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Enhancing the reactivity of a P450 decarboxylase
with ionic liquidsf¥

Jake H. Nicholson, €2 Mayara Chagas de Avila,” Ricardo Rodrigues de Melo,”
Leticia Maria Zanphorlin® and Alex P. S. Brogan () *@

The cytochrome P450 family of enzymes have been shown to be powerful biocatalysts for a wide range
of selective transformations. However, the industrial uptake of P450 enzymes has been low due to issues
with enzyme stability and the requirement for exogenous cofactors to drive the reaction. Herein we
describe a facile and scalable method for the stabilisation and solubilisation of a P450 decarboxylase
enzyme in ionic liquids. The utilisation of ionic liquids allowed for solubilisation of the relatively water-in-
soluble fatty acid substrate of the enzyme and the modified enzyme was found to be significantly more
thermally stable in ionic liquids relative to the enzyme in aqueous media. The shift to non-aqueous
solvent allowed for the enzyme to operate in the V.« region, which when coupled with the improved
thermal stability, ultimately resulted in a 1000-fold increase in the process intensity of fatty acid de-
carboxylation. A novel photochemical method for driving the reaction was also discovered which
removed the requirement for exogenous H,O, to be added to the reaction. These results highlight the
potential of this strategy as it facilitates a holistic process of biocatalysis engineering where by solvent
consideration and increased thermal stability significantly broadens the capability of the enzyme, crucial
for the wider realization of industrial biocatalysis.

1. This work demonstrates a methodology involving chemical modification and ionic liquids for drastically enhancing bio-
catalysis involving P450 enzymes.

2. In particular, we show that through holistic consideration of solvent and enzyme stabilization, we can increase reaction
rate, dramatically increase substrate loading, and provide an alternative pathway for enzymatic action without requiring
addition of peroxide. This provides a blueprint for enhancing the reactivity and usability of any P450 enzyme, which could
open up biocatalysis to a broader range of reactions.

3. We have used ionic liquids, which are recognized as having key attributes of green solvents. However, future work would
do well to investigate ionic liquids with improved biodegradability. Furthermore, one limitation of this study is the light
based deactivation of our enzyme. This should be investigated further in order to prolong the lifetime of the enzymes such
that they can be used for longer.

Introduction

interest as they can perform biocatalytic transformations - that
are otherwise synthetically challenging through conventional

Cytochrome P450s are a family of heme-dependent enzymes
which have been used for a wide range of reactions such as
hydroxylation of C-H bonds, epoxidation of C=C bonds, de-
carboxylation and carbene tranfers.'™ P450s are of particular
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chemical means - with high enantio- and regio-selectivities,
without the requirement of protecting groups.>® As a result of
this, P450s have found applications in the synthesis of
pharmaceuticals,””® fragrances,” and biofuels.'® P450s have
also been shown to be highly engineerable through both
rational design and directed evolution, which have been used
to improve substrate scope, activity, and selectivity.”** ?
Generally, utilization of P450s as biocatalysts requires the
addition of other enzymes that act as an NAD(P)H dependent
redox partner system that facilitates the reduction of the heme
iron, which in-turn initiates the catalytic cycle of the enzyme."*
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Some P450s are also able to utilise hydrogen peroxide as a
cofactor which allows for the formation of the reactive species,
compound I, from the ferric resting state of the enzyme via the
shunt mechanism (Fig. S1f)."* This removes the need for
additional proteins and expensive nicotinamide cofactors to
the reaction. However, the addition of peroxide may result in
the enzyme deactivation™® or off target oxidation of the sub-
strate'® if used at high concentrations which may limit the syn-
thetic applicability of this pathway. Many P450s also have poor
organic solvent tolerance,>'” which in combination with the
low water solubility of many of the desired P450 substrates,'®"°
means that the broader application of P450s as biocatalysts is
limited.

Ionic liquids, particularly those that are organic salts with
room temperature liquid phases, are a versatile class of sol-
vents which have found application in a range of industrial
applications.>>*! The properties of ionic liquids can be tuned
by selection of the constituent ion allowing for a range of
solvent polarities and hydrophilicities.>* This tuneability can
be used to improve the solubility of substrates, allowing for
process intensification.>*** Like many non-aqueous solvents,
enzymes typically have poor tolerance towards ionic liquids
and limited solubility. As such, despite their advantageous pro-
perties, biocatalytic reactions are not often performed in ionic
liquids. To counter this, we have developed a method to
chemically modify the surface of enzymes such that they are
soluble and stable in ionic liquids.>**® Recently, we have
demonstrated that modified hydrolytic enzymes solubilized in
ionic liquids were able to catalyse the degradation of water in-
soluble polymers such as cellulose®” and poly(lactic acid).?®
This was due to the partial solubilisation of the polymeric sub-
strates by the ionic liquid and the thermal stabilisation of the
enzyme allowing for the reaction to be performed above the
glass transition state of the polymers. The increase in substrate
availability and higher operating temperatures resulted in sig-
nificant improvements (up to 30-fold*”) in the activity of the
enzymes relative to the activity in aqueous media.

