16 residues
(Asn54-Lys69), and 19 residues (Trp53-Lys71) were constructed
(Supplementary Figs. 14 and 15). Since the A19 variant was
expressed in inclusion bodies, the A6, A9, and A16 variants were
tested for their enzyme reaction activities with 1, 2, and 3.
Interestingly, although the activities of the truncated variants
were dramatically decreased as compared to the wild-type, all the

loop-truncated variants still consumed 60-94% and 17-77% of 1
and 2 over 24h, respectively, and generated many minor
products, including the E-ring-opened product 32, but not 3-5
(Fig. 6b, Supplementary Fig. 16 and Supplementary Table 6). The
differences in the activities among A6, A9, and A16 should be due
to the folding of the enzymes. On the other hand, these variants
also showed 26-56% activities toward 3 and generated small
amounts of 4 and 5, as well as other minor compounds
(Supplementary Fig. 16 and Supplementary Table 6). Although
we could not determine the structures of the minor products due
to low yields, these results suggested that the lid-like region is not
essential for the reactions with 1-3, but important for the reaction
efficiency and product selectivity.
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Fig. 5 The omit map of the bound ligand in the SptF or mutant structures. a SptF-Fe/aKG/1. b SptF-Fe/NOG/6. ¢ SptF S114A-Fe/NOG/15. d SptF N65T-
Fe/NOG/1. The Fo-Fc polder omit map of ligands are represented as a black mesh, contoured at +3.0 &. Coloring scheme for ligands are the same as in
Fig. 4.
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Fig. 6 Mutagenesis studies. a Active site cavity of SptF with 1 (shown as cyan sticks). Hydrophobic residues (shown as orange sticks), lle63, Phe133,
1le231, and V264, form a hydrophobic surface to interact with the hydrophobic part of the substrate, whereas hydrophilic residues (shown as salmon
sticks), Asn65, Ser114, Thr148, and Asn150, interact with the hydrophilic part of the substrate. b, ¢ LC-MS EICs of products from in vitro assays with
mutants using 1 or 15 as the substrate. The + m/z value used for each compound is shown. d Structures of new products generated by mutants.
Compounds 32 and 33 were isolated from large scale enzymatic reactions using the 1231A and F133A mutants, respectively. Structures were determined by
NMR. e Ratios of 4 and 5 from mutants compared with those from wild-type SptF. All reactions were performed in triplicates. Data are presented as mean
values and the error bars indicate standard deviations (SD). f Active site residues interacting with 1 (shown as cyan sticks), including hydrogen bonding
directly with Ser114 and the newly introduced Thr65, and indirectly with Thr148 and Leu199 via waters in N65T (shown in purple). Note that the coloring

scheme for ligands is the same as in Fig. 4.

We also tested the activities of the truncated variants with
unnatural substrates, including the fungal meroterpenoids 10 and
13, and steroids 21, 24, and 28. As a result, all the variants still
maintained 24-40% and 56-84% activities toward 10 and 13, but
dramatically decreased activities toward 21, 24, and 28 (<20%)
(Fig. 6¢c, Supplementary Fig. 17, and Supplementary Table 6).
These observations indicated that the lid-like loop region is
crucial for the steroid substrate recognition, but not essential for
the meroterpenoid substrates, which is consistent with the
absence of the electron density of the loop in the complex
structure with 15. The kinetics analysis of the loop-truncation
variant A9 revealed that the variants also maintained comparable
activity toward 15 to that of wild-type (Supplementary Table 4).

Thus, the mutagenesis and kinetic assay results strongly suggest
that the malleability of the lid-like loop region contributes to the
remarkable substrate promiscuity and catalytic versatility of SptF.

Discussions

Substrate promiscuity plays a key role in both biomedical and
industrial applications, as it provides a starting point for
protein engineering and drug design, enzyme evolution with

different reaction/substrate specificities, and chemoenzymatic
total synthesis3%:3943-46 Therefore, the identification and
investigation of promiscuous enzymes enrich our under-
standing of how the enzymes obtain such a wide range of
diverse functions, and will further guide the rational engi-
neering of these enzymes as biocatalysts for the production of
useful molecules with improved biological activities.

