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of Monolignol B-glycosides. Part 3: Horseradish
Peroxidase—Catalyzed Polymerizations
of Triandrin and Isosyringin
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and Fumiaki Nakatsubo
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Abstract: Horseradish peroxidase—catalyzed dehydrogenative polymerizations of the p-
hydroxyphenyl monolignol glucoside (triandrin (1P)) and the syringyl monolignol glu-
coside (isosyringin (1S)) resulted in the formation of water-soluble lignin-like polymers
(DHPs). The polymerization of 1P gave highly polymerized DHPs in high yields as did
previously reported polymerization of the guaiacyl monolignol glucoside (isoconiferin
(1G)). It was shown that the hydrophilic D-glucose units of 1G and 1P contribute to a
marked increase in the molecular weights of the resulting DHPs. On the other hand, the
homogeneous phase polymerization of 1S, similar to the polymerization of sinapyl alco-
hol, gave DHPs with extremely low molecular masses in poor yields. Structural charac-
terization indicated that the DHPs from 1P and 1S were lignin-like polymers containing
glucosidic units on their sidechains. It was also confirmed that D-glucosyl units intro-
duced onto the y -position of monolignols do not significantly affect the electrochemical
oxidizability and the kinetics of the HRP-catalyzed initial monomer consumption.

Keywords: Cyclic voltammetry, dehydrogenative polymerization, dehydrogenation
polymer (DHP), horseradish peroxidase (HRP), lignin, monolignol 8-D-glucoside

INTRODUCTION

Enzymatic dehydrogenative polymerizations of monolignols in vitro, mainly
using peroxidase/H,O, as a catalytic system, have been well investigated
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as model reactions for lignin biosynthesis and also as preparation methods
of lignin model polymers known as dehydrogenation polymers (DHPs).!!'=4
In the course of the dehydrogenative polymerizations, y-hydroxyl groups of
monolignols are not involved in radical couplings, although they contribute
to the nucleophilic additions to the quinone methide intermediates result-
ing in the formation of so-called resinol units or tetrahydrofuran units for
example. Thus, by the enzymatic polymerizations of monolignol glycosides
such as monolignol y-O-B-D-glucosides (isoconiferin (1G); triandrin (1P);

o HO
“ﬁoﬁio

OH z
z
R R
R4 R, 1 2
OH OH
Ry=H, R,=OMe: isoconiferin: 1G  R{=H, R,=OMe: coniferyl alcohol: 2G
Ry=R,=0OMe: isosyringin: 1S R4=R,=0OMe: sinapyl alcohol: 2S
R1=Ry=H: triandrin: 1P R1=Ro=H: p-coumaryl alcohol: 2P

Scheme 1. Structures of monolignol glucosides (1G, 1P and 1S) and monolignols (2G,
2P and 2S)

isosyringin (1S)) (Scheme 1),°! DHPs consisting of lignin structures as main
polymer chains and hydrophilic D-glucose units as pendant units would be
obtained, which are even less likely to mimic native lignins. Nevertheless, the
effects of the hydrophilicity or chirality of the sugar unit on the reactivity of
the monolignols and on the structures of the resulting DHPs have interesting
faces of our fundamental knowledge about the monolignol polymerizations
in vitro.

In the previous article, we demonstrated that horseradish peroxidase
(HRP)—catalyzed polymerization of the guaiacyl glucoside 1G produced a
water-soluble DHP in a homogeneous aqueous phase, while the conventional
DHP from coniferyl alcohol (2G) was obtained as precipitate in a hetero-
geneous polymerization system. The degree of polymerization (DP) of DHP
obtained from 1G under the optimal conditions was much higher than that of
the DHP from 2G, indicating that the homogeneous polymerization system of
1G contributed to a increase in the molecular mass of the resulting DHP.[?!

On the other hand, it is well-known that there are significant differences
among the dehydrogenative polymerization behaviors of the three monolig-
nols due to the differences in the aromatic structures.’~!'!! In this article,
HRP-catalyzed polymerizations of the p-hydroxyphenyl glucoside 1P and
the syringyl glucoside 1S were examined to deduce the influence of D-
glucosyl units introduced onto the y-positions of the monolignols on their
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polymerization behaviors. Furthermore, redox potentials and HRP-catalyzed
oxidation rates of the monolignol glucosides and the monolignols are
discussed.

