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Abstract: Dehydrogenation polymer (DHP) is widely used
as a model polymer of lignin. The chemical structure of
DHP is highly affected by the synthesis conditions;
however, the factors affecting DHP structure are not
comprehensively understood. In this study, guaiacyl DHPs
were synthesized to investigate the effects of reaction scale,
pH, polymerization-enzyme activity, reaction media
containing organic solvent, and differences between
Zutropf (ZT) and Zulauf (ZL) modes on DHP properties. The
DHPs were structurally characterized by size exclusion
chromatography, 'H->C HSQC NMR, and thioacidolysis
with and without Raney nickel desulfuration. In ZT mode,
smaller reaction scale significantly increased B-O-4
content, and B-O-4 formation was negatively correlated
with the dose of polymerization-enzyme, horseradish
peroxidase. Acidic condition (pH 4.0) in succinate buffer
also increased the B-O-4 content of the DHP, although the
position of the DHP was acylated by the incorporation
of succinic acid. DHPs prepared at pH 9.0 had high B-1
contents and low B-5 contents, while the reaction in 20%
1,4-dioxane markedly increased the molecular weight of
the DHP. A systematic approach controlling the molecular
structure of DHPs would increase their value as models for
native and isolated lignins.
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1 Introduction

Lignin is the most abundant aromatic resource in nature
and a potential alternative to petroleum-derived products
(Ragauskas et al. 2014). Lignin is synthesized by radical
coupling of coniferyl, sinapyl, and p-coumaryl alcohols,
which comprise guaiacyl (G), syringyl (S), and p-hydrox-
yphenyl (H) nuclei, respectively (Boerjan et al. 2003). The
chemical properties of lignin, such as G/S/H ratio and
interunit linkages, are diverse and depending on species,
location, and developmental state in plant tissues, as well
as environmental stress (Campbell and Sederoff 1996).
Furthermore, isolation of lignin by physical, chemical, or
biological treatments alters their chemical structures
(Ikeda et al. 2002; Liitia et al. 2003; Pu et al. 2015). Thus,
lignin and its derivatives have highly heterogeneous
structures, making the analysis and industrial application
of lignin difficult. To understand the physico- and (bio)
chemical behaviors of lignin, lignin model compounds
such as monomer (Pan 2008), dimer (Hilgers et al. 2018;
Sturgeon et al. 2014), and oligomer models (Tokunaga et al.
2021) have been used. Dehydrogenation polymer (DHP) is
widely used as a lignin model polymer to investigate the
chemical and biological reactivity of native lignin (Ando
et al. 2013; Hofrichter et al. 1999; Johjima et al. 1999). In the
preparation of DHP, monolignol is oxidized by laccase or
peroxidase and spontaneously polymerized through
radical coupling in aqueous buffers. The guaiacyl-type
DHP contains several different types of interunit linkages,
such as B-0-4, 5-5, 4-0-5, B-1, B-5, and B-B structures
(Figure 1), and its HSQC NMR spectrum is similar to that of
softwood lignin (Terashima et al. 2009). However, Sarka-
nen (1971) pointed out that the DHP has higher B-5 and B-
contents and lower B-O-4 content than softwood lignin,
and the ratio of interunit linkages have been intensively
investigated using thioacidolysis technique (Jacquet et al.
1997; Kishimoto et al. 2010). These differences in interunit
linkage architecture decrease the validity of DHP usage as a
model of native lignin.


https://doi.org/10.1515/hf-2022-0129
mailto:twatanab@rish.kyoto-u.ac.jp

52 —— Y. Tokunaga and T. Watanabe: Analysis of the factors controlling the chemical structures of DHP

HO. OH
Y Y, . )
/ B Ho O ‘ :
“ a] B HyCO "OCH,
1 3¢ 3
6, 2 OcHs o. o
R y = ocH;  HiCO o
5 "OCH, OCH, P
71 3 J "
OH OR o

Coniferyl alcohol

B-0-4

5-5/p-0-4
(Dibenzodioxocin)

RO, )
O oct

, OCH, 175 o
g o
°\© OH HyCO.
L0 "¢
OCH,3 OCH; RO’
o OR
p-1 B-5 B-B

(Spirodienone)

To control the ratio of interunit linkages in DHP,
extensive research effort has been dedicated to analyzing
the factors affecting the DHP structures. When the mono-
lignol is slowly and continuously added to a solution of
oxidase, i.e., Zutropf (ZT) mode, DHP with higher B-O-4
content and molecular weight compared with DHP
prepared by mixing monolignol and oxidase immediately
in batch mode, i.e., Zulauf mode (ZL) (Cathala et al. 1998;
Freudenberg 1956, 1968; Saake et al. 1996). Acidic condi-
tions around pH 4.0 (Fournand et al. 2003; Grabber et al.
2003) and the presence of polysaccharides such as xylan
(Barakat et al. 2007; Li et al. 2015), pectin (Terashima et al.
1996), and cyclodextrin (Nakamura et al. 2006) increase the
B-O-4 contents of DHPs. The addition of organic solvents
(Holmgren et al. 2008a; Hwang et al. 2015; Ikeda et al. 1998)
and ascorbic acid (Holmgren et al. 2008b) also promote
B-O-4 formation in DHP synthesis. In addition, funda-
mental parameters such as reaction scale, reaction time,
and the amounts of monolignol, H,0,, and oxidase used
greatly affect the chemical structure of the resultant
DHPs. The structural variation of DHPs as determined by
thioacidolysis is demonstrated in Table 1. All the DHPs
reported in Table 1 were prepared in ZT mode using
coniferyl alcohol (CA), H,0,, and horseradish peroxidase
(HRP) at neutral pH. However, the weight-average molec-
ular weights (Mw) and B-0-4 contents of the resultant DHPs
are diverse, probably due to differences in CA and H,0,
concentration, HRP activity, reaction time, pH, and tem-
perature. Understanding the factors affecting the chemical
structure of artificial lignin is essential for preparing DHPs
that mimic native and isolated lignins.