Recently, the CYP152 peroxygenase/decarboxylase OleTPgry
from Rothia nasimurium, which is highly active on unsaturated
fatty acids, was discovered, representing an important step
toward the biocatalytic synthesis of hydrocarbons.'®?°
Additionally, it has been demonstrated that productive sub-
strate binding involves a novel motif named the ‘hydrophobic
cradle’, which modulates enzyme specificity and facilitates
product release.’® The wide substrate scope and tolerance
allows for the formation of hydrocarbons from a diverse range
of renewable fatty acid sources such as vegetable oil and waste
cooking 0il.*° This biocatalytic pathway presents an attractive
alternative to chemical decarboxylation of fatty acids as the
biocatalytic pathway does not require the use of catalysts con-
taining noble metals such as platinum®* or palladium,** or the
use of high temperatures and pressures®® which are typically
required for chemical decarboxylation. However, traditional
biocatalysis reactions rely on water as a solvent, which severely
limits the fatty acid substrate scope and process intensity due
to limited substrate solubility. Consequently, there remains a
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strong impetus to expand the scope and reactivity of this
CYP152 enzyme, particularly with the aim of moving toward
industrially relevant conditions, as this in turn will allow for a
shift the feedstock for hydrocarbons away from petrochemicals
and towards biorenewables and otherwise underutilized waste
streams.

Here, using OleTPry>° as a model enzymatic system, we
demonstrate the formation of an enzyme-surfactant nanocon-
jugate containing a P450 enzyme. The resulting nanoconjugate
was shown to have increased thermal stability, comparable
aqueous activity to the unmodified enzyme, and was soluble
and stable in a range of ionic liquids. The use of ionic liquids
allowed for an over 1000-fold increase in the solubility of the
fatty acid substrate relative to the solubility in aqueous media,
which in turn led to significant process intensification as the
enzyme could operate optimally in the Vg, region.
Surprisingly, the nanoconjugates also showed photocatalytic
activity when solubilized in [emim][OAc]. This allowed for con-
version of the fatty acid substrate without the addition of
exogenous hydrogen peroxide which is typically used to drive
the decarboxylation reaction.** The increase in process inten-
sity, improvement in enzyme stability, and the novel photoche-
mical activity show the importance of a holistic process of bio-
catalysis engineering — simultaneous consideration of catalyst,
solvent, and operation conditions®® - for the creation of
industrially relevant biocatalytic systems with improved scope
and reactivity.

Results and discussion

Following expression and purification, the P450 fatty acid dec-
arboxylase from Rothia nasimurium (OleTPgy)*® was chemically
modified by cationisation of the surface following a modified
version of the methodology established by Brogan et al.>®
Optimisation of the cationisation process involved shortening
the reaction time from 16 hours to 5 hours, which improved
the yield of soluble cationic protein. Additionally, increasing
the reaction pH from 6 to 7.4 was found to prevent the loss of
the heme cofactor which resulted in the cationised enzyme
having comparable activity to the unmodified enzyme (2.01 +
0.20 pmol min~' mg™" and 2.11 + 0.10 umol min~" mg™" for
[C-OleTPgy] and OleTPgy respectively). The cationisation of
the enzyme was confirmed by measuring the {-potential of the
protein, which showed an increase from —24.5 + 1.0 mV to
+35.8 £ 1.4 mV.

Previous work has made use of surfactants with a carboxylic
acid head group.”” However, when these surfactants were
added to C-OleTPgry the Soret band in the UV/Vis spectra of
the enzyme disappeared indicating that the heme cofactor was
being lost (Fig. S2t). This sensitivity was believed to be due to
the similarity of the surfactant to the fatty acid substrates of
the enzyme which resulted in the surfactant binding to the
enzymes active site. Therefore, a sulfated surfactant was syn-
thesised, which was then conjugated to the surface of the
cationised enzyme resulting in an enzyme-surfactant nanocon-