EXPERIMENTAL
Materials

Monolignol glucosides 1G, 1P, and 1S were synthesized as previously
reported.[®! Monolignols 2G, 2P, and 2S were prepared according to Quideau
and Ralph.['?l HRP (100 U mg~! was purchased from Wako Chemical Co.
(Osaka, Japan) and used without further purification. Other chemicals were
purchased from Nacalai Tesque Inc. (Kyoto, Japan) and used as received.

Dehydrogenative Polymerizations of Monolignol Glucosides 1P
and 1S (Entries 4 and 6 in Table 1)

Three solutions were prepared: Solution A: 0.6 mg of HRP in 30 ml of 10 mM
phosphate buffer (pH 6.5); Solution B: 0.5 mmol of the glucoside (1P or 1S) in
120 ml of distilled water; Solution C: 120 ml of 0.019% hydrogen peroxide (0.6
mmol) aqueous solution. Solution B and C were added drop-wise to Solution
A over a period of 24 h and after finishing the addition of the solutions another
0.6 mg of HRP was added to the reaction mixture (total amount of HRP: 2.4
mg per 1 mmol monomer). The mixture was kept at room temperature for 24
h, then heated in a boiling water bath for 2 min and lyophilized. The product
was purified by gel filtration (gel: Biogel-P2 (Bio-RAD); column dimension:
2.5 x 80 cm; eluent: H,O), followed by precipitation in ethanol to afford the
corresponding DHP (1P-DHP from 1P as a white powder; 1S-DHP from 1S as
a brown powder).

Dehydrogenative Polymerizations of Monolignols 2P and 2S
(Entries 4 and 6 in Table 1)

The polymerization of monolignol 2P or 2S was carried out under the same
conditions as for 1P-DHP (or 1S-DHP) except the solvent for Solution B,
in which 2 ml of acetone was mixed because of the poor solubility of the
monomer in water. The precipitate of the resulting polymer was collected by
centrifugation (12,000 rpm, 10 min), washed twice with distilled water, and
lyophilized to obtain the corresponding DHP (2P-DHP from 2P as a white
powder; 2S-DHP from 2S as a brown powder).
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Acetylation of 2P- and 2S-DHPs

2P-DHP (or 2S-DHP) (9-12 mg) was dissolved in 2 ml of a mixed solvent
consisting of acetic anhydride and pyridine (1:1, v/v) containing 4-N,N-
dimethylaminopyridine (Input: half weight of DHP). The reaction mixture
was stirred overnight at 50°C and concentrated under vacuum. The product
was dissolved in 1 ml of N,N-dimethylformamide and the solution was added
drop-wise into distilled water. Resulting precipitate was collected by centrifu-
gation (12,000 rpm, 10 min), washed twice with distilled water, and dried under
vacuum to afford the corresponding acetylated DHP (yield: 102—-110%, w/w).

SEC Analysis

Size exclusion chromatography (SEC) analyses of the DHPs were conducted
on a Shimadzu LC-10 system equipped with a UV-Vis detector (SPD-10AVP,
monitoring at 280 nm) and a refractive index detector (RID-10A). The condi-
tions for SEC analyses of 1P- and 1S-DHP were as follows: Columns: TSK
gel «-M and «-2500 (Tosoh, Japan); eluent: 0.1 M NaCl aq.; flow rate: 1.0 ml
min~!; calibration: polyethylene oxide standards. The conditions for SEC anal-
yses of the acetylated samples of 2P- and 2S-DHP were as follows: Columns:
K-802, K-802.5, and K-805 (Shodex, Japan); eluent: CHCl3; flow rate: 1.0 ml
min~'; calibration: polystyrene standards.

Structural Characterizations of DHPs

The DHPs (prepared based on entries 2, 4, and 6 in Table 1) were subjected to
FT-IR and '*C-NMR spectroscopic characterization, alkaline nitrobenzene ox-
idation, and optical rotation measurements. FT-IR spectroscopy was performed
by the KBr pellet method with a Shimadzu 8600 PCs FT-IR spectrophotometer
(resolution mode: 4.0; number of scans: 100). '3C-NMR spectra were col-
lected with a Varian INOVA300 FT-NMR spectrometer (75.5 MHz) at 22°C
using DMSO-dj as solvent, with chemical shifts referenced to TMS (0.0 ppm).
Alkaline nitrobenzene oxidations were conducted according to the modified
method reported by Katahira and Nakatsubo.!*! Specific optical rotations were
measured in H,O at 25°C using a Jasco DIP 1000 polarimeter.

