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Abstract: In this study, a selective C—H-oxyfunc-
tionalization using an unspecific peroxygenase
(UPO) enabled an efficient biosynthetic route for
the synthesis of grevillic acid (GA), a natural
antioxidant. The route commenced with the release
of o-coumaric acid (0CA) from trans-2-coumaric
acid glucoside (trans-CAG) using commercially
available f-glucosidase from almonds. In addition, a
cis-to-trans photoisomerization of cis-CAG was
implemented to increase the synthetic access of
oCA. The key step, the para-hydroxylation relative
to the existing hydroxyl group of oCA, was
accomplished by an UPO with full conversion and
93% isolated yield. Despite its name, the UPO
turned out to exhibit excellent regioselectivity in
this C—H functionalization, requiring only H,O, as a
cosubstrate.

Keywords: Antioxidants; Biocatalysis; Hydroxyla-
tion; Photoisomerization; Unspecific peroxygenase

Selective C—H-oxyfunctionalization of aromatics re-
mains one of the most pivotal challenges in synthetic
chemistry." ™ Traditional chemical methods often lack
efficiency and selectivity and produce over-oxygenated
by-products.”! Furthermore, these reactions typically
require harsh reaction conditions such as high temper-
ature and pressure, and they frequently utilize organic
solvents and inorganic catalysts, making them environ-
mentally unfriendly.”* Phenols, however, are valuable
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synthons in the production of dyes, agrochemicals,
pharmaceuticals, and polymers, while polyphenols are
renowned for their potent antioxidative properties,
finding applications in many consumer products,
including processed foods and cosmetics.* Conse-
quently, the manufacture of (poly)phenolic compounds
under benign reaction conditions is highly demanded.
Enzymes, evolved by nature to catalyze (complex)
transformations with high regio-, stereo-, and chemo-
selectivity, offer promising synthetic tools for develop-
ing more sustainable processes for the production of
phenolic compounds.” In this context, several enzyme
classes have been studied to catalyze the hydroxylation
of aromatics. For example, Li etal. reported the
selective para-hydroxylation of meta-alkylphenols us-
ing mutants of the cytochrome P450 enzyme BM3.!"")
Similarly, flavin-dependent monooxygenases (FMOs)
have also been found to catalyze the selective ortho- or
para-hydroxylation of phenols. 3-Hydroxybenzoate 4-
hydroxylase (MHBH) from Comamonas testosteroni
KHI122-3s and 3-hydroxybenzoate 6-hydroxylase
(B3HB6H) from Rhodococcus jostii RHA1 have been
reported to catalyze the conversions of 3-hydroxyben-
zoate to 3,4-dihydroxybenzoate and 2,5-dihydroxyben-
zoate, respectively.!'"'? Another interesting example
are the 4-hydroxyphenylacetic acid 1-hydroxylases (4-
HPAH-1) from Delfiia acidovorans'' and Halomonas
titanicae."" This two-component enzyme system con-
sists of a flavin-dependent oxidase and a mutase,
which catalyze the conversion of 4-hydroxyphenyl-
acetic acid (4-HPA) to homogentisic acid (HGA). In
the last few years, unspecific peroxygenases (UPOs)
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have gained significant interest in the field of organic
synthesis."> ' In contrast to P450s and FMOs, they do
not rely on expensive cofactors such as NAD(P)H or
flavins, requiring only H,O, as an oxidant to fulfill
their catalytic cycle."® UPOs have been investigated
for aliphatic hydroxylation®?” and for aromatic ring
hydroxylation. The first discovered UPO from Agro-
cybe aegerita” has been shown to regioselectively
hydroxylate benzene, phenol,” flavonoids,”! and
naphthalenes.” Furthermore Schmitz et al. recently
described the selective hydroxylation of arenes and
phenols using an UPO from Aspergillus brasiliensis.”>

Grevillic acid (GA) is a phenolic compound
belonging to the class of hydroxycinnamic acids
(HCAs) with potent antioxidative properties,***”) mak-
ing GA useful for applications in the food, cosmetic,
and pharmaceutical industries. GA or its methyl ester
can be found in Grevillea robusta”™ Murraya
paniculata,” and Heliciopsis lobata."" However,
similar to other natural compounds, its isolation is
inefficient, time-consuming, and costly.?'*?! Currently,
the biosynthetic pathway of GA remains unknown, and
its synthesis poses significant challenges due to its
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complex structure and the need for precise control over
the hydroxylation sites. Therefore, we set out to
develop a de novo biosynthetic route using readily
available natural substrates to meet global trends
toward more sustainable production of natural com-
pounds.

