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ABSTRACT: FtmOx1 is a nonheme iron (NHFe) endoperoxidase, catalyzing three disparate
reactions, endoperoxidation, alcohol dehydrogenation, and dealkylation, under in vitro conditions;
the diversity complicates its mechanistic studies. In this study, we use two substrate analogues to
simplify the FtmOx1-catalyzed reaction to either a dealkylation or an alcohol dehydrogenation
reaction for structure−function relationship analysis to address two key FtmOx1 mechanistic
questions: (1) Y224 flipping in the proposed COX-like model vs α-ketoglutarate (αKG) rotation
proposed in the CarC-like mechanistic model and (2) the involvement of a Y224 radical (COX-like
model) or a Y68 radical (CarC-like model) in FtmOx1-catalysis. When 13-oxo-fumitremorgin B (7)
is used as the substrate, FtmOx1-catalysis changes from the endoperoxidation to a hydroxylation
reaction and leads to dealkylation. In addition, consistent with the dealkylation side-reaction in the
COX-like model prediction, the X-ray structure of the FtmOx1•CoII•αKG•7 ternary complex reveals
a flip of Y224 to an alternative conformation relative to the FtmOx1•FeII•αKG binary complex.
Verruculogen (2) was used as a second substrate analogue to study the alcohol dehydrogenation reaction to examine the
involvement of the Y224 radical or Y68 radical in FtmOx1-catalysis, and again, the results from the verruculogen reaction are more
consistent with the COX-like model.
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■ INTRODUCTION
Numerous peroxy-containing metabolites have been isolated
from various organisms1−4 and show diverse biological
activities, including antimalarial, antitumor, and antimicrobial
activities.5,6 One of the best known peroxy-containing
metabolites is artemisinin, which is a front-line drug for the
treatment of 200−300 million malaria cases each year.5,7−9

Despite its vital therapeutic value, the biosynthetic pathway for
incorporation of the endoperoxide into artemisinin remains
elusive.9,10 To date, very few endoperoxidases have been
reported, including iodide peroxidase,11 cyclooxygenase
(COX),12 FtmOx1,13,14 and NvfI.15,16

For decades, the heme-containing endoperoxidase in
prostaglandin G2 (PGG2) biosynthesis, prostaglandin H
synthase (PGHS or COX), was the only well-characterized
endoperoxidase.17−19 COX catalyzes a complicated trans-
formation by incorporating both endoperoxide and peroxide
functionalities into arachidonic acid to produce PGG2
(Scheme S1); the reaction has two cycles, the activation and
catalytic cycles.19 A tyrosyl radical (Y•) is formed in the
activation cycle and abstracts a hydrogen atom from the
arachidonic acid substrate to produce a substrate-based radical,
which initiates the incorporation of both endoperoxide and
peroxide functionalities to produce PGG2. In contrast to the
heme-containing COX, FtmOx1 in verruculogen biosynthesis

(1 → 2, Scheme 1a)13,14 and NvfI in novofumigatonin
biosynthesis (asnovolin A → fumigitomoid A, Scheme 1b)15,16

are α-ketoglutarate (αKG)-dependent mononuclear nonheme
iron (αKG-NHFe) enzymes.20−24 FtmOx1 and NvfI are also
very distinct from one another in both structural and
biochemical aspects (Scheme 1a vs b).15,16

In addition to the most common type of hydroxylation
reaction,25−27 αKG-NHFe enzymes also catalyze many non-
hydroxylation reactions, including desaturation,28 ring for-
mation,29 decarboxylation-assisted desaturation,30,31 sequential
desaturation and epoxidation,32−34 ring expansion,35 halogen-
ation,36 carbon skeleton rearrangements,37 endoperoxida-
tion,14,16 and αKG decarboxylation to form ethylene.38−42

Among the ∼60 X-ray crystal structures of αKG-NHFe
enzymes in the Protein Data Bank (PDB), two subclasses
exist (the distal- and proximal-types).43 A vast majority of
αKG-NHFe enzymes have a conserved His-X-Asp/Glu-Xn-His
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(2-His-1-carboxylate) motif, in which His and Glu/Asp
residues serve as the iron-coordinating ligands,21,44 and αKG
is a bidentate ligand in either the distal type (e.g., FtmOx1 with
pdb entry 4Y5S in Scheme 1a) or the proximal type (e.g., NvfI
with pdb entry 7ENB in Scheme 1b).43,45 Based on
phylogenetic tree analysis, FtmOx1 and NvfI belong to two
different subclasses.14,16,27,45−55

Structurally, NvfI is a member of the proximal type of αKG-
NHFe enzymes. In the NvfI•FeII•N-oxalylglycine•asnovolin A

ternary complex, the C1 carboxylate of αKG is trans to the first
histidine of the 2-His-1-carboxylate motif (e.g., His135 in
Scheme 1b),16 and the O2 binding site is next to the substrate
(e.g., species A-1 in Scheme 1c).16,56 Therefore, in NvfI
(mechanistic model detailed in Scheme S2), the FeIV�O (A-2
in Scheme 1c) is in line with the substrate pocket, which allows
FeIV�O to abstract a hydrogen atom directly from the
substrate to generate a substrate-based radical. The substrate-
based radical then reacts with O2 to incorporate the

Scheme 1. Two αKG-NHFe Enzyme-Catalyzed Endoperoxidation Reactions

aFtmOx1-catalyzed conversion of fumitremorgin B (1) to verruculogen (2) and the crystal structure of FtmOx1•FeII•αKG binary complex (pdb
entry 4Y5S) indicated that FtmOx1 is a distal-type αKG-NHFe enzyme. bNvfI-catalyzed conversion of asnovolin A to fumigatonoid A and the
crystal structure of NvfI•FeII•N-oxalylglycine•asnovolin A ternary complex (pdb entry 7ENB) indicated that NvfI is a proximal-type αKG-NHFe
enzyme. cKey mechanistic features for the proximal- and distal-type of αKG-NHFe enzymes, which are reflected in the COX-like and CarC-like
mechanistic models proposed for FtmOx1-catalysis.