This journal is © The Royal Society of Chemistry 2025
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jugate ([C-OleTPgy][S]). Dynamic light scattering (DLS) experi-
ments showed an increase in the hydrodynamic diameter of
the protein in water after modification from 3.20 + 0.59 nm for
the unmodified protein to 5.56 + 1.07 nm for the nanoconju-
gate (Fig. 1a). Small-angle neutron scattering (SANS) confirmed
the DLS data, giving a spherical diameter of 5.64 + 0.02 nm
(Fig. S3f). This indicated that the surfactant had non-co-
valently bound to the surface and that the protein had not
aggregated during the modification. The magnitude of the
increase was consistent with previous findings which showed
that the surfactant does not extend away from the surface of
the protein when the nanoconjugate was dissolved in polar sol-
vents.’® The (-potential of the nanoconjugate was also
measured, and it had decreased to —5.5 + 0.5 mV suggesting
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that a slight excess of the negatively charged surfactant had
conjugated to the surface of the enzyme. The nanoconjugate
was then lyophilised and thermally annealed resulting in a
dark red solvent-free biofluid. The resulting biofluid was
soluble in aqueous solution and a range of hydrophilic and
hydrophobic ionic liquids. UV/Vis analysis of the biofluid indi-
cated that the typical ratio of enzyme to surfactant was around
150-200 molecules of surfactant per enzyme (Fig. S47).
Circular dichroism (CD) spectroscopy was used to deter-
mine the effect of modification on the secondary structure of
the protein. The CD spectra showed that the enzyme after
modification and resuspension in water exhibited a near iden-
tical CD spectrum to the unmodified protein with peaks at
192 nm, 209, and 222 nm with similar intensities (Fig. 1b).
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(a) Dynamic light scattering spectra showing an increase in hydrodynamic diameter between OleTPgy(blue) and [C-OleTPg\][S] (red) indicat-

ing that surfactant is bound to the surface of the enzyme. (b) Far-UV CD spectra of OleTPgy (blue), [C-OleTPgy] (orange) and [C-OleTPgyIIS] (red) in
aqueous solution. (c) Temperature dependent CD spectra for [C-OleTPg\][S] as it was heated from 25 °C (blue) to 95 °C (red) indicating a loss of sec-
ondary structure as temperature increased. (d) Plots of fraction denatured for OleTPry (blue) and [C-OleTPg\IIS] (red) showing an increase in
thermal stability in aqueous media, data are fitted with sigmoid functions (solid lines) in accordance with a two-state model of denaturation.

This journal is © The Royal Society of Chemistry 2025

Green Chem., 2025, 27, 517-526 | 519


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc05292g

Open Access Article. Published on 29 November 2024. Downloaded on 8/31/2025 8:36:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

This indicated that the protein had retained a predominately
a-helical secondary structure (Fig. 1b). Deconvolution of the
CD spectra using the BeStSel webservice’” revealed that
OleTPgry and [C-OleTPgry][S] had o-helical contents of 43.8%
and 44.9% respectively indicating that the secondary structure
of the nanoconjugate remained largely unchanged from the
native protein. Thermal denaturation CD experiments (Fig. 1c)
were also used to determine if the modification of the protein
had increased the thermodynamic stability of the proteins
structure. Using the two-state denaturation model of denatura-
tion, the half denaturation temperature (7,,) of the enzyme
was found to increase from 60.1 + 0.3 °C for the native enzyme
to 72.5 + 0.7 °C for [C-OleTPgx][S] (Fig. 1d). Thermodynamic
analysis of the CD data revealed that the increase in thermal
stability was predominately due to an increase in the enthalpy
of unfolding (from 178 + 8 k] mol ™" for OleTPgy to 189 + 5 kJ
mol ™" for [C-OleTPgy][S]) whereas the entropy of unfolding for
[C-OleTPgy][S] remained similar to OleTPgy (540 + 18.1 J
mol " and 532 + 2.3 ] mol ™" respectively). The activity of the
P450 was determined using an ABTS assay to look at the rate
of H,0, consumption after each stage of the modification. The
cationisation reaction was optimised to retain enzymatic
activity which resulted in [C-OleTPgry| having a comparable
activity to OleTPgy with activities of 2.01 = 0.20 pmol min™"
mg " and 2.11 + 0.10 umol min~" mg ™" respectively. However,
conjugation of surfactant to the surface of [C-OleTPgy] had a
small effect on the activity of the enzyme with the activity
decreasing to 1.65 + 0.05 umol min~" mg™" for [C-OleTPgy][S].
This was believed to be due the steric bulk of the surfactant
hindering access to the active site of the enzyme. Despite the
small change in activity, the enzyme still retained activity
towards its native substrate and based on our previous work,*®
we hypothesized that the change to a non-aqueous solvent
would reduce the steric hindrance of the surfactant corona,
returning the activity of the native enzyme.

Prior work has demonstrated that OleTPgy has a high
affinity for binding myristic acid,>® however the solubility of
myristic acid is very low in water (~20 mg L™ at 20 °C (ref. 38))
hindering the maximum possible activity of this enzyme. We
sought to overcome the issue of substrate solubility by per-
forming the reaction in pure ionic liquids as they are typically
capable of solubilizing a wide variety of molecules. To find the
best ionic liquid for this reaction, we tested the solubility of
myristic acid in a selection of [emim'] salts of varying polarity.
Specifically, we chose the anions [OAc], [EtSO,], [OTf], and
[NTf,] to cover a broad range of Kamlet-Taft polarizabilities
(n*), with values of 1.05, 1.01, 0.89, and 0.85 respectively.>*™*!
The solubility of myristic acid was found to be highly congru-
ent with the polarity of the anions, being most soluble in
[emim][OAc] (>100 mg mL™") and almost insoluble in
[emim][NTf,] (<1 mg mL™").