We commenced our investigations by identifying
possible biosynthetic routes toward GA (Scheme 1).
GA is a dihydroxycinnamic acid with the two hydroxyl
groups at the 2- and 5-positions of the phenyl ring.

To access this challenging substitution pattern, we
envisioned o-coumaric acid (0CA) and m-coumaric
acid (mCA) as potential substrates, where para-
hydroxylation relative to the existing hydroxyl group
would provide access to GA (Scheme 1, Routes A and
B). Additionally, we considered p-coumaric acid
(pCA) as an alternative substrate, following Hareland
etal’s report that 4-hydroxyphenyl propionic acid,
which only lacks the double bond of GA, serves as a
substrate for 4-HPAH-1. Thus, para-hydroxylation of
pCA relative to the existing hydroxyl group and
concomitant alkyl shift via 4-HPAH-1 would form GA
(Scheme 1, Route C). oCA could be synthesized by the
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Scheme 1. Possible biosynthetic routes toward the synthesis of grevillic acid (GA). In Route A, o-coumaric acid (0CA) could be
formed via the deglycosylation of 2-coumaric acid glucoside (CAG) or hydrolysis of coumarin (COU). In Route B, m-coumaric
acid could be synthesized starting from phenylalanine, which is first converted to m-tyrosine using a phenyl 3-hydroxylase
(Phe3H).P*** Deamination of m-tyrosine using a phenylalanine lyase would give mCA.”*! In Route C, p-coumaric acid (pCA) could
be synthesized from L-tyrosine by a tyrosine ammonia lyase.*® In all routes, para-hydroxylation relative to the existing hydroxyl
group (and concomitant alkyl shift in the case of pCA) results in the formation of GA.
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enzymatic hydrolysis of coumarin (COU), found in
tonca beans.””! Alternatively, the deglycosylation of 2-
coumaric acid glucoside (CAG), found in Melilotus
albus,”™ would release 0CA. The synthesis of mCA
could involve the hydroxylation of L-phenylalanine at
the C-3 position, as demonstrated by Zhang et al.*’!
and Griischow et al.®* using a phenyl 3-hydroxylase
(Phe3H) from Streptomyces coeruleorubidus. The
required deamination of m-tyrosine to afford mCA was
reported by Lovelock et al.”! using a phenylalanine
ammonia lyase (PAL) (Scheme 1, Route B). pCA
could be synthesized from L-tyrosine by a tyrosine
ammonia lyase (TAL).®® The para-hydroxylation
relative to the existing hydroxyl group in all routes is
particularly challenging due to the necessity of
regioselective hydroxylation and the possibility of
over-oxidation. Chemical methods are limited by poor
selectivity and unsustainability. Enzymatic hydroxyla-
tion, however, presents a promising alternative but
requires suitable enzymes achieving high selectivity.
Our study addresses these challenges with the aim to
establish a robust, efficient, and eco-friendly method
for synthesizing GA.

We initiated our study of finding a suitable enzyme
for the synthesis of GA by investigating the 4-HPAH-1
enzyme system using pCA as substrate. We prepared
cell-free lysates from Delftia acidovorans and Halomo-
nas titanicae, cultivated in minimal media with 4-HPA
as the sole carbon source to trigger the expression of
the 4-HPAH-1 enzyme system,''* and employed 4-
HPA, 4-hydroxyphenyl propionic acid, and pCA as
substrates. However, only the conversion of HPA to
HGA could be confirmed via TLC analysis, indicating
that 4-HPAH-1 has no enzymatic activity toward pCA.

Consequently, we turned our attention to the screen-
ing of 44 UPOs (UPO enzyme panel, Aminoverse
B.V.) for their potential to catalyze para-hydroxylation
of pCA, mCA, or oCA (Scheme 2).