Scheme 2. Key Features of the COX-Like and CarC-Like Mechanistic Models for FtmOx1-Catalysis

aIn the FtmOx1 COX-like mechanistic model, there are four key features: (1) B-1 → A-1 or B-2 → A-2 rotation is not required (Scheme 1c); (2)
Y224 is next to the metallo-center and Y224• is the key to the endoperoxidation reaction by preventing the oxygen rebound, which would lead to
the hydroxylation side-reaction; (3) Y224• regenerated in species B-7 is also responsible for the C13-OH dehydrogenation reaction to produce 3 as
the major product; (4) If Y224 is mutated or rotates to an alternative position, FtmOx1 may catalyze a hydroxylation reaction (for more details, see
Scheme S3a). bIn the FtmOx1 CarC-like mechanistic model, there are four key features: (1) the prerequisite step in FtmOx1-catalysis is the B-1 →
A-1 or B-2 → A-2 rotation (Scheme 1c); (2) FeIV�O directly abstracts a hydrogen atom from the substrate C21-position (species A-2 → A-3
conversion); (3) the substrate C26-radical is quenched by Y68 to produce Y68• (A-5 → A-6); (4) Y68• (species A-6) is responsible for the C13-
OH dehydrogenation reaction to produce 3 as the major product. More details for these two models are shown in Scheme S3b. Structurally, the
other distinctive difference between the COX-like model and the CarC-like model is that Y224 is right next to the metallo-center and is located
between the metallo-center and the substrate. However, the metallo-center and Y68 are on the two opposite sides of the substrate.
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endoperoxide functionality. In the end, oxygen rebound
completes the reaction cycle by hydroxylation (Schemes 1b
and S2), which explains that NvfI-catalysis does not need an
extra reductant (e.g., ascorbate, Scheme 1a vs b).15,16

FtmOx1 is a distal-type αKG-NHFe enzyme. In the
FtmOx1•FeII•αKG binary complex (pdb entry 4Y5S), the
C1 carboxylate of αKG is opposite to the second histidine of
the 2-His-1-carboxylate motif (e.g., His205 in Scheme 1a),14,43

and the O2 binding site points away from the substrate binding
pocket (species B-1 in Scheme 1c). The resulting FeIV�O
(species B-2 in Scheme 1c) might be offline relative to the
substrate binding pocket. In addition, in the FtmOx1•FeII•
αKG binary complex (Scheme 1a), Y224 is positioned right
next to the metallo-center, which is reminiscent of Y•-
involving catalysis in COX (Scheme S1).17−19,57,58 The
corresponding tyrosine residue is absent in NvfI (Scheme 1a
vs b).16 Biochemically, FtmOx1-catalysis is also very different
from NvfI-catalysis (Schemes 2 vs S2).14−16 Under single-
turnover conditions and in the absence of any reductant (e.g.,
ascorbate), verruculogen (2) is only the minor product, and
13-oxo-verruculogen (3) (Scheme 2) is the major product.14

To explain the production of 3 as the dominant product in
FtmOx1 single-turnover reactions, a COX-like mechanistic
model was proposed (Schemes 2a and S3a),14 and it has three
key features: (1) FeIV�O species (B-2, Scheme 2a) oxidizes
the active site Y224 to Y224•, which then serves as the
catalytic species for endoperoxidation (B-2 → B-6, Scheme
2a); (2) Y224• regenerated in species B-7 is also responsible
for the C13-OH dehydrogenation (B-7 → compound 3,
Scheme 2a); (3) If Y224 is mutated or rotates to an alternative
position, oxygen rebound may occur, and FtmOx1-catalysis
may change to a typical hydroxylation reaction (for more
details, see Scheme S3a).

Upon request from a reader, Nature editorially retracted the
2015 manuscript due to the potential misinterpretation of the
electron density associated with pdb entry 4ZON.59 The
observed electron density in pdb entry 4ZON modeled with
the substrate fumitremorgin B (1) could be modeled
alternatively using buffers and a string of H2O molecules.
Along with the pdb entry 4ZON electron density discussion,
several other mechanistic hypotheses have also been suggested,
which we further consider here. It was suggested that because
of uncertainties associated with the substrate binding mode in
the crystal structure (PDB entry 4ZON), the αKG binding
mode may be debatable too. As a result, no protein-based
radical species is needed for FtmOx1-catalysis because, upon
substrate binding, αKG or the FeIV�O species may rotate (B-
1 → A-1 or B-2 → A-2, Scheme 1c). After such a rotation,
FeIV�O (A-2, Scheme 1c) could directly oxidize the substrate
to a substrate-based radical, which then reacts with O2 to
incorporate the endoperoxide functionality (for more details,
see Scheme S4). This αKG rotation model could not explain
the production of 13-oxo-verruculogen (3) as the dominant
product under single-turnover conditions without ascorbate.
To address this shortcoming, an additional proposal revised
the αKG rotation model, suggesting that FeIV�O is
regenerated by oxidizing an FeIII−OH species using the
substrate-based organic radical, and subsequently, the regen-
erated FeIV�O catalyzes 2 → 3 conversion to complete the
reaction cycle (see Scheme S4 for the complete mechanistic
model). Because the proposed FeIV�O regeneration from an
organic radical is energetically unfavorable relative to its
competing oxygen rebound pathway,60 a third version of the

αKG rotation model, the CarC-like model, was suggested
(Schemes 2b and S3b).61 In the latest CarC-like model, a
protein-based radical (Y•) is invoked, along with four key
features (Scheme 2b): (1) the αKG or FeIV�O rotation is a
prerequisite step (B-1 → A-1 or B-2 → A-2, Scheme 1c); (2)
FeIV�O (A-2) directly abstracts a hydrogen atom from the
substrate C21-position to initiate the reaction (A-2 → A-3,
Scheme 2b); (3) a substrate C26-radical is quenched by Y68 to
produce Y68• (A-5 → A-6); and, (4) Y68• (A-6) is
responsible for the C13-OH dehydrogenation reaction to
produce 3 as the product (see Scheme S3b for more details).

