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Abstract 

Syringaresinol was synthesized in a one-pot conversion containing eugenol oxidase 
(EUGO) and horseradish peroxidase (HRP) using the relatively cheap 2,6-
dimethoxy-4-allylphenol as a substrate. This conversion is fully coupled as the 
hydrogen peroxide generated from the reaction of EUGO with the substrate is 
utilized by the HRP to convert the formed sinapyl alcohol into syringaresinol. To 
improve the performance of EUGO on 2,6-dimethoxy-4-allylphenol, structure-
inspired enzyme engineering was performed. This yielded the I427A EUGO mutant 
that is significantly more efficient with 2,6-dimethoxy-4-allylphenol. The I427A 
EUGO mutant together with HRP were capable of efficiently producing 
syringaresinol as a major product. After optimization and upscaling, the conversion 
to a semipreparative scale (1 gr), syringaresinol was obtained in 81% yield. 
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4.1 Introduction 
One-pot enzymatic cascades have received an increasing attention over recent 
years[1,2] Such approaches are attractive as they save time, money, and energy needed 
to make or isolate compounds with a high degree of purity and quality.[3] These 
cascades also allow conversions in which labile intermediates can be used. One-pot 
cascades have involved a wide range of enzymes ranging from but not exclusive to 
dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
attractive candidate for use as a substitute for bisphenol A in industrial resins.[11,12] 

 

Scheme 1. Conversion of 2,6-Dimethoxy-4-allylphenol (1) to Sinapyl Alcohol (2) 
Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 

Despite being available naturally in plants, syringaresinol is isolated from natural 
sources in a very low yield.[8] Chemical synthesis of syringaresinol has achieved 
yields reaching 67% through copper catalysis. However, these methods are 
problematic with regard to the toxicity of the chemicals used and the costs of the 
various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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Figure 1. Active site of EUGO with the flavin cofactor (yellow), a docked 2,6-
dimethoxy-4-allylphenol (green) and highlighting residues (cyan): Tyr91, Tyr471, 
and Arg472, essential for stabilization of the phenolate form of the bound substrate, 
and Ile427 and Val166 that were mutated to improve the activity with 2,6-
dimethoxy-4-allylphenol. 

The steady state kinetics for the conversion of 2,6-dimethoxy-4-allylphenol (1) for 
each of the three different Ile427 mutants revealed that the most active mutant was 
the I427A (kcat = 0.72 s–1, KM = 0.46 μM). This mutant enzyme displays a more than 
2-fold higher kcat when compared with the wild type enzyme while also the apparent 
affinity (KM) decreased (wt-EUGO: kcat = 0.37 s–1, KM = 0.77 μM). The other two 
mutants also displayed improved kinetic parameters (I427V: kcat = 0.59 s–1, KM = 
0.34 μM, I427G: kcat = 0.59 s–1, KM = 0.39 μM). Yet, the I427G mutant suffered 
from substrate inhibition at elevated substrate concentrations. The V166A mutant 
displayed a somewhat lower KM but also a reduced activity when compared with 
wild type EUGO (V166A: kcat = 0.124 s–1, KM = 0.39 μM). The steady-state kinetic 
data for all above-mentioned enzymes are shown in Figure S1. Due to its superior 
kinetic properties, EUGO I427A was used to explore its use as biocatalyst for 
producing sinapyl alcohol. 

Sinapyl alcohol is a relatively expensive compound, whereas 2,6-dimethoxy-4-
allylphenol (1), its precursor in this study, is several orders of magnitude cheaper. 
This is probably due to the fact that (1) and other 4-allylphenols can be readily 
isolated from herbs and spices. This makes it attractive to explore the use of 2,6-
dimethoxy-4-allylphenol as a starting material to prepare high-value compounds, 
such as sinapyl alcohol. We first studied the conversion of 2,6-dimethoxy-4-
allylphenol into sinapyl alcohol using EUGO I427A. When 0.5 μM of EUGO 
I427A was used in the conversion, incomplete conversion of 2,6-dimethoxy-4-
allylphenol to sinapyl alcohol was seen (data not shown). It was found that EUGO 
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I427A was capable of completely converting 2,6-dimethoxy-4-allylphenol into 
sinapyl alcohol within 22 h when 5 μM of the enzyme was added to a solution 
containing 10 mM of the substrate. No other products could be detected (see Figure 
S2). 

