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ABSTRACT Selective oxidation of C-H bonds in alkylphenols holds great signifi-
cance for not only structural derivatization in pharma- and biomanufacturing but
also biological degradation of these toxic chemicals in environmental protection. A
unique chemomimetic biocatalytic system using enzymes from a p-cresol biodegra-
dation pathway has recently been developed. As the central biocatalyst, the cyto-
chrome P450 monooxygenase CreJ oxidizes diverse p- and m-alkylphenol phosphates
with perfect stereoselectivity at different efficiencies. However, the mechanism of regio-
and stereoselectivity of this chemomimetic biocatalytic system remained unclear. Here,
using p- and m-ethylphenol substrates, we elucidate the Crel-catalyzed key steps for
selective oxidations. The crystal structure of Cre) in complex with m-ethylphenol phos-
phate was solved and compared with its complex structure with p-ethylphenol phos-
phate isomer. The results indicate that the conformational changes of substrate-binding
residues are slight, while the substrate promiscuity is achieved mainly by the available
space in the catalytic cavity. Moreover, the catalytic preferences of regio- and stereose-
lective hydroxylation for the two ethylphenol substrates is explored by molecular dy-
namics simulations. The ethyl groups in the complexes display different flexibilities, and
the distances of the active oxygen to H,,s and H,,; of methylene agree with the ex-
perimental stereoselectivity. The regioselectivity can be explained by the distances and
bond dissociation energy. These results provide not only the mechanistic insights into
CreJ regio- and stereoselectivity but also the structural basis for further P450 enzyme
design and engineering.

pro-

IMPORTANCE The key cytochrome P450 monooxygenase CreJ showed excellent
regio- and stereoselectivity in the oxidation of various alkylphenol substrates. C-H
bond functionalization of these toxic alkylphenols holds great significance for both
biological degradation of these environmental chemicals and production of value-
added structural derivatives in pharmaceutical and biochemical industries. Our
results, combined with in vitro enzymatic assays, crystal structure determination of
enzyme-substrate complex, and molecular dynamics simulations, provide not only
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significant mechanism elucidation of the regio- and stereoselective catalyzation
mediated by CreJ but also the promising directions for future engineering efforts of
this enzyme toward more useful products. It also has great extendable potential to
couple this multifunctional P450 enzyme with other biocatalysts (e.g., hydroxyl-based
glycosylase) to access more alkylphenol-derived high-value chemicals through envi-
ronment-friendly biocatalysis and biotransformation.

KEYWORDS cytochrome P450 monooxygenase, ethylphenol, selective oxidation,
crystal structure, molecular dynamics

ytochrome P450 monooxygenases (CYPs), which are believed to be the most versa-

tile biocatalysts in nature (1, 2), constitute a superfamily of heme-containing
enzymes that are widely distributed among all kingdoms of life (3-5). This family of
enzymes can recognize a wide variety of substrates and catalyze regio- and stereo-
specific reactions, showing diverse mechanisms of substrate binding and oxidative
catalysis (6-8). A prerequisite for tailoring specific functions for P450 applications is
to understand the structure-activity relationship between the target molecule and
the enzyme (9).

Recently, we engineered a unique chemomimetic bio-oxidation system for the func-
tionalization of aliphatic C-H bonds in alkylphenols, containing protection/direction,
oxidation, and deprotection steps, which is originated from the p-cresol biodegrada-
tion pathway in the Gram-positive bacterium Corynebacterium glutamicum (Fig. 1) (10,
11). As the central biocatalyst, the P450 enzyme CreJ (CYP288A2) (12) is able to accept
a broad range of phosphorylated para- and meta-alkylated phenols as the substrates
and to catalyze successive oxidations with different efficiencies. Thus, CreJ provides a
valuable example of P450 enzymes with native substrate promiscuity, which is essen-
tial for protein design and engineering (13). However, the mechanism of CreJ recogniz-
ing different p- and m-substituted substrates has not been fully elucidated.
Understanding the mechanism will be helpful for efficiency improvement and selectiv-
ity control of CreJ toward any substrate of interest.