In summary, the FtmOx1 mechanistic debates in the last few
years have led to two mechanistic models: the COX-like and
the CarC-like models. These two models are different in a few
aspects: (1) the αKG or FeIV�O rotation is a prerequisite step
in the CarC-like model, while it is not a part of the COX-like
model; (2) in the COX-like model, Y224• initiates the
formation of a substrate-based radical (Scheme 2a), while in
the CarC-like model, Y68 quenches the substrate-based radical
(Scheme 2b); (3) the COX-like model also suggests that upon
mutation of Y224 or with Y224 rotation to alternative
positions, FtmOx1-catalysis may change from endoperoxida-
tion to hydroxylation. Because FtmOx1 catalyzes three
different reactions (endoperoxidation, dealkylation, and
alcohol dehydrogenation, Scheme S3a) under in vitro
conditions, kinetic, structural, and spectroscopic results may
originate from a combination of these reactions, rendering
their interpretation an extremely challenging task. In this study,
using substrate analogues, we simplify the FtmOx1-catalyzed
reaction to predominantly one of these three reactions, which
serves as a starting point for structure−function correlation
analysis. The results from both 13-oxo-fumitremorgin B (7)
and verruculogen (2) are more consistent with the COX-like
model (Scheme 2a).14

■ METHODS

Semisynthesis of 13-Oxo-fumitremorgin B (7)
To a solution of fumitremorgin B (1, 5 mg, 10.4 mmol) in acetone
(2.5 mL) was added 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ, 23.7 mg, 104 mmol, 10 equiv) at 0 °C. The reaction was
monitored by thin-layer chromatography. After stirring for 8 h, the
reaction mixture was filtered using a 0.22 μm membrane and analyzed
by liquid chromatography−mass spectrometry (LC−MS). The
reaction mixture was concentrated and dissolved in 1 mL acetonitrile
and then purified by semiprep-high-performance liquid chromatog-
raphy (HPLC) running with the ACN-H2O eluting program (During
0−15 min, ACN was increased from 10% to 99% in 0.1% HCOOH-
containing H2O and then the column was eluting for 5 min with 99%
ACN in 0.1% HCOOH-containing H2O) at 4 mL/min using a C18
column (Titank, 10 × 250 mm, 5 μm) to obtain 13-oxo-
fumitremorgin B (7, tR = 14.8 min, 3.3 mg, 65% yield in one step).
13-oxo-fumitremorgin B (7): pale-yellow powder; 1H and 13C NMR
data, see Table S2; HR-MS (ESI+) detected at m/z 478.2320, calcd
for [M + H]+ C27H32N3O5: m/z 478.2336.

Anaerobic Purification of FtmOx1
In a typical anaerobic purification of FtmOx1, ∼30 g wet cell paste
was resuspended in 50 mL of anaerobic buffer (100 mM Tris−HCl,
50 mM NaCl, pH 7.5) in an anaerobic Coy chamber (Coy Laboratory
Products, Inc., Grass Lake, USA). Lysozyme (5 mg/mL final
concentration), EDTA (5 mM final concentration), and ascorbate
(5 mM final concentration) were then added into the cell suspension,
and the mixture was incubated on ice with gentle stirring for 30 min.
The cells were disrupted by sonication (40 cycles of 3 s bursts) using
a VCX130 ultrasonic processor (SONICS & MATERIALS, Inc.,
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Newtown, USA). The supernatant and the cell debris were
anaerobically separated by centrifugation at 4 °C for 60 min at
12,000 rpm. The resulting supernatant was mixed with 30 mL of
Strep-Tactin resin (IBA Lifesciences GmbH, Göttingen, Germany)
and incubated on ice for 30 min. Then, the column was washed with
washing buffer (100 mM Tris−HCl and 50 mM NaCl, pH 7.5) until
the OD260 readout of the eluate was less than 0.05. The FtmOx1
protein was eluted with elution buffer (2.5 mM desthiobiotin in 100
mM Tris−HCl and 50 mM NaCl, pH 7.5). The eluted protein was
concentrated to be ∼12 mg/mL, flash-frozen with liquid nitrogen, and
stored at −80 °C. From 31 g of wet cell paste, ∼300 mg of protein
was obtained.

FtmOx1•CoII•αKG•7 Complex Formation, Crystallization,
and Data Collection
To facilitate the formation of a stable ternary complex of FtmOx1
with 13-oxo-fumitremorgin B (7) and αKG, they were mixed and
preincubated at room temperature for 1 h before being used in setting
up crystallization trays. In addition, DMSO was also included at a final
concentration of 1−1.5% v/v to improve the substrate solubility. The
FtmOx1•CoII•αKG•7 mixture, as well as FtmOx1•CoII, was
screened under various crystallization conditions. Crystallization
screenings were carried out using the sitting-drop vapor-diffusion
method by mixing the protein samples with an equal volume of
reservoir solution at room temperature. Crystallization hits from
initial screens were then optimized by systematically varying the pH,
individual component concentrations, and the presence of additives
and detergents. The best crystals of the ternary complex and
FtmOx1•CoII were obtained in 0.1 M MES/Imidazole pH 6.5, 20%
PEG 500 MME, 10% PEG 20,000, 0.03 M MgCl2, and 0.03 M CaCl2.
The FtmOx1•CoII solution yields a thick, plate-shaped crystal after 3
days, while thin, plate-like crystals were visible after 7 days for the

ternary complexes. Crystals were harvested for data collection and
cryoprotected with a 25% (v/v) solution of glycerol mixed with
crystallization solution before being flash-cooled in liquid nitrogen.
Diffraction datasets were collected on the beamline BL19U1 at the
Shanghai Synchrotron Radiation Facility (SSRF) at 100 K. Crystallo-
graphic datasets were integrated and scaled using HKL3000.62 The
crystal parameters and the data collection statistics are summarized in
Table S8.

Large-Scale Enzymatic Conversion of
13-Oxo-fumitremorgin B (7) into
12-Hydroxy-13-oxo-fumitremorgin C (5)
A 20 mL reaction was conducted in order to isolate sufficient
products for spectroscopic characterization. The anaerobic reaction
mixture (10 mL, in 100 mM Tris−HCl, pH 7.5) contained 280 μM
13-oxo-fumitremorgin B (7), 140 μM FtmOx1 containing 168 μM
FeII, 336 μM αKG, and 420 μM ascorbate. The reaction mixture was
sealed and initiated by adding 10 mL of oxygen-saturated buffer (1.2
mM of oxygen) and incubated for 30 min at room temperature. The
resulting reaction mixture contained a final concentration of 140 μM
7, 70 μM FtmOx1 containing 84 μM FeII, 168 μM αKG, and 210 μM
ascorbate. The enzymatic reaction was quenched by adding 20 mL
dichloromethane, the precipitated protein was removed by
centrifugation at 13,000 g for 10 min, and the dichloromethane
layer was carefully separated for further analysis. The reaction mixture
was extracted once more using dichloromethane. The combined
dichloromethane layers were concentrated by rotatory evaporation in
vacuo to give the crude extract. The crude extract was further purified
by semipreparative RP-HPLC using a C18 column (Titank, 10 × 250
mm, 5 μm) with a flow rate of 4.0 mL/min and an isocratic elution
(ACN was 30% in 0.1% HCOOH-containing H2O for 20 min and
then the column was eluted for 5 min with 99% ACN in 0.1%

