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Cytochrome P450 OleT is a fatty acid decarboxylase that uses hydrogen peroxide (H,05) to catalyze the pro-
duction of terminal alkenes, which are industrially important chemicals with biofuel and synthetic applications.
Despite its requirement for large turnover levels, high concentrations of H,0, may cause heme group de-
gradation, diminishing enzymatic activity and limiting broad application for synthesis. Here, we report an ar-
tificial enzyme cascade composed of glucose oxidase (GOx) and OleTs, from Staphylococcus aureus for efficient
terminal alkene production. By adjusting the ratio of GOx to OleTss, the GOx-based tandem catalysis shows

significantly improved product yield compared to the H,0, injection method. Moreover, the co-assembly of the
GOx/0OleTs, enzymes with a polymer, forming polymer-dual enzymes nanoparticles, displays improved activity
compared to the free enzyme. This dual strategy provides a simple and efficient system to transform a naturally
abundant feedstock to industrially important chemicals.

1. Introduction

Driven by the shortage of fossil fuel reserves and increasing en-
vironmental concerns, tremendous efforts have been undertaken to
transform bio-based feedstock into chemicals (Corma et al., 2007;
Bhatia et al., 2019) and fuels (Potocnik, 2007; Mateo et al., 2020).
Among them, the conversion of bioavailable carboxylic acids (e.g., fatty
acids) into terminal alkenes attracts attention because of their appli-
cations as next-generation fuels and key chemicals for the production of
lubricants, surfactants, detergents, plastics, etc (Peralta-Yahya et al.,
2012; Ray et al., 2012; Lane and Burgess, 2001). To achieve this goal,
different methodologies have been developed such as esterification,
amidation (Aransiola et al., 2014) and chemical reductions (Das et al.,
2012). Despite of the success of these methods, the requirement of
precious transition metal catalysts and the harsh reaction conditions
often raise environmental concerns. Therefore, enzyme-catalyzed oxi-
dative decarboxylation reactions that can directly produce terminal
alkenes in mild conditions provide viable alternative approaches
(Dennig et al., 2016; Lu et al., 2018).

A promising enzymatic alternative, cytochrome P450 OleT from
Jeotgalicoccus sp. 8456, was first identified as an efficient olefin pro-
ducer by Rude and coworkers (Rude et al., 2011). OleT catalyzes the
oxidative decarboxylation of fatty acids to yield primarily terminal al-
kenes and CO; or minor a- and -hydroxylated fatty acids side-products
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(Grant et al., 2015; Rude et al., 2011). Whereas the majority of P450s
activate atmospheric O, using pyridine dinucleotide as a reducing
source and an auxiliary redox chain (Munro et al., 2018), the OleT
enzyme utilizes H,0, as the only electron- and oxygen-source
throughout the catalytic cycle (Fig. 1a) (Wise et al., 2018). Unlike NAD
(P)H, H-0,, is inexpensive and easily scalable, and previous efforts have
sought to rewire P450s for efficient peroxide utilization (Joo et al.,
1999). However, the low turnover rate and low stability in the presence
of excess Hy05 limit the practical use of OleT. Very recently, a func-
tional ortholog from Staphylococcus aureus, OleTsa (Amaya, 2018; Jiang
et al., 2019), was characterized by us and others that possesses im-
proved features including enhanced solubility and high stability. These
features enable this ortholog to be a promising candidate for production
applications.

One major issue of the H,0,-dependent biocatalysts towards their
industrial applications is enzyme inactivation (Burek et al., 2019). High
concentrations of peroxide will generally oxidize some key amino acids
(e.g. methionine) in the vicinity of enzyme active site (Ogola et al.,
2010) or directly destroy the porphyrin cofactor, resulting in bleaching
of the heme (Ayala et al., 2011). To alleviate this issue, controlling the
concentration of peroxide during the catalytic reactions by employing
in situ generation techniques provides a facile way to reduce the per-
oxide-related enzyme inactivation (Amaya et al., 2016; Burek et al.,
2019). To date, photochemical and biological approaches that generate
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Fig. 1. (a) Scheme of the cytochrome P450 OleT enzyme catalytic cycle. OleT is in a low-spin ferric resting state with its heme iron axially coordinated by cysteine
thiolate and a H,O molecule, which shows a maximum Soret band at 418 nm (Munro et al., 2018). Substrate binding displaces the axial water and converts the heme
iron from low-spin to a high-spin state with a maximum Soret band at 394 nm (Munro et al., 2018). Subsequent H>0, activation forms Compound I (Grant et al.,
2015), which abstracts a hydrogen atom from the Cy position (HAT step), resulting in formation of a substrate radical and the Fe**-hydroxo species (compound II)
(Grant et al., 2016). Further substrate oxidation, and recruitment of a proton results in the elimination of CO, (PCET step) and terminal alkene formation. (b)
Schematic representation of GOx/OleTSA cascade using glucose as a substrate to produce H»O> in situ.