As the more polarizable ionic liquids were found to be sig-
nificantly better solvents for the fatty acid substrate, the struc-
ture and stability of [C-OleTPgy][S] in pure ionic liquids con-
taining acetate and methylsulfate anions was investigated
using synchrotron radiation circular dichroism (SRCD) spec-
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troscopy. The SRCD spectra of [C-OleTPgx][S] in [bmpyrr][OAc]
and [bmpyrr][MeSO,] (UV clear surrogates of [emim] contain-
ing ionic liquids) showed negative peaks at 222 nm and
208 nm with similar intensity to the aqueous spectra (Fig. 2a).
This indicated that the nanoconjugate had retained an
a-helical structure in the ionic liquids that was essentially
unchanged to the structure of the protein in aqueous solution
(Fig. 2a).

SANS was then used to determine the impact of the non-
aqueous environment on the tertiary structure of the enzyme.
The radius of the nanoconjugate in [emim][OAc] was deter-
mined by modelling the data using the sphere model in
SasView and this showed that the dimeter of [C-OleTPgrx][S]
was 7.20 + 0.22 nm in [emim][OAc] (Fig. 2b). Although the
value measured in the ionic liquid was larger than the radius
in D,O (5.64 + 0.02 nm), this was in agreement with previous
work that showed that the surfactant corona extended away
from the protein in less polar solvents.?® Taken together with
the SRCD data, this demonstrated that the protein had
retained both its secondary and tertiary structure, with the
lack of scattering at low g in the SANS suggesting a lack of
higher order aggregates.

Temperature dependent SRCD spectroscopy (Fig. S5 and
S61) was subsequently used to determine the thermal stability
of the nanoconjugate in ionic liquids. These experiments indi-
cated that the half denaturation temperature (Ty,) of
[C-OleTPgy][S] increased from 77.4 + 0.7 °C in water to 106.4 +
1.2 ©°C and 98.7 * 2.0 °C in [bmpyrr][[OAc] and
[bmpyrr][MeSO,] respectively (Fig. 2c). The increase in thermal
stability indicated that it should be possible to perform reac-
tions at higher temperatures than in water, which in turn
would result in an increase in the rate of reaction and for a
higher concentration of substrate to be used.

The thermal stability of the modified enzyme was found to
be the highest in acetate ionic liquids and myristic acid had
the highest solubility in [emim][OAc]. Therefore, [emim][OAc]
was selected as the solvent for the H,0, dependent decarboxyl-
ation reaction as it was hoped that it would allow for the reac-
tion to proceed as it does in water but with significantly higher
loadings of substrate. However, when the reaction was per-
formed in this ionic liquid, the conversion of fatty acid was
low (<1%). Investigation of the stability of H,O, indicated that
the peroxide rapidly degraded in pure [emim][OAc] (Fig. S77).
Additionally, the enzyme was found to be sensitive to peroxide
concentration, with loss of heme occurring at peroxide concen-
trations above 2 mM (Fig. S81). Therefore, alternative methods
for driving the reaction were explored.

It has previously been shown that the basicity of the acetate
anion can deprotonate the imidazolium cation at the C* posi-
tion resulting in the formation of carbene.**** In addition,
heme-dependent enzymes have been shown to react with car-
benes*! and the heme porphyrin has been shown to act as a
photoscavenger.*’ Therefore, we hypothesized that it may be
possible to combine these phenomena to drive the reaction
photochemically. To investigate this possibility, the protein
was initially exposed to UV light in [emim][OAc] and the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Far-UV SRCD spectra of [C-OleTPgnIIS] showing secondary
structure in aqueous media (red), [bmpyrr][OAc] (purple), and
[bmpyrrl[MeSO4] (blue). (b) Neutron scattering intensity against scatter-
ing vectors for [C-OleTPgplIS] in [emim][OAc] plot was fitted using the
hard sphere model in SasView and the fit is shown as a solid black line.
(c) Plots of fraction denatured for [C-OleTPgplIS] in [bmpyrr][OAc]
(purple) and [bompyrrl[MeSO,] (blue).
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response of the Soret band of the protein was monitored using
UV/Vis spectroscopy (Fig. 3a). Analysis of the Soret band peak
position revealed spectral shifts consistent with changes in the
oxidation state of the heme cofactor of [C-OleTPgy][S]-
Specifically, prior to illumination with UV light the Soret band
peak was at 410 nm, immediately after illumination with UV
light (365 nm light for 2 minutes) the peak shifted to 434 nm
which indicating that the heme cofactor was being photore-
duced from Fe(m) to Fe(u).*® The enzyme solution was then
exposed to oxygen and the peak shifted to 422 nm suggesting
that the enzyme had reacted with oxygen to form the Fe(u)
state with a bound oxygen ligand (Fig. 3a).>° The Soret band of
the photoreduced enzyme had the same peak position as
when the enzyme was treated with H,0, in aqueous media
which further supported the idea that it should be catalytically
active (Fig. S9f). When repeated in [bmpyrr][OAc] and
[emim][EtSO,], the photochemical reaction did not occur
suggesting that both that the imidazolium cation and acetate
anion were required together. This supported the hypothesis
that the carbene is the likely driver for the photochemical reac-
tion, and that carbene formation is in turn driven by a basic
anion.