Figure 1. FtmOx1-catalyzed reaction using fumitremorgin B (1) as the substrate. (a) Four different FtmOx1-catalysis outcomes (I−IV) under
slightly different conditions observed for the wild-type FtmOx1 enzyme and its Y224F variant; (b) HPLC profiles (i−iv) of reactions under single-
turnover conditions from wild-type FtmOx1 and the FtmOx1 Y224F variant.14 The reaction mixture contains FtmOx1 or Y224F variant (70 μM),
FeII (63 μM), fumitremorgin B (70 μM), αKG (63 μM), and O2 (480 μM). Trace i, using wild-type FtmOx1 in the absence of ascorbate; Trace ii,
using wild-type FtmOx1 in presence of ascorbate; Trace iii, nonenzymatic endoperoxide decomposition in the presence of FeII and ascorbate; Trace
iv, using Y224F FtmOx1.
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HCOOH-containing H2O) to obtain 12-hydroxy-13-oxo-fumitremor-
gin C (5, 1.0 mg, tR = 9.88 min).

For single-turnover reactions using different substrates (fumitre-
morgin B, 13-oxo-fumitremorgin B, and verruculogen), detailed
reaction conditions are described in Supplementary Text.

■ RESULTS AND DISCUSSION

Several Different Reactions Catalyzed by FtmOx1 Using
Fumitremorgin B (1) as the Substrate

In our initial FtmOx1 biochemical characterization,14 we
reported that, under single-turnover conditions and in the
absence of extra reductants (e.g., ascorbate), 13-oxo-verrucul-
ogen (3) is the major product (Figure 1a). However, Dunham
et al.61 observed a significant level of dealkylation even for the
wild-type FtmOx1 and the amount of dealkylation product 4
could be as high as 40% of the product mixture. To explain the
differences between these data sets, we first re-evaluated the
FtmOx1 experimental conditions. In the Dunham report, the
protein overexpression, purification conditions, and reaction
conditions are very different from those we have employed. In
our study, to ensure the production of high-quality protein,
FtmOx1 protein was produced as a Strep-tagged protein and
was anaerobically purified within a few hours. In studies
conducted by Dunham et al., His-tagged FtmOx1 was purified
by Ni-NTA chromatography.61 Then, the His-tag was removed
by TEV protease in a 16−18 h incubation, followed by passage
of the protein through a second Ni-NTA affinity column, size-
exclusion chromatography, and a buffer exchange process.
Therefore, before undertaking more detailed characterizations,
we carefully re-examined the relevant set of FtmOx1 reactions
under a few different conditions. In addition, to ensure the
reproducibility, experiments performed in the Liu laboratory
were also repeated in Zhang and Yan laboratories.

For the biochemical characterization of FtmOx1, we purified
fumitremorgin B (1, 35 mg) from the crude extract of
Aspergillus fumigatus MF029 cultured in 16 kg rice medium at
28 °C for 30 days (Supplementary Text). We first repeated
FtmOx1 single-turnover studies and, indeed, under single-
turnover conditions and in the absence of ascorbate, 13-oxo-
verruculogen (3) is the major product and verruculogen (2) is
the minor product (Figure 1a-I). As shown in the HPLC
profile (trace i of Figure 1b), 13-oxo-verruculogen 3 and

verruculogen 2 are produced at a ratio of 4.1:1 and indeed 13-
oxo-verruculogen 3 is the dominant product. Therefore, our
initial FtmOx1 biochemical characterization reports were
reproduced,14 and the dealkylation product 4 is generated at
a very low level under our protein purification and reaction
conditions (trace i of Figure 1b). Consistent with our previous
report,14 under single-turnover conditions and in the absence
of ascorbate, FtmOx1 catalyzes two distinct, sequential
transformations, that is, endoperoxidation between C21 and
C27 and alcohol dehydrogenation that converts C13-OH to C13-
keto (1 → 2 → 3, Figure 1a-I), forming 13-oxo-verruculogen
(3) as the major product and verruculogen (2) as a minor
product.14 When ascorbate is included in the FtmOx1
reactions, the outcome changes drastically: verruculogen (2)
instead of 13-oxo-verruculogen (3) is the dominant product
(trace ii of Figure 1b). In addition, during product purification
and characterization, we noticed that the reaction workup must
be handled carefully because, in the presence of ascorbate,
neither endoperoxide 2 nor 3 is stable. For example, when
verruculogen (2) is mixed with ascorbate (50 equiv) and FeII

(5 equiv) under aerobic conditions, Fenton chemistry leads to
the decomposition of 2 and the resulting dealkylation product
is verruculogen TR-2 (6, trace iii, Figure 1b). Therefore,
FtmOx1 reactions carried out in the presence of ascorbate
need to be handled carefully to minimize the formation of
nonenzymatic side products. In the characterization of NvfI,
Matsuda et al.15 also reported that the endoperoxidation
reaction has to be handled very carefully. Otherwise, side
reactions for NvfI-catalyzed ortho-esterification will occur.
This FeII-mediated cleavage and rearrangement of endoper-
oxides have also been reported in other systems, for example,
artemisinin.63

When Y224 is mutated to F224, the product profile (trace iv,
Figure 1b) is completely different from that in wild-type
FtmOx1. The dominant products are the dealkylation products
4 and 5, which account for 51.3% and 21% of the Y224F
variant product mixture, respectively. We have isolated and
characterized at least two more minor products (compounds 2
and 3, Figure 1a-IV). In the FtmOx1 Y224F variant, the
endoperoxidation products are minor products, while the
major pathway is now dealkylation (1 → 4 or 5, Figure 1a-IV),
which are the decomposition products from the fumitremorgin