H50; in a controlled manner have been reported to leverage OleT en-
zyme catalysis. Zachos and colleagues described an in situ HyO5-gen-
eration system that uses light to excite flavin cofactors with ethylene-
diaminetetraacetic acid (EDTA) as an electron donor, which converts
dioxygen to Hp0, to active the OleT,r enzyme for terminal alkenes
production (Zachos et al., 2015). Matthews et al. reported an enzyme
genetic fusion system in which OleT ; was linked to alditol oxidase
(AldO). With this system, polyol substrates were fed as AldO substrates
to generate HyOy (Matthews et al., 2017). While the overall design is
very innovative, the low expression level of the recombinant protein
and the fixed ratio of the two enzymes may limit its applications. Some
H505-independent methods were reported to employ the O, activating
pathway to active OleT catalysis for alkene production (Liu et al.,
2014). While it represents a very interesting reaction pathway (Wise
et al., 2018), the usage of expensive reducing sources (e.g. NADH,
NADPH) and redox partners limit their synthetic applications in vitro.
On the other hand, these initial investigations inspired us to explore
more simple and efficient in situ H,O,-generation methods to improve
OleTsa catalysis for biofuel production.

In this work, we report the use of glucose oxidase (GOx) and sugars
as substrates to efficiently drive OleTsa catalysis in an adjustable

manner (Fig. 1b). GOx is a flavoenzyme that metabolizes p-glucose by
using molecular oxygen as an electron acceptor with simultaneous
production of HyO5 (Wilson and Turner, 1992). GOx is widely used in
food, textile, and glucose-sensing industries because of its high stability
and catalytic efficiency (Bankar et al., 2009). Other substrates of GOx
include p-mannose, p-galactose and p-xylose (Adams et al., 1960),
which are all abundant and renewable feedstocks. Moreover, GOx has
significantly varied kinetics with different substrates (Gibson et al.,
1964), which enables one to regulate the HyO,-generating process. The
data presented in this manuscript demonstrates improved catalytic ef-
ficiency of OleT enzyme when coupled with the GOx enzyme (the GOx
method) compared to a single injection of HyO, (the H>O5 method). In
addition, we use a poly(4-vinylpyridine) (P4VP) polymer to co-as-
semble GOx and OleTss enzymes to generate nanoparticles (NPs) in
order to further optimize the catalytic efficiency of enzyme cascade.
The combination of the GOx-based method and the dual enzyme co-
assembly with polymers provides a novel way to leverage OleT enzyme
catalysis, which can be potentially used for synthetic applications.
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2. Materials and methods
2.1. Materials

GOx from Aspergillus niger and H,0, were purchased from Sigma.
Eicosanoic acid (C20:0), stearic acid (C18:0), palmitic acid (C16:0),
myristic acid (C14:0), lauric acid (C12:0), and capric acid (C10:0) were
purchased from BDH Chemicals. The alkene standard 1-hexadecene was
purchased from TCI chemicals. p-Glucose, p-mannose, p-galactose were
purchased from Fisher. Hydrocinnamic acid and P4VP (Mw 60000)
were purchased from Sigma-Aldrich. N,O-Bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA)/trimethylchlorosilane (TMCS) (99:1) were
purchased from Supelco (Bellefonte, PA, USA). Unless otherwise noted,
all chemicals and solvents used were of analytical grade and were used
as received from commercial sources. Unless otherwise noted, 200 mM
K,HPO,4, 100 mM NaCl, pH 7.4 was used as buffer.