In this study, 21 different DHPs were prepared from CA
to assess the effects of reaction scale, pH, HRP activity,
organic solvent, and the use of ZT or ZL mode on DHP
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structure. The structures of the DHPs were investigated by
size exclusion chromatography (SEC), 'H->C HSQC NMR,
and thioacidolysis (with and without Raney nickel
desulfuration). The relationships between the various
synthetic parameters and the chemical structure of the
DHP products are discussed in terms of the ratios of
different interunit linkages, molecular weight, and
amount of CA end group.

2 Materials and methods

CA and HRP were purchased from Wako Pure Chemical (Osaka,
Japan). H,0, was obtained from nacalai tesque (Kyoto Japan).
Elemental analysis of DHPs was performed by the Laboratory
for Organic Elemental Microanalysis in Kyoto University. Milled
wood lignin (MWL) from Japanese cedar (Cryptomeria japonica) was
prepared according to the method in our previous report (Tokunaga
et al. 2019).

2.1 HRP activity assay

HRP activity was measured by the oxidation of guaiacol at 25 °C using a
UV-2700 spectrophotometer (Shimadzu, Kyoto, Japan). The reaction
mixture (3.1 mL) contained 0.32 mM guaiacol, 0.19 mM H,0,, and
0.04 pg of HRP in 100 mM sodium phosphate buffer (pH 6.5). The rate
of guaiacol oxidation was calculated from the absorbance of cyclic
tetraguaiacol (g436nm = 25.5 mM ™' cm™) at 436 nm (Tijssen 1985). For
DHP synthesis in acidic (Table 2, entries 9, 10, and 14) and alkaline
conditions (Table 2, entries 11, 12, and 15), 100 mM succinate buffer (pH
4.0) and 100 mM borate buffer (pH 9.0) were used instead of sodium
phosphate buffer (pH 6.5). For DHP synthesis with an organic solvent
(Table 2, entries 13-15), all the reaction mixtures contained 20%
1,4-dioxane. One unit of HRP was defined as the amount of enzyme
that oxidases 1 pmol of guaiacol in 1 min at 25 °C under assay
conditions.
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Table 1: Synthetic conditions and molecular properties of previously reported DHPs.

References Solution A Solution B Solution C Stirring Additional Product
time? HRP . 3
Mn Mw Thioacidolysis
monomer®
(pmol/g)
Terashimaetal. CA(1.11 mmol) and HRP 0.025% HRP (1 mg) in 67h+24h - - - 670
(1995, 1996) (4 mg) in PB [pH 6.5] H,0, PB (2 mL) (3 mL/h)
(200 mL) (200 mL)
Cathala et al. CA (1.66 mmol) in 1:9 0.15% H,0, HRP (3 mg)in 20h+16h - 1410° 1830° 617°¢
(1998) (v/v) acetone/ (100 mL) PB (300 mL) (5 mL/h)
0.033 M PB [pH 6.1]
(100 mL)
Nakamura etal. CA (0.56 mmol) in 0.5% H,0, HRP(2.2mg)in 20h+6h - 2500 1600 590
(2006) 0.1 M PB [pH 7.4] (4 mL) PB (110 mL) (0.2 or
(10 mL) 0.5 mL/h)
Kishimoto etal. CA (1.5 mmol) in 0.1 M  0.04% H,0, HRP (1 mg) in 48h+24h 1mgat24h 3180 10,440 488
(2010) PB [pH 6.5] (200 mL) (200 mL) PB (50 mL) (4.2 mL/h)
Harman-Ware CA (0.55 mmol) in PPB 0.04%H,0, HRP(1mg)in 42h+30h 1mgat24h 1400 7700 404
et al. (2017) [pH6.5] (100 mL) (95 mL) 0.007% H,0,/ (2.4 mL/h)
PPB (30 mL)

All references synthesized DHPs from CA using ZT mode at neutral pH. In ZT mode, solutions A and B were slowly added to solution C to produce
DHP. CA: coniferyl alcohol. HRP: horse radish peroxidase. PB: phosphate buffer. PPB: potassium phosphate buffer. Stirring time with feeding of
solutions A and B + stirring time after feeding of solutions A and B. The values in parentheses are the flow rates of solutions A and B.
PThioacidolysis monomer derived from B-0-4 structure. ‘Average values calculated from duplicate experiments.