Figure 2. Using 13-oxo-fumitremorgin B (7) as an alternative FtmOx1 substrate. (a) Semisynthesis of 13-oxo-fumitremorgin B (7) by DDQ
oxidation (left panel) and HPLC profiles (right panel). (b) FtmOx1-catalyzed C21 hydroxylation of 7, and dealkylation of 8 to 5 (left panel) and
HPLC profiles in the absence (ii) and in the presence (iii) of ascorbate (right panel).
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B C21 hydroxylation reaction. Therefore, in the Y224F variant,
the major reaction in FtmOx1-catalysis switches from
endoperoxidation to a hydroxylation. The products (1−6)
have been isolated, and structures were assigned based on 1H
NMR, 13C NMR, and high-resolution mass spectrometry, and
they are consistent with the previous structural assignments
(Figures S1−S6 and Tables S1−S6).14

Using 13-Oxo-fumitremorgin B (7) as the FtmOx1
Substrate Predominantly Leads to a Dealkylation Reaction

Consistent with our initial report14 and now reproduced herein
by three different laboratories, FtmOx1-catalysis is an
extremely complicated system (Figure 1) involving at least
three different reactions (Figure 1a): endoperoxidation (1 →
2), alcohol dehydrogenation (2 → 3), and dealkylation as a
result of a hydroxylation reaction (1 → 4). Because of the
inherent activities of endoperoxides, reactions in the presence
of ascorbate need to be handled carefully because Fenton
chemistry could introduce another impediment into the
elucidation of this challenging reaction system. These features
add a significant level of complication to FtmOx1 mechanistic
studies. To address this challenge, we shifted our focus to
FtmOx1 substrate analogues to simplify the FtmOx1 catalytic
system to limit the course to predominantly only one of the
reactions listed in Figure 1a. The first substrate analogue we
characterized was 13-oxo-fumitremorgin B (7, Figure 2a).
Compound 7 was selected for two reasons. First, in compound
7, the C13-position is already oxidized to a keto moiety, thus
eliminating the alcohol dehydrogenation reaction (2 → 3).
Second, if indeed a planar structure for fumitremorgin B (1) is
favored in the FtmOx1 active site as suggested in the CarC-like

model,61 compound 7 may bind better due to the sp2

hybridization at its C13-keto group in comparison to the sp3

hybridized C13-OH group in fumitremorgin B (1).
13-Oxo-fumitremorgin B (7, Figure 2a) was synthesized by a

semisynthetic approach. Fumitremorgin B (1) was purified
from A. fumigatus MF029 fermentation materials. After
fumitremorgin B (1) was obtained, its C13-OH position was
selectively oxidized by 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ).64 The semisynthetic route was successful, and
13-oxo-fumitremorgin B (7) was successfully purified with a
yield of 65% (Figure 2a). 13-Oxo-fumitremorgin B (7) was
carefully characterized by a combination of HR-ESI-MS and
1H NMR and 13C NMR spectroscopy methods (Figure S7 and
Table S7), and the results were consistent with the previously
reported data.65

Compound 7 was then examined as an FtmOx1 substrate
under single-turnover conditions without ascorbate. Notably,
the HPLC profiles (traces i and ii, Figure 2b) indicate that the
predominant reaction (>95%) is the N-dealkylation of 7 to
generate 12-hydroxy-13-oxo-fumitremorgin C (5, Figures 2b,
S5 and Table S5).61,66 For compound 7, the endoperoxidation
reaction observed in the wild-type substrate 1 is barely
detectable (<5%). In addition, 12-hydroxy-13-oxo-fumitremor-
gin C (5) is most likely the decomposition product of 21-
hydroxy-13-oxo-fumitremorgin B (8) (Figures 2b and S8),
which is the result of hydroxylation of compound 7 at its C21-
position. Therefore, FtmOx1-catalysis shifts from a compli-
cated system in the wild-type substrate 1 (Figure 1) to a
simplified system in substrate analogue 7, in which the
dominant reaction is dealkylation (>95% of the product
mixture, Figure 2b). This enables further detailed structure−

Figure 3. Structure of the FtmOx1•CoII•αKG•7 ternary complex and the proposed FtmOx1-catalyzed dealkylation model using 13-oxo-
fumitremorgin B (7) as the substrate. (a) Omit map (mFo-DFc) with substrate 7 at the FtmOx1 active site. The map was contoured at 3.0 rmsd.
(b) FtmOx1 active site, shown in electrostatic surface mode, with key residues shown as sticks. (c) Flipped Y224 at the FtmOx1 active site. Two
alternative positions of Y224 from the FtmOx1•CoII•αKG•7 ternary complex are shown as sticks, and Y224 from the FtmOx1•FeII•αKG binary
complex is shown as pink stick. A red arrow indicates the flip of Y224 upon substrate 7 binding. (d) Mechanistic model for the dealkylation reaction
when 13-oxo-fumitremorgin B (7) is the substrate.
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function correlation analysis. In the case of fumitremorgin B
(1), when ascorbate is included, it completely changes the
reaction profile (Figure 1). Therefore, we have also repeated
the reaction of compound 7 in the presence of ascorbate (trace
iii, Figure 2b). In the presence of 3 equiv of ascorbate (related
to protein), dealkylation product 5 is still the dominant
product. The inclusion of extra reductants does not affect the
FtmOx1-catalysis outcomes when 7 is the substrate, which
differs from that of the fumitremorgin B (1) reactions reported
in Figure 1.
Structural Characterization of the FtmOx1•CoII•αKG• 7
Ternary Complex

After the discovery of a much more simplified reaction system
using substrate analogue 7 (Figure 2), we also solved the
structure of the FtmOx1•CoII•αKG•7 ternary complex by X-
ray crystallography. To avoid enzymatic turnovers during
crystallization, we replaced FeII with CoII and obtained the
crystal structure of the FtmOx1•CoII•αKG•7 ternary complex
at a resolution of 2.87 Å, for which the overall architecture is
similar to that of FtmOx1 (pdb entry 4Y5T) and the
FtmOx1•FeII•αKG (pdb entry 4Y5S) complex. Each
FtmOx1 monomer of the ternary complex maintains a “jelly-
roll” fold14 and the FtmOx1 dimer forms by an internal
twofold symmetry operator with each active site including
residues from both monomers (Figure S9). After model
building and refinement, the electron density as well as the
composite omit map clearly suggested the existence of 7 in the
FtmOx1 active site (Figures 3a and S10), with a Real Space
Correlation Coefficient (RSCC) ranging from 0.84 to 0.93 in
each chain, indicating that compound 7 fits well with the
electron density and is built with high occupancies (0.81 to
0.86).

