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Introduction

Endoperoxides  possess

diverse

Structure-based insights into mechanism of
endoperoxidase FtmOx1 catalyzed reactionst

Fei Wang,® Yanging Gao,® Chunxi Wang,?® Wenxian Lan,®
JianHua Gan*® and Chunyang Cao @ *2¢

FtmOx1 is an a-ketoglutarate (a-KG) dependent mononuclear non-haem iron enzyme, which catalyzes
endoperoxidation in fumitremorgin B to form verruculogen. The main products of the reaction are
extremely complicated depending on the different conditions. Two mechanisms, COX-like and CarC-like,
were reported, mainly debating which residue Y224 or Y68 is a key determinant in ftmOx1 catalytic
endoperoxidation. To address this, here, we performed structural analysis of three binary complexes,
ftmOx1-Fe®*-0-KG (4Y5S), ftmOx1 Y68F-Co®*-a-KG (7ETL) and ftmOx1l Y140F-Fe’*.a-KG (60XH), and of
two ternary complexes, ftmOx1-Co®*-a-KG-13-oxo fumitremorgin B (7WSB) and ftmOx1-Fe?*-a-
KG-fumitremorgin B (7ETK). We found that residue Y224 forms a hydrogen bond with a-KG, which implies
that Y224 potentially suppresses oxygen rebound reaction by forming a hydrogen bond with oxo-ferry
species and enhances the endoperoxidation selectivity of wild-type ftmOx1. Substrate insertion into the
Fe?* binding pocket results in the generation of a new conformation of Y224, in line with the observed
structures of 7ETK and 7WSB. This conformation of Y224 is fixed by forming a hydrogen bond with the
residue T134 -OH group. The mutations of residue T134 led to major products of oxygen rebound and
dealkylation, suggesting that it acts as a regulator of the reactions. Possible reaction pathways were
suggested, demonstrating how Y68, T134 and Y224 work together in ftmOx1 catalyzed reactions.

main products of the wild-type ftmOx1 catalyzed reaction are
compound 3 (Scheme 1a),* while the main products of the
ftmOx1 Y224F variant catalyzed reaction are the oxygen

bioactivity, including

antimalarial, antitumor, and antimicrobial activities, and so
on."”> However, there are many challenges to obtaining
endoperoxides in high yields and of pure quality through total
organic synthesis. FtmOx1, a novel non-haem iron enzyme,
was reported to catalyze O, installation between the C-21 and
C-27 atoms of fumitremorgin B (compound 1) without O-O
bond scission (major products 2 and 3, Scheme 1).*™°
However, the outcomes of the ftmOx1-involved reactions are
too complicated based on the different conditions. In the
absence of ascorbate, using compound 1 as the substrate, the
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rebound and dealkylation product compounds 4 and 5
(Scheme 1b).* In contrast, using the same substrate, in the
presence of excess ascorbate, the main product of wild-type
ftmOx1 and its Y74F, Y140F and even Y224F variant catalyzed
reaction is compound 2 (Scheme 1c),” while the main product
of the ftmOx1 Y68F catalyzed reaction is compound 6
(Scheme 1d).>® Using 13-oxo fumitremorgin B (compound 7)
as the substrate, the major product is dealkylation compound
5 (Scheme 1e).* Furthermore, the wild-type ftmOx1 can even
catalyze the direct transformation from compound 2 to 3
(Scheme 1f) in the absence or in the presence of ascorbate.’
In an excess of Fe*' and ascorbate, ftmOx1 oxidizes
compound 2 into compound 8 (Scheme 1f).* The structure of
ftmOx1 in complex with its co-factor o-ketoglutarate (o-KG)
(i.e., the binary complex ftmOx1-Fe*"-a-KG, pdb code 4Y5S)
shows that ftmOx1 might act in a cyclooxygenase (COX)-like
mechanism (Fig. Slaf), identical to other endoperoxide-
installing enzymes such as COX-1 and COX-2.” In the COX-
like mechanism, the residue Y224 donates hydrogen to the
Fe(1iv)=O0 species (forming Y224-O"), and Y224-O" performs a
hydrogen-abstraction transfer (HAT) from the C-21 atom of
fumitremorgin B.* This mechanism was supported by the fact
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Scheme 1 FtmOx1 or its variant catalysed reactions using fumitremorgin B (compound 1), its 13-oxo analogue (compound 7) and verruculogen
(compound 2) as the substrates. (a-f) Reported ftmOx1-catalysis outcomes under different conditions observed for the wild-type ftmOx1 enzyme
and its variants; (g and h) FtmOx1 and its T134 variant catalysed reactions in this manuscript. In (@ and b), the rings A, B, C, D and E and the
numbers of all carbon atoms of the substrate fumitremorgin B (1) are labelled for clear description of the reactions in the manuscript. The main
products of the reactions are all in orange boxes.
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that hydrogen transfer from Y224 to Fe(iv)=O0 only needs to
overcome a very low energy barrier of 6.4 keal mol .