After having established that EUGO I427A can be used to produce sinapyl alcohol, 
a cascade reaction that included the oxidase and HRP was investigated. Incubation 
of 2,6-dimethoxy-4-allylphenol with EUGO I427A and HRP in one-pot resulted in 
formation of one major soluble product: syringaresinol, a dimer of two sinapyl 
alcohol monomers linked to each other through a β–β linkage. When EUGO I427A 
(5 μM) and HRP (0.65 μM) were added to a reaction containing 10 mM 2,6-
dimethoxy-4-allylphenol, complete conversion of 2,6-dimethoxy-4-allylphenol to 
racemic syringaresinol as a major product was achieved after 25 h (see Figure S3). 
The reaction proceeds through the formation of sinapyl alcohol by oxidation of 2,6-
dimethoxy-4-allylphenol by EUGO, whereas, in a second step, HRP utilizes the 
hydrogen peroxide that is generated to form a free radical from the formed sinapyl 
alcohol. Through dimerization of the formed radicals, syringaresinol is formed. 
Though it is known that HRP can be inactivated by hydrogen peroxide, the in situ 
production of the co-substrate prevented accumulation of excessive hydrogen 
peroxide limiting this inactivation effect. 2,6-Dimethoxy-4-allylphenol is a unique 
substrate as both the 2- and 6-positions are blocked by methoxy-groups for 
alternative coupling reactions. This hinders the ability to form other linkages that 
are characteristic of lignin polymers, as found when using eugenol as a precursor in 
a EUGO/HRP-catalyzed reaction. [8] The two methoxy moieties direct the reaction 
toward formation of the dimerized oxidation product from sinapyl alcohol. 

Some insoluble product was also formed in the reaction above, which was isolated 
and analyzed separately. GPC analysis of the material showed that the insoluble 
product consisted of higher molecular weight material, in the range of oligomers 
with a length of 2–10 aromatic units (see Figure S4, Mn = 600, MW = 750, d = 1.24). 
Analysis by 2D HSQC and 2D HMBC nuclear magnetic resonance (NMR) revealed 
major signals that can be ascribed to syringaresinol as well as to 2,6-dimethoxy-4-
allylphenol units (Figures S5 and S6). Unlike our previously reported work on 
eugenol, no clear lignin type linkages were detected using 2,6-dimethoxy-4-
allylphenol as a substrate apart from the β–β linkages from syringaresinol. A signal 
for a β-O-4 linkage that has been modified on the α-position could be observed; 
however, the exact nature of this β-O-4 type linkage or other connectivity of the 
aromatic units remains unclear. Overall, it seems that the conversion of 2,6-
dimethoxy-4-allylphenol by this enzyme cascade has a high preference for the 
formation of β–β dimers over typical β-O-4 type linkages. 

After testing the conversion of 2,6-dimethoxy-4-alllylphenol to syringaresinol on a 
small scale, a one gram conversion was performed. The conversion was done in a 
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4.1 Introduction 
One-pot enzymatic cascades have received an increasing attention over recent 
years[1,2] Such approaches are attractive as they save time, money, and energy needed 
to make or isolate compounds with a high degree of purity and quality.[3] These 
cascades also allow conversions in which labile intermediates can be used. One-pot 
cascades have involved a wide range of enzymes ranging from but not exclusive to 
dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
attractive candidate for use as a substitute for bisphenol A in industrial resins.[11,12] 

 

Scheme 1. Conversion of 2,6-Dimethoxy-4-allylphenol (1) to Sinapyl Alcohol (2) 
Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 

Despite being available naturally in plants, syringaresinol is isolated from natural 
sources in a very low yield.[8] Chemical synthesis of syringaresinol has achieved 
yields reaching 67% through copper catalysis. However, these methods are 
problematic with regard to the toxicity of the chemicals used and the costs of the 
various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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Figure 1. Active site of EUGO with the flavin cofactor (yellow), a docked 2,6-
dimethoxy-4-allylphenol (green) and highlighting residues (cyan): Tyr91, Tyr471, 
and Arg472, essential for stabilization of the phenolate form of the bound substrate, 
and Ile427 and Val166 that were mutated to improve the activity with 2,6-
dimethoxy-4-allylphenol. 

The steady state kinetics for the conversion of 2,6-dimethoxy-4-allylphenol (1) for 
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0.34 μM, I427G: kcat = 0.59 s–1, KM = 0.39 μM). Yet, the I427G mutant suffered 
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Sinapyl alcohol is a relatively expensive compound, whereas 2,6-dimethoxy-4-
allylphenol (1), its precursor in this study, is several orders of magnitude cheaper. 
This is probably due to the fact that (1) and other 4-allylphenols can be readily 
isolated from herbs and spices. This makes it attractive to explore the use of 2,6-
dimethoxy-4-allylphenol as a starting material to prepare high-value compounds, 
such as sinapyl alcohol. We first studied the conversion of 2,6-dimethoxy-4-
allylphenol into sinapyl alcohol using EUGO I427A. When 0.5 μM of EUGO 
I427A was used in the conversion, incomplete conversion of 2,6-dimethoxy-4-
allylphenol to sinapyl alcohol was seen (data not shown). It was found that EUGO 
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I427A was capable of completely converting 2,6-dimethoxy-4-allylphenol into 
sinapyl alcohol within 22 h when 5 μM of the enzyme was added to a solution 
containing 10 mM of the substrate. No other products could be detected (see Figure 
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alcohol. Through dimerization of the formed radicals, syringaresinol is formed. 
Though it is known that HRP can be inactivated by hydrogen peroxide, the in situ 
production of the co-substrate prevented accumulation of excessive hydrogen 
peroxide limiting this inactivation effect. 2,6-Dimethoxy-4-allylphenol is a unique 
substrate as both the 2- and 6-positions are blocked by methoxy-groups for 
alternative coupling reactions. This hinders the ability to form other linkages that 
are characteristic of lignin polymers, as found when using eugenol as a precursor in 
a EUGO/HRP-catalyzed reaction. [8] The two methoxy moieties direct the reaction 
toward formation of the dimerized oxidation product from sinapyl alcohol. 