Having established that UV light could be used to photo-
reduce the heme and in the presence of O, present a poten-
tially active form of heme, we hypothesized that this could be
used for catalysis in the absence of H,0,. To test if the enzyme
had photochemical activity, the nanoconjugate was dissolved
in [emim][OAc] containing myristic acid and then illuminated
under UV light. Due to analytical ease, the consumption of
substrate was monitored by GCMS. Initial reactions showed
that both the enzyme and UV light were required to consume
the substrate as the control reactions in the absence of either
light or enzyme showed no decrease in substrate concen-
tration, which confirmed that the enzyme required illumina-
tion with UV light to perform the photochemical reaction
(Fig. S107). The mass spectrum of the photochemical reaction
containing the enzyme suggested that the reaction was
forming the intended alkene, therefore indicating that the de-
carboxylation reaction was proceeding in the ionic liquid and
only in the presence of the enzyme (m/z 182 - Fig. S117).

Given that we could observe the decarboxylation reaction in
the ionic liquid, we repeated between the reaction at tempera-
tures ranging from 50 °C to 90 °C, in a bid to determine the
optimal temperature for the photochemical reaction. These
temperatures were selected as below 50 °C the modified
enzyme had limited solubility in ionic liquid, and the thermal
CD analysis indicated that the protein would have begun to
denature above 90 °C. As anticipated, at temperatures less
than 50 °C the enzyme had low activity (<0.25 pmol h™" mg™),
attributed to solubility of the [C-OleTPgy][S] in
[emim][OAc] at those temperatures. At 50 °C the enzyme
activity was 0.40 + 0.33 pmol h™" mg™", and activity then
increased progressively with temperature, reaching a
maximum of 16.52 + 3.3 pmol h™' mg™" at 80 °C (Fig. 3b). This
significant increase in activity was likely due to both higher
thermal energy in the system, and a decrease in the viscosity

low

Green Chem., 2025, 27, 517-526 | 521


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc05292g

Open Access Article. Published on 29 November 2024. Downloaded on 8/31/2025 8:36:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

0.12 A

0.10 -

0.08 -

0.06 -

Absorbance

0.04 —

0.02 —

0.00 +— T T r T T T 1
360 400 440

Wavelength (nm)

20 I I

vT<D’I
2 15 |
T-C.
g
2 10 |
=)
=
8
<
54 =
0 I I | I 1
1 5 10 20 40

[Fatty acid] (mg.mL ")

Fig. 3

View Article Online

Green Chemistry

b) 2014
_— 157
g ;
T-C.
g 104
2
ey
g T
Q
< 54 I
0 L
1 1 1 1 1
50 60 70 80 90
Temperature (°C)
d)

Conversion of fatty acid (mM)

T T T T T T T T 1
0 2 4 6 8 10 12 14 16
Time (h)

(a) UV/Vis spectra of the Soret band of [C-OleTPgpIIS] in [emim][OAc] before UV exposure (blue), after 2 minutes of exposure to UV light

(orange), and 10 minutes after exposure to UV light (red). (b) Plot of activity against temperature for 4 hours UV driven reactions. Reactions consisted
of 1 mL [emim][OAc] containing 10 mg mL™ myristic acid and [C-OleTPgnI[S] (equivalent to 0.2 mg of C-OleTPRN). (c) Plot of activity against con-
centration of myristic acid for 4 hours UV driven reactions at 80 °C. Reactions consisted of 1 mL [emim][OAc] containing a range of different myristic
acid concentrations and [C-OleTPgyl[S] (equivalent to 0.2 mg of C-OleTPgy). (d) Plot of fatty acid conversion against time for UV driven reactions at
80 °C. Reactions consisted of 1 mL [emim][OAc] containing 5 mg mL™* (brown), 10 mg mL™" (red), and 20 mg mL™ (yellow) of myristic acid and
[C-OleTPgnIIS] (equivalent to 0.2 mg of C-OleTPgy). Linear fits of initial activity are shown as dashed lines in matching colour.

of [emim][OAc],*” which improved the kinetics of the reaction.
Again, as anticipated, at temperatures of 90 °C and above there
was a no detectable activity, this coincided with both the loss
of secondary structure (Fig. 2c) and heme cofactor (Fig. S127)
as the protein began to denature.*’