Our previous studies demonstrated that the methylene groups at the benzyl
position of p- and m-ethylphenol phosphates were completely oxidized in a stereo-
selective manner with an S configuration exclusively established (11). The crystal
structures of CreJ in complex with the p-ethylphenol phosphate showed that the
pro-S hydrogen atom in the methylene group is closer to the heme-iron reactive
center than the pro-R hydrogen atom, which well explained the stereoselectivity
(11). However, the mechanism of the perfect stereoselectivity of CreJ toward m-eth-
ylphenol phosphate remains unknown. More importantly, the distances of the ali-
phatic C-H bonds to the active oxygen atom are critical for regioselectivity, stereose-
lectivity, and catalytic activity, but the active oxygen atom was not observed in the
crystal structures of CreJ in its ferric status. Furthermore, our previous studies
showed that the phosphorylated m-ethylphenol was converted with a significantly
lower conversion ratio than that of phosphorylated p-ethylphenol (11), which can-
not be explained merely using the structure of Crel-p-ethylphenol phosphate
complex.

In this study, we focused on the catalytic characteristics of CreJ to elucidate the
mechanism of its substrate promiscuity, catalytic efficiency, regioselectivity, and stereo-
selectivity by directly using phosphorylated p- and m-ethylphenol substrates. The crys-
tal structure of CreJ in complex with m-ethylphenol phosphate was solved and com-
pared with the previous structure of Crel-p-ethylphenol phosphate complex.
Molecular dynamics simulations were performed to further illustrate the mechanical
difference when CreJ reacts with the two isomeric substrates. The enzymatic character-
istics, crystal structures, and molecular dynamics simulations reported here provide
new insights into the substrate specificity and catalytic mechanism of Crel, which
paves the way for enzyme engineering and application of these ethylphenols.
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FIG 1 The p-cresol biodegradation pathway in Corynebacterium glutamicum (A) and the developed
chemomimetic bio-oxidation system for p- and m-substituted alkylphenols (B). Bold arrows indicate
the major metabolic pathway mediated by P450 CreJ.

RESULTS

Selective oxidation of phosphorylated p- and m-ethylphenols by P450 CreJ. To
precisely identify the characteristics of the central catalyst Cre), we synthesized the
two substrates of CreJ, namely, p- and m-ethylphenol phosphates (1 and 2), which
were used to skip the phosphorylation step catalyzed by CreHl in the previously
mixed-enzyme assays (Fig. 1). To overcome the challenges of purifying the phosphoryl-
ated products with high polarity, the phosphohydrolase CreD was subsequently added
into the reactions to remove the phosphate group, and the dephosphorylated prod-
ucts were readily identified.

With phosphate 1 as the substrate, besides the previously reported three oxidized/
hydrolyzed products 1'a, 1'b, and 1'c (with 83.6% yield of 1'a as the predominated
product) (11), an additional new product with the retention time of 17.1 min was also
detected (Fig. 2A). Based on high-resolution mass spectrometry (HRMS) (Fig. S1 in the
supplemental material) and a comparison with the authentic standard, it was deter-
mined to be p-vinylphenol (product 1'd). When phosphate 2 was used as a substrate,
four oxidative products (2'a, 2'b, 2'c, and 2'd) were detected (Fig. 2B), similar to the
product pattern in the previous study (11). Chiral high-performance liquid chromatog-
raphy (HPLC) analysis based on the retention time comparison with the authentic
enantiomer standards showed that pure enantiomer S-1'a and S-2'a products (enantio-
meric excess [ee] > 99%) were also obtained when we directly used the two phospho-
rylated ethylphenols. The desaturated products 1'd and 2'd in these enzyme assays are
likely attributed to the direct desaturation of the ethyl group, as reported in other
P450 enzymes (14). There were also unoxidized products, 1' and 2', generated from de-
phosphorylation of the unreacted substrates by CreD (Fig. 2). All the oxidized products
and unreacted substrates were dephosphorylated, indicating that CreD has high
hydrolyzing activities toward different phosphorylated alkylphenols. The conversion ra-
tio of the oxidation step catalyzed by CreJ became lower with alkylphenol substrates
larger than p- or m-cresol, indicating that the CreJ-mediated oxidation steps played a
significant role for efficient oxidations of these ethylphenolic substrates.