Some insoluble product was also formed in the reaction above, which was isolated 
and analyzed separately. GPC analysis of the material showed that the insoluble 
product consisted of higher molecular weight material, in the range of oligomers 
with a length of 2–10 aromatic units (see Figure S4, Mn = 600, MW = 750, d = 1.24). 
Analysis by 2D HSQC and 2D HMBC nuclear magnetic resonance (NMR) revealed 
major signals that can be ascribed to syringaresinol as well as to 2,6-dimethoxy-4-
allylphenol units (Figures S5 and S6). Unlike our previously reported work on 
eugenol, no clear lignin type linkages were detected using 2,6-dimethoxy-4-
allylphenol as a substrate apart from the β–β linkages from syringaresinol. A signal 
for a β-O-4 linkage that has been modified on the α-position could be observed; 
however, the exact nature of this β-O-4 type linkage or other connectivity of the 
aromatic units remains unclear. Overall, it seems that the conversion of 2,6-
dimethoxy-4-allylphenol by this enzyme cascade has a high preference for the 
formation of β–β dimers over typical β-O-4 type linkages. 

After testing the conversion of 2,6-dimethoxy-4-alllylphenol to syringaresinol on a 
small scale, a one gram conversion was performed. The conversion was done in a 
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4.1 Introduction 
One-pot enzymatic cascades have received an increasing attention over recent 
years[1,2] Such approaches are attractive as they save time, money, and energy needed 
to make or isolate compounds with a high degree of purity and quality.[3] These 
cascades also allow conversions in which labile intermediates can be used. One-pot 
cascades have involved a wide range of enzymes ranging from but not exclusive to 
dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
attractive candidate for use as a substitute for bisphenol A in industrial resins.[11,12] 

 

Scheme 1. Conversion of 2,6-Dimethoxy-4-allylphenol (1) to Sinapyl Alcohol (2) 
Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 

Despite being available naturally in plants, syringaresinol is isolated from natural 
sources in a very low yield.[8] Chemical synthesis of syringaresinol has achieved 
yields reaching 67% through copper catalysis. However, these methods are 
problematic with regard to the toxicity of the chemicals used and the costs of the 
various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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250 mL reaction volume using 5% dimethylsulfoxide (DMSO, v/v) as a cosolvent. 
After high-performance liquid chromatography (HPLC) analysis confirmed 
complete conversion of the starting material, the product was isolated from the 
solution by ethyl acetate extraction and purified by column chromatography. The 
whole conversion was completed in 22 h and resulted in a yield of 870 mg (81%) 
syringaresinol from 1 g of the starting material. The isolated syringaresinol appeared 
as pale yellow crystals. Figure S7 shows the 1H NMR and 13C NMR spectra for the 
isolated lignan. In addition to the syringaresinol, ≈80 mg of insoluble product was 
formed. 

We have successfully been able to produce syringaresinol in a high yield from a 
relatively cheap precursor in a facile one-pot two-enzyme conversion. For this, first 
the performance of the required oxidase was successfully optimized through site-
directed mutagenesis of EUGO to improve its acceptance of 2,6-dimethoxy-4-
allylphenol as a substrate. The combined use of EUGO I427A and HRP resulted 
in full conversion of 2,6-dimethoxy-4-allylphenol and formation of syringaresinol 
as major product. The lignan was purified (81% yield) after a 1 g scale conversion 
and analyzed using both 1H NMR and 13C NMR to confirm its purity. This newly 
developed biocatalytic system for synthesis of syringaresinol could serve as a good 
source for producing this medically and industrially important compound on a large 
scale. 

4.2 Experimental 
4.2.1 Chemicals and Reagents  
2,6-dimethoxy-4-allylphenol, sinapyl alcohol, DMSO-d6, oligonucleotide primers, 
Tris, peroxidase from horseradish (HRP) were purchased from Sigma Aldrich (St 
Louis, MO, USA). All media components and ampicillin antibiotic were from 
Fischer Scientific chemicals (Pittsburgh, PA, USA). Solvents were purchased from 
JT Baker (Pittsburgh, PA, USA), Lab Scan Analytical Sciences (Gilwice, Poland) 
and Macron Fine Chemicals (Center Valley, PA, USA). Pfu Ultra II Hotstart PCR 
Master Mix was purchased from Agilent (Santa Clara, CA, USA). The Qiaprep Spin 
Miniprep Kit was purchased from Qiagen (Hilden, Germany). DpnI was purchased 
from New England Biolabs (Ipswich, MA, United States).  