The FtmOx1 substrate binding pocket could be further
divided into two subpockets, the polar subpocket and the
hydrophobic subpocket (Figure 3b). αKG occupies the polar
subpocket and compound 7 occupies the hydrophobic pocket.
The same as the FtmOx1•FeII•αKG binary complex (Scheme
1b),14 αKG is in the distal-mode in the FtmOx1•CoII•αKG•7
ternary complex (Figure 3b). The αKG rotation suggested in
the CarC-like model (B-1 → A-1, Scheme 1c) was not
observed.43,61 An alternative explanation in the CarC-like
model is that FeIV�O species may rotate (B-2 → A-2, Scheme
1c). When the information presented in the subsequent section
related to the flipping of Y224 predicted from the COX-like
model is taken into account, the FeIV�O rotation in the CarC-
like model is not needed to explain the dealkylation reaction
either. In comparison with the structure of the FtmOx1•-
FeII•αKG binary complex (pdb entry 4Y5S), several loops are
pushed toward the metallo-center with an average distance of
2−3 Å, including residues 68−72, 120−130, 171−186, and
205−215 in one FtmOx1 monomer, and residues 261′−270′
from the adjacent FtmOx1 monomer (Figure S11). There are
very few polar interactions between FtmOx1 and compound 7.
The metallo-center and Y68 are separated by compound 7
(Figure 3b,c), while the Y68 hydroxyl group forms a hydrogen
bond with the C11-keto of 7 (Figure S12), suggesting that Y68
may function in positioning the substrate. Notably, Y68 is fully
solvent-exposed (Y68 is proposed to act as a radical carrier in
the CarC-like model,55,61 which will be discussed in a following
section). When comparing the structures of the FtmOx1•-
FeII•αKG binary complex (pdb entry 4Y5S) and the
FtmOx1•CoII•αKG•7 ternary complex (pdb entry 7WSB),

the most notable difference is that Y224 indeed adopts
different conformations in these two structures. In the
FtmOx1•FeII•αKG binary complex, Y224 forms a hydrogen
bond with the metal-coordinating water, which is presumably
the O2 binding site. Consistent with the proposed role of
Y224• in FtmOx1-catalyzed endoperoxidation in the COX-like
model (Schemes 2a and S3a), upon Y224 mutation (e.g.,
Y224F and Y224A), FtmOx1-catalysis changes from the
endoperoxidation in the wild-type enzyme to predominantly
dealkylation in these Y224 variants. These biochemical data
from the Liu laboratory14 have been replicated in Zhang and
Yan laboratories (Figure 1). Moreover, in the FtmOx1•-
CoII•αKG•7 ternary complex, Y224 in those chains where
compound 7 was built with higher occupancy and better
density indeed rearranges by rotating ∼92° to a new position
that is 8.8 Å away from the metallo-center (Figure 3c), rather
than the 3.6 Å distance from Y224 to the metallo-center in the
original position (Figure 3c). This Y224 structural rearrange-
ment allows the substrate prenyl groups to directly access the
metallo-center.

The potential importance of the Y224 structural rearrange-
ment is critical to resolution of the current mechanistic debates
regarding FtmOx1. Although it has been a consensus view that
the COX-like model could successfully explain the production
of 3 instead of 2 as the major product under single-turnover
conditions in the absence of ascorbate (Scheme 2a), explaining
the dealkylation reaction in the COX-like model was a point of
contention. Dunham et al. reported the presence of as high as
40% dealkylation product even in the wild-type FtmOx1
reaction mixture.61 In our study, while the dealkylation level is
low (Figure 1b, traces i and ii), it does exist. To explain the
dealkylation reaction, the COX-like model suggests that Y224
could exist in an alternative conformation by flipping to other
orientations (B-1 → B-2′ or B-2″, Figure 3d and Scheme S3a),
which creates space for the substrate to directly access the
metallo-center (B-3″, Figure 3d). As described above, this
conformational change has now been observed in a series of
structures. With that change in the Y224 position, the FeIV�O
could abstract a hydrogen atom from the C21 position of the
substrate analogue 7 directly (B-3″ → B-4″, Figure 3d). The
subsequent oxygen rebound completes the reaction cycle to
produce C21-hydroxylation product 8 (Figure 3d), which
decomposes spontaneously to the dealkylation product 5
(Figure 3d). Here, we have provided experimental evidence in
support of this hypothesis (Schemes 2a and S3a): (1) Y224
indeed can exist in an alternative conformation as evidenced by
structural characterization of the 13-oxo-fumitremorgin B (7)
bound complex (Scheme 1a vs Figure 3); (2) upon flipping of
Y224 to an alternative position to create space for the substrate
to directly access the metallo-center, the reaction does change
from endoperoxidation to hydroxylation, which then decom-
poses to the observed major dealkylation product (Figure 2);
(3) upon Y224 mutation, the variant forms of the enzyme also
catalyze the dealkylation as their major reaction (Figure 1).
Notably, the proposed αKG rotation suggested in the CarC-
like model is yet to be observed by crystallography or through
other means.

While the present manuscript was being prepared, Wu et
al.55 reported the crystal structure of the FtmOx1•FeII•αKG•1
ternary complex (pdb entry 7ETK). In this section, we present
a comparative analysis of the FtmOx1•CoII•αKG•7 ternary
complex (pdb entry 7WSB) and the FtmOx1•FeII•αKG•1
ternary complex (pdb entry 7ETK). The general architecture
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of these two complexes is almost identical (Figure S13). αKG
in both the structures takes the same conformation and no
αKG rotation relative to the FtmOx1•FeII•αKG binary
complex (pdb entry 4Y5S) predicted by the CarC-like model
is evident in either structure (Figures 4a and S14). The A, B,

and C rings of 1 and 7 (refer to Scheme 1a for the ring labeling
system) are almost superimposable. The two prenyl arms of 1
and 7 in these two ternary complexes are also located at a
similar position. The distances between the metallo-center and
the C21-carbon in 1 and 7 are 4.6 and 4.8 Å (Figure 4a),
respectively. The oxygens at the C13-positions in 1 and 7 are
also positioned very close to each other, with a distance of
∼0.5 Å. Relative to 1, the D and E rings of 7 bend toward the
adjacent FtmOx1 monomer by about 18° (Figure 4a). Because
the D and E rings are located in the outside region of the
substrate binding pocket and are solvent-exposed, such a slight
difference in D and E rings may not be directly related to the
observed chemistry. The high degree of similarities between
the FtmOx1•FeII•αKG•1 and FtmOx1•CoII•αKG•7 ternary
complexes strongly suggests that, when Y224 rotates to an
alternative position in this FtmOx1•FeII•αKG•1 complex,
FtmOx1-catalysis changes to the dealkylation side-reaction
(extended Data Figure 7 in our initial manuscript14) and as
predicted in the minor pathway of the COX-like model
(Scheme S3a).

