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Abstract The enzymatically dehydrogenative polymeriza-
tion of coniferyl aldehyde and coniferyl alcohol was studied
to understand lignins in cinnamyl alcohol dehydrogenase
(CAD)-downregulated plants. The sample dimers were
prepared by polymerization under three reaction systems
(coniferyl alcohol, coniferyl aldehyde, and their combina-
tion) with horseradish peroxidase/H,O, under the condi-
tions of limited reaction time. In addition, the residual
amount of substrate in each reaction was determined at
specified time intervals. In the reaction system of coniferyl
aldehyde, the 5-5-type dimer was formed in preference to
fB-f and §-5 dimers; in the reaction system of coniferyl
alcohol the -5 dimer was preferentially formed. Further-
more, it was revealed when quantifying dimers among reac-
tion systems that the total dimer formation capability of
coniferyl alcohol clearly surpassed that of coniferyl alde-
hyde. However, the dimers cross-coupled with coniferyl al-
cohol and coniferyl aldehyde were formed in amounts not
accounted for by the difference seen in dimer formation
abilities with the two substrates.
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Introduction

It is common knowledge that cinnamyl alcohol dehydroge-
nase (CAD) down-regulates tobacco and poplar, forming
red-colored xylems, without a significant reduction in lignin
content.”® A CAD-downregulated loblolly pine with a simi-
lar red-colored xylem had been discovered in natural
woods, and its abnormal lignin has recently been partially
characterized.”®

Our previous investigation™ revealed that coniferyl
aldehyde and mixtures of coniferyl aldehyde and coniferyl
alcohol gave wine-red dehydrogenation polymers (DHPs)
with horseradish peroxidase. Their color was similar to
that of lignified tissues of transgenic plants with a
downregulated CAD and to that of the xylem of a mutant
loblolly pine deficient in CAD. Their color might be as-
cribed to the extensively conjugated p-hydroxycinnamyl
aldehyde structures. The extensively conjugated -3, -5,
and 5-5 linkages of coniferyl aldehydes might be formed
during dehydrogenation of coniferyl aldehyde. It was
thought that such linkages might occur in the abnormal
lignins of transgenic plants with a downregulated CAD and
a mutant loblolly pine deficient in CAD.

Our further investigation' showed that the amount of
dehydrodivanillin produced by nitrobenzene oxidation of
the DHPs gradually increased with the increasing content
of coniferyl aldehyde during enzymatic condensation,
whereas the amount of vanillin decreased concomitantly
compared with that in the controls. The amount of thioaci-
dolysis products derived from coniferyl aldehyde DHP was
markedly less than that derived from coniferyl alcohol
DHP.’ These results suggest that coniferyl aldehyde is
predominantly linked as -8, $-5, and 5-5 substructures,
differing from the case of coniferyl alcohol.

This paper describes the characterization and quantifica-
tion of dimers in the reaction mixtures of coniferyl aldehyde
with coniferyl alcohol by horseradish peroxidase/H,0,. The
study was undertaken to achieve a better understanding of
the abnormal lignins.



Materials and methods
Instruments

The nuclear magnetic resonance (NMR) spectra were ob-
tained with a Varian Unity Inova 400 FT-NMR spectrom-
eter (400MHz). Total ion chromatograms and mass spectra
were recorded on a Shimadzu GCMS-QP 5000 gas chro-
matograph-mass spectrometer (EI, 70eV, capillary column
DB-1; J&W Scientific) that was 30m X 0.25mm (i.d.), with
film of 1 um; carrier gas He; column temperatures of 180°-
280°C, increased at +5°C/min).

Reagents

Coniferyl alcohol was synthesized via two steps from vanillin
and monoethyl malonate, which was obtained by HCl treat-
ment of potassium monoethyl malonate (Tokyo Chemical
Industry): condensation in the presence of pyridine and a
catalytic amount of piperidine at 80°C, and reduction of the
product with diisobutylaluminum hydride (1.0M in toluene
solution; Kanto Chemicals) in toluene at 0°C, respectively.”
Coniferyl aldehyde was synthesized by oxidation of
isoeugenol methoxymethyl ether to coniferyl aldehyde
methoxymethyl ether with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone and subsequent demethoxymethylation of
the latter compound with H,SO, to coniferyl aldehyde."
Other reagents and horseradish peroxidase (Tokyo Chemi-
cal Industry) were commercially available.