4.2.2 Site-directed mutagenesis of EUGO 
Mutagenesis was performed by using the Quickchange mutagenesis kit from 
Thermo Fischer Scientific (MA, USA). Ile427 was substituted for valine, alanine and 
glycine and Val166 was replaced by alanine using the primers shown in Table S1. 
The recipe and conditions for each of the three mutations are shown in Methods 
S1. 
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4.2.3 Enzyme expression, purification and storage 
E.coli NEB 10-β cells were grown in 5 mL Luria-Bertani (LB) medium at 37 °C 
overnight to saturation. The pre-cultures were then diluted 100 times in terrific 
broth (TB) medium and grown at 37 °C until the optical density measurement 
reached 0.6. Induction was performed by adding an amount corresponding to 0.02 
% (w/v) L-arabinose to the cells and transferring the culture to 30 °C for 18 h. 
Expression of each of the EUGO mutants and the wild type was done in 500 mL 
of culture in a 2 L flask. The pBADEUGO-His plasmid was provided by GECCO-
Biotech (Groningen, The Netherlands).  

Cells were harvested by centrifugation at 6000 X g (Beckman Coulter, Avanti JE 
centrifuge, JLA 14 rotor) for 20 min at 4 °C. The pellets containing a mutant or the 
wild type enzyme were washed with Buffer A. They were then disrupted by 
sonication (10 min total time with cycles of 10 s on and 10 s off at 70 % amplitude) 
using a Sonics Vibra-Cell VCX130 probe sonicator (Newtown, CT, USA). The cell-
free extract was obtained by centrifugation at 12,000 x g for 45 min at 4 °C. The 
extracts were filtered using Whatman FP 30/0.45 CA-S membrane syringes (GE 
Healthcare Lifesciences, Uppsala, Sweden) to remove remaining cell debris.  

EUGO wild type and mutant enzymes were purified by an ÄKTA purifier (GE 
Healthcare Lifesciences) using a 5 mL HisTrap HP column (GE Healthcare 
Lifesciences). The column was first equilibrated using Buffer A followed by loading 
of the cell-free extract. Buffer B was then used to wash off any nonspecific proteins 
from the column. The enzymes were then eluted from the column by using a 
gradient of Buffer C starting from 0 to 500 mM imidazole within 30 min. After 
purification, the proteins were S4 desalted by using the HiPrep 26/10 Desalting 
column (GE Healthcare Lifesciences) using Buffer D. All enzymes were frozen 
using liquid nitrogen and stored at -20 °C until further use. Buffer compositions are 
mentioned in the Supporting information, Table S2. 

4.2.4 Enzyme characterization 
Wild type EUGO and mutant concentrations were determined based on the 
absorbance of the covalently bound flavin cofactor at 441 nm using the molar 
extinction coefficient of EUGO at 441 nm = 14.2 mM-1 cm-1 . HRP was added 
from a 65 µM stock solution in 20 mM potassium phosphate buffer (KPi), pH 7 
unless otherwise stated. The concentration of HRP was determined based on its 
molecular weight (MW ≈ 44,000 Da). For determination of steady state kinetic 
parameters of wild type EUGO versus I427A, I427V, I427G and V166A mutants 
for 2,6-dimethoxy-4-allylphenol, the reaction was monitored by following the 
increase in absorbance at 270 nm due to product formation (ɛ = 14.1 mM-1 cm-1 at 
pH 7.5) using 50 mM Tris HCl at 25 °C. 
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dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
attractive candidate for use as a substitute for bisphenol A in industrial resins.[11,12] 

 

Scheme 1. Conversion of 2,6-Dimethoxy-4-allylphenol (1) to Sinapyl Alcohol (2) 
Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 

Despite being available naturally in plants, syringaresinol is isolated from natural 
sources in a very low yield.[8] Chemical synthesis of syringaresinol has achieved 
yields reaching 67% through copper catalysis. However, these methods are 
problematic with regard to the toxicity of the chemicals used and the costs of the 
various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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250 mL reaction volume using 5% dimethylsulfoxide (DMSO, v/v) as a cosolvent. 
After high-performance liquid chromatography (HPLC) analysis confirmed 
complete conversion of the starting material, the product was isolated from the 
solution by ethyl acetate extraction and purified by column chromatography. The 
whole conversion was completed in 22 h and resulted in a yield of 870 mg (81%) 
syringaresinol from 1 g of the starting material. The isolated syringaresinol appeared 
as pale yellow crystals. Figure S7 shows the 1H NMR and 13C NMR spectra for the 
isolated lignan. In addition to the syringaresinol, ≈80 mg of insoluble product was 
formed. 