Table 2: A summary of DHP synthetic conditions, yields, nitrogen contents, and molecular weights.

Entry Method® Volume of solution C®(mL) pH HRP activity (Unit)  Dioxane (%) Product

Yield (%) N (%) Mn Mw  Mw/Mn

1 T 300 6.5 100 0 40.7 0.0 1370 4282 3.13
2 ra) 300 6.5 313 0 40.8 0.1> 1320 5666 4.29
3 T 300 6.5 600 0 55.0 0.0 1119 3615 3.23
4 T 300 6.5 1500 0 62.0 0.1 988 3149 3.19
5 Al 10 6.5 50 0 71.5 0.1> 1482 2985 2.01
6 T 10 6.5 150 0 74.3 0.1> 1289 2776 2.15
7 T 10 6.5 600 0 61.3 0.0 1336 2376 1.78
8 T 10 6.5 1500 0 82.6 0.2 1550 3402 2.19
9 T 300 4.0 145 0 56.2 0.1 1489 2467 1.66
10 T 300 4.0 290 0 66.7 0.3 1632 2550 1.56
11 T 300 9.0 150 0 37.1 0.1 1883 4233 2.25
12 T 300 9.0 300 0 46.7 0.1 2244 4497 2.00
13 T 300 6.5 150 20 38.7 0.1 1756 8028 4.57
14 T 300 4.0 150 20 39.2 0.3 2374 5509 2.32
15 T 300 9.0 150 20 22.2 0.5 2249 5459 2.43
16° L 10 6.5 150 0 85.1 0.1> 1435 3042 2.12
17¢ L 10 6.5 1500 0 87.4 0.1 1498 3731 2.49
18 ZL 300 6.5 150 0 76.9 0.0 1243 2773 2.23
19 ZL 300 6.5 1500 0 79.6 0.0 1383 2465 1.78
20 L 800 6.5 150 0 85.2 0.0 1283 2013 1.57
21 ZL 800 6.5 1500 0 86.4 0.0 1277 2207 1.73

37T and ZL modes were applied for DHP synthesis. "Solution C is 100 mM succinic acid, sodium phosphate, or boric acid buffer (pH 4.0, 6.5, or
9.0, respectively) containing 0 or 20% 1,4-dioxane and HRP with various activities. Solution A consists of the same buffer as solution C
containing 1.5 mmol of CA and 3 mL of acetone. Solution B is 0.04% H-0,. ‘In entries 16 and 17, 70 and 20 mL of solutions A and B were added to
the solution C, while other entries used 100 mL of solutions A and B.
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2.2 Synthesis of DHPs in ZT mode (Table 2, entries 1-15)

Three solutions were prepared for DHP synthesis by the ZT mode at
neutral pH (Table 2, entries 1-8). Solution A: 100 mM sodium phosphate
buffer (100 mL, pH 6.5) containing 1.5 mmol CA and 3 mL acetone.
Solution B: 0.04% H,0, (100 mL). Solution C: 100 mM sodium phosphate
buffer (300 or 10 mL, pH 6.5) containing HRP of various activities
(50-1500 U). Solutions A and B were slowly added to the solution C with
vigorous stirring over 24 h using a micro tube pump (MP-3, EYELA,
Tokyo, Japan) at room temperature in the dark. After addition of solu-
tions A and B, the mixture was stirred for an additional 20 h. The pre-
cipitate was collected by centrifugation (10,000 xg, 10 min) and washed
three times with distilled water before lyophilization. The obtained DHP
was dissolved in 1,4-dioxane/water (9:1, v/v) and filtered through No. 131
qualitative filter paper (Advantec, Tokyo, Japan) for purification. The
filtrate was lyophilized and dried in vacuo before analysis.

For DHP synthesis under acidic condition (Table 2, entries 9, 10,
and 14), 100 mM succinate buffer (pH 4.0) was used instead of sodium
phosphate buffer (pH 6.5). For DHP synthesis under alkaline condition
(Table 2, entries 11, 12, and 15), 100 mM borate buffer (pH 9.0) was used
instead of sodium phosphate buffer (pH 6.5). The synthesized DHP
was recovered after the solution was acidified to pH 4.0 using 5 N
HCL. For the procedures in Table 2, entries 13-15, solutions A and C
contained 20% 1,4-dioxane.

2.3 Synthesis of DHPs in ZL mode (Table 2, entries
16-21)

Three solutions were prepared for DHP synthesis in ZL mode. Solution
A: 100 mM sodium phosphate buffer (70 mL for the entries 16-17, and
100 mL for the entries 18-21, pH 6.5) containing 1.5 mmol CA and 3 mL
acetone. Solution B: 0.04% H,0, (20 mL for the entries 16—17, 100 mL
for the entries 18-21). Solution C: 100 mM sodium phosphate buffer
(10, 300, or 800 mL, pH 6.5) containing 150 or 1500 U HRP. Solutions A
and B were simultaneously added to vigorously stirring solution C and
the mixture was stirred for 44 h at room temperature in the dark.
Procedures for the harvesting, washing, and purification of the DHPs
were the same as those for ZT mode.