In a first approach, we used ~0.2 mgmL™" lyophi-
lized enzyme, 4 mm substrate, and 1 mm H,0,, added
every 30 min for 4 h, in 100 mm tricine buffer (pH=
7.5) at 30°C. Biotransformations with pCA did not
show any GA formation according to TLC analysis.

UPO (~0.2 mg/mL)
Tricine (100 mM, pH 7.5)
o) 2% 1:1 MeOH/ACN (v/v) fo)

30 °C, 500 rpm, 4 h HO
XX OH X OH
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(8 mM final concentration, 2 equivalents)
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Scheme 2. Screening of 44 unspecific peroxygenases (UPOs).
Conditions: substrate (4 mm; pCA, mCA, or oCA), lyophilized
UPO (0.2 mgmL™"), H,O, (1 mm added every 30 min), 100 mm
tricine buffer (pH 7.5), MeOH/ACN 1:1 2% (v/v), 4 h, temper-
ature 30°C.
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Most of the reactions using mCA and oCA as
substrates also did not result in detectable GA
formation. However, potential hits were identified
when mCA or oCA were employed as substrates.
Reactions with mCA also revealed the formation of
caffeic acid, whereas only GA was detected when oCA
was used. These preliminary results were further
validated through gas chromatography-mass spectrom-
etry (GC-MS) analysis compared against commercially
available standards of GA and caffeic acid (Figur-
es S4-S6). Based on these initial findings, we selected
two UPOs (UPO2 and UPO23) to further assess their
potential for GA synthesis using oCA. This decision
was built on the observation that the hydroxylation of
oCA appears more selective than that of mCA and also
offers more efficient synthetic access since 0CA could
be obtained in a single step either from CAG or COU,
whereas mCA requires at least two steps (Scheme 1).

Before further studying the synthesis of GA, we
first investigated the operational robustness of UPO2
and UPO23 by assessing their solvent and temperature
tolerance (Figure 1). ABTS was chosen as substrate,
allowing the use of a convenient spectrophotometric
assay for activity measurement.”” Investigations on
the tolerance of common organic solvents, including
dimethyl sulfoxide (DMSO), acetone, methanol
(MeOH), and acetonitrile (ACN), revealed a pro-
nounced sensitivity of both enzymes to DMSO. This
observation aligns with previous studies that reported
DMSO’s inhibitory effects on UPOs, potentially due to
its interaction with the iron center of these enzymes,
thus hindering substrate access to the active site.”**"!
Conversely, the presence of ACN was found to
enhance the activity of UPO2 toward ABTS, while the
activity of UPO23 decreased by approximately 50%
with 2% (v/v) ACN. Acetone had a relatively mild
effect on both enzymes, suggesting that concentrations
between 5-10% (v/v) can be used without significantly
impacting enzymatic activity. UPO23 showed good
tolerance toward MeOH, whereas the activity of UPO2
was reduced by half at 2% MeOH. We further studied
the temperature tolerance of both enzymes by measur-
ing the activity toward ABTS after incubation at
various temperatures and times (Figure 1A and B).
UPO2 displayed good stability at 30°C and 40°C.
When UPO2 was incubated at 50 °C, it lost 40% of its
activity after 30 min and about 60% after 90 min. A
rapid inactivation of UPO2 was noticed at 60 °C, losing
all its activity within 60 min of incubation. In contrast,
UPO23 was mostly inactivated within 10 to 20 min at
all investigated temperatures, indicating that UPO23
has limited operational robustness. Consequently, we
selected UPO2 and shifted our focus to evaluate the
optimal conditions for the synthesis of GA.

