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ABSTRACT: Value-added utilization of lignin waste
streams is vital to fully sustainable and economically
viable biorefineries. However, deriving substantial value
from its main constituents is seriously hindered by the
constant requirement for expensive coenzymes. Herein,
we devised a coenzyme-free biocatalyst that could
transform lignin-derived aromatics into various attractive
pharmaceutical and polymer building blocks. At the center
of our strategy is the integrated use of new mining
phenolic acid decarboxylase and aromatic dioxygenase
with extremely high catalytic efficiency, which realizes the
value-added utilization of lignin in a coenzyme-independ-
ent manner. Notably, a new temperature/pH-directed
strategy was proposed to eliminate the highly redundant
activities of endogenous alcohol dehydrogenases. The
major components of lignin were simultaneously con-
verted to vanillin and 4-vinylphenol. Since the versatile
biocatalyst could efficiently convert many other renewable
lignin-related aromatics to valuable chemicals, this green
route paves the way for enhancing the entire efficiency of
biorefineries.

B iorefining of lignocellulosic biomass/agricultural wastes
offers a promising route to couple petrochemical
replacement with environmental sustainability.' ™ Conven-
tional biorefineries, together with the pulp and paper industry,
generate more than 300 million tons of lignin waste streams
annually. The bulk of the lignin is simply burned for heat.”>
Recently, catalytic valorization of this largely unexploited
resource for renewable chemicals has attracted extensive
Ferulic acid (1) and p-coumaric acid (2)
represent the most predominant aromatic monomers in lignin,
which can be efficiently released by thermochemical
depolymerization or enzymatic hydrolysis.”" Thus, the
development of green processes for converting these accessible
lignin-related phenolic acids to value-added products is the key
to ensuring more sustainable and competitive biorefineries. "
1 is one of the practical starting materials for vanillin (3),
which is a widely used flavor compound and is a building block
of thermosetting resins/thermoplastics.'”"® Feruloyl-CoA
synthetase (Fcs) and enoyl-CoA hydratase/aldolase (Ech)
are typically responsible for the bioconversion of 1 to 3.'*
Nevertheless, the constant requirement for ATP and CoA in
this biosynthetic route has seriously hindered the effective
utilization of 1 and other lignin-derived aromatics.">'® To

attention.’™®
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date, no coenzyme-free biocatalytic process has managed to
achieve value-added utilization of lignin hydrolytic aromatics.

To efliciently derive substantial value from the main
constituents of lignin in a coenzyme-independent manner,
we devised a coenzyme-free biocatalyst containing a phenolic
acid decarboxylase (Pad) and aromatic dioxygenase (Ado).
The Pad catalyzes the nonoxidative decarboxylation of 1 and 2,
resulting in the formation of 4-vinylguaiacol (4) and 4-
vinylphenol (5), respectively.'”'® § is widely used for
polymeric materials, photoresistors, and semiconductor
manufacturing.'”*° Next, an undiscovered enzyme should
efficiently catalyze the oxidative cleavage of a conjugated C=C
bond in aromatic olefins to form valuable aromatic aldehydes
(Figure 1). Although a previously identified carotenoid
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Figure 1. Distinct routes for the conversion of 1 and 2. Fcs and Ech
are responsible for the bioconversion of phenolic acids to aromatic
aldehydes in a coenzyme-dependent manner. Pad and Ado can
convert phenolic acids to aromatic aldehydes in a coenzyme-free
fashion. 4HBA = 4-hydroxy benzaldehyde.

oxygenase, Cso2, can transform 4 to 3, its catalytic efficiency
toward 4 is unfortunately extremely low.” Moreover, the
temperature sensitivity (fairly unstable at 30 °C) and stringent
requirement for an alkaline environment severely constrain its
industrial application. Therefore, it is vital to identify an
efficient and robust Ado to overcome the aforementioned
problems.

For preparing the coenzyme-free biocatalyst, we attempted
to identify an efficient enzyme for aromatic olefins oxidation
without any coenzyme. A BLAST search of the bacterial
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genome sequences revealed the products of Avi 5950 from
Agrobacterium vitis S4, Hsc 1401 from Herbaspirillum
seropedicae AU14040, Ser39006_018005 from Serratia sp.
ATCC 39006, and Pfluolipicf7 18165 from Pseudomonas
fluorescens PICF7 with significant amino acid identities (57—
67%) to Cso2 (Figure S1), and they were promising
candidates for the oxidation of 4. However, regrettably, 3
could not be detected from whole cells expressing these genes
by feeding 4. As the search scope was expanded, a thermophilic
fungus, Thermothelomyces thermophila, attracted our atten-
tion.”"** The whole cells of E. coli harboring a hypothetical
protein (XP_00366558S) from T. thermophile successfully
converted 4 to 3 (Figure 2A). The presumed Ado with a
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Figure 2. Activity assay of the Ado. (A) Biotransformation of 4 to 3
by whole cells. Effects of pH (B) and temperature (C) on Ado
activity. (D) Thermal stability of Ado. (E) Biotransformation of 6 to 3
by purified Ado.