However, based on the results from stop flow assay and
EPR assay, Dunham et al., suggested a CarC-like mechanism
(Fig. S1bt), in which the first tyrosine radical is formed at
residue Y68.> The Fe(v)=O species directly abstracts
hydrogen from the C-21 atom of fumitremorgin B, then O, is
installed between the C-21 and C-27 atoms of fumitremorgin
B. The radical is transported to the C-26 atom (C26°). Next,
the radical C26" abstracts hydrogen from the hydroxyl group
of residue Y68 (forming radical Y68-O"). Finally, the reductant
ascorbic acid reduces Fe(m)-OH into Fe(n) and the Y68
radical Y68-O" into Y68 for the next catalytic cycle.>” This
mechanism was further confirmed by using noncanonical
halogenated tyrosine or amino phenylalanine analogues in
place of Y68 and Y224.°> The crystal structure of ftmOx1 in
complex with Fe*', o-KG and fumitremorgin B (i.e., the
ternary complex ftmOx1-Fe*"-oa-KG-fumitremorgin B, pdb
code 7ETK)® confirmed that fumitremorgin B binding
induces significant compression of the iron ion binding
active pocket; Y68 is close to the C-26 atom of the substrate
fumitremorgin B through hydrophobic interactions with the
rings B and C of the substrate (Scheme 1a), thus supporting
the CarC-like mechanism. However, the CarC-like mechanism
cannot interpret the roles of the residue Y224 in ftmOx1
catalyzed reactions.

Results and discussion
Indications from 'F-NMR experiments

To ascertain the mechanism of ftmOx1-involved catalytic
reactions, we firstly decided to test which residue, Y224 or
Y68, is involved in the substrate binding using '’F-NMR
experiments. It is well known that the '°F nucleus has 100%
natural abundance with 1/2 nuclear spin, presenting highly
sensitive and steady NMR signals along with its surrounding
chemical environment because of the unpaired electron in
the outer shell of the '’F atom.”™" Different '°F-labeled
amino acids, for example, 3-flourine-i-tyrosine, have been
reported to be introduced into proteins without any
influences on the protein's local or global folding or their
biological functions.'® Thus, '’F-labeled amino acids were
used to detect possible conformation changes in
hydrophobicity and solvent exposed surface area upon
substrate binding.’

There are six tyrosines (i.e., Y68, Y74, Y102, Y109, Y224
and Y239) in total in wild-type ftmOx1. In structures of
ftmOx1-Fe** (pdb code 4Y5T) and the binary complex
ftmOx1-Fe>"-a-KG (4Y5S), residues Y68 and Y224 are much
closer to the catalytic Fe** binding centre than the other
tyrosines. The distance between the iron ion and Y68-O atom
is 11.9 A, while the distance between the iron ion and Y224-O
atom is only 4.2 A. The differences in the reported COX-like
and CarC-like mechanisms mainly lie in the roles of the
residues Y68 and Y224 in ftmOx1 -catalytic reactions.
Therefore, to ensure that the ""F-NMR signal is generated

This journal is © The Royal Society of Chemistry 2023
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from a single 3-flourine-L-tyrosine in ftmOx1, we mutated all
tyrosines (Tyr) except Y68 and Y224 into phenylalanines
(Phe). Two NMR samples, only the *°F-labeled Y68 containing
ftmOx1 variant (i.e., the ""F-Y68 labelled ftmOx1 Y74/102/109/
224/239F variant) and only the "F-labeled Y224 containing
ftmOx1 variant (ie., the '"F-Y224 ftmOx1 Y68/74/102/109/
239F variant), were firstly prepared.

In addition, in the structure of 4Y5S, the residue L222
locates trans to residue Y68 (Fig. 1a). To test which side (L222
or Y68) of the iron ion binding centre could be the substrate
binding site in solution, we made another NMR sample, the
ftmOx1 L222Y variant containing only '°F-labelled Y222 (i.e.,
19Fy222 ftmOXx1, Y68/74/102/109/224/239F and L222Y).
During NMR data acquisition, we could not keep our NMR
samples in an anaerobic environment. At the same time, the
structure of the ftmOx1-Fe>* complex (4Y5T) can be
superimposed well over the structure of the ftmOx1-Fe*"-a-
KG binary complex (4Y5S) (RMSD = 0.14 A), revealing that
a-KG ligating to Fe** does not result in significant
conformational changes of ftmOx1. The local conformations
of residues Y68 and Y224 slightly rotate by an angle smaller
than 10° (Fig. S2t). Thus, to avoid catalytic reaction and to
obtain a stable complex, we just mixed each '°F-labelled
ftmOx1 variant with the substrate fumitremorgin B at a molar
ratio of 1:1 (ftmOx1 vs. substrate) in the absence of a-KG
and ascorbate. Then, we performed '’F-NMR experiments on
the free '"F-labelled ftmOx1 variants and their complexes
with the substrate (Fig. 1b-d). Obviously, before adding the
substrate, there is more than one signal belonging to free
19F-y222 and '°F-Y224, suggesting that residues Y222 and
Y224 are flexible; at least two conformations of them are in
the iron ion binding centre. After adding the substrate, a new
F-NMR signal appeared in the downfield region of the
spectrum acquired on the sample of the ftmOx1 variant
containing only '°F-Y224 mixed with the substrate (Fig. 1b).
At the same time, the '’F-NMR signals belonging to free '°F-
Y224 remained unchanged, implying that substrate binding
results in the generation of a new conformation of residue
Y224, and there is an equilibrium between the free and
bound states of residue Y224 in solution, which is consistent
with the reported structure of ftmOx1-Co**-0-KG-13-0x0
fumitremorgin B ternary complex (7WSB).* In structure
7WSB,* the substrate analogue 13-oxo fumitremorgin B was
used to probe the mechanism of endoperoxidation of the
substrate. At the same time, Fe*" was replaced with Co®",
which generated a stable complex involved in the beginning
of ftmOx1 catalytic reaction. In this structure, residue Y224
has two conformations. As shown in Fig. 2a, when the three
crystal structures 4Y5S, 7WSB and 7ETK are superimposed,
the backbone atoms of the proteins overlap well with an
RMSD value of 0.78 A. The position of the substrate
fumitremorgin B in structure 7ETK is almost identical to that
of 13-oxo fumitremorgin B in structure 7WSB. In structure
7WSB, one conformation of Y224 is similar to that in
structure 7ETK, and the other is almost identical to that in
structure 4Y5S. Therefore, interaction between the substrate