Initially, we observed only inefficient formation of
GA, yielding 0.31 mM from 4 mM oCA after 2 hours
when 1 mm H,0, was added every 15 min (Figure 2).
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Figure 1. Biochemical characterization of UPO2 and UPO23. (A) and (B) Thermal inactivation was evaluated using 100 mm
sodium citrate (pH 4.5), ABTS (30 um), H,O, (2 mm), enzyme solution (appropriately diluted to ensure a linear response in kinetic
mode). (C) Co-solvent tolerance was assessed in a reaction mixture consisting of 100 mm sodium citrate (pH 4.5), ABTS (30 um),
H,O, (2 mm), enzyme solution (appropriately diluted to ensure a linear response in kinetic mode). Co-solvent concentration is
indicated as % (v/v). The conversion of ABTS was monitored by measuring the absorbance at 420 nm (g4, =236,000 M'cm ") for a
duration of 120 s at 25°C. Reactions were performed as triplicate (n=3).
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Figure 2. Time-course study of the transformation of oCA to
GA. Conditions: oCA (4mM), Ilyophilized UPO2
(0.2 mgmr™"), Ascorbic acid (AC, 0, 4, or 20 mm), H,O, (1 or
2 mMm added every 15 min), 100 mm tricine (pH 7.5), MeOH/
ACN 1:1 2% (v/v), 500 rpm, 2 h, temperature 30°C. Samples
were taken after indicated time points, derivatized using
BSTFA/pyridine, and stored at 4°C in the dark before analysis
via GC-MS. Reactions were performed in duplicate (n=2).

We reasoned that the peroxidase activity of UPO2
might cause the limited GA formation due to phenoxy
radical formation and subsequent polymerization.!'’!
Hence, we added 4 mM ascorbic acid (AC) as a radical
scavenger to the biotransformation and found an
increase in GA to 1.21 mm after 1.5 hours. However,
we detected a lower formation of 0.85 mM GA after
2 hours, suggesting that the scavenging effect was
insufficient. Increasing the concentration of AC to
20 mM resulted in 3.33 mM GA from 4 mm oCA within
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2 hours. Despite its name, UPO2 transformed oCA to
GA with remarkable regio- and chemoselectivity, as
only the para-hydroxylated product and no multi-
hydroxylated compounds were observed. Similarly, a
preferred para-hydroxylation was already reported for
the hydroxylation of phenol to hydroquinone.”” Addi-
tionally, no epoxidation of the double bond was
observed.

Next, we evaluated the optimal H,O, concentration.
Adding 2 mM H,0, instead of 1 mM every 15 min
positively influenced the catalytic activity, achieving
3.39 mm GA within one hour. However, controlling
H,0, concentration is crucial to prevent polymerization
reactions and enzyme degradation, as further H,O,
addition resulted in a slight decrease in GA. Then, we
set out to determine the optimal temperature and pH
for converting oCA to GA. We observed that the
temperature did not significantly affect GA formation
(Figure S1), whereas lower pH values generally
favored the formation of GA (Figure S2). However,
tricine buffer at pH 7.5 yielded similar good results. Of
the investigated buffers, we selected 100 mm sodium
acetate (NaOAc, pH 4.0) as the buffer of choice.
Although Na-citrate buffer (pH 3) facilitated good GA
formation in the pH study (Figure S2), citric acid’s
solubility in the extraction solvent ethyl acetate
(EtOAc) would require an additional purification step,
such as column chromatography. Furthermore, higher
pH values (such as those with tricine buffer) promote
the oxidation of phenols,**! as demonstrated in the
time-course study with NaOAc (pH 4), which showed
a higher formation of GA (Figure S3) compared to
tricine buffer (Figure 2), especially in the absence of
the antioxidant.

Under optimal conditions, we could decrease the
enzyme concentration from initially 0.2 mgmL™" to
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0.05 mgmL™". Then, we conducted a preparative scale
reaction (50 mg oCA, 3.5 mg UPO2 lyophilized cell
lysate). The reaction progress was monitored by TLC
analysis, and upon completion, 53 mg GA (93%
isolated yield) was obtained after a simple extractive
workup.