2.2. Methods

2.2.1. Heterologous expression and purification of OleTsa

The original OleTsy gene was synthesized by Bio Basic Inc.
(Markham, Ontario). The gene was subcloned onto a kanamycin-re-
sistant T5 plasmid pJ401containing a C-terminal HisTag. The construct
was transformed into BL21(DE3) containing the pTF2 plasmid encoding
for GroEL/GroES/Tig onto a kanamycin (50 pg/mL)/chloramphenicol
(30 pg/mL) LB plate. Kanamycin (50 pg/ml) and chloramphenicol
(20 pg/mL) were used to grow a cell culture in Modified Terrific Broth
(TB). For protein expression, 10 mL of this starter culture was used to
inoculate 500 ml of TB containing 50 pg/ml kanamycin, 30 pg/mL
chloramphenicol, 125 mg/L thiamine, and trace metals (Amaya, 2018).
The cultures were grown to an ODggg nm 0Of 1.0, at which point protein
expression was induced with 100 pM IPTG, 10 ng/mL tetracycline and
10 mg/L of 5-aminolevulinic acid. The culture was incubated at 18 °C
for an additional 16-18 h and harvested by centrifugation for pur-
ification or for storage at —80 °C until further use. The protein was
purified using nickel-nitriloacetic acid (Ni-NTA) affinity chromato-
graphy followed by Butyl-S-Sepharose column purification as described
previously (Amaya, 2018). Fractions with an R, value (Abssig nm/
Abssg0 nm) above 1.2 were pooled and dialyzed against 200 mM KPi pH
8. Proteins were stored at —80 °C until further use.

2.2.2. OleTsa enzyme activity assays

Eicosanoic acid and stearic acid stock (10 mM) were dissolved in
70% ethanol/30% Triton X-100 (unless otherwise noted) as stocks.
Other fatty acids including palmitic acid, myristic acid and lauric acid
were dissolved in DMSO to make 10 mM stocks. Hydrocinnamic acid
was dissolved in DMSO to make a 400 mM stock. To set up enzymatic
reactions, 5 ptM OleTga, 500 pM or 1 mM fatty acids or 1 mM hydro-
cinnamic acid (unless otherwise noted) from above stocks were used for
multiple-turnover reactions in a 150 pul. volume. H;O, was added at a
concentration of 2 mM to initiate the reactions in H,O5 method, while
10 nM to 5 uM GOx was added to initiate the reactions in GOx method.
p-glucose, p-mannose, or p-galactose (6.6 mM) were used in the GOx
method unless otherwise noted. An exponential model was used to fit
the progress of the steady-state reactions to highlight the different en-
zyme kinetics with different methods. Duplicate experiments for each
reaction were done. The reactions were quenched with 0.4 mM HCI or
1% acetic acid for GC/GC-MS or LC/LC-MS analysis, respectively.

2.2.3. Heme decay monitoring

Heme decay was monitored with UV-Visible spectroscopy on an HP
8453 spectrophotometer. A quartz cuvette with 1 ¢cm path length was
used. For the heme decay monitoring during GOx- or HyO,-driven re-
actions, 5 M OleTga, 0.5 mM eicosanoic acid in the presence of 2 mM
H50;5 or 10 nM GOx and 6.6 mM glucose were used. OleTss spectra
were recorded over time for 1 h at room temperature. Active enzyme
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concentration was determined from the total thiolate-ligated heme in
the sample, based on the extinction coefficients of the Soret peaks: at
418 nm, 112.8 mM " em ™! for low-spin fraction, 56.6 mM " lem ™! for
high-spin fraction; 86.8 mM 'em™! at 406 nm; at 394 nm,
50 mM~lem ! for low-spin fraction, 106.5 mM ~lem ™! for high-spin
fraction (Amaya, 2018).

2.2.4. Gas chromatography (GC) analysis

For gas chromatographic quantification of fatty acid metabolism by
OleTgy, internal standards including 1-hexadecene and a C,_, fatty acid
(relative to substrate of chain-length C,) were added after the reactions
were quenched with 300 mM HCI. The reactions were extracted with
300 pL chloroform. The organic phases of each reaction were tested on
GC directly or derivatized before GC analysis. For derivatization, sam-
ples were concentrated under a stream of Ny gas to less than 50 plL, then
derivatized with 250 M equivalents of BSTFA:TMCS (99:1). Samples
were incubated at 60 °C for 20 min for trimethylsilylation. Following
the derivatization, samples were analyzed by GC. The following oven
conditions were used to detect products of C20 through C16 fatty acids:
170 °C for 3 min, 10 °C/min to 220 °C, 5 °C/min to 320 °C, and 320 °C
for 3 min. The following oven conditions were used to detect products
of C14 and C12 fatty acids metabolism: 100 °C for 3 min, 5 *C/min to
250 °C and 250 °C for 3 min. The response factors between fatty acids,
hydroxyl fatty acids and alkenes were determined by analyzing known
authentic fatty acids (C18-C10) and 1-hexadecene standards.