Cyclic Voltammetry
Cyclic voltammetry was performed on an ALS electrochemical analyzer

(Model 650B) under the following conditions: working electrode: a platinum
electrode; reference electrode: a saturated calomel electrode (SCE); counter
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electrode: a platinum wire electrode; sweep rate 0.1 V s~1: solvent: MeOH/0.1
M phosphate buffer (pH 6.5) (10:90, v/v) containing 0.1 M KCI; sample con-
centration: 0.03 M.

Measurements of the HRP-Catalyzed Monomer Consumption Rates

A reaction mixture (10 ml) consisting of 0.1 mM monomer and 2.4 g 17!
HRP in 0.1 M phosphate buffer (pH 6.5) was prepared and kept at 25°C. The
polymerization was initiated by adding 50 ul of 0.82% H,0; aq. to the reac-
tion solution (final concentration of H,O,: 0.12 mM). Reaction mixtures (600
ul) were sequentially sampled and mixed with 300 ul of 6% trifluoroacetic
acid in acetonitrile/water (3:7, v/v) and cooled in an ice bath to terminate the
reaction.!'* The mixture was subjected to a high-performance liquid chro-
matography (HPLC) on a Shimadzu LC-10 system equipped with a UV-Vis
detector (SPD-10AVP, monitoring at 265 nm) under the following conditions:
column: Cosmosil SC18MS (4.6 x 250 mm, Nacalai Tesque Inc., Japan); elu-
ent and flow rate: water/acetonitrile (90:10, v/v) with 1.0 ml min~' for the
polymerizations of monolignol glucosides 1P, 1G, and 1S, water/acetonitrile
(88:12, v/v) with 1.2 ml min~! for the polymerizations of monolignols 2P, 2G,
and 28S.

RESULTS AND DISCUSSION
Dehydrogenative Polymerization

We previously reported that the HRP-catalyzed polymerization of guaiacyl
glucoside 1G by the so-called bulk (monomer addition time: 0.5 h) and end-wise
(monomer addition time: 24 h) polymerization methods!'>-'® under the optimal
conditions gave DHP (1G-DHP) with number average degree of polymerization
(DP,) of 27 and 43, respectively (Table 1, entries 1 and 2).[! The HRP-catalyzed
polymerizations of p-hydroxyphenyl glucoside 1P and syringyl glucosidelS
by the bulk and end-wise polymerization methods were conducted according
to the polymerization conditions for 1G.

Polymerization of Monolignol Glucoside 1P

The HRP-catalyzed polymerization of 1P proceeded in a homogeneous aque-
ous phase without any precipitate and produced the water-soluble 1P-DHPs
in high yields (entries 3 and 4). The slow addition of monomer contributed
to a marked increase in the molecular weight of 1P-DHP. The polymeriza-
tion of 1P with 0.5 h and 24 h of the monomer addition time afforded 1P-
DHPs with DP,, of 16 and 41, respectively. On the other hand, the DP, of
2P-DHPs obtained in a conventional heterogeneous system from p-coumaryl
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alcohol 2P were only around 10. The results indicated that the introduction of a
hydrophilic D-glucosyl unit into the monomer promotes the propagation of the
polymer chains in the polymerizations of p-hydroxyphenyl-type monomers in
an aqueous media, as well as in the polymerizations of guaiacyl-type monomers.

Polymerization of Monolignol Glucoside 1S

The polymerizations of 1S also proceeded homogeneously and the water-
soluble 1S-DHPs were obtained (entries 5 and 6). However, the yields of
1S-DHPs were extremely low. The DP, of 1S-DHPs obtained with 0.5 h and
24 h of the monomer addition time were only 3.2 and 6.7. We reported in
the previous article that the HRP amount and the monomer addition time sig-
nificantly influence the yield and DP of DHP in the polymerization of 1G.%!
Polymerizations of 1S under other polymerization conditions were carried out.
However, no significant increase in the yields and DPs of 1S-DHP was observed
(entries 7-9). The polymerizations of sinapyl alcohol 2S also gave 2S-DHPs
with low DPs in low yields as observed in earlier reports.”’~!%17) It was found
that the behavior of 1S in the HRP-catalyzed polymerization is entirely the
same as that of 28, even in a homogeneous polymerization system.

Structural Characterizations of 1P-DHP and 1S-DHP

Figure 1 shows the FT-IR spectra of 1P- and 1S-DHPs together with those
of the corresponding 2P- and 2S-DHPs. In the spectra of 1P- and 1S-DHPs,
strong bands at 3400-3200 cm™! (hydroxyl groups in D-glucosyl units) and at
1200-1000 cm™~"' (glucosidic linkage, ring, and C-OH vibrations of D-glucosyl
units)'¥ can be observed. Characteristic bands from lignin aromatic vibrations
at 1000-1600 cm~",%19:201 'which were observed in the spectra of 2P- and 2S-
DHPs, were visible, indicating 1P- and 1S-DHPs had typical lignin structures
as well as 2P- and 2S-DHPs.