With the synthesis of GA established, we shifted
our attention to the biosynthesis of oCA. In a first
approach, we investigated the hydrolysis of COU.
Therefore, we compiled a panel of hydrolases (Ta-
ble S1) comprising eight commercially available li-
pases, two esterases, and three lactonases. The exper-
imental procedures, SDS-PAGE of the expressed
lactonases (Figure S7), and the figures of the enzy-
matic activities (Figure S8 and S9) can be seen in the
Supporting Information (SI). Despite the diverse
enzymatic collection, we did not observe any oCA
formation, possibly due to the formation of the cis-
isomer of oCA, which readily recyclizes upon acid-
ification. Hence, the alternative route, the deglycosyla-
tion of CAG, was studied. The biosynthetic route
toward GA starting from CAG is shown in Figure 3A
(see also Scheme 1). CAG exists in the cis- and trans-
configurations and can be isolated from Melilotus
albus. We employed commercially available S-glucosi-
dase from almonds, leveraging the optimal conditions
previously established by our group.*!! First, the
deglycosylation of the trans-isomer of CAG was
investigated using 0.2 mgmL™' enzyme and 1 mm
CAG in a 100 mmMm NaOAc buffer (pH=5.5). The
reaction was incubated at 35°C and, after 20-24 h,
1 mM oCA was obtained (Figure 3B). Under the same
conditions, a preparative scale reaction (30 mg trans-
CAQG) was performed, obtaining oCA in quantitative
yield after extractive workup.

When the cis-isomer of CAG was employed, we
only observed the formation of COU, indicating the
cyclization to form the lactone after the release of the
sugar moiety.

This lactonization can also be observed in the
biosynthesis of coumarin, where cis-CAG is a direct
precursor.™ This may explain why cis-CAG is found
as the major isomer in Melilotus albus, as coumarin is
potentially significant for the plant’s defense
mechanisms.*® Consequently, to further improve the
outcome of our synthetic route, we opted for cis-to-
trans isomerization of cis-CAG. First, no trans-CAG
was observed when a chemical isomerization'*”! meth-
od was applied to cis-CAG. Hence, the focus was then
placed on photoisomerization.”®! When the cis-CAG
was irradiated without the addition of a photocatalyst,
no formation of trans-CAG was detected. Therefore, it
was decided to add photocatalysts with different
triplet-state energies (E;).

While no formation of trans-CAG was detected in
the presence of riboflavin (E;=209 kyimol "),* the
addition of the photocatalysts benzophenone (E;=
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Figure 3. Biosynthetic pathway for the synthesis of oCA
including photoisomerization and deglycosylation of CAG in
addition to the UPO-catalyzed oxidation to GA. (A) Scheme of
the biosynthetic route for the synthesis of GA. The green box
represents the synthesis of 0oCA via photoisomerization of the
cis-isomer of CAG to the trans-isomer, followed by the release
of oCA by employing fS-glucosidase from almonds. The pink
box represents the hydroxylation of oCA to GA using UPO2.
(B) Deglycosylation of the trans-isomer of CAG (green) and
photoisomerization of the cis-isomer of CAG, followed by
deglycosylation. The samples containing the cis-isomer (1 mm)
were first irradiated for 5 min with or without a photocatalyst
(5 mol% — 0.5 mm) at 365 nm and subsequently subjected to the
deglycosylation reaction. Conditions of the deglycosylation:
trans-CAG or cis-CAG (1 mm), B-glucosidase (0.2 mgmL™),
100 mm NaOAc (pH 5.5), 2024 h, 35°C.
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289 kimol ") or xanthone (E;=310 kimol ")"" re-
sulted in successful isomerization, resulting in a
mixture of cis- and trans-isomers, according to TLC
analysis. By varying the concentration of the photo-
sensitizers, 0.36—0.55 mM oCA was formed from 1 mm
cis-CAG following photoisomerization and deglycosy-
lation (Figure 3B).

In summary, an efficient biosynthetic route for the
synthesis of GA was developed in this study. The
deglycosylation of CAG using p-glucosidase from
almonds gave oCA in quantitative yield. The key step,
the hydroxylation of oCA in the para-position relative
to the existing hydroxyl group, was achieved using the
unspecific peroxygenase UPO2, which showed, despite
its name, remarkable selectivity for mono-hydroxyla-
tion, obtaining GA in excellent yields. The feasibility
of this route was further demonstrated by preparative
scale reactions, where oCA and GA could be obtained
via simple extractive workups in excellent yields. This
biosynthetic pathway requires only H,O, as a reagent,
and chemicals and waste are kept to a minimum,
aligning with global trends for greener chemical
production methods.
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