2.2.5. HPLC and MS analysis

Reactions (total volume = 150 pL) with hydrocinnamic acid were
quenched by acetic acid (final concentration 1% v/v). After quenching,
1,2,3,4-tetramethyl benzene was added as internal control and the
mixture was extracted with ethyl acetate (300 pL). For each sample,
20 uL of organic layer was were injected in an Agilent 1100 HPLC
equipped with a ZORBAX SB-C18 column. HPLC parameters were as
follows: 25 °C; solvent A, 1% acetic acid in water; solvent B, methanol;
gradient, 10% B for 2 min; then, from 10% B to 100% B over 32 min;
then, from 100% B to 10% B over 10 min, flow rate, 0.5 mL/min.
Detection of the products was by UV absorbance at 250 nm.
Quantification of product was calculated from a calibration curve of
styrene with the same extraction method. The identity of the styrene
product was confirmed by GC-MS at the Mass Spectrometry Center,
University of South Carolina.

2.2.6. Synthesis of P4VP-GOx-OleT assemblies

A solution of P4VP in ethanol (2.5 mg-mL_l, 0.1 mL) was slowly
added to a solution containing 1 pM OleTsa and 1 uM GOX in buffer A
(0.9 mL) with stirring. After addition, the mixture was stirred for an
additional 10 min for equilibration. Because of the high loading capa-
city (Suthiwangcharoen et al., 2014), the co-assemblies was not pur-
ified before characterization and activity test.

2.2.7. Activity comparison of P4VP-GOx-OleTsa assemblies and free GOx/
OleTsa enzyme cascade

The activities of both P4VP-GOx-OleTsy and free enzyme cascade
were assessed in a reaction volume of 250 pL containing GOx and
OleTgs (1 pM/each), hydrocinnamic acid (2 mM) or myristic acid
(1 mM). Reactions were initiated by the addition of mannose (6.6 mM)
to the reaction mixture and incubated at room temperature (23-25 °C).
In the control reactions, GOx and mannose were omitted from the re-
action sample and instead, 2 mM H;0, was used to initiate the reac-
tions. A stock solution of 400 mM hydrocinnamic acid was prepared in
DMSO. The final organic solvent concentration in the reaction is 9.2%
ethanol and 1% DMSO for each sample. The reaction was quenched by
the addition of 1% acetic acid, and an internal standard of 1,2,3,4-
tetramethyl benzene was added. The products were extracted with
300 uL ethyl acetate and analyzed by L.C or GC as described above. An
exponential model was used to fit the progress of the steady-state
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reactions. Duplicate experiments for each reaction were done.

2.2.8. Catalase competition assay

Catalase, as a scavenger for HyO,, was added to the enzymatic re-
actions catalyzed by assembled enzyme cascade (P4VP-GOx-OleTsy)
and free GOx/OleTsa to measure the differences. A serial concentration
of catalase from 15.6 nM to 250 nM was added into the reaction mix-
tures containing GOx and OleTg, (1 pM/each), hydrocinnamic acid
(2 mM), and mannose (6.6 mM). As above, the reactions were initiated
by the addition of mannose and quenched by the addition of 1% acetic
acid, and 1,2,3,4-tetramethyl benzene was added as internal standard.
The reactions were extracted by 300 pL ethyl acetate and analyzed by
LC.

3. Results and discussion
3.1. H30; concentration dependence of OleTsa activity and heme bleaching

As shown in Fig. 1a, a certain level of Hy03 is necessary to drive
OleT enzymatic catalysis to form oxidizing species known as Compound
I. However, with excess Hy0O5, the enzyme displays low substrate con-
version (Amaya et al., 2016; Rude et al., 2011), suggesting peroxide-
mediated enzyme inactivation. To characterize the Hy05 concentration
dependence of OleTgs enzymatic activity, varying concentrations of
H»0, were added in the enzyme reaction with eicosanoic acid as the
substrate. Nonadecene production (which is the sole product of eico-
sanoic acid reaction) (Amaya, 2018) was used to calculate the product
conversion rate. As shown in Fig. 2a, with increasing H,O, concentra-
tion from 0.05 mM to 2 mM, increased conversions from 4% to 12%
were obtained. On the other hand, increasing the H2032 concentration
further from 2 mM to 40 mM led to a decreased conversion. A similar
trend was also observed for OleTga-catalyzed styrene production using
hydrocinnamic acid as substrate. These results demonstrate that the
H»0, concentration has a dramatic effect on OleTsa catalytic efficiency.

