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In the direct hydroxylation of C-H bonds by cytochrome P450s, their regioselectivities between primary
and secondary carbons depend strongly on their C-H bond-dissociation energies. Thus, selective
hydroxylation at the terminal position is a challenging task because of its low reactivity compared with
internal positions. On the other hand, CYP153A33 can hydroxylate long fatty acids with high regioselectivity
at the terminal position. For highly selective hydroxylation of gaseous alkanes at the terminal position, we
herein combined CYP153A33 with substrate analog decoy molecules to alter the substrate specificity of the
enzyme. Perfluoroacyl amino acids can effectively activate CYP153A33 and facilitate the regioselective
hydroxylation of propane at the terminal position to afford 1-propanol (1-propanol/2-propanol = 80/20). In
addition, we found that the use of CYP153A33 with decoy molecules also enables the hydroxylation of
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Introduction

Enabling unreactive C-H bonds to undergo transformations
is a crucial chemical process, allowing for the creation of a
wide range of functional molecules. Among these, the direct
addition of hydroxyl groups to alkanes has garnered
significant attention in both synthetic catalyst research and
natural enzyme research due to the versatility of hydroxyl
groups in various chemical conversions." The primary
challenge encountered in the direct hydroxylation of
hydrocarbons through C-H bond abstraction lies in the
manipulation of regioselectivity. This is attributed to the fact
that the effectiveness of hydroxylation at different C-H
positions within substrates is greatly influenced by the bond-
dissociation energy (BDE) of the respective C-H bonds.
Taking for example propane, the BDE of primary C-H bonds
(101 kecal mol™) surpasses that of secondary C-H bonds (98
kecal mol™). This discrepancy leads to elevated hydroxylation
efficiencies at secondary carbon sites, giving rise to the
formation of 2-propanol.”> Achieving selective hydroxylation of
terminal C-H bonds in hydrocarbons remains a considerable
hurdle in the realms of both synthetic catalysis and enzymatic
chemistry.?
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In nature, cytochrome P450s (P450s), which contain heme
as a reaction center, catalyze the direct hydroxylation of inert
C-H bonds. This enzyme is essential for many different
functions in living organisms, such as making important
molecules and breaking down drugs.* P450s generate a
highly reactive oxidative species, known as ‘Compound T’,
during their catalytic cycle through the reductive activation of
molecular  oxygen.”® Because they possess potent
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Fig. 1 Schematic images of native reactions and substrate-

misrecognition systems with P450BM3 and CYP153. (a) Native reaction
of P450BM3. (b) Substrate-misrecognition system of P450BM3 for
propane hydroxylation to afford 2-propanol. (c) Native reaction of
CYP153. (d) Substrate-misrecognition system of CYP153 for propane
hydroxylation to afford 1-propanol.
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hydroxylation abilities and can effectively use molecular
oxygen, P450s are gaining attention for their possible use as
biocatalysts in alkane hydroxylation reactions.””® Among the
abundant series of P450s, P450BM3 (CYP102A1), which is
isolated from Priestia megaterium, can be regarded as a
promising candidate for biocatalysts because P450BM3
exhibits one of the highest catalytic efficiencies in
subterminal hydroxylation of long fatty acids (Fig. 1a).” To
apply P450BM3 for the hydroxylation of non-natural
substrates, including small alkanes, a multitude of modified
versions of P450BM3 have been engineered.'®?® These
variants have been generated with the aim of modifying the
pockets in which the substrates bind. Deviating from
conventional mutagenesis methods, we have previously
pioneered a distinctive approach to modify the substrate
preferences of P450BM3. This innovative technique involves
the utilization of synthetic substrate analogs, decoy
molecules with lengths that are shorter than that of natural
substrates, to create an artificial reaction space around the
heme in P450BM3 (Fig. 1b).>'"** Within this reaction setup,
referred to as a substrate-misrecognition system, the
molecular configurations of decoy molecules wield significant
influence substrate  preferences, stereoselective
behaviors, and catalytic effectiveness.”> We have achieved
extremely efficient hydroxylation of propane (2200 min™") and
ethane (83 min™") by using optimal decoy molecules with the
support of an original high-pressure reactor.>*>” While the
hydroxylation of alkanes by P450BM3 has been subjected to
investigation, achieving proficient terminal
hydroxylation of these compounds has remained elusive. For
instance, our reaction system in wild-type P450BM3 shows
high selectivity to the internal position of propane to afford
2-propanol (1-propanol/2-propanol = ca. 5:95) even in the
presence of a wide variety of decoy molecules,*® possibly due
to the larger size of the reaction space around the heme
formed by decoy molecules than those by small alkanes such
as propane.