To elucidate the reason for the lowered efficiency, spectroscopic substrate-binding
assays were performed to determine the substrate-binding affinities of CreJ toward
substrates 1 and 2 (Fig. 3). The equilibrium dissociation constants (K,) for CreJ with
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FIG 2 HPLC analyses (top), stereochemistry determination (middle), and catalytic schemes (bottom) of the reactions using p-ethylphenol
phosphate (phosphate 1) (A) and m-ethylphenol phosphate (phosphate 1) (B) as the substrates. Substrate concentration in enzymatic
reactions and controls was 1 mM. std(s), standard(s). The percentage numbers in black indicate the yield (conversion ratio) of the specific
product. The percentage numbers in green represent the ratio of the unreacted substrate. Due to distinct extinction coefficients, the peak
intensities of compounds do not necessarily reflect relative amounts shown as percentages.

substrates 1 and 2 were determined to be 0.09 mM and 0.15 mM, respectively, both of
which were greater than that (0.06 mM) of p-methylphenol phosphate (i.e.,, phospho-
rylated p-cresol). These results indicate that the affinities of substrates 1 and 2 are
lower than that of p-methylphenol phosphate. The order of the substrate-binding
affinities is consistent with the order of the conversion ratios, suggesting the binding

affinity could be one of the major reasons for CreJ's activity.

Structure of CreJ in complex with m-ethylphenol phosphate. Previously, we
determined the structure of CreJ in complex with p-ethylphenol phosphate (Crel-1,
PDB ID 5XJN). To further elucidate the mechanism of substrate promiscuity and cata-
lytic stereoselectivity of Crel, the crystal structure of Cre) in complex with m-
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indicate the increase of ligand concentration.

ethylphenol phosphate (CreJ-2; PDB ID 7CCF) was solved in this study. The structure
had a resolution of 2.80 A, and the data collection and refinement statistics are listed in
Table S1. The crystals of CreJ-2 belong to the P4;2,2 space group, and there is one mol-
ecule in each asymmetric unit, which is the same as the CreJ-1 complex (11). Substrate
2 was observed with unambiguous electron densities located in the substrate-binding
cavity of CreJ similar to that of substrate 1 (Fig. 4) (11). In brief, the polar phosphate
moiety of substrate 2 is fixed by residues Q83 and S106 to S109 from the B,C loop and
R194 and S261 via hydrogen bonds or electrostatic interactions. Furthermore, the non-
polar part of substrate 2 is recognized mostly by aromatic residues, including W199,
F264, W315, and F416, making the ethyl terminus of substrate 2 adjacent to the heme
iron. The distance between the pro-S hydrogen atom of the methylene group and the
heme iron is 3.6 A, significantly closer than that of the pro-R hydrogen atom (4.7 A)
(Fig. 4F), indicating the pro-S hydrogen has many more chances to be oxidized, which
is consistent with the enzymatic results of exclusively generating the S configuration
product.

Structural comparison of CreJ in complex with m- and p-ethylphenol
phosphates. With the crystal structures of CreJ-1 (11) and CreJ-2, we can analyze the
structure-activity relationship of CreJ in more detail. The overall structures of CreJ in
the two complexes are almost the same (with a C* root mean square deviation [RMSD]
of 0.179 &), except for small differences in some flexible regions (Fig. 4B). Furthermore,
the critical residues responsible for substrate recognition have only slight conforma-
tional differences in the two structures (Fig. 4C). However, the benzene rings of sub-
strates 1 and 2 showed a significant shift (~0.7 A) away from the heme (Fig. 4Q).
Interestingly, this shift makes the phosphate groups and the ethyl groups of the two
substrates be in similar positions, resulting in similar substrate anchoring by the phos-
phate groups and the catalytic possibility for their ethyl groups at different positions
(Fig. 4C and D). Because the residues surrounding the substrate benzene ring have no
significant conformational changes, the shifted benzene ring in the CreJ-2 structure
mainly occupies the available space in the catalytic cavity with reduced distances to
surrounding residues (Fig. 4G and H). These results suggest that the substrate promis-
cuity of CreJ mainly depends on the available space of the substrate-binding cavity.
Therefore, the future engineering of Crel for substrate spectrum expansion could be
focused on the modification of the cavity space and shape.