In the last few years, FtmOx1-catalysis has also been
examined by computational methods. Wang et al.67 inves-
tigated FtmOx1-catalysis by a combination of quantum
mechanics and molecular mechanics (QM/MM) calculations
using crystal structures (pdb entry 4Y5S and 4ZON) as the
starting point. Their results suggest that the energy barrier for
FeIV�O oxidation of Y224 is 9.1 kcal·mol−1 (COX-like
model). In contrast, FeIV�O oxidation of the C21 position of
fumitremorgin B’s has an energy barrier of 33.9 kcal·mol−1

(CarC-like model). Miłaczewska et al.,68 re-examined FtmOx1-
catalysis based on docking, molecular dynamics simulation,
and density functional theory (DFT) calculations. Because of
the low substrate occupancy in 4ZON, in the calculation by
Miłaczewska et al., they have also modeled the substrate
fumitremorgin B in two different conformations (bent or
planar). Miłaczewska et al. suggested that a planar structure for
fumitremorgin B might be more favored. Consistent with the
conclusion of Wang et al.,67 the results reported by
Miłaczewska et al. suggest that the activation energy barrier
for FeIV�O oxidation of Y224 is 4.1 kcal·mol−1 (COX-like
model), while the suggested FeIV�O rotation has a higher
energy barrier of 13.0 kcal·mol−1 (CarC-like model). In studies
by Miłaczewska et al.,68 the authors have also examined the
Y224A variant and their calculation indicated that, in this
variant, with the access of substrate to the metallo-center, the
energy barrier for the abstraction of substrate C21 hydrogen by
FeIV�O species is reduced to 9.5 kcal·mol−1.

Based on the FtmOx1•FeII•αKG•1 ternary complex (pdb
entry 7ETK), Wu et al.55 also conducted QM/MM
calculations. In the FtmOx1•FeII•αKG•1 ternary complex,
because Y224 flips to an alternative position, the Y224
oxidation pathway was not considered in the report by Wu
et al. Based on the QM/MM calculation, Wu et al. suggested
that dealkylation is thermodynamically favored, while
endoperoxidation is kinetically favored in a high O2
concentration. In our experiments described above, for the
reaction using compound 7 as the substrate, dealkylation is the
predominant reaction. In addition, for the Y224F variant, the
major products are also the dealkylation products.
Using Verruculogen 2 as the FtmOx1 Substrate

As discussed above, FtmOx1 catalysis is a very complicated
system and it catalyzes three different reactions (endoperox-
idation, alcohol dehydrogenation, and dealkylation). In the
calculation by Wu et al.,55 the authors suggested that an
FtmOx1•FeII•αKG•1 ternary complex (pdb entry 7ETK)
could explain all three reactions, while our biochemical and
structural studies using substrate analogue 7 clearly indicated
that this structure is most likely associated only with the
dealkylation reaction. In addition, Y68 and the C26 and C13-
positions of 1 are all fully solvent-exposed (Figure 4b). As a
result, a C26-based radical (A-5, Scheme 2b) could be
quenched by ascorbate directly, which eliminates the need
for Y68• as the intermediate step in the CarC-like model. In
the study by Miłaczewska et al.,68 using DFT calculations,
direct reduction of the substrate radical by ascorbate has also
been suggested. Furthermore, in the FtmOx1 single-turnover
reaction in the absence of ascorbate, the predominant product
is 13-oxo-verruculogen (3, Figure 1). In the structural and
theoretical calculation by Wu et al., Y68 along with the C26 and
C13 positions of 1 in the FtmOx1•FeII•αKG•1 ternary
complex are all solvent-exposed (Figure 4b). In the proposed
A-4 → A-6 → compound 3 transformations of the CarC-like

Figure 4. More structural information of FtmOx1 ternary complexes.
(a) Active site comparison between the FtmOx1•CoII•αKG• 7
complex and the FtmOx1•FeII•αKG•1 complex (pdb entry
7ETK).55 The FtmOx1•FeII•αKG•1 complex is shown in white.
The distances between key positions of the compounds and protein
residues are highlighted with black dashed lines. (b) FtmOx1•-
FeII•αKG•1 complex structure shown in electrostatic mode
(generated by APBS), 1 is shown as a sphere, while C13 and C26
are colored in magenta. Y68 is solvent-exposed and is shown as a stick
with dots on the surface to highlight the solvent accessibility. (c)
Position of Y68 in FtmOx1•FeII•αKG•1 complex structure. The
metallo-center and Y68 are on the opposite sides of the substrate. In
addition, the C13 position of compound 1 is not adjacent to the Fe-
center and the distance between them is ∼8.1 Å. In addition, Y68, the
substrate C13 and C26 positions are all solvent-exposed.
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model (Schemes 2b and S3b), the protection of these radicals
from quenching to produce compound 3 in such high yield
(>80% of the product mixture, trace i in Figure 1b) is not
apparent. As another note, the substrate C13 position is
completely separated from the metallo-center and their
distance is ∼8.1 Å (Figure 4c). After considering all these
factors, it becomes apparent that to further differentiate
between the COX-like and CarC-like models (Scheme 2),
whether Y224• or Y68• is responsible for the observed 2 → 3
transformation needs to be examined. In our COX-like
mechanistic model, Y224 is next to the metallo-center and
Y224 is located between the metallo-center and the substrate.
Y224• at the active site has been suggested to be responsible
for the 2 → 3 transformation (Schemes 2a and S3a). In
contrast, Wu et al.55 suggested that Y68• is responsible for the
2 → 3 transformation (Schemes 2b and S3b) as explained by
the CarC-like model.61 Because Y68 and the metallo-center are
located on two opposite sides of the substrate (Figures 3 and
4), the CarC-like model suggests that Y68• is a downstream
intermediate of the substrate-based C21 and C26 radicals
(Scheme 2b). If the CarC-like model is followed, FtmOx1 will
not accept verruculogen (2) as an alternative substrate (Figure
5a-II prediction) because the endoperoxide between C21 and
C27 is formed already and the radical propagation chain to
Y68• in the CarC-like model is blocked already in
verruculogen (2). In contrast, in the COX-like model, Y224
is close to the substrate C21, C26, and C13-positions (Figure 5a-
I prediction) and Y224 is also next to the metallo-center.
Therefore, FeIV�O could oxidize Y224 to Y224•. As a result,
the COX-like model predicts that verruculogen (2) will be an
FtmOx1 substrate. Based on these key differences, we decided
to examine whether verruculogen (2) could serve as an
FtmOx1 substrate.