We have successfully been able to produce syringaresinol in a high yield from a 
relatively cheap precursor in a facile one-pot two-enzyme conversion. For this, first 
the performance of the required oxidase was successfully optimized through site-
directed mutagenesis of EUGO to improve its acceptance of 2,6-dimethoxy-4-
allylphenol as a substrate. The combined use of EUGO I427A and HRP resulted 
in full conversion of 2,6-dimethoxy-4-allylphenol and formation of syringaresinol 
as major product. The lignan was purified (81% yield) after a 1 g scale conversion 
and analyzed using both 1H NMR and 13C NMR to confirm its purity. This newly 
developed biocatalytic system for synthesis of syringaresinol could serve as a good 
source for producing this medically and industrially important compound on a large 
scale. 

4.2 Experimental 
4.2.1 Chemicals and Reagents  
2,6-dimethoxy-4-allylphenol, sinapyl alcohol, DMSO-d6, oligonucleotide primers, 
Tris, peroxidase from horseradish (HRP) were purchased from Sigma Aldrich (St 
Louis, MO, USA). All media components and ampicillin antibiotic were from 
Fischer Scientific chemicals (Pittsburgh, PA, USA). Solvents were purchased from 
JT Baker (Pittsburgh, PA, USA), Lab Scan Analytical Sciences (Gilwice, Poland) 
and Macron Fine Chemicals (Center Valley, PA, USA). Pfu Ultra II Hotstart PCR 
Master Mix was purchased from Agilent (Santa Clara, CA, USA). The Qiaprep Spin 
Miniprep Kit was purchased from Qiagen (Hilden, Germany). DpnI was purchased 
from New England Biolabs (Ipswich, MA, United States).  

4.2.2 Site-directed mutagenesis of EUGO 
Mutagenesis was performed by using the Quickchange mutagenesis kit from 
Thermo Fischer Scientific (MA, USA). Ile427 was substituted for valine, alanine and 
glycine and Val166 was replaced by alanine using the primers shown in Table S1. 
The recipe and conditions for each of the three mutations are shown in Methods 
S1. 
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4.2.3 Enzyme expression, purification and storage 
E.coli NEB 10-β cells were grown in 5 mL Luria-Bertani (LB) medium at 37 °C 
overnight to saturation. The pre-cultures were then diluted 100 times in terrific 
broth (TB) medium and grown at 37 °C until the optical density measurement 
reached 0.6. Induction was performed by adding an amount corresponding to 0.02 
% (w/v) L-arabinose to the cells and transferring the culture to 30 °C for 18 h. 
Expression of each of the EUGO mutants and the wild type was done in 500 mL 
of culture in a 2 L flask. The pBADEUGO-His plasmid was provided by GECCO-
Biotech (Groningen, The Netherlands).  

Cells were harvested by centrifugation at 6000 X g (Beckman Coulter, Avanti JE 
centrifuge, JLA 14 rotor) for 20 min at 4 °C. The pellets containing a mutant or the 
wild type enzyme were washed with Buffer A. They were then disrupted by 
sonication (10 min total time with cycles of 10 s on and 10 s off at 70 % amplitude) 
using a Sonics Vibra-Cell VCX130 probe sonicator (Newtown, CT, USA). The cell-
free extract was obtained by centrifugation at 12,000 x g for 45 min at 4 °C. The 
extracts were filtered using Whatman FP 30/0.45 CA-S membrane syringes (GE 
Healthcare Lifesciences, Uppsala, Sweden) to remove remaining cell debris.  

EUGO wild type and mutant enzymes were purified by an ÄKTA purifier (GE 
Healthcare Lifesciences) using a 5 mL HisTrap HP column (GE Healthcare 
Lifesciences). The column was first equilibrated using Buffer A followed by loading 
of the cell-free extract. Buffer B was then used to wash off any nonspecific proteins 
from the column. The enzymes were then eluted from the column by using a 
gradient of Buffer C starting from 0 to 500 mM imidazole within 30 min. After 
purification, the proteins were S4 desalted by using the HiPrep 26/10 Desalting 
column (GE Healthcare Lifesciences) using Buffer D. All enzymes were frozen 
using liquid nitrogen and stored at -20 °C until further use. Buffer compositions are 
mentioned in the Supporting information, Table S2. 

4.2.4 Enzyme characterization 
Wild type EUGO and mutant concentrations were determined based on the 
absorbance of the covalently bound flavin cofactor at 441 nm using the molar 
extinction coefficient of EUGO at 441 nm = 14.2 mM-1 cm-1 . HRP was added 
from a 65 µM stock solution in 20 mM potassium phosphate buffer (KPi), pH 7 
unless otherwise stated. The concentration of HRP was determined based on its 
molecular weight (MW ≈ 44,000 Da). For determination of steady state kinetic 
parameters of wild type EUGO versus I427A, I427V, I427G and V166A mutants 
for 2,6-dimethoxy-4-allylphenol, the reaction was monitored by following the 
increase in absorbance at 270 nm due to product formation (ɛ = 14.1 mM-1 cm-1 at 
pH 7.5) using 50 mM Tris HCl at 25 °C. 
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4.1 Introduction 
One-pot enzymatic cascades have received an increasing attention over recent 
years[1,2] Such approaches are attractive as they save time, money, and energy needed 
to make or isolate compounds with a high degree of purity and quality.[3] These 
cascades also allow conversions in which labile intermediates can be used. One-pot 
cascades have involved a wide range of enzymes ranging from but not exclusive to 
dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
attractive candidate for use as a substitute for bisphenol A in industrial resins.[11,12] 