The destruction of the heme group of P450s and unspecific perox-
ygenases by HyO; or other reactive intermediates such as superoxide
anion (027) and hydroxyl radical (OH) has been widely reported
(Karuzina and Archakov, 1994; Vidal-Limén et al., 2013). Because the
intact heme has prominent optical features, heme degradation can be
easily monitored by the loss of these features (Karich et al., 2016). In
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Fig. 2. The H,0, concentration dependence of OleTs, enzyme activity.

Reaction condition: 5 uM OleTgs, 1 mM eicosanoic acid, 0.05 mM-40 mM

H,0,, room temperature for 30 min. Error bars indicate the standard deviation
of two independent experiments (n = 2).
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the low-spin ferric resting state, the most intense optical peak of P450s
is the Soret band, which is centered at 418 nm for substrate-free low-
spin OleTsy (Amaya, 2018). Upon the injection of increasing con-
centrations of HyO5 from 0.05 mM to 40 mM, the Soret band absorption
of OleTsp decreases, implying heme destruction with HyO, treatment.
More serious heme bleaching and protein precipitation occurs upon
longer incubation with high concentration of HyO,. Even with 2 mM
H50,, a condition in which the enzyme shows maximized conversion
rate (Fig. 2a), significant heme bleaching can be observed over time.
These results suggest that heme destruction is a key factor that limits
OleTsy catalysis, and thus maintaining a compatible HyO, concentra-
tion during the reaction could potentially improve OleTs, catalytic ef-
ficiency. Slow H;0, perfusion or fed-batch method have been used to
circumvent the heme issue (Amaya et al., 2016; Jiang et al., 2019). In
this contribution, we propose to use a GOx enzyme-based in situ HyO5-
generating method to leverage OleTg, catalysis.

3.2. Effect of different GOx substrates on the enzyme cascade catalysis

It has been reported that GOx not only efficiently oxidizes p-glucose
but also consumes different sugars including p-mannose, p-galactose
and p-xylose among others with slower reaction rates (Gibson et al.,
1964; Singh and Verma, 2013), which provides a useful method to tune
the rate of H;O,-generation to better optimize OleT catalysis. To
maximize the potential of a multi-enzyme system, kinetic matching of
each enzymatic reaction is important (Dvorak et al., 2014). In order to
optimize the stoichiometry of GOx and OleTgs, in the tandem catalysis
reaction, different concentrations of GOx were tested with fixed con-
centrations of OleTga and varying sugar substrates. As shown in Fig. 3a,
with glucose as a substrate, 10 nM GOx (0.002 M equivalents to OleTsa)
leads to maximized substrate conversion. Upon increasing the GOx
concentration further, the product yield decreased, which could be
caused by enzyme inactivation due to excess H;O5 produced from the
GOx/glucose reaction. When mannose or galactose was used, at least
one molar equivalent of GOx to OleTgy was needed to maximize the
conversion rate. A similar phenomenon was observed in the assay
where hydrocinnamic acid was metabolized by OleTsy to produce
styrene. However, it is noteworthy that upon increasing the mannose
concentration up to 13 mM, styrene production continued to rise (a
~30-50% increase, depending on the different GOx concentration).

A typical time course of product formation with the optimized GOx/
OleT ratio is shown in Fig. 3b. Decarboxylation continues to proceed
until the end of the test (2 h) in the GOx method, demonstrating clear
advantages of enzyme utility by comparing with that in the Hy0,
method. As a control, a glucose titration test with GOx method shows
increasing OleTga activity with increasing glucose concentration, while
with Hy0, method, glucose had no such effect, indicating that the en-
hancement of activity by glucose only occurs when paired with GOx. It
is apparent that controlling the in situ HoO,-generation rate to maintain
an appropriate H,0, level during OleTg, catalysis is important to
maximize its enzymatic conversion. In summary, the GOx method
shows significantly improved OleTsa catalytic efficiency than the HyO5
method, while GOx enzyme pairing with different sugars makes the
method flexible to leverage OleT enzyme catalysis. Based on this, we
demonstrated the kinetic matching of the tandem catalysis may be an
important parameter to optimize the enzyme cascade efficiency.