Similar to the case of fumitremorgin B (1) production, we
purified verruculogen (2) from the crude extract of A.
fumigatus MF029 and fully characterized the purified
verruculogen (2) by 1H NMR, 13C NMR, and high-resolution
mass spectrometry (Figure S2 and Table S2). The FtmOx1
reaction using verruculogen (2) as the substrate was

characterized under single-turnover conditions in the absence
of ascorbate by following a protocol similar to that used in our
fumitremorgin B (1) studies (Figure 1). The HPLC trace
(Figure 5b) clearly indicates that FtmOx1 does accept 2 as the
substrate, and 13-oxo-verruculogen (3, Figure S3 and Table
S3) was obtained as the product as predicted by the COX-like
model. The production of 13-oxo-verruculogen 3 from
verruculogen 2 is clearly at odds with the CarC-like model
because the CarC-like model will suggest that verruculogen 2 is
not an FtmOx1 substrate (Figure 5).

■ CONCLUSIONS
In the last few years, significant efforts have been invested in
characterizing FtmOx1 and its variants using an interdiscipli-
nary approach, including biochemical characterization under
several different conditions, kinetic and spectroscopic charac-
terization of intermediates trapped, and crystallographic as well
as computational investigations.13,14,55,61,67,68 Information
obtained in the last few years clearly indicates that FtmOx1-
catalysis is a very complicated system with three different
reactions: endoperoxidation, alcohol dehydrogenation, and
dealkylation (Figure 1). For kinetic, spectroscopic, and
structural information obtained from the previous studies,
one of the biggest challenges is that when fumitremorgin B (1)
is used as the substrate, the results obtained might be a
combination from all of these three reactions. Furthermore, as
shown in Figure 1, FtmOx1 reaction outcomes may vary
depending on the quality of the material and variation of
reaction conditions. Because of all these factors, interpretation
of FtmOx1 kinetic, spectroscopic, and structural information is
very challenging, and this is likely the key reason for all the
extensive mechanistic discussion.

To address the challenges faced in FtmOx1 mechanistic
studies, in this study, we leveraged the use of substrate
analogues to simplify FtmOx1-catalysis from the three
reactions (Figure 1) down to one dominant reaction (Figures
2 and 5). As predicted by the COX-like model, Y224 does have
two conformations (one close to the metallo-center and one
rotating away from the metallo-center). Upon Y224 mutation,

Figure 5. Further differentiation between COX-like and CarC-like models using verruculogen (2) as the substrate. (a) Predicted reaction outcomes
for verruculogen (2) according to the COX-like and CarC-like models. (b) Reaction outcomes: reaction result (left panel) and the HPLC profiles
and FtmOx1-catalyzed oxidation of 2 into 13-oxo-verruculogen (3, right panel).
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the reaction changes from endoperoxidation in the wild-type
FtmOx1 to dealkylation predominantly in these variants (e.g.,
Y224F in Figure 1), a result that is consistent with the
proposed role of Y224• in FtmOx1-catalyzed endoperoxida-
tion. In QM/MM and DFT calculations reported by the
studies of both Liu and Miłaczewska and their co-workers,67,68

when Y224 is next to the metallo-center, FeIV�O oxidation of
Y224 to Y224• is an energetically more favored pathway than
the pathway involving a direct hydrogen atom abstraction by
FeIV�O from the C21 position of fumitremorgin B.67

In the FtmOx1•CoII•αKG•7 ternary complex, Y224 flips to
a position that is far away from the metallo-center to allow the
substrate to directly access the metallo-center. As predicted by
the COX-like model, associated with this Y224 flipping,
FtmOx1-catalysis indeed changes from endoperoxidation to
dealkylation (a side-reaction in wild-type FtmOx1, Scheme
S3a). In DFT calculations reported by Miłaczewska et al.68

using Y224A variant, it significantly reduces the energy barrier
for the direct hydrogen atom abstraction by FeIV�O from the
C21 position of fumitremorgin B. In fact, in QM/MM studies
reported by Wu et al.,55 because they are based on the
FtmOx1•FeII•αKG•1 ternary complex where Y224 is located
in a position similar to that in the FtmOx1•CoII•αKG•7
ternary complex, FeIV�O is accessible by the substrate. Their
calculation results indicate that the hydroxylation pathway
(leading to dealkylation) is thermodynamically favored. In the
reaction of FtmOx1 with substrate analogue 7, because the
predominant reaction observed is dealkylation, it is highly
likely that FtmOx1•FeII•αKG•1 ternary complex reported by
Wu et al. is the one responsible for the dealkylation side-
reaction (minor reaction) observed in the wild-type enzyme
when fumitremorgin B (1) is used as the substrate.

To explain the observed production of 3 as the dominant
product in the 1 → 2 → 3 sequential transformation under
single-turnover conditions (Figure 1), Y224• is suggested in
the COX-like model, while Y68• is proposed in the CarC-like
model (Scheme 2a). However, because these two tyrosine
residues are on the two opposite sides of the substrate with
Y224 on the metallo-center side and Y68 on the side opposite
to the metallo-center, the demonstration of verruculogen (2)
as an alternative FtmOx1 substrate provides another line of
evidence supporting the COX-like model. Considering the
observed interactions between Y68 and substrate/substrate
analogues, Y68 might be important for substrate binding and
positioning. The calculation studies by Miłaczewska et al. have
also suggested that Y68 might be important for both substrate
positioning and ascorbate binding to explain the reaction
outcome observed in Figure 1a-II.70

In summary, in this study, using substrate analogues, we
simplified the FtmOx1-catalysis from a very complicated
system with three reactions (endoperoxidation, alcohol
dehydrogenation, and dealkylation) to predominantly either
the dealkylation or an alcohol dehydrogenation reaction. These
simplified systems will serve as excellent models for future
FtmOx1 mechanistic characterization using kinetic, spectro-
scopic, and structural methods.
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