2.4 SEC

Each DHP (1 mg) was acetylated with pyridine (500 pL) and acetic
anhydride (500 pL) at room temperature overnight. The molecular
weight of the DHP acetates were determined by SEC using a Shimadzu
liquid chromatography system equipped with an LC-20AD pump and
an SPD M20A diode array detector (Shimadzu, Kyoto, Japan) at 40 °C.
Three tandemly connected TSKgel SuperMultiporeHZ-M columns
(Tosho, Tokyo, Japan) were used at 40 °C. The mobile phase was
tetrahydrofuran (THF), and the flow rate was 0.35 mL/min.
Polystyrene standard PStQuick C (Tosoh, Tokyo, Japan), vanillin, and
1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol
were used for calibration.

2.5 NMR spectroscopy

DHPs (1.7-9.8 mg) were dissolved in DMSO-d¢ (Cambridge Isotope
Laboratories, MA, USA) containing 200 pM 2,2-dimethyl-2-silapen
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tane-5-sulfonic acid. All the 1D 'H, 2D 'H-"*C HSQC, and 'H-">C HMBC
NMR spectra of the solutions (300 pL) were recorded using 5 mm
Shigemi symmetrical microtubes (Shigemi, Tokyo, Japan) at 313 Kon a
Bruker Advance III 600 spectrometer equipped with a cryogenic probe
and Z-gradient and controlled using Bruker Topspin-NMR software
(ver. 3.5) (Bruker BioSpin, MA, USA). The signal for DMSO at 8¢/8y
39.5/2.49 ppm was used as an internal reference. NMR signals were
assigned based on HMBC spectra and the literature (Gottlieb et al.
1997; Kim et al. 2008; Zeng et al. 2013).

2.6 Thioacidolysis and subsequent Raney nickel
desulfuration

Thioacidolysis and subsequent Raney nickel desulfuration were
performed according to previously described protocols (Lapierre et al.
1991; Roland et al. 1992). Monomer and dimer products were trime-
thylsilylated and quantified from their gas chromatography-mass
spectrometry (GC-MS) total ion current chromatograms. Docosane
was used as an internal standard, and its response factor of 0.5 was
applied to quantify the main guaiacyl thioacidolysis monomer
(Yue et al. 2012). Identification of mass peaks was performed based on
previously reported mass fragmentation patterns (Kishimoto et al.
2010; Lapierre et al. 1991; Roland et al. 1992). GC-MS analysis was
performed using a GCMS-QP 2010 SE system (Shimadzu, Kyoto, Japan)
equipped with a DB-5MS column (30 m x 0.25 mm id, 0.25 pm film
thickness: Agilent technologies, Santa Clara, CA, USA). The injection
temperature was 250 °C, and trimethylsilylated samples (1 pL) were
injected in split mode. Helium at a flow rate of 1.0 mL/min was used as
the carrier gas. The column temperature program was set as 170 °C for
3 min, raised to 280 °C at 2 °C/min, and maintained for 20 min. Mass
spectra were recorded in electron impact ionization mode at 70 eV.

2.7 Post-alkaline treatment of DHP

DHPs (15 mg, Table 2, entries 4, and 9) were dissolved in 1 mL of 1 M
NaOH and incubated at 50 °C, 1000 rpm for 1 h using a Thermomixer
Comfort (Eppendorf, Hamburg, Germany). The solutions were
neutralized with 5 N HCl, and the precipitates were collected by
centrifugation (10,000 xg, 10 min) and washed three times with
distilled water before lyophilization. These regenerated DHPs
were analyzed by SEC, NMR, thioacidolysis, and Raney nickel
desulfurization.

3 Results and discussion
3.1 Synthesis of DHPs

DHPs were prepared using the various conditions sum-
marized in Table 2 to analyze the effects of reaction scale
(10, 300, or 800 mL of solution C), pH (4.0, 6.5, or 9.0), HRP
activity (50-1500 U), organic solvent (0 or 20%
1,4-dioxane), and synthetic mode (ZT or ZL) on the chem-
ical structure of the resultant DHP.

The nitrogen contents of all the DHPs are less than
0.5%, indicating that the influence of remaining enzyme is
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negligible. The yields of the DHPs are correlated with HRP
activity except for Table 2, entry 7. Small-scale reactions
(Table 2, entries 5-8) by the ZT mode gave higher DHP
yields than the large-scale reactions (Table 2, entries 1-4).
These results indicate that higher doses of HRP promote the
polymerization of CA. ZL mode results in higher DHP yields
compared with ZT mode when the same activity of HRP is
used at the same reaction scale (compare Table 2, entries 4
and 19, 6 and 16, 8 and 17), suggesting that a high radical
concentration is an important factor for DHP formation.