Catal Sci, Technol., 2023, 13, 6839-6849 | 6841
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Fig. 1 The new conformation of the residue Y224 is generated due to substrate binding, and detected by one-dimensional *°F-NMR titration
experiments. (a) The positions of residues Y68, L222 and Y224 relative to o-KG and the iron ion in the structure of the ftmOx1-Fe?*-a-KG binary
complex (4Y5S). The orange ball represents the iron ion. The red ball represents water 1. The protein was drawn in grey transparent cartoon mode.
The residues Y68, L222 and Y224 were drawn in green or pink stick mode. (b) °F-NMR titration performed on the ftmOx1 variant containing only
19F_Y224 and its mixture with fumitremorgin B. (c) *°F-NMR titration performed on the ftmOx1 variant containing only °F-Y68 and its mixture with
fumitremorgin B. (d) *°F-NMR titration performed on the ftmOx1 variant containing only *°F-Y222 and its mixture with fumitremorgin B. The molar

ratio of enzyme to substrate is 1:1.

and the enzyme results in the generation of a new
conformation of the residue Y224.

In contrast, no significant signal changes were observed
and no new signals appeared in the spectra acquired on
either the ftmOx1 variant containing only '°F-Y68 or the
ftmOx1 variant containing only '°F-Y222 mixed with the
substrate (Fig. 1c and d), indicating that substrate binding
does not lead to a large perturbation of the conformation of
the residues Y68 and Y222. However, different from structure
4Y5S, the side-chain aromatic ring of residue Y68 in
structures 7ETK and 7WSB locates over the rings B and C
(Fig. 2a) of fumitremorgin B or its analogue 13-oxo
fumitremorgin B through hydrophobic interactions. With
reference to the position of Y68 in structure 4Y5S, the -OH
group of Y68 moves 4.5 A in structure 7WSB and 5.0 A in
structure 7ETK, respectively. We were confused as to why no
new '’F-NMR signal and/or chemical shift change of the "°F-
NMR signal was observed when the '’F-labelled Y68 ftmOx1
variant was mixed with the substrate.

To account for this, we decided to analyze the reported
structures. In contrast to the location of residue Y224 in one
rigid B-sheet of ftmOx1, Y68 locates on the flexible region
(55-72 aa) of ftmOx1, which contains one o-helix (64-68 aa).

6842 | Catal. Sci. Technol., 2023,13, 6839-6849

In structure 4Y5S, Y68 is solvent accessible. The substrate
fumitremorgin B and its analogue 13-oxo fumitremorgin B
are hydrophobic. Their insertion into the iron ion binding
pocket enables Y68 to move easily due to hydrophobic
interactions between them, which results in compression of
the iron ion binding pocket. In structures 7ETK and 7WSB,
Y68 is still exposed to the solvent. The conformational
compression of the iron ion binding pocket does not
obviously change the solvent exposed area of Y68, which
might make it impossible for 'F-NMR to detect
conformational changes of Y68. In addition, Y68 is almost
parallel to the aromatic rings A and B of fumitremorgin B
and its analogue 13-oxo fumitremorgin B, and the anisotropy
effect of these two aromatic rings could also balance the
theoretical chemical shift changes of the '’F-NMR signal of
bound 'F-Y68 resulting from its local conformational
changes.

Roles of residue Y224 in ftmOx1 catalyzed reactions

To probe how Y224 works in the ftmOx1 catalytic reactions,
we tried to obtain the crystal structure of the ftmOx1 Y224F
variant in complex with the substrate fumitremorgin B. To