We then sought to investigate the effect of substrate concen-
tration on enzyme activity in a bid to determine any Michaelis
Menten-like behaviour. As the concentration of substrate was
increased from 1 mg mL™" to 40 mg mL™" there was a non-
linear increase in enzyme activity from 4.67 + 0.16 pmol h™"
mg™' to 20.5 + 2.1 pmol h™" mg™" (Fig. 3c). The observed
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change was likely due to saturation of the enzyme active site
with substrate, consistent with Michaelis Menten type enzyme
kinetics.*® The Michaelis-Menten model was fitted to the data
which indicated that the K, of the reaction was 5.1 + 1.2 mg
mL ™" and a Vi, of 23.3 pmol h™" mg™" (Fig. S13t). During the
first 4 hours of the reaction, the rate of substrate consumption
was constant with initial rates of 2.2 = 1 pumol h™, 3.2 *
0.1 pmol h™", and 4.1 + 0.4 umol h™' when the substrate
loading was 5 mg mL™", 10 mg mL ™", and 20 mg mL ™" respect-
ively. However, after 4 hours there was a significant decrease in
activity with all of the loadings trialled, with the reaction effec-

This journal is © The Royal Society of Chemistry 2025
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tively stopping after 16 h (Fig. 3d). The turnover numbers after
4 hours were 1740, 2640, and 3060 at 5, 10, and 20 mg mL™" of
substrate respectively. The turnover numbers achieved here
were greater than the reported literature values for the H,0,
driven reaction in water using OleTPgy*° and for the widely
studied fatty acid decarboxylase from Jeotgalicoccus sp.,
OleTyg *>*° (Turnover numbers of 250 and 1099 respectively).
The difference in turnover numbers with different loadings of
substrate suggested that the loss of activity could not be
related to active site locking (or substrate availability), but
instead related to some other deactivation of the enzyme. UV/
Vis spectroscopy revealed that this decrease in activity
coincided with a decrease in the intensity of the Soret band
(Fig. S147), suggesting that the loss in activity may have been
due to photobleaching of the heme cofactor.’ This could be
mitigated by with finer control of the flux of UV light or by
using pulses of UV instead of continuous illumination,
however this was beyond the scope of this study.

The potential for reusing the solvent and enzyme was also
investigated. At the end point of the reaction the ionic liquid
solution was washed with hexane, this resulted in removal of
product and wunreacted substrate from the ionc liquid
(Fig. S167). After removal of the hexane layer the ionic liquid
was dried and subsequently weighed, which indicated that
>98% of the ionic liquid had been recovered. However, due to
likely aforementioned photobleaching of the heme cofactor, it
was not possible to re-use the enzyme in this current set-up.

Interestingly, during these reactions there was also a peak
present in the GCMS chromatographs of enzymatic reactions
which had mass spectra which matched that of an epoxide
formed from the expected alkene product (m/z 199 -
Fig. S177). To investigate this further, the alkene product stan-
dard was mixed with [C-OleTPgy][S] in [emim][OAc] and illumi-
nated with UV light. This reaction led to formation of the
epoxide peak in the GCMS chromatogram that was not present
in the control reaction (Fig. S14t). This indicated that, through
finer control of reaction conditions (e.g. oxygen concentration),
it may be possible to further convert the fatty acid to the
corresponding epoxide from the alkene under the same reac-
tion conditions. This is a fascinating prospect that, whilst
beyond what we set out to achieve here, warrants further study.

Conclusions

In conclusion, we have demonstrated a chemical modification
strategy for the solubilization and stabilization of a CYP152
decarboxylase, OleTPgy, in a range of pure ionic liquids. This
resulted in a significant thermal stabilisation of the enzyme
with an increase in T,, from 60.1 + 0.3 °C for the native
enzyme in water to up to 106.4 + 1.2 °C for the modified
enzyme in ionic liquids. This broadened operational window
of the enzyme, in conjunction with considerably higher sub-
strate concentrations, allowed for significant process intensifi-
cation for the conversion of fatty acids to alkenes. This was
due to enhanced enzyme activity as a result of drastically
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improved thermal stability coupled with substrate loadings
that were far greater than the K;,. The improvements in
process intensity should allow for a dramatic improvement in
the complete E-factor (cEF)* of the reaction. This is due to the
low solubility of the substrate (<1 mg mL™*)*® in water result-
ing in a cEF of over 1000 for the aqueous process, whereas in
pure ionic liquids the cEF could be as low as 30. Furthermore,
we also discovered a new photocatalytic reaction pathway for
this heme containing enzyme that circumvents the require-
ment traditional requirement for exogenous H,O,. By increas-
ing enzyme stability, improving in substrate solubility, and
opening new reaction pathways, we have demonstrated the
potential of this methodology for a holistic process of biocata-
lysis engineering, where the versatility of ionic liquids provides
a unique design framework to enhance the biocatalytic
process of a multitude of enzymatic reactions. In particular,
application of this stabilisation technique to a range of other
heme containing enzymes may allow for utilisation of this
novel photochemical reactivity for a much-improved deploy-
ment of these enzymes for industrial transformations.