In pursuit of achieving effective terminal hydroxylation in
short alkanes such as propane, our attention turned to
CYP153A33 derived from Marinobacter aquaeolei. This enzyme
has the capacity to facilitate hydroxylation in fatty acids
spanning a wide spectrum of chain lengths (C9-C20).
Moreover, it demonstrates a pronounced preference for
terminal C-H bonds, showcasing significant regioselectivity.
CYP153A33 belongs to the CYP153 family, which is classified
under bacterial class I P450 enzymes. These enzymes
necessitate three key components: the P450 enzyme itself,
along with two supplementary reductases. These components
work collaboratively to achieve a sequential intermolecular
electron transfer from NADH to the heme group.*® Founded
on the crystal structures of CYP153A33, it harbors a tunnel-
like, slender substrate pocket that is directed toward the
heme region.”® Owing to this constrained pocket, the end
portion of extended fatty acids can be precisely positioned
near the heme moiety. This positional control substantially
contributes to the remarkable preference of the enzyme for
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terminal sites in its catalytic reactions. While CYP153A33 has
been documented for its ability to execute the terminal
hydroxylation of n-butane, it struggles to engage proficiently
with smaller, non-native substrates. This limitation is
attributed to the specialized shape of its pocket, which is
tailored primarily for fatty acids.*® Accomplishing the target
hydroxylation of propane at the terminal site to produce
1-propanol remains an ongoing challenge.

In this study, we endeavored to overcome the
regioselectivity influenced by BDE during the hydroxylation
of hydrocarbons, with a specific focus on gaseous alkanes. To
address this challenge utilizing P450 enzymes, it becomes
imperative to resolve two issues simultaneously: enhancing
the substrate specificity of P450s to accommodate small
alkanes, and refining their terminal regioselectivity. We
identified CYP153A33 as a promising hydroxylase for the
terminal hydroxylation of gaseous alkanes, including
propane. Given that CYP153A33 potentially possesses an
optimal structure around the heme for terminal
hydroxylation, our remaining task was to alter its substrate
specificity to accommodate small alkanes (Fig. 1d). We
implemented a substrate-misrecognition approach for
CYP153A33 to accomplish the terminal hydroxylation of
gaseous alkanes such as propane. CYP153A33 can efficiently
respond to second-generation decoy molecules, especially
PFC9-Gly, and induce hydroxylation from propane to
1-propanol with high regioselectivity to the terminal position.

Experimental

Hydroxylation of propane, n-butane, or ethane by CYP153A33
using decoy molecules: general procedure