In the '3C-NMR spectra of 1P- and 1S-DHPs (Figure 2), the peaks assigned
to glucosyl units (Cy (gl) at around 101-106 ppm and C,—Cg (g2-g6) at 60—
80 ppm) and aromatic carbons (at 110-160 ppm) are present. In the lignin
side-chain region (40—100 ppm), broad signals, overlapped by strong signals
from glucose carbons, appeared at around 50 and 78-90 ppm. Based on NMR
data of natural and synthetic lignins!®>!=2%! and those of neolignan y-0-8-D-
glucosides,'**=2! signals from inter-monomeric structures could be assigned.
For 1P-DHP, the predominant substructure appeared to be of -5 structure (6 at
85.7 and 49.6 ppm for carbons « and 8, respectively). A small contribution from
B-0-4 structures might be indicated by the shoulder peaks at around 80 ppm
(for carbon «). For 1S-DHP, the predominance of - structures was indicated
by the signals at 84.3 and 54.7 ppm for carbons « and B, respectively. The
B-0-4 structures were also indicated by the signal at 80.6 ppm for carbon « In
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Figure 1. FT-IR spectra of 1P- and 2P-DHP (prepared based on entry 4 in Table 1)
and 1S- and 2S-DHP (prepared based on entry 6 in Table 1).

the spectrum of 1S-DHP, weak signals were observed in the carbonyl regions
(160-200 ppm), suggesting the possible presence of ¢-carbonyl moieties (194.9
ppm) and quinone structures (176.2 ppm).[2%3%!

These spectra confirmed that DHPs from the monolignol glucosides had
lignin inter-monomeric structures with D-glucosyl units attached to the lignin
sidechains.

Alkaline nitrobenzene oxidation is one of the important methods to char-
acterize lignin structure.’1321 Alkaline nitrobenzene oxidations of 1G-, 1P-,
and 1S-DHPs gave the corresponding p-hydroxybenzaldehydes, indicating that
1G-, 1P-, and 1S-DHPs are composed of lignin-like structures. The yields of
the aldehydes released per lignin structures from 1G-, 1P-, and 1S-DHPs, how-
ever, were found to be lower than those from 2G-, 2P-, and 2S-DHPs (Table 2).
These results suggest two possibilities: (1) the levels of condensed structure of
the DHPs from monolignol glucosides were higher than those of the conven-
tional DHPs from monolignols; (2) The presence of sugar moiety contributes to
aresistance to degradation in alkaline degradations or nitrobenzene oxidations.
Further studies on the detailed chemical structures of 1G-, 1P-, and 1S-DHPs
are required to clarify this point.

Specific optical rotations of the DHPs are also listed in Table 2. DHPs
from monolignol glucosides have negative [«]p values, which are different
from the values of the corresponding monomer glucosides. It is still unknown
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Figure 2. *C-NMR spectra of 1P-DHP (prepared based on entry 4 in Table 1) and
1S-DHP (prepared based on entry 6 in Table 1).

yet whether the phenylpropanoid units are optically active or not, as their optical
rotations should be measured after the optically active D-glucosyl units were
removed from the DHPs.

Reactivity of Monolignol Glucosides in the Dehydrogenative
Polymerizations

The redox potentials and HRP-catalyzed initial polymerization rates of the
glucosides were investigated as basic parameters for the dehydrogenative
polymerizations.
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Table 2. Nitrobenzene oxidation yields and optical rotations of DHPs

Optical rotations” (deg.)

Nitrobenzene oxidation released

Compounds aldehyde (umol/g lignin) Polymer (monomer)
1G-DHP 489° —22.7(—43.3)
1P-DHP 389° —15.2(—42.6)
1S-DHP 1445° —14.0 (—22.1)
2G-DHP 860 —
2P-DHP 624 —
2S-DHP 2252 —

“In H,0, ¢ =0.1.

>The proportions of lignin structures were calculated based on monomer
structures.