Addition of 20% 1,4-dioxane to the synthetic medium
increases Mw, although the DHP yields decrease (Table 2,
entries 13-15). This increase in Mw can be explained by the
reactions of generating radicals to higher-molecular-
weight polymeric fragments that are solubilized in the
aqueous organic media, which allows exposure of
the polymeric and oligomeric substrates to the radicals.
The decrease in DHP yield is due to partial inactivation of
the enzyme and decreased vyield of the insoluble fraction
after centrifugation of the reaction products. The DHPs
obtained under alkaline conditions (Table 2, entries 11 and
12) also show higher Mw with lower DHP yields because of
the higher solubility of the phenolic polymers with ionized
phenolic OH groups at high pH. Therefore, these results
suggest that the solubility of DHP in solvents is an impor-
tant factor affecting its molecular weight and the yield of
water-insoluble fractions. This mechanism was supported
by previous study reporting that usage of coniferyl alcohol
y-O-B-p-glucopyranoside instead of coniferyl alcohol,
increased molecular weight of the resultant DHP during
polymerization due to its high water-solubility (Tobimatsu
et al. 2006). We previously analyzed molecular conforma-
tion of B-O-4 lignin oligomer model using 'H-'H ROESY
NMR and found that the lignin model has a more compact
conformation in water compared with that in organic me-
dia (Tokunaga et al. 2021). Thus, the conformational
change of DHP in organic media increases the sites
accessible to radicals in the growing polymer with a
concomitant increase in solubility of the polymer and
reduced enzyme activity due to partial inactivation,
resulting in the yields and polymerization degrees shown
in Table 2, entries 13-15.

3.2 'H-®C HSQC and HMBC NMR analyses of
the DHPs

'H-C HSQC spectra of aliphatic regions of the DHPs and
Japanese cedar MWL are shown in Figure 2. In the HSQC
spectrum of the entry-4 DHP (Figure 2A), HSQC signals
from B-0-4, B-5, B-B, a-O-4, and 5-5/p-O-4 (dibenzo
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dioxocin) interunit linkages are clearly observed. Although
the guaiacyl-type DHP and MWL present similar HSQC
spectra (Figure 2A and F), the signals from a-0-4 to B-0-4
linkage are observed only in the DHP. a-0-4/B-0-4 bond is
formed by nucleophilic addition of the phenolic hydroxy
group of the lignin monomer or oligomer to the a position
of the quinone methide structure possessing B-O-4 linkage.
During lignin biosynthesis in plants, the supply rate of
lignin monomers is assumed to be low, and nucleophilic
addition of water and polysaccharides to quinone methide
are preferentially occur than that of the lignin monomers.
Thus, a-0-4/B-O-4 linkage is rarely observed in native
lignin (Kilpeldinen et al. 1994) while this linkage is abun-
dant in DHP (Terashima et al. 2009).

A comparison of Figure 2A—-C provides insight into the
effects of acidic and alkaline synthetic conditions on
the interunit linkages in DHP. In the HSQC spectrum of DHP
prepared under acidic pH (Figure 2B), a-0-4/B-0-4 signals
are not observed, while signals for succinic acid, which
was used as a buffer component, appear. This spectral
change is explained by incorporation of succinic acid into
the o position of the DHP through nucleophilic addition
of the acid to quinomethide intermediates, resulting
in the two new HSQC signals for a and B positions instead
of a-0-4/B-O-4 signals. The proposed structure was
confirmed by 'H-®C HMBC analysis (Figure 3A), which
reveals a correlation between oy and the carbonyl carbon
of succinic acid. A proposed mechanism for the incorpo-
ration of succinic acid into DHP during polymerization is
shown in Figure 3B.

In the HSQC spectrum of DHP synthesized under
alkaline condition (Figure 2C), HSQC signals for the
spirodienone (B-1) structure (Zeng et al. 2013; Zhang et al.
2006) are clearly observed. These signals are also observed
for other DHP preparations and MWL, but their signal
intensities are extremely low or below detectable levels, as
shown in Figure 2. Thus, -1 radical coupling that produces
spirodienone structures is promoted in alkaline pH
compared with neutral and acidic pH.

Figure 2D shows the HSQC spectrum of DHP prepared
in the presence of 20% agq. 1,4-dioxane at neutral pH, and
the spectrum is similar to that of DHP obtained without
1,4-dioxane (Figure 2A). This spectrum indicates that the
presence of organic solvent has no effect on the variety of
interunit linkages in DHP.

The HSQC spectrum of the DHP synthesized using ZL
mode is shown in Figure 2E. The signal intensity for 3-O-4
substructure with a-OH is quite low, while high-intensity
signals for a-0-4/B-0-4 appear. These structural features
are formed when the phenolic hydroxyl group of the lignin
monomer, rather than water, is incorporated into quinone
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Figure 2: 2D 'H-®C HSQC spectra of aliphatic region of DHPs and Japanese cedar MWL. (A)-(E) HSQC spectra of DHPs from Table 2, entries 4
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methide structures after B-O-4 formation because lignin
monomer is highly abundant in the initial phase of
ZL-mode synthesis.

3.3 Thioacidolysis and subsequent Raney
nickel desulfuration

B-O-4 bond is the dominant interunit linkage in native
lignin, but the presence of this bond in DHP is much lower
than that in native lignin. Thus, increasing the -O-4 con-
tent of DHP is required to prepare appropriate lignin
models that possess structures similar to that of native
lignin. The B-0-4 contents of the DHPs were evaluated by
thioacidolysis, and the amount of thioacidolysis mono-
mers derived from non-condensed B-O-4 and CA end
groups are shown in Table 3.