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Wild-type ftmOx1 displays endoperoxidation selectivity through Y224 forming H-bonds with a-KG and T134. (a-d) The substrate binding
pocket in (a) the overlapped crystal structures of (b) the ftmOx1-Fe?*-a-KG binary complex (pdb code 4Y5S, displayed in cyan), (c) ftmOx1-Co?*
KG-13-oxo fumitremorgin B ternary complex (pdb code 7WSB, displayed in green) and (d) ftmOx1-Fe?*-a.-KG-fumitremorgin B ternary complex (pdb
code 7ETK, displayed in pink). (e) Iron centre coordination mode in the crystal structure of WelO5 in complex with Fe?* and a-KG (pdb code 5IQS).
(f) Crystal structure of WelO5 in complex with Fe?*, a-KG and the substrate 12-epi-fischerindole U (pdb code 51QU). In (b-f), the distances are
shown for the dotted lines indicating hydrogen-bond formation. In (b-d), Y224 of ftmOx1 has two conformations, one is fixed by forming a
H-bond with T134 observed in (c) 7WSB and in (d) 7ETK, and the other conformation is fixed by forming a H-bond with a-KG observed in (b) 4Y5S
and (c) 7WSB. (g) WelO5 displays chlorination selectivity by forming a H-bond with the oxy-ferry species. (h) FtmOx1 displays endoperoxidation by
forming a H-bond with the oxy-ferry species. In (a-f), the structures of the proteins are displayed in 80% transparent cartoon mode. All residues
are displayed in stick mode. The iron ion is represented as balls in orange (a, b, e and f) and in green (c). The Co?* ion is orange in (d). The Cl ions
are green in (e) and (f).

explain the mechanism of over-oxidized keto-product is a dimer with ‘face-to-face contacts’ at the C-terminus (Fig.

formation at the C-13 position, we also tried to co-crystalize
the complex of the ftmOx1 Y224F variant with verruculogen
(compound 2 in Scheme 1). However, finally, we only got the
crystal structure of the apo ftmOx1 Y224F variant (pdb code
7DEO) (Fig. S3a, Table S1t). In this structure, four identical
molecules of FtmOx1 Y224F are in each asymmetric unit (Fig.
S3bt). The tetramer is composed of two kinds of dimers. One

This journal is © The Royal Society of Chemistry 2023

S3ct), which is similar to those (Fig. S3df) reported in the
structures of ftmOx1-Fe** (4Y5T), the ftmOx1-Fe**-a-KG
binary complex (4Y5S), the ftmOx1-Fe**-a-KG-fumitremorgin
B ternary complex (7ETK), ftmOx1 Y140F-Fe*" (60X]), and the
ftmOx1 Y140F-Fe*"-0-KG binary complex (60XH).> The other
is a dimer with ‘point-to-point contacts’ at the N-termini (Fig.
S3et), a new touch-folding observed for the ftmOx1 Y224F

Catal. Sci. Technol.,, 2023, 13, 6839-6849 | 6843
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variant. The structure of the ftmOx1 Y224F variant monomer
is almost identical to its wild-type with an RMSD value of
0.30 A (Fig. S3ff). The orientations of side-chains of residues
Y224 and F224 are identical to each other (Fig. S3g and hf).
On the whole, the crystal structure of apo ftmOx1 Y224F does
not present us with useful information about how residue
Y224 works in ftmOx1 catalytic reactions.

To address how residue Y224 works in the reactions, we
had to excavate valuable information from the reported
structures. Interestingly, in the structure of the
ftmOx1-Fe*"-a-KG binary complex (4Y5S), we found that the
distance between the oxygen atom of Y224 -OH and one
oxygen atom (ligated with Fe®") of one carboxyl group of
a-KG was 3.4 A (Fig. 2b). This indicates that residue Y224
most likely forms one weak hydrogen bond with the oxygen
atom of the carboxyl group of a-KG. This H-bond was also
observed in one conformation of Y224 in the structure of the
ftmOx1-Co**-0-KG-13-0x0 fumitremorgin B ternary complex
(pdb code 7WSB, where the related distance is 2.6 A in
Fig. 2¢),* and in the reported structures of the ftmOx1 Y68F
-Co*"-a-KG binary complex (pdb code 7ETL, where the related
distance is 3.0 A in Fig. S4at)® and the ftmOx1 Y140F-Fe*"-a-
KG binary complex (pdb code 60XH, where the related
distance is 3.5 A in Fig. S4bf).> Due to the transient
structures of reaction intermediate complexes ftmOx1-o-
KG-Fe(v)=0 and ftmOx1-0-KG-Fe(m)-OH being unavailable,
the hydrogen-bond between Y224 -OH and a-KG observed in
the structures 4Y5S, 7WSB, 7ETL and 60XH is thought to be
evidence of a hydrogen bond formed between Y224 -OH and
Fe(v)=O or Fe(m)-OH active species, as suggested for the
oxidase Wel05."

WelO5 displays different selectivity of chlorination and
hydroxylation on the substrate 12-epi-fischerindole U."* It was
reported that wild-type WelO5 has chlorination selectivity,
while its S189A variant displays hydroxylation selectivity.>
The co-crystal structures of the binary complex WelO5-Fe**-a-
KG (pdb code 5IQS) and of the ternary complex
WelO5-Fe**-0-KG-12-epi-fischerindole U (pdb code 5IQU)
(Fig. 2e and f)'* demonstrate that the distances between the
hydroxyl group of S189 and one oxygen atom (ligated with
Fe*") of the carboxyl group of o-KG were 2.6 A and 3.0 A,
respectively. Residue S189 forms one hydrogen bond with the
oxygen atom of the carboxyl group of o-KG. When S189 was
replaced by A189, the WelO5 S189A variant did not show any
chlorination selectivity vs. hydroxylation. Therefore, S189 is a
key factor in the conformational selectivity in the equatorial
plane, bringing the precursor of the oxy-ferry intermediate to
the equatorial conformation through hydrogen bonding
(Fig. 2g). Similarly, for ftmOx1, in the absence of ascorbate,
the potential hydrogen-bond between Y224 -OH and
Fe(tv)=O or Fe(m)-OH species might block oxygen rebound
reaction from Fe(um)-OH into the radical C21°, thus O,
installation is preferred (Fig. 2h). When residue Y224 is
replaced by F224,"° the hydrogen-bond between Y224 and
Fe(m)-OH is impaired or destroyed, thus Fe(iv)=O or Fe(m)-
OH will be more active than in the case of the wild-type