Redox Potentials

We used cyclic voltammetry to evaluate the oxidation potentials of the
monomers in a buffer solution. Cyclic voltammograms of the monomers in
MeOH/0.1 M phosphate buffer (pH 6.5) (10:90, v/v) are shown in Figure 3.
All voltammograms showed one anodic peak but no corresponding cathodic
peak. Similar irreversible voltammograms were reported in anodic oxidations
of monolignols and their analogues.!!!:3%:34 These irreversible voltammograms
suggest that the polymerizations may occur at the electrode very rapidly with
respect to the sweep rate. In this study, the reactivity in the electrochemical oxi-
dations were estimated by the anodic peak potential (Ep,).'! The E,, values of
the monolignol glucosides decreased with decreases in methoxyl substitutions,
indicating that the order of the reactivities in the electrochemical oxidations is
syringyl (1S) > guaiacyl (1G) > p-hydroxyphenyl glucoside (1P). The result
agreed with the order of the E, values of the monolignols and can be explained
by the electron donating effect of the methoxyl groups. The E}, value of each
glucoside is close to that of the corresponding monolignol.

HRP-Catalyzed Monomer Consumption Rates

Figure 4 shows the monomer conversion curves during HRP-catalyzed poly-
merizations of monolignol glucosides and monolignols. In these experiments,
the polymerization reactions were carried out at lower enzyme concentration
compared to those for the DHP preparation experiments to detect the monomer
consumptions. The HRP-catalyzed oxidation rates of monolignol glucosides
are p-hydroxyphenyl (1P) = guaiacyl (1G) >> syringyl glucoside (1S). The
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Figure 3. Cyclic voltammograms of monolignol glucosides (1G, 1P, and 1S) and
monolignols (2G, 2P, and 2S). The values in parentheses indicate the anodic peak
potentials (Ep,).

result was not consistent with the order of the electrochemical reactivities
estimated by cyclic voltammetry. The syringyl glucoside 1S was a relatively
poor HRP substrate as well as sinapyl alcohol 28S. This could be interpreted by
the low accessibility of syringyl-type monomers to HRP due to the steric and
hydrophobic effects of two methoxyl groups.'!:3%! There were not significant
differences in monomer consumption rate between the monolignol glucoside
and the corresponding monolignol.

Consequently, it was confirmed that a D-glucosyl unit introduced onto
the y-position does not affect the redox potentials and the kinetics of the
HRP-catalyzed oxidation of monolignols. It was previously reported that y -
acylations of monolignols do not affect their HRP-catalyzed coupling reactions
much either.’%-3% These observations indicate that the aromatic structures of
monolignol analogs fundamentally decide their reactivity in dehydrogenative
polymerizations.
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Figure 4. Monomer conversions during HRP-catalyzed polymerizations of monolignol
glucosides (1G (m); 1P (a); 1S (@)) and monolignols (2G (0O); 2P (2); 2S (0)).

CONCLUSION

HRP-catalyzed dehydrogenative polymerizations of p-hydroxyphenyl gluco-
side 1P and syringyl glucoside 1S were carried out, resulting in the production
of water-soluble DHPs in a homogeneous aqueous phase, similar to the poly-
merization of the guaiacyl glucoside 1G. It was confirmed that the D-glucosyl
unit of monolignol glucosides conferred water-solubility to the resulting DHPs,
as expected. The polymerizations of 1P gave 1P-DHPs with high DPs in high
yields, as did the polymerizations of 1G. It was shown that the hydrophilic
D-glucosyl units introduced to guaiacyl and p-hydroxylphenyl monolignols
contributed to an increase in the molecular masses of the resulting DHPs. On
the other hand, the yields and DPs of 1S-DHPs from 1S were extremely low.
The polymerization behavior of 1S was, even in a homogeneous phase, similar
to the peculiar polymerization behavior of 28, as is well reported. Spectroscopic
analyses indicated that 1P- and 1S-DHPs had typical lignin structures, although
there were differences between the DHPs from the glucosides and those from
monolignols in the yields of p-hydroxybenzaldehydes from alkaline nitroben-
zene oxidations. It was also confirmed that D-glucosyl units introduced onto the
y -position do not fundamentally affect the basic parameters for the reactivities
of monolignols, such as the redox potentials and the HRP-catalyzed oxida-
tion rates. The HRP-catalyzed polymerizations of the monolignol glucosides
(1G, 1P, and 1S) therefore fundamentally reflected those of the monolignols
(2G, 2P, and 2S) and could be useful model reaction systems proceeding in
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a homogeneous phase to study enzymatic dehydrogenative polymerizations
and especially to elucidate the factors affecting the peculiar polymerization
behaviors of the syringyl-type monomers.
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