A gas-saturated buffer solution (propane/oxygen: 80:20, v:v)
containing CYP153A33, PdR, Pdx (final 1 uM, 5 uM, 10 uM) and
a DMSO solution of decoy molecules (final 100 uM) with 20 mM
Tris-HCl (pH 7.4) and 100 mM KCl was injected into a high-
pressure reaction vessel. The reaction vessel was connected to
an HPLC-based high-pressure reactor.’® After exchanging the
gas in the system with N, the substrate gas (propane, n-butane,
or ethane; 0.5 MPa) was introduced into both the reaction vessel
and 1 mL loop. Pressurization buffer (20 mM Tris-HCI pH 7.4
and 100 mM KCl) was then flowed to the reaction vessel by
using an HPLC pump to pressurize the substrate gas in the
reaction vessel. During pressurization, a buffer solution
containing NADH (final 5 mM) was injected into the reaction
vessel from the NADH loop. When the internal pressure reached
the desired pressure (5 MPa), the valve of the reaction vessel
was closed, and the reaction vessel was vortexed at room
temperature for 1 h. After the enzymatic reaction, a sample of
the reaction mixture (15 pL) was taken to determine the
consumption of NADH by measuring the absorption at 340 nm.
To the reaction mixture (200 pL) was added a solution of
3-pentanol in DMSO as an internal standard, and the mixture
was extracted with CH;CI (200 pL). The extracted organic phase
was directly analyzed using a GCMS 2010SE (Shimazu, DI 2010)
equipped with an Rtx-1 column (Restek Corp.).
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Hydroxylation of **C-labeled methane (**CH,) in a high-pressure
reactor at 10 MPa

3C-labeled methane (*CH,) hydroxylation by CYP153A33
was performed based on a procedure for methane
hydroxylation by P450BM3.*" A '*CH,-saturated buffer
solution containing CYP153A33, PdR, Pdx (final 1 uM, 5 uM,
10 uM, respectively) and a DMSO solution of decoy molecules
(final 100 uM) in 50 mM KPi buffer (pH 7.4) was injected into
a high-pressure reaction vessel. Initially, the fluid lines of the
reactor were purged with N, gas, and then ethane gas was
injected into both the reaction vessel and a line connected to
the reaction vessel. Thereafter, to pressurize '*CH, gas in the
reaction vessel, a buffer solution (50 mM KPi buffer (pH 7.4))
was flowed into the line wusing an HPLC pump.
Simultaneously, a buffer solution containing NADH (final 10
mM) was also added to the reaction vessel to start the
reaction. When the pressure in the reaction vessel reached 10
MPa, the pressurization line was closed, and the reaction
vessel was vortexed at room temperature for 1 h. The NADH
consumption was estimated as follows: 20 puL of the reaction
mixture following a 1 h reaction was diluted by a factor of 50
and the absorbance of NADH at 340 nm was measured. The
concentration of NADH was calculated by using the reported
molar extinction coefficient &;,, of 6220 M ' cm™'. The
amount of "*CH;0H produced was estimated with a GCMS
QP2020 (Shimadzu) equipped with an Rtx-1 column (Restek
Corp.) through concentrating "*CH;OH by SPME (PAL RTC
system (CTC)). The SPME method was constructed through
optimization based on a reported method for concentrating
ethanol from water.>”> The SPME method utilized an SPME
Arrow Carbon WR/PDMS-120 um fiber (CTC) that was cleaned
at 250 °C before sample extraction and after sample
desorption. The reaction mixture of "*CH, hydroxylation (200
pL) in a 20 mL vial was heated at 50 °C for 30 min prior to a
10 min extraction by SPME performed by inserting the fiber
into the headspace above the reaction solution in the vial.
Samples were agitated during extraction with a Heatex stirrer
(CTC). The adsorbed "CH;OH on the fiber was desorbed
after extraction for 1 min in the injection port at 240 °C.