All the DHPs have lower B-0-4 contents (218426 pmol/
g) than the Japanese cedar MWL (1039 pmol/g). For DHP
synthesis in ZT mode, performing the reaction on a small
scale significantly increases the B-O-4 content when the
same HRP activity is used (Figure 4). A similar effect is
partially observed for ZL mode (Table 3, entries 16-21).
Factors affecting the chemical structure of DHP have been
widely studied, but the importance of reaction scale on the

OH OH
HO.
. ° x
o
0 HO
o OCH,
 —
CH;
OH

Reaction scheme illustrating the nucleophilic
addition of succinic acid into a quinone
methide intermediate during polymerization.

-0-4 content of DHP has not been addressed previously.
When a small reaction scale is applied to DHP preparation,
the monomer and oligomer concentrations are higher,
which promotes aggregation of insoluble fractions and
results in relatively high DHP yields (Table 2, entries 5-8).
Several studies have demonstrated that the presence
of the hydrophobic region of hemicellulose increases
B-0-4 formation in lignin synthesis (Barakat et al. 2007;
Tanahashi and Higuchi 1990). Similarly, the hydrophobic
core provided by aggregated DHP may promote 3-O-4 for-
mation at a smaller reaction scale.

HRP activity is also an important factor affecting B-0-4
content. Mechin et al. (2007) reported that a low HRP
dosage enhances the B-O-4 content of DHP. As shown
in Figure 4, HRP activity is negatively correlated with the
B-0-4 content in DHP. van Parijs et al. (2010) used a com-
puter simulation of lignin biosynthesis to demonstrate that
a decrease in the supply rate of monolignol increases 3-0-4
formation with concomitant reduction of dimerization.
This suggests that reactions with low-activity HRP increase
B-0-4 content owing to the decreased influx rate of mono-
lignol radicals during polymerization.

A remarkable increase in B-O-4 content is observed
for acidic pH (Table 3, entries 9, 10, and 14). Moreover,
combined use of pH 4.0 and low HRP activity (145 U)
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Table 3: Monomeryields and relative percentages of dimeric products from thioacidolysis and subsequent Raney nickel desulfuration of DHP

and MWL.
Entry? Thioacidolysis Raney nickel desulfurization

Main monomer CA end group 5-5 4-0-5 B-1 B-5 B-B  Total dimer yield

(umol/g) (umol/g)  (mol %) (mol %) (mol %) (mol %) (mol %) (umol/g)

1 284 58 29 2 10 51 9 61
2 265 57 35 1 18 41 4 31
3 263 58 24 1 9 51 15 51
4 222 64 28 1 20 49 2 36
5 396 84 15 1 8 61 16 134
6 364 97 17 1 7 60 15 129
7 368 82 13 1 6 65 16 139
8 276 72 24 2 6 58 10 89
9 426 82 34 2 14 42 8 48
10 345 66 41 2 17 36 4 30
11 306 112 43 1 34 18 4 49
12 238 92 34 1 52 11 2 22
13 293 88 21 1 19 48 11 18
14 386 59 24 1 21 44 11 13
15 319 46 22 1 43 26 8 15
16 283 248 3 0 1 59 37 92
17 314 171 5 1 2 58 34 69
18 218 190 3 0 1 56 40 63
19 239 143 5 1 2 56 36 62
20 225 173 2 0 1 57 38 74
21 237 127 4 1 2 65 28 50
Japanese cedar 1039 42 24 1 66 8 0 35
MWL

2Entries are the same as those described in Table 2.
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Figure 4: Effects of HRP activity and reaction scale on the 3-0-4
content of DHPs synthesized in ZT mode. (O) DHP prepared using
300 mL of solution C (Table 2, entries 1-4), (@) DHP prepared using
10 mL of solution C (Table 2, entries 5-8). Experiments were
performed three times, and the results are expressed as average
values.

produces the most thioacidolysis monomer (Table 3, entry
9, 426 pmol/g) originating from B-0-4 bond. Grabber et al.
(2003) reported that synthesis at pH 4.0 increases B-O-4
content compared with that at pH 5.5 in end-wise poly-
merization. In contrast, the B-O-4 contents of DHPs

synthesized under alkaline pH (Table 3, entry 11: 306 pmol/
g, and entry 12: 238 umol/g of the thioacidolysis monomer)
are similar to those of DHPs prepared under neutral pH
(Table 3, entries 1 and 2, 284 and 265 umol/g, respectively).
The addition of 20% 1,4-dioxane (Table 3, entry 13) also has
no apparent effect on the amount of thioacidolysis mono-
mer (293 umol/g). No synergistic effect of organic solvent
and pH is observed when 1,4-dioxane is used in acidic or
alkaline pH (Table 3, entries 14 and 15).