Experimental
Materials and methods

All of the 1-ethyl-3-methylimidazolium (emim") ionic liquids
were acquired from iolitec. Anionic surfactants and 1-butyl-1-
methylpyrrolidinium (bmpyrr") ionic liquids were synthesised
following literature procedures.”””>* All other chemicals were
acquired from Sigma-Aldrich, and all chemicals were used
without further purification. Full methodological details can
be found in the ESI Materials and methods,} but key aspects
are summarized below.

Heterologous expression and purification of OleTPgy

Recombinant-pET-28a vector was co-transformed into E. coli
BL21(DE3) with pG-TF2 plasmid (Takara Bio, Kusatsu, JPN),
which encodes GroEL, GroES, and Tig chaperones. The
expression and purification were performed as described by
Rade et al. Briefly, the transformed strain was grown in
500 mL of a selective (chloramphenicol and kanamycin)
Terrific Broth medium (TB) supplemented with 125 mg L™
thiamine hydrochloride and 500 pL trace metals solution (con-
taining 50 mM FeCl;, 20 mM CaCl,, 10 mM MnCl,, 10 mM
ZnCl,, 2 mM CoCl,, 2 mM CuCl,, 2 mM NiSO,) at 37 °C. The
growth temperature was reduced to 20 °C when the optical
density (OD600 nm) of the culture reached 0.6. Then 200 pM
isopropyl-p-p-thiogalactopyranoside (IPTG) (Invitrogen), 5 uM
of FeCl;, 100 pM of d-aminolevulinic acid (ALA), and 10 pg
mL™" tetracycline were added, and the culture was kept at
20 °C overnight. Cells were harvested by centrifugation at
7000g (10 min at 4 °C) and subsequently the cell pellets were
resuspended in buffer A [100 mM potassium phosphate (pH
7.5), 300 mM NaCl, 10 mM imidazole, and 5% (v/v) glycerol]
and disrupted by sonication in a Vibracell VCX 500 device
(Sonics and Materials, Newtown, USA), by performing 2 min of
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sonication (40% amplitude and no pause), followed by
5 minutes of stirring at 4 °C. This procedure was repeated 5
times. The cell lysate was centrifugated at 12 000g for 25 min
and the clear supernatant was loaded onto a 5 mL His-Trap
chelating HP column (GE Healthcare Biosciences), pre-equili-
brated with buffer A. The target protein was eluted with a gra-
dient of imidazole (5 to 300 mM) in buffer A. The eluted
sample was dialyzed overnight against 100 mM phosphate
buffer (pH 7.5) containing 50 mM NaCl and 5% (v/v) glycerol.
Dialyzed protein was loaded onto a fast flow Q-sepharose
column (Sigma-Aldrich Co., St Louis, USA) and eluted by a
NaCl gradient (50 mM to 1 M). The heterologous expression
and enzyme purification steps were evaluated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE,
12%) and spectrophotometric analysis of typical Soret bands.

Protein modification

OleTPry was added to an aqueous solution of N,N,N‘tri-
methyl-1,3-propanediamine (250 mM), N-hydroxysuccinimide
(NHS, 50 mM) and phosphate (10 mM, pH 7). The reaction
was initiated by addition of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, 150 mM) and the pH was maintained
between 7 and 7.5 by addition of dilute HCI for 5 hours. After
the cationisation reaction the solution was centrifuged at
3220g for 10 minutes and subsequently syringe filtered
(0.2 um) to remove any aggregates that has formed. The
protein solution was then buffer exchanged by repeated cen-
trifugal concentration (Corning® Spin-X®, 10 000 MWCO) and
resuspension in phosphate buffer (10 mM pH 7) yielding a
solution of cationised OleTPgy (C-OleTPgy).

C-OleTPgy was subsequently added dropwise to a stirred
solution of neutralised surfactant (pH 6.5-7) and then stirred
overnight to allow for the conjugation to occur. After the con-
jugation, the protein-surfactant nanoconjugate was syringe fil-
tered (0.2 pm) and then buffer exchanged by repeated centrifu-
gal concentration (Corning® Spin-X®, 10000 MWCO) and
resuspension in phosphate buffer (10 mM pH 7). The purified
nanoconjugate was then lyophilised and the dry nanoconju-
gate was then thermally annealed at 60 °C for 1 hour to yield a
viscous liquid ([C-OleTPgn][S])-

Surfactant synthesis

Brij C10 sulfate ester was synthesised by reacting Brij C10 with
sulfamic acid.>® An equimolar mixture of Brij C10 (10.0 g,
14.7 mmol) and sulfamic acid (1.43 g, 14.7 mmol) was heated
neat at 120 °C for 18 h under nitrogen producing a brown
viscous liquid. The resulting liquid was cooled to room temp-
erature and diluted with 200 mL of dichloromethane and
stirred for 1 h. The solution was subsequently filtered using
filter paper, and the solvent was removed from the filtrate
using a rotatory evaporator yielding a viscous oil. The oil was
then washed with 3 x 100 mL of hexane to remove non-polar
impurities. The hexane was then decanted, and the oil was lyo-
philised to give ammonium Brij C10 sulfate ester as an off-
white waxy solid (8.62 g, 11.08 mmol) at a 75% yield.
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Synthesis of 1-butyl-1-methylpyrrolidinium acetate