theoretical molecular weight of 67.3 kDa shares only 44%
amino acid identity with Cso2, and the relationship of Ado
with other oxygenases is shown in Figure S2. Normally, the
carotenoid oxygenase family contains an Fe’*-4-His arrange-
ment as a prosthetic group.”>** The four histidines (His'”,
His*'®, His*®, and His*®) in Ado might be responsible for
combining Fe*". The addition of FeCl, improved the activity of
the whole cells expressing Ado by 1.6-fold, implying that Ado
is a Fe’*-containing protein (Figure 2A). Subsequently, Ado
was purified, and the molecular mass of purified enzyme was in
accordance with the expected value (Figure S3).

The purified Ado was further characterized in terms of its
enzymatic properties (Figure 2). The optimum temperature
for activity of Ado was 40 °C, and the enzyme presented over
60% of the relative activity even at 5SS °C (Figure 2B).
Moreover, the Ado was relatively stable at 40 and 50 °C, and
more than 60% of the initial activity residue was detected after
300 min of incubation (Figure 2C). The optimum pH of Ado
was pH 7.0, and over 60% of the relative activity was detected
over a pH range of 7.0 to 10.0 (Figure 2D). The K, and V,,,,

16002

values of Ado were determined as 2.7 mM and 0.037 mM/min,
respectively, for 4 (Figure S4). The catalytic efficiency (k.,/
K,,) value was 1.2 mM™" s™!, which was more than 78 500-fold
higher than that of Cs02."® Furthermore, Ado shared moderate
amino acid identity (34%) with the isoeugenol monooxygenase
from P. nitroreducens Jinl, which lost all activity by incubation
at 50 °C.>* We speculated that Ado may also possess the ability
to convert isoeugenol (6), another lignin-related renewable
source,”® to 3 (Figure 2E). This was indeed the case, and the
K, and V,,, values of Ado for 6 were 2.0 mM and 0.060 mM/
min, respectively (Figure SS). The catalytic efficiency value was
2.6 mM™" s7!. The remarkable catalytic efficiency and good
thermal stability make Ado an ideal candidate for coenzyme-
free biocatalysis.

Previously, we found that high temperature can deactivate
the redundant endogenous alcohol dehydrogenases (ADHs) in
the whole-cell biocatalyst for accumulation of aromatic
aldehydes.”” Although the Pad that catalyzes the nonoxidative
decarboxylation of 1 has been well studied,”"® a Pad with high
temperature tolerance is necessary to construct a coenzyme-
free biocatalyst. Bacillus coagulans DSM1, a thermophilic
bacterium that can degrade 1, contains a putative phenolic
acid decarboxylase (BcPad) that shares 79% amino acid
identity with Pad from B. subtilis (Figure S6). Enzymes from
thermophilic bacteria might be more stable, and thus, BcPad
was purified and characterized (Figure S7). The optimum pH
of BcPad was pH 6.0, and over 70% of the relative activity was
detected in a pH range of 5.0 to 7.0 (Figure 3A). The optimum
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Figure 3. Activity assay of the BcPad. Effects of pH (A) and
temperature (B) on BcPad activity. (C) Thermal stability of BcPad.
(D) Biotransformation of 1 to 3 by BcPad and Ado cocktail.

temperature of BcPad was 50 °C, and the enzyme retained over
60% of its relative activity even at SS °C (Figure 3B).
Moreover, BcPad was relatively stable at 40 and SO °C (Figure
3C). The K, and V,,, values of BcPad for 1 were determined
as 1.9 mM and 1.087 mM/min, respectively, whereas those of
BcPad for 2 were 3.6 mM and 3.395 mM/min (Figure S8),
respectively. BcPad showed an 801-fold and 240-fold higher
keae/ Ky value (58.4 mM ™ s7") for 2 compared to those of Pads
from B. subtilis and Lactobacillus plantarum.”® Subsequently,
one-pot multistep synthesis of 3 without any coenzyme was
carried out using purified the BcPad and Ado cocktail (Figure
3D), which implies that BcPad was an ideal constituent for use
in conjunction with Ado.
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The coenzyme-free biocatalyst LV (Lignin-to-Valuables)
was constructed by coexpression of the aforementioned BcPad
and Ado (Figure S9A). After reaction for 2 h with LV at 30 °C,
30.0 mM of 1 was converted into 7.1 mM of 3, and 9.7 mM
vanillyl alcohol (7) was also formed due to the activities of
endogenous ADHs (Figure 4). When the reaction temperature
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Figure 4. Temperature/pH-directed formation of 3 by biocatalyst LV.
1 was converted to 3 and 7 at 30 °C and pH 7.5. When the
temperature and pH value were increased to 50 °C and pH 9.5, 1 was
mainly converted into 3.