 

Scheme 1. Conversion of 2,6-Dimethoxy-4-allylphenol (1) to Sinapyl Alcohol (2) 
Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 

Despite being available naturally in plants, syringaresinol is isolated from natural 
sources in a very low yield.[8] Chemical synthesis of syringaresinol has achieved 
yields reaching 67% through copper catalysis. However, these methods are 
problematic with regard to the toxicity of the chemicals used and the costs of the 
various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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4.2.5 Biocatalytic synthesis of sinapyl alcohol  
Sinapyl alcohol was synthesized in a 2 mL reaction volume in 15 mL screw-cap 
pyrex tubes containing 20 mM KPi pH 7, 0.5 and 5 µM EUGO I427A, 5 % (v/v) 
DMSO and 10 mM 2,6-dimethoxy-4- allylphenol. The experiment was conducted 
at 30 °C/50 rpm in an INNOVA 40 New Brunswick Incubator Shaker (Edison, 
NJ, USA). The experiment was also repeated using 500 nM of EUGO mutants.  

4.2.6 Analysis of sinapyl alcohol formation using analytical HPLC  
Samples from the synthesis of sinapyl alcohol using EUGO I427A were taken at 
various time intervals. The samples were centrifuged at 14,000 rpm for 10 min. The 
supernatant was then filtered using a Millex-FH, PTFE filter (0.45 µm pore size) 
(Kenilworth, NJ, USA) to remove remaining debris and then injected for analysis 
on a JASCO HPLC system (Easton, MD, USA). A 10 µL volume of the sample was 
injected into a Grace Alltima HP C18 column (3 µm, 2.1 x 100 mm, with a 
precolumn of the same material). As references, sinapyl alcohol and 2,6-dimethoxy-
4-allylphenol (4 mM stock solutions) were also injected. The solvents used for the 
system were: a) water with 0.1 % v/v formic acid and b) acetonitrile with 0.08 % 
formic acid. The HPLC method was: 2 min 10 % B, 18 min on a gradient of 10-70 
% B, 3 min 70 % B followed by a 6 s decreased gradient of 70 – 10 % B and re-
equilibration for 7 min. Detection was done at a wavelength of 280 nm. 

4.2.7 Biocatalytic synthesis of syringaresinol from 2,6-dimethoxy-4-allylphenol 
using EUGO I427A and HRP 

Syringaresinol was synthesized from 2,6-dimethoxy-4-allylphenol using the same 
conditions as mentioned for the synthesis of sinapyl alcohol (see above) with the 
addition of an amount equivalent to 0.65 µM HRP to the reaction medium. The 
experiment was done using 5 µM EUGO I427A.  

4.2.8 Analysis of syringaresinol formation using analytical HPLC and analysis of 
insoluble product using GPC and NMR  

Syringaresinol production was analyzed using the same procedure as mentioned for 
the synthesis of sinapyl alcohol (see above). In addition to a soluble product, also 
some precipitate was formed which was isolated and analyzed after washing with 
water by GPC and NMR. For GPC analysis, a 10 mg/mL sample of the dried solid 
in THF (containing 1% toluene as internal standard) was prepared. Subsequently, 
the solution was filtered (0.2 µm syringe filter) and applied on a Hewlett Packard 
1100 GPC system equipped with three PL-gel 3 µm MIXED-E columns in series, 
a GBC LC 1240 RI detector operated at 35 °C, using THF (1 mL min-1) as a mobile 
phase at 42 °C, calibrated on known polystyrene standards. NMR analysis was 
performed using a DMSO-d6 on a Bruker Ascend 600.  
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4.2.9 One gram conversion of 2,6-dimethoxy-4-allylphenol using EUGO I427A 
and HRP  

In a 2 L flask, 250 mL reaction volume containing KPi 20 mM pH 7, EUGO I427A 
3 µM, HRP 0.65 µM, DMSO 5 % (v/v) and a volume equivalent to one gram 2,6-
dimethoxy-4-allylphenol was added. The flask was placed at 30 °C/ 50 rpm and 
samples were routinely taken to analyze when the substrate was fully consumed. 
The samples were analyzed by analytical HPLC as mentioned before. The solution 
was filtered using a pre-weighed 47 mm glass fiber filter from PALL (Ann Arbour, 
MI, USA) under vacuum. The reaction mixture was extracted three times with ethyl 
acetate (3 x 250 mL), and then the combined organic extracts were washed with 
brine, dried over anhydrous MgSO4, filtered and concentrated by rotavap. The 
residue was purified by flash chromatography (SiO2, dichloromethane/methanol = 
99:1). 