6844 | Catal Sci. Technol.,, 2023, 13, 6839-6849
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ftmOx1 catalyzed reaction, resulting in the oxygen rebound
reaction being dominant (Scheme 1b). Therefore, Y224 acts
as a critical element in the conformational selectivity in the
equatorial plane, fixing the precursor of the oxy-ferry
intermediate into the equatorial conformation.

Roles of residue T134 in ftmOx1 catalyzed reactions

As shown in Fig. 2d, in the structure of ftmOx1-Fe**-o-
KG-fumitremorgin B (7ETK),® the side-chain -OH group of
Y224 was found to be close to the residue T134 -OH with a
distance of 2.8 A. This observation implies that they form a
hydrogen bond with each other. This hydrogen bond might
also form in the structure of ftmOx1-Co”"-a-KG-13-0x0
fumitremorgin B (7WSB), although the distance mentioned
above is 3.9 A (Fig. 2c). As mentioned above, in structure
7WSB, Y224 has two conformations. One conformation of
Y224 forms a hydrogen bond with a-KG, and the other might
form a hydrogen bond with T134. As shown in Fig. 2a, the
two conformers of Y224 in structure 7WSB overlapped well
with the conformations of Y224 in structures 4Y5S and 7ETK,
respectively. In contrast, in the structures of ftmOx1-Fe**
(4Y5T) and the ftmOx1-Fe*"-a-KG binary complex (4Y5S), the
-OH groups of residues T134 and Y224 are all 6.4 A far away
(Fig. 3a). These findings reveal that T134 is involved in the
catalytic reaction.

On one hand, as shown in Fig. S5,f when the structure of
ftmOx1-Fe**-a-KG-fumitremorgin B (7ETK) was overlapped
with the structure of ftmOx1-Fe*"-a-KG (4Y5S), the distances
between one methyl group at the C-21 allyl of fumitremorgin
B in structure 7ETK and -OH group of Y224 in structure
4Y5S, and between this methyl group and one aromatic
carbon of Y224 were only 2.1 A and 2.2 A, respectively. These
short distances generate steric hindrance between the
substrate and residue Y224 after the substrate completely
inserts into the iron ion binding pocket, leading to rotation
of Y224. Structure 7WSB indicates that substrate insertion
into the iron-binding pocket results in rotation of partial
Y224 to the position where it can form a hydrogen bond with
T134. Therefore, during ftmOx1 catalysis, the conformation
of Y224 is firstly fixed by forming a weak hydrogen-bond with
o-KG and then by forming a hydrogen bond with residue
T134. In other words, the hydrogen bond between Y224 and
T134 might stimulate Y224 rotation, while the hydrogen
bond between Y224 and a-KG might block Y224 rotation. The
steric effects from the insertion of the substrate
fumitremorgin B into the iron ion binding center force
residue Y224 to rotate. The balance among these three factors
results in the rotation of Y224 in ftmOx1 catalyzed reaction.
The endoperoxidation reaction happens at the beginning of
the substrate insertion into the ion binding center.

On the other hand, as shown in Fig. 2a, when the
structures of the binary complex ftmOx1-Fe*"-a-KG (4Y5S),
and of  the ternary  complexes ftmOx1-Fe**-ar-
KG-fumitremorgin B (7ETK) and ftmOx1-Co*"-a-KG-13-0x0
fumitremorgin B (7WSB) are superimposed, the positions of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Residue T134 acts as a regulator of the catalytic reaction. (a) T134 forms a H-bond with Y224 (in green stick) in structure 7ETK, but not in
the structures of ftmOx1-Fe?* (4Y5T in pink stick) and the ftmOx1-Fe?*-a-KG binary complex (4Y5S in cyan stick). The conformational changes were
detected upon overlapping these three structures (in grey and 80% transparent cartoon mode). Residues Y68, T134 and Y224, a-KG and the
substrate (orange) are displayed in stick mode. The balls represent iron ions. (b-d) The enzymatic reactions of the wild-type ftmOx1 and its single-

site directed variants of T134, detected using a HPLC system.

residue T134 are almost the same. However, the
orientations of the methyl group and -OH group of T134
are different in structures 7ETK and 7WSB. This might be
due to the low resolution (2.87 A) of the reported structure
7WSB.* The orientations of the methyl group and -OH
group of T134 in 7WSB are the same as those of T134 in
structure 4Y5S (Fig. 2b and c), but different from those of
T134 in structure 7ETK (Fig. 2c and d and S6f}). As shown
in Fig. S6,f in structures 7ETK and 7WSB, the distances
from the methyl group of T134 to the methyl groups at
C-24 were measured to be 4.4 A and 5.4 A, to the methyl
groups at C-25 were measured to be 3.9 A and 4.9 A, to the
methyl groups at C-28 were measured to be 4.1 A and 5.7
A, and to the methyl groups at C-29 were measured to be
4.1 A and 4.9 A of fumitremorgin B and its analogue 13-
oxo fumitremorgin B, respectively. The methyl groups at
the C-24, C-25, C-28 and C-29 positions of 13-oxo
fumitremorgin B are very hydrophobic, so it seems
inacceptable that the hydrophilic -OH group of T134 in
7WSB should point to these methyl groups of 13-oxo
fumitremorgin B. Therefore, if we exclude the potential
errors in the orientations of T134 side-chains in structure
7WSB, T134 should undergo hydrophobic interactions with
the substrate or its analogue, which is also very important
for ftmOx1 catalyzed reactions.