was increased to 50 °C, the same amount of 1 was converted
into 18.9 mM of 3. Although this temperature-directed strategy
partially deactivates the redundant ADHs,”” 4.7 mM of 3 was
still converted to 7 (Figure 4). We propose a second-
generation strategy to further deactivate the endogenous
ADHs by simultaneously increasing the reaction temperature
and pH. As the alkaline environment is more preferred by Ado,
the rate-limiting step of the coenzyme-free system, this should
be a win—win solution. As expected, 30.0 mM of 1 was mainly
converted into 27.7 mM of 3 at 50 °C and pH 9.5, and only 0.2
mM of 7 remained (Figure 4). Thus, the temperature/pH-
directed strategy solved the traditional problem of the
undesirable activities of endogenous ADHs. The coenzyme-
based biocatalyst VA1 was also fed with the same amount of 1.
However, the overwhelming majority of 1 remained (Figure
S10). Here, the corresponding productivity of 3 (2.1 g L™
h™') by LV far surpasses all previously reported values for
whole-cell biocatalysts, which demonstrates the superiority of
the coenzyme-free system (Table S1). Moreover, the
optimization of stoichiometry based on kinetic models may
further improve the efficiency of LV-mediated multienzyme
processes.” "

Normally, 2 and 1 are released in a ratio of 1.8:1 after
alkaline hydrolysis of many lignin-rich agricultural wastes.”
Therefore, a mixture of 30 mM of 1 and 54 mM of 2 (1:1.8)
was used as substrate to confirm the feasibility of the
simultaneous value-added utilization of predominant lignin
hydrolytic aromatics. Here, 27.5 mM of 3 and 48.7 mM of §
were successfully formed in 2 h by the LV-mediated
biocatalysis (Figure S9B), and the maximal conversion yields
reached 91.7% and 90.2% for 3 and §, respectively. A biphasic
organic/aqueous system was further used to improve the
productivity of the coenzyme-free one-pot reaction. Water-
immiscible organic solvents could partly extract the hydro-
phobic products (ie, 3 and §) from the aqueous phase
containing more hydrophilic substrates (i.e., 1 and 2), thus
alleviating the toxic and inhibitory effects of products.’>**

Considering the criteria such as equilibrium partition
coefficients and product recovery between 22 organic and
aqueous phases (Table S2), six solvents were selected (Figure
S11). Given the higher reaction yields obtained above, the
chloroform/water two-phase system was employed for large-
scale production of 3 and § using a 1-L bioreactor. LV
produced a total of 13.3 g L™" of 3 and 20.5 g L™" of § within
18 h, as the concentrations of 1 and 2 increased to 100.0 mM
and 180.0 mM, respectively (Figure 5). The production of 3 is
the highest level achieved to date via biosynthesis using
recombinant cells (Table S3).
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Figure 5. Scaled-up production of 3 and $ using the coenzyme-free
biocatalyst LV. A chloroform/water system was employed.

Many other lignin-related aromatics were also investigated as
substrates for the coenzyme-free biocatalyst (Figure 6). Besides
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Figure 6. Productivity of various valuable aromatics with coenzyme-
free biocatalyst LV. Besides 1, 2, 4, and 6, LV catalyzes other lignin-
derived aromatics, 8, 9, 12, and 13, to form 10, 11, 14, and 15,
respectively.

4 and 6, LV catalyzes the nonoxidative decarboxylation of
caffeic acid (8) and sinapic acid (9), resulting in the formation
of 3,4-dihydroxystyrene (10) and 4-hydroxy-3,5-dimethoxy-
styrene (11), respectively. 10 and 11 are important aromatic
monomers for the production of high-performance poly-
mers.””*® Moreover, the biocatalyst LV catalyzes the oxidative
cleavage of anethole (12) and O-methyl isoeugenol (13) to
form anisaldehyde (14) and veratraldehyde (15), respectively,
which are valuable materials with applications in perfumery,
agrochemical, and pharmaceutical industries.”**” Thus, this
coenzyme-free biocatalyst provides a green route for the value-
added utilization of numerous lignin-derived aromatics.

In summary, a useful aromatic phenol monooxygenase was
identified and characterized here. Coupled with a phenolic acid
decarboxylase, the coenzyme-free biocatalyst LV was con-
structed for value-added utilization of lignin-derived aromatics.
LV showed outstanding catalytic performance in biphasic
organic/aqueous systems and efficiently converted the
predominant aromatic monomers of lignin into valuable
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J. Am. Chem. Soc. 2018, 140, 16001—-16005


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08177/suppl_file/ja8b08177_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b08177

Journal of the American Chemical Society

Communication

aromatics without the need for any expensive coenzyme.
Moreover, the versatile coenzyme-free biocatalyst may be
extended to generate a variety of valuable chemicals from other
renewable lignin-related aromatics. The temperature/pH-
directed catalytic strategy described herein can be used for
the biosynthesis of other valuable aldehydes used in industrial
applications. This green route for converting lignin to value-
added products can facilitate the comprehensive use of
agricultural wastes and enhance the entire efficiency of
biorefineries.
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