In the crystal structures, the methylene carbon (C-7) of substrates 1 or 2 is farther
than the terminal methyl carbon (C-8) to the central Fe atom of heme (Fig. 4E and F).
However, catalytic reactions showed that CreJ preferentially oxidizes C-7, generating
predominated hydroxylated products 1a and 2a (Fig. 2). One possible reason is that
the C-H bond dissociation energy of C-7 is much lower than that of C-8 (85.4 and
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FIG 4 Structural analysis of CreJ in complex with m-ethylphenol phosphate (phosphate 2). (A)
Structure of the substrate and the surrounding region. Substrate 2 is in cyan; the residues responsible
for phosphate 2 recognition are shown by thin sticks. The 2F F_ densities for 2, heme, and C376 are
contoured in blue in 1.0 . Hydrogen bonds between the enzyme and the phosphate group of 2 are
shown as dashed lines. (B) Overlaid backbone ribbons of the CreJ-2 (green) and the Crel-1 (orange)
complexes. The only major conformational difference in a loop region is circled by a dashed ellipse.
(C) Comparison of the two substrates (1 and 2) and substrate-binding residues in the two complexes.
(D) Comparison of the distances between the substrate C-7 atom and substrate-binding residues in
the two complexes. (E) Distances between the ethyl group of 1 and the heme-iron reactive center. (F)
Distances between the ethyl group of 2 and the Fe atom of heme. (G and H) The substrate-binding
cavity and the distances between the benzene ring and surrounding residues in the structure of Crel
in complex with substrates 1 (G) and 2 (H).
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100.9 kcal/mol, respectively, reported for ethylbenzene) (15, 16), which might play a
critical role in regioselective hydroxylation. The hydroxylation on the C-7 position gen-
erated only S configuration products, which can be explained by the structures in
which the distance between the pro-S hydrogen atom of the methylene group and the
heme iron is much smaller than that of the pro-R hydrogen atom for both substrates 1
and 2 (Fig. 4E and F).

Molecular dynamics simulations-assisted analysis of the regio- and stereoselective
mechanism. CreJ-1 and CreJ-2 are both ferric complexes since no dioxygen was
observed on the heme iron in both crystal structures. Because compound | (oxyferryl
intermediate) in a P450 catalytic cycle (14, 17) is critical to the regio- and stereoselectiv-
ity and the substrate-binding cavity has additional space for a certain movement, we
performed two molecular dynamics (MD) simulations for the CreJ-1 and CrelJ-2 com-
plexes using the widely accepted compound | model in Fe(IV)=0 active state (18, 19)
to investigate the conformational changes of substrates, thereby elucidating the cata-
lytic regio- and stereoselective preferences.

The results showed that both ligands 1 and 2 have conformational changes because
of the existence of active oxygen (O). For ligand 2, the terminal methyl flipped from
one side of the benzene ring to the other, and the dihedral angle of C-8-C-7-C-1-C-6
changed from the original —62° to a narrow range distribution with the most probabil-
ity of 64.7° (Fig. 4F; Fig. 5C and G). This flipping resulted in that the C-8-O distance (a
distribution with a peak at 4.2 A) is larger than the C-7-O distance (a distribution with a
peak at 3.7 A) with a high statistical significance (t test, P < 0.001) (Fig. 5A), indicating
that atom C-7 has more chances to be hydroxylated in addition to the lower C-H bond
dissociation energy of C-7. Moreover, the distances O-H,,, s and O-H,,,, ; distributed in a
range with peaks at 2.7 and 4.1 A (P < 0.001), respectively (Fig. 5B), which supports the
formation of the S configuration in the experimental assays.

For ligand 1, the methyl can move to both sides of the benzene ring, and the C-8-C-
7-C-1-C-6 dihedral angles distribute from —180° to 180°, with the two major peaks at
—75° and 35° (Fig. 5F, H, and I. This suggests that the methyl of ligand 1 can rotate
about the C7-C1 axis more freely than that of ligand 2. As a result, the C-7-O distance
was distributed in a broad range from 3.0A to 5.5 A with a peak at ~4.2 A (Fig. 5D).
The C-8-0 distance was distributed in a similar range but with the two peaks at 3.5 A
and 4.5 A (Fig. 5D). Therefore, unlike ligand 2, the regioselectivity of ligand 1 is not
dominated by the distances between the carbon atoms and the active oxygen atom.
In this case, the lower C-H bond dissociation energy of C-7 might be the major reason
for the regioselectivity (15). The distance distribution between active O and atoms H,,,.
s/Hp05 also showed a broad range between 2.5 A to 6.0 A, but the peak distance of O-
Hpos (3.3 A) is much shorter than that of O-Hpor (5.1 A) (P<0.001) (Fig. 5E). For the
conformations with the two peak dihedral angles (—75° and 35°), the O-H,,, s distances
(4.9 A and 2.9 A) are always shorter than the O-H,,,  distances (6.1 A and 3.7 A) (Fig. 5H
and ). These results also support the S configuration selectivity of the reaction with
ligand 1 as the substrate.