This journal is © The Royal Society of Chemistry 2023

To confirm the roles of residue T134 in the ftmOx1
catalytic reaction, we then performed its site-directed
mutagenesis studies. As summarized in Scheme 1g and h
and displayed in Fig. 3b-d, under the condition of excess
Fe**, 0,, o-KG and ascorbate, the main products of the
ftmOx1 catalyzed reaction are compounds 2 and 4. Their
chemical structures were ascertained using 1D 'H-NMR
spectra and comparison of the chemical shifts of the 'H and
13C atoms with those previously reported.>* Compound 4 is
produced from the oxygen rebound and deprenylation
reaction.”? When residue T134 was switched to residue G134,
the main products were compounds 4 and 9 (Fig. 3d). The
chemical structure of compound 9 was characterized using
mass spectrum and NMR techniques (Fig. S7 and Table S27).
When T134 was mutated into hydrophilic residue Asp, Arg
and Asn, or steric residues Pro and Trp, the repulsive
interactions between T134 and the substrate or its analogue
led to the substrate or its analogue not being able to insert
into the iron ion binding pocket, and thus almost no catalytic
reactions happened. When T134 was replaced by Val, Met,
Leu and Ile, the hydrogen bond between T134 and Y224 was
completely destroyed, but the hydrophobic interaction with
the substrate or its analogue was enhanced, and the main
product became compound 4. When residue T134 was
substituted by residues Ser, Cys, Ala and GIn, both
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hydrophobic interaction and hydrogen bond interaction
became weaker, and the main product was compound 9. In a
word, the mutations from T134 into other residues destroy or
weaken the hydrogen bond between Y224 and T134, and
Y224 becomes more flexible than in the wild-type ftmOx1. At
the same time, the hydrophobic or steric interactions
between the substrate and T134 will also be changed
depending on the nature of the mutated residue. These
effects will decrease the possibility of Y224 forming a
hydrogen bond with the Fe(iv)=O species during substrate
insertion into the iron ion binding pocket. Therefore, the
number of Fe(ur)-OH active species will be increased and the
oxygen rebound reaction and dealkylation will be enhanced
(Scheme 2).

Identically, when Y224 was mutated into Phe, the
Fe(lv)J=O species could not be stabilized by Y224 in the
beginning of the catalytic reaction. The number of Fe(iv)=0
or Fe(m)-OH species was thus increased, which resulted in
the oxygen rebound reaction occurring easily at the
beginning of the substrate insertion into the iron binding
centre. When the substrate completely inserts into the iron
binding pocket, the hydrogen-bond interaction between Y224
and T134 is also destroyed. Then, the conformation of the
side-chain of F224 will become extremely flexible. Moreover,
the size of the side-chain of F224 is smaller than that of

oxygen rebound
pathway Il

o~

/ﬁl‘

Y224 mutations
increase number of
Fe(lll)-OH species

26
o)
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oxygen rebound
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Y224, thus the substrate insertion into the iron ion binding
pocket will be easier in the ftmOx1 Y224F variant than in
wild-type ftmOx1. The Fe(iv)=O species will have more
chances to perform HAT from C-21 of the substrate
(Scheme 2). The main product switches to oxygen rebound
reaction products 4 and 9. Therefore, T134 acts as a regulator
in ftmOx1 catalysed reactions, mediating the direction of the
reaction by hydrogen-bonding with Y224 and by hydrophobic
interactions with the substrate. Y224 further determines the
selectivity of the catalytic reaction by stabilizing the
conformation of Fe(iv)=O0 or Fe(ur)-OH species. In the whole
ftmOx1 catalysed reaction, the chances for Y224 to form the
radical Y224-O" are blocked by forming hydrogen bonds with
the Fe(iv)=O0 species and with the T134 -OH group.