3.3. GOx/OleTsy enzyme cascade catalysis test with different fatty acids

Abundant and bioavailable fatty acids provide a renewable source
for the sustainable production of terminal alkenes. How to improve
conversion yield has been a major pursuit for the OleT enzyme's ap-
plication (Lu et al., 2018; Matthews et al., 2017). Here, we tested the
GOx/0OleTss enzyme cascade activity with a selection of fatty acids
including eicosanoic acid, stearic acid, palmitic acid, myristic acid and
lauric acid using glucose as a GOx substrate at the optimized condition
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Table 1 Table 3
OleTs, metabolic profile with different FAs with either the GOx or H,0, OleTs, metabolized alcohol products profile comparison with the GOx method®
method. and H505 method™
Substrate Method Alkene (%) Alcohol (%) Conv. (%) Substrate Method Alcohol (%)
eicosanoic acid GOx >99 NA 50 £ 5 eicosanoic acid GOx NA
H,05 > 99 NA 12 + 2 H,0, NA
stearic acid GOx > 99 <1 71 =+ 3 stearic acid GOx < 1%
H>05 > 99 1 57 = 1 H,0, < 1%
palmitic acid GOx 62 38 93 = 7 palmitic acid GOx 8% a, 63% B, 29% vy
H.0, 49 51 23 + 4 H,0, 3% o, 97% B, NA y
myristic acid GOx 63 37 99 = 3 myristic acid GOx 26% a, 75% P, NA y
H50- 60 40 75 £ 5 H,0, 19% a, 81% B, NA y
lauric acid GOx 59 41 92 £ 7 lauric acid GOx 11% a, 73% B, 16% y
H;05 50 50 71 x5 H,0, 4% a, 96% f, NA y

Reaction conditions: 5 pM OleTss, 0.5 mM fatty acid substrate, and either
0.01 pM GOx with 6.6 mM glucose or 2 mM H,0,. The reaction was in a total
volume of 300 uL and carried out at room temperature for 60 min.

Table 2
OleTsa metabolism profile with different FAs with GOx and H,0; method for
overnight reactions.

Substrate Method Alkene (%) Alcohol (%) Conv. (%)
eicosanoic acid GOx > 99% NA > 99%
H>0, > 99% NA 13 + 4
stearic acid GOx > 99% < 1% 35 +.2
H,0, > 99% < 1% 3 +1
palmitic acid GOx 63 37 94 + 3
H20, 41 59 35+ 1
myristic acid GOx 79 21 > 99%
H50, 60 40 81 + 3
lauric acid GOx 74 26 > 99%
H,0, 47 53 75 = 13

Reaction conditions: OleTs, 5 pM, substrate 0.5 mM, GOx 0.01 pM, glucose
6.6 mM or H;05 2 mM, 300 L reaction at room temperature for overnight.

(molar ratio of GOx:0leTgss = 1:500) as described above. By compar-
ison to the one-time H,0; injection method, GOx method exhibits 25%
to 300% higher conversion of substrate to product depending on the
fatty acid substrate used (Table 1). With long-term reactions, the GOx
method showed further increased substrates conversion, while there
was no improvement with time in the H,O» method, which supports our
hypothesis the function of OleTsy is irreversibly hampered by a one-
time injection of HyO4 (Table 2). The chemo-specificity of enzymatic
catalysis was similar in both two methods (Table 3).

Note: The different alcohols (a-, -, y-) were identified by GC/MS fragmenta-
tion patterns of derivatized (di-silylated) hydroxy-fatty acid (Amaya, 2018).

? Reaction conditions: OleTga 5 uM, FAs 500 uM, 10 nM GOx, 6.6 mM glu-
cose for 1 h. Alcohol products distribution was calculated based on the ac-
cording peak areas.

P Reaction conditions: OleTsa 5 uM, FAs 500 pM. 5 mM H,0, was perfused
with pump within 2 h. The Cp regiospecificity is defined as the fractional
percentage of alkenes and CP alcohols over total products formed by the en-
zyme.