The abundance of 5-5, 4-0-5, -1, B-5, and B-f interunit
linkages (Figure 1) adjacent to f-O-4 bond were determined
by Raney nickel desulfuration after thioacidolysis. As
shown in Table 3, entries 1-8, DHPs prepared in ZT mode at
neutral pH have lower -1 contents and higher -5 and -
contents than those of Japanese cedar MWL. DHPs pre-
pared in ZL mode (Table 3, entries 16—21) show extremely
low 5-5 and -1 contents and high - contents. 3-f linkages
are produced by monomer-monomer coupling, whereas
5-5 linkages are obtained by oligomer-oligomer coupling
(Ralph et al. 2004). For DHP synthesis in ZL mode, high
monomer radical concentrations induce more monomer-
monomer coupling than oligomer-oligomer coupling,
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resulting in abundant B-p and decreased 5-5 bond forma-
tion during DHP synthesis. Almost all 5-5 linkage form
dibenzodioxocin structure (Rinaldi et al. 2016), and this
structure is not indicated by the HSQC spectrum of DHP
prepared in ZL mode (Figure 2E). Thus, the HSQC spectrum
supports the result from Raney nickel desulfuration
experiments after thioacidolysis. Acidic pH (Table 3,
entries 9 and 10) slightly increases the 5-5 content and
decreases the (-5 content compared with neutral pH.
Interestingly, alkaline pH (Table 3, entries 11 and 12)
significantly increases the B-1 content and decreases the
B-5 content, and the DHP for Table 3, entry 12 has similar
molar percentages of 5-5, 4-0-5, -1, B-5, and p-f3 linkages to
those of Japanese cedar MWL. The abundance of B-1
structures in the DHPs prepared at pH 9.0 is confirmed
by its HSQC spectrum, which presents signals from
spirodienone substructure (Figure 2C). The use of
1,4-dioxane in DHP synthesis (Table 3, entry 13) has no
significant effect on the interunit linkages of the DHP, as
also indicated by HSQC analysis (Figure 2D).

Comparison of the DHP products having similar
molecular weight distributions, the amount of CA end
groups reflects the frequency of structure branching in the
DHP. 4-0-5 and 5-5/B-0-4 (dibenzodioxocin) linkages are
branching points in native lignin. Furthermore, unlike
native MWL, DHP has a-0-4/B-0-4 structure as the other
branching point. ZL. mode significantly increases the CA
end group content (127-248 pumol/g) compared with ZT
mode (57-97 pmol/g) at pH 6.5, which is explained by
abundant a-0-4/B-0-4 structures in the DHPs synthesized
using ZL mode (Figure 2E). Small-scale preparation also
increases CA end group content. In ZT mode, small-scale
reactions give slightly higher amounts of CA end groups
(Table 3, entries 5-8, 72-97 pmol/g) compared with large-
scale reactions (Table 3, entries 1-4, 57—-64 umol/g). For ZL
mode, the amounts of CA end groups decrease in the order
entry 16 (248 pmol/g) > entry 18 (190 pmol/g) > entry 20
(173 pmol/g), which were prepared using 10, 300, and
800 mL of solution C, respectively. The higher contents of
CA end groups for smaller reaction systems are possibly
related to the frequency of a-0-4/B-0-4 linkages preferen-
tially formed in small-scale reactions.

3.4 Post-alkaline treatment of DHPs

Incorporation of succinic acid into the a position of DHP
synthesized under acidic pH is demonstrated in the HSQC
and HMBC spectra (Figures 2B and 3A). Because the
incorporated succinic acid may have non-negligible effects
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on the DHP properties and unintentionally decrease its
value as a lignin model polymer, the acyl groups were
removed by saponification. The DHP prepared under acidic
pH (Table 2, entry 9) was dissolved in 1 N NaOH, incubated
at 50 °C for 1 h, and precipitated by neutralization. The
precipitate was collected by centrifugation, washed three
times with water, and lyophilized before analysis. For
comparison, a DHP prepared under neutral pH (Table 2,
entry 4) was also used in this experiment. The DHPs
prepared by post-alkaline treatment are termed ’regener-
ated DHPs’.

Figure 5 shows a HSQC spectrum of aliphatic region of
a regenerated DHP originally prepared under acidic pH.
Comparison of the HSQC spectra obtained before and after
alkaline treatment (Figures 2B and 5, respectively) show
that the HSQC signals for succinic acid and the o position
of DHP acylated with succinic acid disappear upon
alkaline treatment. The HSQC signals for other interunit
linkages show no significant changes, confirming that no
side reactions such as degradation and condensation
occur during alkaline treatment. The results of SEC,
thioacidolysis, and Raney nickel desulfurization are
summarized in Table 4. The yields of the regenerated DHPs
are around 70%. This recovery loss may cause increases in
molecular weight and B-O-4 content. The -O-4 content of
the DHP originally prepared at pH 4.0 (Table 2, entry 9)
increases from 426 to 535 umol/g upon alkaline treatment.
This is the highest B-O-4 content of all the synthesized
DHPs. In contrast, the regenerated DHP originally prepared
at neutral pH shows only a slight increase in B-O-4 content.
Thus, alkaline treatment effectively removes succinic acid
incorporated into the a position of DHP without unwanted
side reactions.