1-Butyl-1-methylpyrrolidinium acetate ([bmpyrr][OAc]) was syn-
thesized following a literature procedure.”” Briefly, silver
acetate (12.81 g, 0.085 mol, 1.0 eq.) in deionized water (50 mL)
was added to a flask covered in aluminium foil containing
[bmpyrr][Cl] (15.00 g, 0.084 mol, 1.1 equivalents). The resulting
solution was stirred at room temperature for 3 days and then fil-
tered through filter paper. The solution was then mixed with acti-
vated charcoal for 24 h then filtered and tested for silver and
chloride ions with aqueous hydrochloric acid and silver nitrate
solutions respectively, no precipitate formed which indicated that
no silver or chloride ions were present in the solution. The solu-
tion was then passed through a neutral alumina column (Thermo
Scientific, HyperSep™ C18 cartridge). The resulting product was
then lyophilised to give [bmpyrr][OAc] (9.3 g, 0.047 mol, 56.0%)
as a colourless liquid. [bmpyrr][OAc]: "H NMR (D,O, 400 MHz) §
0.87 (t, 3H, CH,), 1.30 (h, 2H, CH,), 1.69 (m, 2H, CH,,), 1.82 (s,
3H, CH;, OAc), 2.11 (m, 4H, CH,), 2.94 (s, 3H, CHj,), 3.23 (m, 2H,
CH,), 3.41 (m, 4H, CH,).

SRCD

Synchrotron radiation circular dichroism (SRCD) spectra of
[C-OleTPgy][S] in ionic liquids were collected on beamline B23
at the Diamond Light source. Temperature dependent SCRD
experiments were performed using a Linkam thermal stage.
Measurements were made with a wavelength range of
180-260 nm, integration time of 2 s and 1 nm wavelength
interval. For thermal denaturation experiments, spectra were
collected in 10 °C intervals between 30-200 °C, samples were
incubated at each temperature for 300 seconds prior to each
spectrum being collected. Ionic liquid samples were cast as
thin films between two quartz plates.

H,O0, consumption assay

Briefly, 10 pg of decarboxylase enzyme was added to 1 mL of
phosphate buffer (100 mM pH 7.2) containing 0.1 mM H,0,
and 0.5 mM myristic acid and was shaken for 5 minutes. The
reaction was then quenched by addition of 0.2 mM 2,2"-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 3 U of
horse radish peroxidase (HRP), which reacted with the remain-
ing H,0, present in the reaction. The reaction was centrifuged
for 5 minutes to clarify the solution and to ensure the HRP
had time to consume the residual H,0,. The concentration of
oxidised ABTS was then quantified by measuring the absor-
bance at 420 nm (ref. 55) (€420 = 36 mM ' em™") using a nano-
photometer (Implen, N60). The rate of consumption of H,0,
was then calculated by comparing the absorbance of the reac-
tion compared to a control reaction containing no OleTPgy
(see ESI Materials and methodst).

UV reactions

[C-OleTPgy][S] was weighed in to 4 mL glass vials equipped
with a stirrer bar, heated to 60 °C, and stirred at 200 rpm for
one hour. Subsequently, 500 pL of pure ionic liquid (typically
<0.5% w/w water) containing the fatty acid substrate (1-40 mg
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mL™") was added to the vial containing [C-OleTPgy][S]. The
solution was stirred for one hour such that the nanoconjugate
was fully dissolved. Then the reaction was initiated by illumi-
nating the solution with UV light (365 nm, 8 watts). The reac-
tion was allowed to proceed for a predetermined amount of
time, after which the UV light was removed, and the reaction
was cooled to room temperature and quenched by addition of
1 mL of 3 M HCI in methanol. The quenched reactions were
then heated to 60 °C and stirred at 800 rpm for one hour to
form a fatty acid methyl ester from any unreacted free fatty
acid remaining in the reaction. The resulting solution was
then extracted with 1 mL of hexane and the hexane layer was
analysed by GCMS to determine conversions. Conversions
were determined by comparing the area of the peak to a cali-
bration curve and a control reaction containing no enzyme.
Both reactions and controls were performed in triplicate.

GC-MS derivatisation method

After the reaction in ionic liquids the reactions were cooled to
room temperature and quenched by addition of 3 M HCI in
dry methanol. The samples were then stirred at 60 °C for 1 h
to form a fatty acid methyl ester. The samples were then
cooled to room temperature and extracted with hexane and the
hexane layer was analysed by GC-MS.

Michaelis-menten kinetics fitting

The Michaelis-Menten equation was fitted to the data using
IGOR Pro

[S]

V=Viax——"5
mame T [S}

where v is the velocity of the reaction, V. is the maximum
velocity of the reaction, [S] is the concentration of substrate
and K, is the Michaelis constant.
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