3.4. Heme destruction is prevented using the GOx method of H,0, addition

The improved OleTss enzyme catalytic activity with GOx method
was attributed to a gradual and robust production of Hy05 that prevents
heme degradation during the tandem catalysis. To confirm this hy-
pothesis, OleTsa spectra were monitored during the enzymatic reac-
tions with either one-time H,0, addition or the gradual introduction
using GOx (Fig. 4a and b). The Soret peak was used as a handle for
monitoring heme integrity. As expected, OleTss enzyme shifts from the
high-spin (substrate-bound) state to the low-spin (substrate-free/pro-
duct-bound) state spontaneously upon treatment with 2 mM H,0,, and
stays predominantly in this state for the remainder of the time course
test. We have previously determined in OleT g that product release is
significantly slower than the chemical steps (e.g'H,0; activation, C-H
abstraction) that lead to alkene generation (Amaya et al., 2018), con-
sistent with the spectra obtained here. Within minutes, the heme
chromophore bleaches during the H,O, treatment. On the other hand,
with the GOx method, the low-spin Soret maximum at 418 nm appears
after 5 min of reaction, indicating most of the proteins are substrate-
free/product-bound like that of the HyO, method, which suggests there
is a burst of HyO, during this period. Then, the enzyme returns back to
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Fig. 4. Soret band monitoring during OleTs, catalytic reactions with H,O, method (a) and GOx method (b). In all reactions, 5 pM OleTs,, 0.5 mM eicosanoic acid,
2 mM H,0, or 10 nM GOx, 6.6 mM glucose were used. (c) Active OleTg, enzyme fraction comparison during the catalytic reactions with GOx and H,O, methods.

predominantly high-spin state for the remainder of the assay. This in-
dicates that the majority of the OleTg, is in the substrate-bound state
and that HyO5 production by GOx is now rate-limiting. The sluggishness
of peroxide generation protects the heme from H,0,-mediated de-
gradation to afford the higher overall turnover numbers shown above.
As quantitative confirmation, the Soret peak intensity (as the sum of
high-spin and low-spin) was used to determine the fraction of active
enzyme throughout the time course study. As shown in Fig. 4¢, more
than half of the enzyme was inactivated within 1 h in the H,05 method,
whereas with the GOx method, the amount of active OleTss enzyme
remained unchanged after 1 h, which is consistent with the observation
that OleTsy is continually active during this time period (Fig. 3b). We
rationalize that the GOx-based in situ H;O5-generation method main-
tains H,0, concentrations at a level compatible with OleT catalysis
while minimizing the heme destruction during the catalysis. By com-
paring different methods used for the OleT enzymatic reaction in pre-
vious studies, our method provides a simple and efficient way to im-
prove the enzyme catalysis.

3.5. Polymer-GOx-OleTsy assembly to improve enzyme cascade catalytic
efficiency

Inspired by natural multienzyme complexes that exhibit extra-
ordinary efficiency (Liang and Anderson, 1998), a variety of enzyme
cascades have recently been developed via co-localization of enzymes
on nanostructured scaffolds (Delebecque et al., 2011; Dueber et al.,
2009; Xu et al., 2019) to enable cooperative catalytic mechanisms such
as facilitating intermediate transportation (Fu et al., 2012; Haga et al.,
2018), kinetic modification via enzyme or intermediate substrate
scaffold interactions (Fu et al., 2012), stoichiometry optimization
(Dueber et al., 2009; Xu et al., 2019), and encapsulation (Chen et al.,
2018), etc. We therefore attempted to co-assemble GOx/0OleTss enzyme
pairs on a polymeric support to further promote enzymatic catalysis. In
our previous studies, we used P4VP and other polymers to co-assemble
different proteins to generate core-shell nanoparticles (NPs) and de-
monstrated a high protein loading capacity and a close proximity of the
proteins on the surface of the NPs (Lu et al., 2019; Suthiwangcharoen
et al., 2014). Both the fine balance between hydrophobicity and hy-
drophilicity as well as the hydrogen bonding between proteins and
polymers provide a benign environment for proteins to maintain
function. Herein, we use this strategy to co-assemble GOx and OleTgp
enzymes (Fig. 5a-b) in order to improve the enzyme cascade catalytic
efficiency. With the assumption that the two enzymes have equal
chance to attach to the NPs' surface, equal molar concentration of GOx
and OleTsa (1 uM/each enzyme) was used for the co-assembly. TEM
and DLS analysis shows successfully assembled polymer-dual-enzymes
NPg with an average size of ~385 nm. For tandem catalytic reactions,
mannose was fed, and hydrocinnamic acid or myristic acid was used as
an OleTga substrate to compare the activity of the assemblies to