Direct desaturations were observed for substrates 1 and 2. We hypothesize that the
desaturation is most likely the result of a competing pathway following the benzylic
radical intermediate, which is formed from initial hydrogen atom abstraction by com-
pound | (Fig. 5J). The hydroxy group is transferred to the benzylic radical intermediate
to form hydroxylated products, or the terminal methyl group undergoes a second
hydrogen atom abstraction to form desaturated products through diradical intermedi-
ates. Similar mechanisms were previously proposed from the oxidation process of
duclauxin intermediate by DuxD (20) and ethyl carbamate by CYP2E1 (21). The results
of molecular dynamics simulations also show there is sufficient flexibility of the ethyl
group to permit the terminal methyl to approach the oxygen atom, which supports
the desaturated mechanism to a certain extent.

DISCUSSION
The lower efficiency of CreJ for nonnative substrates is likely related to their lower
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binding affinities, as the substrate with lower binding affinity also has a lower conver-
sion ratio. However, besides the binding affinity, multiple factors could affect the cata-
lytic efficiency, such as the bond dissociation energy, the position and angle of the
bond to be oxidized, and substrate conformational dynamics. The C-H bond dissocia-
tion energy for the methyl of methylbenzene is 88.5 kcal/mol, which is slightly higher
than that of C-7 (85.4 kcal/mol) in ethylbenzene (15, 16), but the conversion ratio of p-
methylphenol phosphate is higher than that of p- and m-ethylphenol phosphate sub-
strates. In the crystal structures, the methyl carbon atom of p-methylphenol phosphate
and C-7 carbon atoms of substrates 1 and 2 are located in the distances of 4.7, 4.6, and
4.2 A to the heme iron, respectively, which suggests that the distance to the catalytic
center is not the only reason for the different catalytic efficiencies. Our MD simulations
indicate that the ethyl group of substrate 1 has more flexibility than that of substrate
2. Considering the multiple intermediates in the P450 catalytic circle, this dynamic fea-
ture, or the relatively large space around the catalytic center (like the case of p-methyl-
phenol phosphate), might be necessary for the intermediate formation and intercon-
version. If this is true, future engineering for enhancing the catalytic efficiency of CreJ
for the nonnative substrates should be focused on the enlargement of the substrate-
binding cavity and the increase of the binding affinity.

The TP450 compound | of the Fe(IV)=0 active state is more widely accepted by
researchers in recent studies and reviews (18, 19, 22), but we cannot exclude the possi-
bility of Fe(IV)-O- active state (23-25) in CreJ compound I. To evaluate this, we further
performed MD calculations using Fe(IV)-O- active state. Results showed, for ligand 2,
the distance distributions of the active oxygen to C-7/C-8 and H,,, /H,,, z have a very
similar pattern to that of Fe(IV)=0 active state, which agrees with the experimental S
stereoselectivity (Fig. S2). However, for ligand 1, MD results show the opposite R con-
figuration dominates the hydroxy product (Fig. S2 in the supplemental material), which
disagrees with the enzymatic experiments, reflecting that distance of Fe and active ox-
ygen in compound | active state of CreJ has a significant effect on chiral selectivity of
this substrate. These MD results support a Fe(IV)=0 active state of compound | for Crel.

Direct desaturations have been reported in some P450 enzymes, and several P450
enzymes were reported to produce mainly or only desaturated products (14).
Although the desaturation products generated by CreJ are minor relative to the alco-
hols, this P450 enzyme exhibits catalytic promiscuity with the ability of both hydroxyla-
tion and desaturation in addition to its excellent substrate compatibility. Considering
that the mechanism of desaturation by P450 enzymes is still not very clear, CreJ might
be a very good candidate to study the issue.

Taken together, using the synthesized phosphorylated p- and m-ethylphenols as
the substrates, we elucidate the Crel-catalyzed key steps for selective oxidations. The
enzymatic, structural, and simulated results in this study provide not only significant
mechanism insights into the regio- and stereoselective oxidations mediated by CreJ
but also promising directions for the future engineering efforts for CreJ toward more
useful products.