Roles of residue Y68 in ftmOx1 catalyzed reactions

As shown in Fig. 2a, compared to the conformation of Y68 in
the structure of ftmOx1-Fe*"-a-KG (4Y5S), Y68 shifts to the
top of the substrate (in the structure of ftmOx1-Fe* -a-
KG-fumitremorgin B, 7ETK) or its analogue (in the structure
of ftmOx1-Co*"-a-KG-13-ox0 fumitremorgin B, 7WSB) through
hydrophobic interactions between the Y68 side-chain and
rings B and C of the substrate or its analogue. As shown in
Fig. S5,f in structures 4Y5S and 7ETK, the distances between

"
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After substrate binding, one conformation of Y224 has H-bond with T134 (observed in structure 7ETK), while the other conformation of
Y224 has H-bond with a-KG (observed in structures 4Y5$, 7ETL, 60XH and 7WSB), thus indicating H-bond with Fe(IV)-OH species
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Scheme 2 Proposed mechanisms for ftmOx1 and its variant involved reactions under different conditions. Pathway Il cannot explain how
compound 2 is directly oxidized into 3 by ftmOx1 (Scheme 1g), therefore it is shown in red.
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the oxygen atom of the Y68 -OH group and C-13, C-21 or
C-26 atom of the substrate were observed to change from 4.0
A to 3.7 A, from 7.2 A to 6.3 A, and from 6.5 A to 4.0 A,
respectively. These distance changes result from the location
of residue Y68 on a very flexible region. The shorter distances
(3.7 A and 4.0 A) indicate that, in the substrate and o-KG's
specific binding status, Y68 is very conducive to donation of
hydrogen to the radical C-26" (pathway I in Scheme 2) and
oxidation of the hydroxy group at C-13 group (i.e., Y68-O’
performs hydrogen-abstraction from the C-13 atom) (pathway
I in Scheme 2).

In pathway I, residue Y68 provides a hydrogen atom to the
C26" radical (generating Y68-O'), and the major product
verruculogen is produced. In pathway II, radical Y68-O
abstracts hydrogen from the C-13 atom, followed by hydroxyl
group rebound reaction from Fe(m)-OH species into the
radical C-13’, forming an unstable geminal diol containing
intermediate. Although it is hard to separate this
intermediate from the reaction system, we still detected a
compound 10 with a molecular formula C,;H;33N30g and a
molecular weight 528 by ESI-HR-MS assay (Fig. S8t). Its
molecular weight is consistent with the geminal diol
containing product, confirming oxidation of the hydroxyl
group at the C-13 position. This geminal diol intermediate
will be easily dehydrated to form over-oxidized keto-product
compound 3.

In contrast, in structure 7ETK, the distance between the
oxygen of the Y224 hydroxyl group and O-2 atom of the
carboxyl group of a-KG is 8.7 A. Moreover, the distances
between the oxygen atom of the Y224 -OH group and C-13,
C-21 or C-26 were measured to be 12.4 A, 8.3 A and 8.9 A,
respectively. Due to these unfavorable distances, Y224
observed in structure 7ETK cannot participate in ftmOx1
catalytic reaction after the substrate completely inserts into
the iron ion binding pocket. In structure 7WSB, Y224
displays two conformations, one is almost the same as that
observed in 7ETK, although the distance (3.9 A) between
Y224 -OH and T134 -OH is a little larger than that (2.8 A) in
structure 7ETK (Fig. 2c and d). The other is close to a metal
ion center, but it forms H-bonds with a-KG, and its position
is almost identical to that in structure 4Y5S (Fig. 2a).
Therefore, the -OH group of Y224 is obviously locked by
forming H-bonds with a-KG and residue T134, which makes
it impossible for Y224 to participate in ftmOx1 catalytic
reactions. Thus, only Y68 acts as a hydrogen donor of C26°
and is able to perform oxidation of the -OH group at the
C-13 position.

Possible pathways of ftmOx1 catalyzed reactions

To uncover the mechanism of ftmOx1 involved reactions,
we list several possible pathways in Scheme 2. Since the
first tyrosine radical has already been proven to be formed
at residue Y68 during O, installation,” pathway I was
suggested, in which the hydroxyl group of Y224 stabilizes
Fe(m)-OH species by forming hydrogen bonds during

This journal is © The Royal Society of Chemistry 2023
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catalytic reaction, as observed in the structures of
ftmOx1-Fe*"-0-KG ~ (4Y5S), the ftmOx1-Co>"-a-KG-13-0x0
fumitremorgin B ternary complex (7WSB), ftmOx1 Y6SF
«Co”"o-KG (7ETL) and ftmOx1 Y140F-Fe*"-oa-KG (60XH).
This specific function is similar to the role of residue S189
of WelO5 in chlorination selectivity.'"> The highly active oxy-
ferry species abstracts hydrogen from the C-21 atom of the
substrate fumitremorgin B. The hydroxyl group of Y224
further stabilizes the Fe(m)-OH species. This step
suppresses oxygen rebound reaction and promotes dioxygen
addition to a large extent. Once dioxygen installation
happens, the radical C21" is transferred to the C-26 atom
(forming C26°). Residue Y68 then provides a hydrogen atom
to the C26 radical, and the major product verruculogen is
produced in the presence of the reductant. After that, if
there is not enough reductant (for example, ascorbic acid)
to quench this radical, as shown in pathway II, the Y68
radical (Y68-O) would abstract hydrogen from C-13
followed by hydroxyl group rebound reaction from Fe(ur)-
OH species into the radical C13°, forming an unstable
geminal diol containing intermediate (compound 10). This
geminal diol intermediate will be easily dehydrated to form
over-oxidized keto-product compound 3.