0
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Figure 5: A 2D "H-">C HSQC spectrum of aliphatic region of
regenerated DHP derived from the Table 2, entry 9 product (1.7 mg).
DHP from Table 2, entry 9 was dissolved in 1 N NaOH and
subsequently precipitated by neutralization to prepare the
regenerated DHP.
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Table 4: Summary of SEC analysis, thioacidolysis, and Raney nickel desulfurization results for regenerated DHPs.

Sample? Yield® Molecular weight Thioacidolysis Raney nickel desulfurization
0,
%,
(%) Mn  Mw Mw/Mn Main CA 5-5  4-0-5 B-1 B-5 B-B  Total dimer
monomer end group (mol%) (mol%) (mol%) (mol%) (mol %) yield
(umol/g)  (umol/g) (umol/mg)
Regenerated 69.1 2178 7009 3.22 285 65 26 2 6 55 12 75
DHP from entry 4
(ZT, pH 6.5, 1500
U of HRP)
Regenerated 73.9 2609 5295 2.03 535 135 29 2 7 49 14 84

DHP from entry 9
(ZT, pH 4.0, 145
U of HRP)

Inthe alkaline regeneration process, original DHPs (entries 4 and 9) were dissolved in 1 N NaOH and subsequently precipitated by neutralization
to obtain regenerated DHPs. 2Entries are the same as those described in Table 2. Yields calculated based on weight of DHPs before and after

alkaline regeneration.

3.5 Effects of synthesis conditions on DHP
properties

The effects of reaction scale, pH, HRP activity, organic
solvent, and the use of ZT or ZL. mode on DHP synthesis are
illustrated by the heat map in Figure 6 using entry 1 DHP as
a standard for comparison. Synthesis in ZT mode with a
small reaction scale (Table 2, entry 5) and ZL mode (Table 2,
entry 18) show increased DHP yields and CA end group
contents. For DHP synthesis under these conditions, the
molecular weights are lower, and the B-B content is
increased while 5-5 and B-1 contents are decreased.
Compared to the entry 1 DHP, higher B-O-4 contents are

obtained by small-scale ZT-mode reactions but lower B-O-4
contents are observed for ZL mode. Acidic pH (Table 2,
entry 9) increases the B-O-4 and CA end group contents,
and the highest B-O-4 content is obtained for the entry 9
DHP after post-alkaline treatment. Alkaline pH (Table 2,
entry 11) increases the amount of CA end group and highly
affects the distribution of interunit linkages, with increased
B-1and 5-5 ratios as well as decreasing in -5 and B-f ratios.
Addition of 1,4-dioxane to the aqueous medium (Table 2,
entry 13) increases the molecular weight of the resultant
DHP. Thus, the chemical structures of DHPs can be
systematically controlled by employing different synthesis
conditions, as shown in Figure 6.

Yield (%) Molecular | CA end group B-0-4 5-5 B-1 B-5 B-B
weight (Mw) | (umol/g) (wmol/g) (umol/g) (umol/g) (umol/g) (umol/g)
ZT mode with a small o o
reaction scale (entry 5) -30% +45% +39% -48% -20% +20%
T mo(deenm/tg)pH 4.0 +38% _42% +41% +50% +17% +40% -18% -11%
“x mf;:mtfl*;*' 90 9% 1% +8% +48% [WEPLIAM  -65% -56%
20% zToTaonie(:r:i?y 13) 5% +87% +3% -28% +90% -6% +22%
d
Alkaline regenerated DHP No data +133% +88% 4% +56%
derived from entry 9
-100% 0% +100%

Figure 6: Heat map visualization of the effects of various synthesis conditions on DHP structure. Relative percentages were calculated in
comparison with the product of the conditions from Table 2, entry 1, which was prepared using ZT mode with 300 mL of solution C (pH 6.5)
containing 100 U HRP. Increases and decreases in the structural parameters are visualized by red and blue gradations, respectively.
Significantly increased values higher than 100% are color-coded as red.
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4 Conclusions

DHP is widely used as a synthetic polymer model of lignin.
However, differences between the chemical structure of
DHP and native lignin limit its validity as a lignin model.
For instance, guaiacyl DHP has higher -5 and f3-§ contents
and lower B-O-4 and B-1 contents than softwood native
lignin. To prepare DHP with structures similar to native
lignin and isolated lignin, control of chemical structures of
DHP is required. However, understanding the relationship
between DHP structure and its synthesis conditions
remains limited.

In the present study, 21 guaiacyl DHPs were prepared
to investigate the structural effects of different synthesis
conditions, such as molecular weight, amount of CA end
group, B-0-4 content, and ratio of other interunit linkages
in DHP.

The B-O-4 content of DHP is negatively correlated with
reaction scale and HRP activity. DHP prepared under acidic
pH has a high B-O-4 content, and post-alkaline treatment
provided DHP with the highest 3-O-4 content. Alkaline pH
facilitates B-1 and 5-5 formation and suppresses -5 and -
formation during DHP synthesis. The presence of
1,4-dioxane increases the molecular weight of the DHP.

Thus, factors controlling the chemical structure of
DHPs have been systematically analyzed in detail. In
particular, the effects of reaction scale on DHP structure are
clearly pointed out. This systematic approach correlates
the various reaction conditions with DHP structure,
thereby increasing the value of DHPs as models for native
and isolated lignins.
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