enzymes in solution. OleTss showed relative low activity on hydro-
cinnamic acid compared to fatty acid substrates, so 2 mM hydro-
cinnamic acid was used in the reactions. As shown in Fig. 5¢, P4VP-
GOx-0leTsp assemblies exhibit around 35-40% higher activity than the
free GOx/OleTsy in a 60-min reaction at room temperature with dif-
ferent OleTss substrates. As a control, the mixture of P4VP-GOx and
P4VP-OleTsp assemblies showed comparable activity with the free en-
zymes. Moreover, with dilutions, the co-assembled samples showed
further enhanced activity compared to the free enzymes (Fig. 5d, ~60%
enhanced activity was observed with 5x times dilution of each
sample). These results suggest that improved activity of the co-assem-
blies is related to the close space of enzymes because of the co-locali-
zation on the NPs. In addition, if HyO5 instead of mannose was used to
drive the catalysis, P4VP-GOx-OleTg, did not exhibit any enhanced
activity comparing to the free enzymes.

To further test whether the activity enhancement is due to proxi-
mity effects, catalase, a scavenger of H>O,, was used to challenge the
tandem catalysis. As shown in Fig. 5e, the reactions catalyzed by P4VP-
GOx-OleTss was much less inhibited by catalase than that of free en-
zymes. For example, when 250 nM of catalase was included in the re-
actions, P4VP-GOx-OleTsy still showed ~30% activity, while only 15%
activity was observed for free enzymes. This result suggests that on the
surface of NP assemblies, some H,0, produced by GOx is transferred to
OleTsy directly and is not freely defused into the bulk solution due to
the closed proximity of the enzymes. We rationalize that in this system,
large amount of enzyme pairs assembled on the nanoparticles surface
may provide multiple local targets for H,O5 (Idan and Hess, 2013).
Moreover, the very closed distance of the enzymes may create a hy-
dration layer (Bagchi, 2005) on the surface of NPs, which facilitates
H,0, transportation among enzymes (Fu et al., 2012), making a high
local concentration of H,O; around the OleT enzymes. All these factors
may contribute to the enhanced GOx/OleTsa enzymatic activity when
adhered to NPs' surfaces. However, the only modest activity improve-
ment and slight sensitivity to catalase suggest the assembly is unable to
directly tunnel H,O, (Fig. 5b), which could be the reason why there is
only a relatively weak enhancement compared to other encapsulation
systems (Tan et al., 2017). Nevertheless, the combination of the GOx-
driven OleTgy catalysis and the co-localization of the enzyme pairs on
polymeric NPs through co-assembly demonstrated an efficient way to
improve the cascade enzymatic catalysis. Notably glucose is much
cheaper than mannose and more accessible (e.g. from different bio-
processes) in the practical synthesis. A further optimization of the ratio
of GOx and OleT in the co-assembly process with supporting polymers
may lead to an improved activity with glucose as the energy feed. In
addition, the polymer-GOx/OleTss NPs generated in this system can be
easily adapted in the flow reaction systems, in which the substrate
concentration, oxygen supply, pH control and product purification
could be readily manipulated, providing a potential platform for biofuel
production applications.
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Fig. 5. (a) Schematic illustration of the preparation of P4VP-GOx-OleTs, in buffer/ethanol co-solvent. (b) model of H,O» diffusion on the surface of P4VP-GOx-
OleTsy assemblies. The pink color represents hydration layer on the NPs surface (c) P4AVP-GOx-OleTs, assemblies show enhanced activity relative to the free enzyme
cascade for styrene production with 6.6 mM mannose as sugar source, and 2 mM hydrocinnamic acid as the substrate. An exponential model was used to fit the data.
(d) Inhibition effect of catalase on the reactions catalyzed by P4VP-GOx-OleTs, and free GOx/OleTs, mixtures. The reaction condition was the same as in (c) and
were quenched after 60 min incubation. Error bars indicate the standard deviation of duplicate experiments (n = 2). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

In this study, we report the use of a GOx enzyme-based in situ HyO5,-
generating method to drive QleTss catalysis to produce terminal al-
kenes with significantly improved efficiency than the peroxide method.
By adjusting the GOx/OleTss ratio and using different sugars, our
system provides a flexible method to tune the H,0,-generating process
and thus to leverage the catalysis of OleTsa. With this model, a facile
P4VP polymer-dual enzyme co-assembly was developed to further op-
timize the enzyme cascade catalytic efficiency through enzyme co-lo-
calization representing a simple and efficient strategy to transform
bioavailable feed stocks such as fatty acids to industrially important
chemicals.
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