Results and discussion

CYP153A33 was expressed by following established
protocols.”® A plasmid containing a chemically synthesized
gene coding for the CYP153A33 sequence was purchased, and
then amplified using polymerase chain reaction. The
extracted gene was inserted into a template plasmid
(pET28a(+)) and then transformed into Escherichia coli JM109
for the amplification of plasmids coding for CYP153A33.
After purification of the plasmids and transformation into
competent cells of E. coli Arctic Express (DE3), the
overexpression of CYP153A33 was induced by the addition of
isopropyl-B-p(-)-thiogalactopyranoside, and the desired
CYP153A33 was purified by using anion-exchange and gel
permeation columns. Because we mainly obtained
CYP153A33 as inclusion bodies by expression using
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conventional E. coli strains such as BL21(DE3), E. coli Arctic
Express (DE3) was used to improve the expression level of
CYP153A33 in soluble fractions through slow expression at
low temperatures. In contrast to self-sufficient P450s such as
P450BM3, CYP153A33, which is classified as a class I P450,
requires appropriate redox partners. Although the native
partners of CYP153A33 are ferredoxin (Fdx) and ferredoxin
reductase (FAR) from M. aquaeolei, it has been reported that
putidaredoxin (Pdx) and putidaredoxin reductase (PdR) from
Pseudomonas putida can also activate the CYP153A family.*?
Pdx and PdR were separately prepared by conventional E. coli
expression systems. Because their catalytic performances in
class I P450s strongly depend on the efficiencies of electron
transfers between P450s and two redox partners, we carried
out the optimization of the ratio of these three components
through hydroxylation of lauric acid without decoy
molecules.** Comparison of two series of CYP153A33/Pdx/
PdR ratios, 1:10:5 and 1:60:1, respectively, shows that the
former ratio with 3 uM CYP153A33 exhibited the highest
hydroxylation efficiencies (Fig. S1t). Therefore, we used this
ratio and concentration as optimal conditions for further
investigation of the adaptation of decoy molecules.

Propane hydroxylation was conducted in the presence of
decoy molecules to confirm the applicability of CYP153A33 to
a misrecognition system for alteration of its substrate
specificity. In the case of P450BM3, third-generation decoy
molecules that consist of amino acids or dipeptides modified
with various N-substituents without fluorine atoms can serve
as the most potent decoys in the hydroxylation of non-native
substrates such as benzene.”* However, the unique shape of
the substrate pocket of CYP153A33 prompted us to test its
responsiveness toward various types of decoy molecules,
including first- (simple perfluorocarboxylic acids, PFC9-
12),>"** second- (perfluorocarboxylic acid-modified amino
acids, PFCn-Gly (n = 6-11) and PFC9-AA (AA = Ala, Val, Leu,
Phe, or Trp)),”* and third-generation decoys (non-fluorinated
carboxylic acid-modified amino acids such as C9-Gly)**
(Table 1). As expected, high terminal selectivity (ca. 80%) in
propane hydroxylation by CYP153A33 was observed in the
case of all tested decoy molecules, indicating that the unique
structure of CYP153A33 plays a dominant role in achieving
such a high terminal selectivity. The third-generation decoy
molecules, such as C9-Gly, were not effective for the
activation of CYP153A33, which is clearly different from
P450BM3. CYP153A33 preferentially recognized decoy
molecules bearing long perfluoroalkyl chains, which seems
to be essential for the induction of its catalytic properties.
Similar to P450BM3, second-generation decoy molecules can
activate CYP153A33 more efficiently than first-generation
decoy molecules.”® Although P450BM3 can be effectively
activated by second-generation decoy molecules containing
bulky amino acids such as Phe and Trp, the efficiency of
propane hydroxylation by CYP153A33 was observed to
increase linearly as the size of the amino acid side chain in
the second-generation decoy molecules decreased (Fig. S2a
and bt). In addition, unlike P450BM3, which can utilize

This journal is © The Royal Society of Chemistry 2023
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decoy molecules of a wide range of lengths, CYP153A33
strongly prefers those with PFC9 and PFC10 chain lengths of
the PFCn-Gly type (Fig. S2c and dt).*® Among the tested
decoys, PFC9-Gly demonstrated the highest propane
hydroxylation efficiency, achieving a turnover number (TTN)
of 1163 in an enzymatic reaction over 1 h while maintaining
high terminal selectivity.

To obtain insights into the binding modes of decoy
molecules with CYP153A33, docking simulations using the
crystal structure of CYP153A33 with hydroxylated lauric acid
(PDB:5FYG) were performed (Fig. 2).>> The distances of the
termini of PFC9-Gly or PFC9-Ala to heme were about 7 A,
which is longer than that of hydroxylated lauric acid,
supporting the conclusion that these decoy molecules can
form a vacant space around heme to bind non-native
substrates such as propane. The docking structures around
amino acid moieties of decoy molecules show that only small
spaces might remain around the methyl group of the side
chain of PFC9-Ala, which are consistent with the high
availabilities of second-generation decoys having small side
chains toward CYP153A33.
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Fig. 2 Docking simulation of CYP153A33 with PFC9-Ala calculated with
AutoDock Vina. The crystal structure of the lauric acid-bound form of CYP153A33
(PDB: 5FYG) was used as a rigid receptor for the docking of PFC9-Ala.