Supporting Information 
The supporting information can be found connected to the publication online: 
10.1021/acscatal.8b01235. 
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4.1 Introduction 
One-pot enzymatic cascades have received an increasing attention over recent 
years[1,2] Such approaches are attractive as they save time, money, and energy needed 
to make or isolate compounds with a high degree of purity and quality.[3] These 
cascades also allow conversions in which labile intermediates can be used. One-pot 
cascades have involved a wide range of enzymes ranging from but not exclusive to 
dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
attractive candidate for use as a substitute for bisphenol A in industrial resins.[11,12] 

 

Scheme 1. Conversion of 2,6-Dimethoxy-4-allylphenol (1) to Sinapyl Alcohol (2) 
Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 

Despite being available naturally in plants, syringaresinol is isolated from natural 
sources in a very low yield.[8] Chemical synthesis of syringaresinol has achieved 
yields reaching 67% through copper catalysis. However, these methods are 
problematic with regard to the toxicity of the chemicals used and the costs of the 
various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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4.2.5 Biocatalytic synthesis of sinapyl alcohol  
Sinapyl alcohol was synthesized in a 2 mL reaction volume in 15 mL screw-cap 
pyrex tubes containing 20 mM KPi pH 7, 0.5 and 5 µM EUGO I427A, 5 % (v/v) 
DMSO and 10 mM 2,6-dimethoxy-4- allylphenol. The experiment was conducted 
at 30 °C/50 rpm in an INNOVA 40 New Brunswick Incubator Shaker (Edison, 
NJ, USA). The experiment was also repeated using 500 nM of EUGO mutants.  

4.2.6 Analysis of sinapyl alcohol formation using analytical HPLC  
Samples from the synthesis of sinapyl alcohol using EUGO I427A were taken at 
various time intervals. The samples were centrifuged at 14,000 rpm for 10 min. The 
supernatant was then filtered using a Millex-FH, PTFE filter (0.45 µm pore size) 
(Kenilworth, NJ, USA) to remove remaining debris and then injected for analysis 
on a JASCO HPLC system (Easton, MD, USA). A 10 µL volume of the sample was 
injected into a Grace Alltima HP C18 column (3 µm, 2.1 x 100 mm, with a 
precolumn of the same material). As references, sinapyl alcohol and 2,6-dimethoxy-
4-allylphenol (4 mM stock solutions) were also injected. The solvents used for the 
system were: a) water with 0.1 % v/v formic acid and b) acetonitrile with 0.08 % 
formic acid. The HPLC method was: 2 min 10 % B, 18 min on a gradient of 10-70 
% B, 3 min 70 % B followed by a 6 s decreased gradient of 70 – 10 % B and re-
equilibration for 7 min. Detection was done at a wavelength of 280 nm. 

4.2.7 Biocatalytic synthesis of syringaresinol from 2,6-dimethoxy-4-allylphenol 
using EUGO I427A and HRP 

Syringaresinol was synthesized from 2,6-dimethoxy-4-allylphenol using the same 
conditions as mentioned for the synthesis of sinapyl alcohol (see above) with the 
addition of an amount equivalent to 0.65 µM HRP to the reaction medium. The 
experiment was done using 5 µM EUGO I427A.  

4.2.8 Analysis of syringaresinol formation using analytical HPLC and analysis of 
insoluble product using GPC and NMR  

Syringaresinol production was analyzed using the same procedure as mentioned for 
the synthesis of sinapyl alcohol (see above). In addition to a soluble product, also 
some precipitate was formed which was isolated and analyzed after washing with 
water by GPC and NMR. For GPC analysis, a 10 mg/mL sample of the dried solid 
in THF (containing 1% toluene as internal standard) was prepared. Subsequently, 
the solution was filtered (0.2 µm syringe filter) and applied on a Hewlett Packard 
1100 GPC system equipped with three PL-gel 3 µm MIXED-E columns in series, 
a GBC LC 1240 RI detector operated at 35 °C, using THF (1 mL min-1) as a mobile 
phase at 42 °C, calibrated on known polystyrene standards. NMR analysis was 
performed using a DMSO-d6 on a Bruker Ascend 600.  
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4.2.9 One gram conversion of 2,6-dimethoxy-4-allylphenol using EUGO I427A 
and HRP  

In a 2 L flask, 250 mL reaction volume containing KPi 20 mM pH 7, EUGO I427A 
3 µM, HRP 0.65 µM, DMSO 5 % (v/v) and a volume equivalent to one gram 2,6-
dimethoxy-4-allylphenol was added. The flask was placed at 30 °C/ 50 rpm and 
samples were routinely taken to analyze when the substrate was fully consumed. 
The samples were analyzed by analytical HPLC as mentioned before. The solution 
was filtered using a pre-weighed 47 mm glass fiber filter from PALL (Ann Arbour, 
MI, USA) under vacuum. The reaction mixture was extracted three times with ethyl 
acetate (3 x 250 mL), and then the combined organic extracts were washed with 
brine, dried over anhydrous MgSO4, filtered and concentrated by rotavap. The 
residue was purified by flash chromatography (SiO2, dichloromethane/methanol = 
99:1). 