When Y224 is replaced by F224, the hydrogen bond
between Y224 and o-KG will be destroyed, then the number
of Fe(v)=O0O species will be increased, which conduct HAT
from the C-21 position of the substrate (forming the radical
C217), followed by oxygen rebound and dealkylation
(pathway III). When T134 is mutated into other residues,
the hydrogen bond between Y224 and T134 becomes weak
or abolished. The rotation of Y224 will become more
difficult than in wild-type ftmOx1, and the number of Y224
non-stabilized Fe(m)-OH species increases, which will
enhance oxygen rebound reaction (pathway IV). In either
the presence or absence of ascorbate, the main product of
the ftmOx1 Y68F catalytic reaction is compound 6
(Scheme 1d),>* which follows pathway V. In pathway V, after
0O, insertion, the C26" radical forms; because residue F68
cannot donate hydrogen, the oxygen rebound reaction will
then happen, which produces compound 6. Pathway II
demonstrates that, in the absence of ascorbate,
consumption of the substrate is almost equal to that of the
enzyme during the catalytic reaction. This accords well with
the equivalent molar ratio of ftmOx1 and the substrate used
in the catalytic reactions in Scheme 1. It also conforms to
the fact that the major product of the catalytic reaction is
compound 3 in the absence of reductant.

However, it was reported that compound 2 could be
directly oxidized into compound 3 in the absence of
ascorbate, and into compound 8 in the presence of ascorbate
(Scheme 1f).* But in structures 7ETK and 7WSB (Fig. S61),
the distance between Fe>" and the C-13 atom of the substrate
was measured to be 8.1 A and 7.4 A, both of which are
unfavorable for Fe(iv)=—O species to perform HAT directly
from the C-13 atom, generating C-13" as suggested in pathway
II. Similarily, ftmOx1 can perform direct oxidation of 13-oxo
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fumitremorgin B (compound 7) into compound 5 in
Scheme 1e,* which does not produce compound 3, when
Y224 forms hydrogen bonds with o-KG and T134. The
reactions in Scheme 1e and f appear to be solid evidence of
a COX-like mechanism for the ftmOx1 catalyzed reaction. In
addition, in the presence of ascorbate, the main product of
ftmOx1 Y224F catalyzed reaction on compound 1 is
compound 2, which cannot be validated by the mechanism
shown in Scheme 2. Therefore, to uncover the mechanism
of the ftmOx1 involved reactions, extra experiments should
be performed in the future such as co-crystalization of the
ftmOx1-Fe*"-a-KG-verruculogen ternary complex in the
absence of O, or the ftmOx1-Co>"-a-KG-verruculogen ternary
complex in the presence of O,, or more kinetic experiments
or  molecular  simulation than  those  reported
previously.>>® 14

Conclusions

Taken together, in this study, we conducted structure-based
analysis on the mechanism of the complicated ftmOx1
catalytic reactions. Firstly, analysis of the reported structures
of the three binary complexes ftmOx1-Fe*"-a-KG (4Y5S),
ftmOx1 Y68F-Co>"-0-KG (7ETL) and ftmOx1 Y140F-Fe**-o-KG
(60XH), and of the two ternary complexes ftmOx1-Fe*"-a-
KG-fumitremorgin B (7ETK) and ftmOx1-Co”*"-0-KG-13-0x0
fumitremorgin B (7WSB) suggested that a hydrogen bond
formed between the Y224 -OH group and one carboxyl group
of a-kG. This carboxyl group of a-kG ligates with Fe** before
and after the Fe(iv)=—O species is formed. Y224 enhances the
selectivity of ftmOx1-involved catalytic endoperoxidation
reaction by stabilizing the conformation oxy-ferry species
through hydrogen bonding. This step potentially suppresses
oxygen rebound reaction, and explains why the replacement
of residue Y224 by F224 results in the formation of major
products compounds 4 and 5 in the absence of ascorbate.
Secondly,"’F-NMR experiments revealed that a new
conformation of residue Y224 is generated due to substrate
insertion into the Fe®*" binding centre. This result is
consistent ~with the structures of ftmOx1-Fe*"-a-
KG-fumitremorgin B (7ETK) and ftmOx1-Co”*"-a-KG-13-0x0
fumitremorgin B (7WSB). In structure 7ETK, a hydrogen
bond between T134 and Y224 was observed, which
stabilizes the conformation of Y224, further preventing it
from forming the Y224-O" radical during ftmOx1 catalytic

reaction. Residue T134 also forms  hydrophobic
interactions with the substrate. It acts as a key
determinant of ftmOx1 catalysed endoperoxidation.

Therefore, in the whole mechanism (Scheme 2), the oxy-
ferry species directly abstracts a hydrogen proton from the
C-21 atom, and Y68 works as a hydrogen donor,
generating compound 2. Then, compound 2 is probably
further oxidized by the radical Y68 into compound 3,
which supports a CarC-like catalytic mechanism. However,
this mechanism cannot account for how compounds 2
and 7 are directly oxidized into compound 3 or 8, and 5

6848 | Catal Sci. Technol., 2023, 13, 6839-6849

View Article Online

Catalysis Science & Technology

by ftmOx1, respectively. Either of these reactions could be
thought as evidence of the COX-like mechanism. In a
word, different from either the COX-like mechanism or
CarC-like mechanism, the current study displays the roles
of residues Y68, T134 and Y224 in the catalytic reaction.
Based on this, it is possible to design non-haem iron
enzymes for product diversity.

Experimental section

Materials and methods are described in detail in the ESL;f
which is available on the website of the journal.
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