MATERIALS AND METHODS

Chemical synthesis of phosphate substrates. Compound 1 (p-ethylphenol phosphate) was chemi-
cally synthesized according to our previous report (11). For the synthesis of compound 2 (m-ethylphenol
phosphate), procedures were carried out following the overview scheme in Fig. S3 in the supplemental
material. The structures of synthetic compounds were confirmed by HRMS (Fig. S4 and S5) and nuclear
magnetic resonance (NMR; Table S2; Fig. S6 and S7).

(i) Synthesis of diethyl (3-ethylphenol) phosphate. To a solution of m-ethylphenol (0.61g,
5mmol) dissolved in carbon tetrachloride (10 ml), diethyl phosphite (0.77 ml, 6 mmol) was added at 0°C
under argon atmosphere. Triethylamine (0.83 ml, 6 mmol) was carefully added dropwise to the mixture
using a dropping funnel. The mixture was stirred overnight at room temperature. Water (15 ml) was
added, and the organic layer was separated. The organic layer was washed twice with dilute hydrochlo-
ric acid (2 x 15ml), four times with dilute sodium hydroxide solution (4 x 15ml), and twice with brine
(2 x 15 ml) before being dried over anhydrous MgSO,. The removal of solvent on rotary evaporator gave
a crude, which was further purified by silica gel column chromatography using a petroleum ether/ethyl
acetate (4/1, vol/vol) mixture to afford diethyl (3-ethylphenol) phosphate (1.23 g). The yield was 95%.
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(ii) Synthesis of m-ethylphenol phosphate 2. Diethyl (3-ethylphenol) phosphate (1.23 g, 4.8 mmol)
was dissolved in dry CH,Cl, (30 ml). Then, bromotrimethylsilane (6.3 ml, 48 mmol) was added to the solu-
tion, and the mixture was heated to reflux for 18 h under argon atmosphere. The solvent was evapo-
rated, and the residue was dissolved in anhydrous methanol (30 ml). The solution was stirred for 30 min
at 40°C. Then, the resulting solution was concentrated to give phosphate 2 (0.91 g). The yield was 94%.

Protein expression and purification. Proteins CreH, Crel, CreJ, CreE, CreF, and CreD were expressed
and purified according to the published procedures (11). The concentration of functional P450 was cal-
culated using the extinction coefficient (£,450 nm-a90nm) Of 91,000 M~"-cm~". Concentrations of non-P450
enzymes (CreH, Crel, CreE, CreF, and CreD) were determined by the Bradford method using bovine se-
rum albumin (BSA) as the standard (26).

Crystallization, data collection, and structure determination. The CreJ protein (~15mg-ml~") in
the buffer (10 mM Tris-HCI, 100 mM NaCl, pH 7.4) was mixed with 10 mM substrate 2 before crystalliza-
tion. The crystals of the CreJ-2 complex were obtained using commercial high-throughput screening kits
(Hampton Research) and the hanging drop vapor diffusion method with 1 ul of the CreJ protein with
1 ul of well solution. The crystals used for X-ray data collection were obtained in 0.2 M lithium chloride
and 20% polyethylene glycol 3350 (PEG 3350), pH 6.8. All crystals were cryoprotected by soaking in well
solution supplemented with 30% (vol/vol) glycerol for 30's and then flash-cooled to 100K in liquid nitro-
gen. The data were collected at the Shanghai Synchrotron Radiation Facility, Beamline BL18U, in a 100 K
nitrogen stream (27). Data indexing, integration, and scaling were conducted using XDS (28). The CreJ
structure was determined by molecular replacement using CCP4 program suite (Collaborative
Crystallographic Project number 4) and the PDB file 5GWE as a search model (11, 29). Refinement of the
structure was performed using the programs Coot and PHENIX (30, 31). All molecular graphics were cre-
ated using PyMOL (Schrédinger, LLC; http://www.pymol.org/).

Enzyme assays. Enzymatic assays were carried out in 100 ul of 50 mM Tris-HCl buffer (pH 8.0) at
30°C. The reaction mixtures contained CrelJ, CreE, CreF, 1 mM substrate (1 or 2), and 2mM NADPH. Each
enzyme was adjusted to a final concentration of 10 wM. After incubation at 30°C for 2h, CreD (10 uM
final concentration) and its cofactor Mg?* (20 mM final concentration) were added into the mixtures, fol-
lowed by another 2 h of incubation.