Supporting Information 
The supporting information can be found connected to the publication online: 
10.1021/acscatal.8b01235. 
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One-pot enzymatic cascades have received an increasing attention over recent 
years[1,2] Such approaches are attractive as they save time, money, and energy needed 
to make or isolate compounds with a high degree of purity and quality.[3] These 
cascades also allow conversions in which labile intermediates can be used. One-pot 
cascades have involved a wide range of enzymes ranging from but not exclusive to 
dehydrogenases, transaminases, Baeyer–Villiger monooxygenases, and oxidases.[2–5] 
Recently, we published a one-pot two-enzyme cascade conversion utilizing an 
oxidase and a peroxidase to convert eugenol into lignin-like oligomers.[6] The 
diversity of enzymes used in one-pot reactions has added to the value of this 
approach to synthesize various chiral compounds and other compounds which are 
difficult to be produced by conventional chemical means. 

In this paper, the synthesis of syringaresinol (3) in a one-pot two-enzyme 
conversion is described (see Scheme 1). Syringaresinol (3) is a lignan formed from 
two sinapyl alcohol (2) units linked via a β–β linkage. The lignan is known to display 
various interesting bioactivity properties. It inhibits the motility of Helicobacter pylori 
in the stomach thus playing a role in protection from gastric cancer.[7] It has also 
been found to help in the healing of wounds when present as a glucoside. [8,9] Chung 
and co-workers displayed the effect of syringaresinol (3) in increasing the 
production of nitric oxide from nitric oxide synthase and its complementary effect 
on vasorelaxation of blood vessels.[10] Syringaresinol is a very rigid compound due 
to the presence of a cis-fused bis-furanic moiety in its structure. This makes it an 
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Using EUGO and Sinapyl Alcohol to Syringaresinol (3) Using HRP 
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various purification steps involved.[10] The biocatalytic synthesis of syringaresinol 
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from sinapyl alcohol has been described recently using a laccase from Trametes 
versicolor producing the lignan in a yield of 93% in one step. [8] This method is very 
efficient in a multigram scale, yet, concern should be taken to the price of the 
starting material, sinapyl alcohol. 

Inspired by the approach in which sinapyl alcohol is converted into syringaresinol, 
we designed a two-step one-pot conversion starting from the relatively cheap 2,6-
dimethoxy-4-allylphenol. This allylphenol was shown to be a substrate for eugenol 
oxidase (EUGO) by which it is converted into sinapyl alcohol. Except for sinapyl 
alcohol, hydrogen peroxide is also formed upon conversion by EUGO. This 
prompted us to choose a peroxidase to perform the oxidative coupling of the 
formed sinapyl alcohol. The advantage of this system is that the hydrogen peroxide 
generated by EUGO is utilized directly by the peroxidase. While EUGO is the only 
known oxidase capable to convert 2,6-dimethoxy-4-allylphenol into sinapyl alcohol, 
the activity is relatively low when compared with other substrates, such as eugenol, 
vanillyl alcohol and 4-(hydroxy-1-ethyl)-2-methoxyphenol.[13,14] Analysis of the 
structure of EUGO suggests that the active site of the enzyme has limited space for 
accommodating the two methoxy groups in the substrate. 

In order to optimize the efficiency of the cascade conversion, the activity of EUGO 
on 2,6-dimethoxy-4-allylphenol was optimized by performing structure-inspired 
mutagenesis to create a larger active site. The generated mutant EUGO was used 
with horseradish peroxidase (HRP) for the efficient conversion of 2,6-dimethoxy-
4-allylphenol into syringaresinol in high yield. 

EUGO was previously shown to exhibit activity with dimethoxy-substituted 
phenolic substrates as opposed to other enzymes having a similar structure.[13] The 
main reason for this unique property seems to come from the fact that EUGO has 
a glycine at position 392, making sufficient room for a second methoxy moiety on 
the phenolic substrate. Still, EUGO displays a higher activity on phenolic substrates 
that carry only one or no methoxy substituent. Inspection of the isoeugenol-
complexed crystal structure of EUGO (PDB: 5FXD) suggested several residues 
that may hamper binding of the second methoxy moiety: Ile427 and Val166. Other 
residues that are in the same area (Tyr91, Tyr471, and Arg472) were not considered 
as targets for mutagenesis because they have a role in arranging a proper interaction 
with the 4-hydroxy group of the substrate. In fact, these latter three amino acids are 
involved in the stabilization of the phenolate form of the substrate and therefore 
play a role in forming the quinone methide intermediate (see Figure 1).[13] In order 
to accommodate two methoxy groups in the substrate binding pocket, several 
Ile427 and Val166 mutants were prepared: I427V, I427A, I427G, and V166A. By 
introducing relatively small residues, more efficient binding of the target substrate 
may be achieved. 
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