Table 1 Propane hydroxylation by CYP153A33 in the presence of various types of decoy molecules. [Propanol] = [1-propanol] + [2-propanol], TTN =
[propanoll/[CYP153A33], coupling efficiency = [propanoll/[NADH consumption] x 100. Reaction conditions: CYP153A33 (1 uM), Pdx (10 uM), PdR (5 uM),
propane (5 MPa), decoy molecule (100 uM), NADH (5 mM), and Tris-HCl buffer (20 mM Tris-HCL, 100 mM KCl, pH 7.4), at room temperature for 1 h

CYP153A33
Pdx, PdR
Decoys
NADH oH
o~ —NADH__ oM Py
Propane Tr'S'Hfl 1(F;1H7'4) 1-Propanol 2-Propanol
5 MPa tal: (major ca. 80%) (minor)
Decoy Propanol 1-Propanol/ NADH Coupling
molecule concentration (mM) TTN (1 h) 2-propanol consumption (mM) efficiency (%)
No decoy 0.246 + 0.009 246 £ 9 77/23 1.2+0.1 201
PFC9 0.311 + 0.039 311 £ 39 79/21 1.2 +£0.2 25+5
PFC10 0.237 + 0.058 237 £ 58 78/22 1.3+£0.2 182
PFC11 0.173 + 0.027 173 £ 27 77123 1.1+0.3 16 +4
PFC12 0.457 + 0.042 457 £ 42 79/21 1.6 £0.1 281
PFC6-Gly 0.159 + 0.013 159 £ 13 89/11 1.0+ 0.1 16 +£5
PFC7-Gly 0.276 + 0.005 276 £ 5 79/21 1.1+0.1 26 2
PFC8-Gly 0.380 + 0.039 380 + 39 79/21 1.6 £ 0.3 24 +3
PFC9-Gly 1.163 + 0.087 1163 + 87 81/19 3.0+0.3 39+2
PFC10-Gly 1.095 + 0.047 1095 + 47 81/19 2.3+£0.1 47 +4
PFC11-Gly 0.491 + 0.069 491 + 69 80/20 1.6 £ 0.1 32+3
C9-Gly 0.286 286 80/20 1.1 25
PFC9-Ala 0.844 + 0.112 844 + 112 80/20 2.2+0.1 38+5
PFC9-val 0.763 + 0.032 763 £ 32 81/19 1.9+0.1 39+2
PFC9-Leu 0.630 + 0.069 630 + 69 81/19 1.6 £ 0.2 39+3
PFC9-Phe 0.304 + 0.052 304 £ 52 79/21 1.2+£0.1 25+3
PFCO-Trp 0.237 + 0.150 237 £15 78/22 1.8 +£0.2 14 +2

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Propane hydroxylation with CYP153A33 or P450BM3 in the
presence of PFC9-Gly under similar conditions. Reaction conditions
for CYP153A33:CYP153A33 (1 uM), Pdx (10 uM), PdR (5 uM), propane (5
MPa), PFC9-Gly (100 uM), NADH (5 mM), Tris-HCl buffer (20 mM Tris-
HCl, 100 mM KCl, pH 7.4), at room temperature for 1 h. Reaction
conditions for P450BM3:P450BM3 (1 uM), propane (5 MPa), PFC9-Gly
(100 puM), NADPH (5 mM), Tris-HCL buffer (20 mM Tris-HCL, 100 mM
KCL, pH 7.4), at room temperature for 1 h.