Substrate-binding assays. Spectroscopic substrate-binding assays were performed by recording
absorbance curves from 350 nm to 550 nm on a UV-visible spectrophotometer (Infinite M200 Pro; Tecan)
(32). We titrated 1 uM P450 CreJ in 1 ml of 50 mM sodium phosphate solution (pH 7.4) with a 100-mM
substrate solution. Data consisting of absorbance differences AA (Aq, ., — Asz nm) @nd corresponding
substrate concentrations (ranging from 0.02 to 0.8 mM) were plotted and fitted to the hyperbolic func-
tion AA=A_., S/(K, + S) (S for the total substrate concentration, A_,, for the maximal absorption shift at
saturation, and K|, for the apparent dissociation constant of the enzyme-substrate complex).

Analytical methods for product identification. Three volumes of MeOH were added to quench in
vitro enzymatic reactions, and the precipitated proteins were removed by centrifugation at the maxi-
mum speed for 10 min. Supernatants were analyzed with an Agilent 1260 Infinity high-performance lig-
uid chromatography (HPLC) system (Agilent Technologies, USA) with a photodiode array detector. A
Triart C18 column (YMC Co., Ltd., Japan) was used for compounds separation with a linear mobile phase
gradient ranging from 2% (vol/vol) acetonitrile in 0.1% (vol/vol) trifluoroacetic acid (TFA) aqueous solu-
tion to 80% (vol/vol) acetonitrile in 0.1% (vol/vol) TFA aqueous solution over 30 min. The injection vol-
ume was 10 ul, and the flow rate was set to 1T ml/min. The detection wavelength was set to 275 nm.
HRMS was recorded in the negative or/and positive ionization mode on an LCQ Deca XP Plus ion trap
mass spectrometer (Thermo Finnigan, San Jose, CA, USA). Structural assignments of metabolites were
performed by comparing the retention time of a detected compound with the corresponding authentic
standard, as well as HRMS data. Chiral HPLC analysis was performed according to our previous report
(11). The two enantiomers of products 1'a and 2'a were, respectively, separated on a chiral column using
an isocratic mobile phase of hexane containing 10% isopropanol over 60 min. The absolute configura-
tion was confirmed by retention time comparison with the enantiomerically pure authentic standards.

Molecular dynamics simulation. The molecular dynamics (MD) simulations were performed with
the GROMACS package (33). The initial coordinates of protein and ligands were assigned based on the
X-ray crystal structure. The P450 compound | active state was constructed by adding O above the Fe of
the heme. Two MD simulations were separately performed using Fe(IV)=0 active state and Fe(IV)-O-
active state. The distances of Fe-O were set to 1.65A and 1.81 A in P450 compound | of Fe(IV)=0 active
state (18, 19) and Fe(IV)-O- active state (23, 24), respectively. The protonation states of the phosphate
group of the ligand were assigned by PROPKA 3.1 (34) at pH 7.4. CHARMM36 force field and CHARMM
general force field (CGenFF) were used for modeling protein and ligand, respectively. The parameters of
the heme ring and Fe=O moiety were adopted according to a previous report (35). An isothermal-iso-
baric (NPT) ensemble was adopted in the initial relaxation of simulation systems. The pressure was con-
trolled to be 1 bar by the Parrinello-Rahman method (36, 37). The temperature was maintained at 300 K
by the usage of the Nose-Hoover thermostat (38). The particle-mesh Ewald method (39, 40) was used to
evaluate the contributions of the long-range electrostatic interactions. Nonbonded interactions were cut
off at 1.2nm using the Verlet scheme (41) and a force switch at 1.0 nm for the van der Waals modifier.
All bonds to hydrogen atoms in the protein were constrained using the LINC algorithm (42), whereas
bonds and angles of water molecules were constrained by the SETTLE algorithm (43). A time step of 2fs
was used. After 500 ps of preequilibrium with protein C* atoms and ligand restrained using positional
restraints force constant of 1,000 kJ mol~"-nm~2, 10 ns of production MD was carried out. The trajectory
was saved every 10 ps.

max
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Data availability. Coordinates and associated structure factors have been deposited in Protein Data
Bank (PDB) with the PDB ID 7CCF.
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