The Fe/aKG oxygenase SptF exhibits unusual promiscuity and
catalytic versatility, and catalyzes four sequential oxidation reac-
tions in the biosynthesis of fungal meroterpenoid emervaridones.
SptF also catalyzes the formation of unique cyclopropane-ring-
fused, highly congested 5/3/5/5/6/6 and 5/3/6/6/6 molecular
scaffolds from the structurally distinct meroterpenoid terretonins.
Moreover, SptF also hydroxylates steroids, including androster-
one, testosterone, and progesterone. It is particularly remarkable
that SptF accepts both 3-keto-A%- and 3-hydroxy-steroids with
similar efficiencies to catalyze the hydroxylation at the a-face of
different positions and generate a series of hydroxylated steroids.

Hydroxylation of steroids has been previously reported for
cytochrome P450 enzymes®’, including the human CYP3A sub-
family and the engineered bacterial P450 BM3, which catalyzes
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Fig. 7 Proposed mechanism of SptF reactions. The mechanism for the generation of emervaridone B (2) is revised in this study. Paths a (red) and b

(magenta) branch from the intermediate 3, to produce 4 and 5, respectively.

the hydroxylation of testosterone, a 3-keto-A*-steroid, at the B-
face of the C3 and C15 positions*8. However, in spite of intensive
engineering efforts, P450 BM3 does not accept 3-hydroxy-
steroids*®. Thus, SptF exhibits great potential as a promising
biocatalyst for the oxidation of various natural products with
important pharmacological activities.

Based on our structure-function analyses, we propose enzyme
reaction mechanisms for the consecutive oxidation reactions in the
emervaridone biosynthetic pathways, as follows (Fig. 7). Hydrogen
abstraction at C11 of 1 by the ferryl species first generates a radical,
which undergoes recombination to cleave the C-C bond between
C4 and C3’ and bridge C4 and Cl1, but not through the
hydroxylated intermediate. Subsequently, a double bond is formed
to yield 2, which undergoes epoxidation to generate 3. Compound
3 then serves as the branch point intermediate to produce 4 and 5.
In path a, epoxidation at A-ring of 3 generates IM1, which then
undergoes hydroxylation at C9 to generate 4. It should be noted
that the C9 hydroxylation occurs with attack from the front side of
the molecule, whereas all the other attacks by SptF can be
explained from the back side, which would suggest that SptF can
accept substrates with different binding mode. In path b, hydrogen
abstraction at C7 induces the radical recombination, which cleaves
the C8-C2’ bond to construct a double bond between C7 and C8
on the B-ring. The hydroxyl rebound at C2’ forms IM2, which is
followed by lactone formation and C4'-C5’ bond cleavage to yield
IM3, in a similar manner to the formation of emeridone A%’. In
the last step, hydrogen abstraction at C7’ and relocation of the
radical to C5 complete the formation of the final product 5. The
LC-MS analysis of the enzyme reaction mixture suggested the
presence of the intermediates IM1-3; however, their structures
could not be determined because of instability and low yield
(Supplementary Fig. 11).

The multifunctional catalytic activities largely stem from the
unusual substrate promiscuity of SptF, which can accommodate a
series of structurally different molecules in the active site for
further oxidation reactions. The crystallographic and mutagenesis
investigations have provided the structural basis for the pro-
miscuity of SptF. In particular, SptF is unique since the lid-like
loop region interacts with the natural substrate 1 via only one
hydrogen bond with Asn65, which is clearly distinct from other
fungal meroterpenoid Fe/aKG oxygenases, including AndA and
PrhA1L12 In AndA and PrhA, the residues on the lid-like loop
tightly recognize the D/E-rings of substrates via a hydrogen-bond
network, while the A/B-rings loosely interact with the active site
(Supplementary Fig. 18). These relaxed interactions and high
malleability of the lid-like loop region in SptF are thought to
contribute to its remarkable substrate promiscuity.

Truncations of the lid-like loop region demonstrated that the
loop is not essential for the activity toward the natural and
unnatural meroterpenoid substrates, but important for binding
the steroid substrates and the product selectivity from natural
substrates. The substrate is thought to be mainly recognized by
the active site res