In time-course studies of propane hydroxylation with
CYP153A33, both the production of propanol and the
consumption of NADH slowed down after 1 h, potentially
because of the inactivation of its redox partners (Fig. S37).
When comparing the regioselectivities and efficiencies of
CYP153A33 and P450BM3 in propane hydroxylation for 1 h
under the same reaction conditions, the regioselectivities for
1-propanol/2-propanol were the opposite. This indicates that
the desired propanol isomers can be separately obtained by
the choice of appropriate P450 enzymes (Fig. 3). Compared
with those of P450BM3, which consumed almost all NADPH
molecules (5 mM) within 10 min and showed extremely high
turnover frequencies,”® the reaction rates of CYP153A33 were
significantly ~ slower. ~However, CYP153A33  displayed
approximately half the total turnover number for 1 h, with
around 60% consumption of NADH, indicating that
CYP153A33 may be a promising counterpart to P450BM3 for
regioselective propane hydroxylation.
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rt. 1hr
aliFa TIN=234 + 7
Selectivity 77%
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5 MPa o
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Pdx, PdR
PFCO-Gly
NADH
CHy —————  3CH;0H
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1ompa  (PH7:4)
rt.1hr TTN =0.82

GCMS chart of methane hydroxylation
13CH,OH

Intensity of *CH,OH

34 35 36 37 38 39
Retention time (min)

Fig. 4 Hydroxylation of n-butane, ethane, and methane with
CYP153A33 in the presence of PFC9-Gly. Reaction conditions:
CYP153A33 (1 uM), Pdx (10 puM), PdR (5 uM), substrate gas (n-butane
and ethane: 5 MPa, methane (*CH,4): 10 MPa), PFC9-Gly (100 uM),
NADH (5 mM), Tris-HCl buffer (20 mM Tris-HCL, 100 mM KCl, pH 7.4),
at room temperature for 1 h.

Finally, the applicability of the reaction system of
CYP153A33 with decoy molecules was tested through the
hydroxylation of n-butane, ethane, and methane (Fig. 4). As
expected, high terminal selectivity was also observed in the
hydroxylation of n-butane. As might be expected due to the
low maximum pressure of n-butane for phase transition to
a liquid, the TTN values in n-butane hydroxylation were
lower than those in propane hydroxylation. In addition,
CYP153A33 can also hydroxylate ethane in the presence of
suitable decoy molecules, with a TTN of 301 for a 1 h
reaction; the TTN values were comparable to those
observed with P450BM3 (TTN of 280 for 10 min in the
presence of PFC9-Phe). Finally, we tested direct methane
hydroxylation with CYP153A33 with its redox partners in
the presence of PFC9-Gly under 10 MPa '“CH,. After
reaction for 1 h at room temperature, a peak
corresponding to *CH;OH was detected by GCMS analysis,
and its TTN reached 0.82, which is lower than that by
P450BM3 under similar conditions (TTN = 4.0 for 1 h).*!
Given that the catalytic properties of CYP153A33 differ
from those of P450BM3, there may be potential for further

This journal is © The Royal Society of Chemistry 2023
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improvement of methane hydroxylation efficiencies through
the precise optimization of reaction conditions.

Conclusions

We have succeeded in the regioselective hydroxylation of
propane and n-butane at their terminal positions by using a
combination of CYP153A33, which originally has terminal
selectivity in the hydroxylation of long fatty acids, and
appropriate decoy molecules. Because P450BM3 can
efficiently convert propane into 2-propanol, we have the
option to choose the most suitable P450 enzyme: either
CYP153A33 for 1-propanol or P450BM3 for 2-propanol. We
have demonstrated that the combined system of CYP153A33
with decoy molecules exhibits hydroxylation reactivities with
ethane and methane. While our research focused solely on
the hydroxylation of small alkanes, it is expected that
CYP153A33 may exhibit different selectivities for other
substrates, such as small aromatic compounds. Furthermore,
the terminal-selective reaction system of CYP153 could
potentially be applied to whole-cell transformation through
the development of cell-membrane-permeable decoy
molecules. Research along these lines is ongoing in our lab.
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