Preparation, isolation, and identification of dimers
in the reaction mixture of coniferyl alcohol and
coniferyl aldehyde

Coniferyl alcohol (2.0mmol) and coniferyl aldehyde
(2.0mmol) were dissolved in warm water (712ml) in a flask.
The solution was then cooled in an icebath. Horseradish
peroxidase (0.14mg, 188 purpurogallin number/mg) and
1% H,0, (6.76 ml) were added dropwise to the flask at 0°C
with stirring for 30min. After continued stirring for 60 min,
the reaction was stopped by addition of NaCl, and the reac-
tion mixture was extracted with ethyl acetate. The com-
bined ethyl acetate layer was washed with NaCl solution,
dried over anhydrous sodium sulfate, and concentrated in
vacuo. The products were isolated by silica gel column chro-
matography and thin-layer chromatography; the purified
dimeric products were identified by NMR and mass spectra.

Quantification of the dimers produced and residual
coniferyl alcohol and coniferyl aldehyde in
reaction mixtures

Dehydrogenative polymerization of coniferyl alcohol and
coniferyl aldehyde

A mixture of coniferyl alcohol (9.0mg, 50 umol) and
coniferyl aldehyde (8.9mg, 50 umol) was dissolved in warm
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water (17ml), and the solution was cooled. Horseradish
peroxidase (1 ml of 3.4ug/mi solution) and 0.01% H,0,
(17 ml) solutions were added to the solution dropwise for
30min. The reaction mixture (3ml) was then pipetted into
test tubes at 30, 70, 110, and 150min, respectively. Two
normal HCI (0.5ml) was added to the respective test tubes
to stop the enzyme reaction. Then tetracosane {(60ug) and
hinokinin (20ug) were added to the solution as internal
standards, and the reaction mixture was extracted with
ethyl acetate. The ethyl acetate layer was dried over anhy-
drous sodium sulfate, and the solution was concentrated
in vacuo. The remaining coniferyl alcohol and coniferyl
aldehyde and the produced dimers were silylated with
hexamethyldisilazane/trimethylchlorosilane/pyridine -
(2:1:10) (TMSI-H) (GL Science) and quantified by gas
chromatograph-mass spectrometer (GC-MS).

Dehydrogenative polymerization of coniferyl alcohol

Coniferyl alcohol (18.0mg, 0.1 mmol) was treated as
described in the above section. The remaining coniferyl
alcohol and the dimers produced in the reaction mixture
were silylated and quantified by GC-MS with tetracosane
(300ug) and hinokinin (40ug) as internal standards.

Dehnydrogenative polymerization of coniferyl aldehyde

Coniferyl aldehyde (17.8mg, 0.1 mmol) was treated as de-
scribed in the above section. The remaining coniferyl alde-
hyde and the dimers produced in the reaction mixture were
silylated and quantified by GC-MS with tetracosane
(300ug) and hinokinin (40ug) as internal standards.

Results and discussion

Characterization of dimers formed by dehydrogenative
polymerization of coniferyl alcohol and coniferyl aldehyde

Figure 1 shows the chemical structures of dimers isolated
from the reaction mixture of coniferyl alcoho! and coniferyl
aldehyde. A total ion chromatogram of the reaction mixture
in dehydrogenative polymerization of coniferyl alcohol and
coniferyl aldehyde is shown in Fig. 2. Fragmentation pat-
terns of trimethylsilane (TMS) derivatives of these dimers
are shown in Table 1. Retention times of 3-8 (5-TMS in
Table 1) and -5 (6-TMS) dimers of coniferyl aldehydes in
these analytical conditions were completely identical to
those of dimers isolated independently.

Four dimers identified as the enzymatic dehydrogena-
tion of coniferyl alcohols were as follows: $-O-4 dimers
(3, 4); -5 dimer (10); and 8-f dimer (11). These dimers had
been characterized in previous reports."*”> Three dimers
identified as the enzymatic dehydrogenation of coniferyl
alcohol and coniferyl aldehyde were as follows: 8-O-4
dimers (1, 2) and -5 dimer (9). These dimers were iden-
tified as the coniferyl aldehyde linked to the -position of
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coniferyl alcohol, which had been identified as a hydrolysis
product of wood lignin, and dehydrogenative products.’*™®
Four dimers identified in the enzymatic dehydrogenation of
coniferyl aldehydes were as follows: -8 dimer (5), -5
dimer (6), f-0O-4 dimer (7), and 5-5 dimer (8). Enzymatic
dehydrogenation of coniferyl aldehyde had been studied in
detail.” However, this is the first report to our knowledge
on the isolation 5-5 dimer of coniferyl aldehydes.
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Fig. 1. Dimers identified from the dehydrogenation products of a mix-
ture of coniferyl aldehyde and coniferyl alcohol

5-5 Dimer of coniferyl aldehydes (8): '"H-NMR(CDCL):
04.01 (6H, s, OCHs,), 6.64 (2H, dd,J = 7.7,15.8, H-8, H-8),
7.13 (2H, d, J = 1.8, H-aromatic), 7.20 (2H, d, J = 1.8,
H-aromatic), 7.43 (2H, d,J = 15.8, H-a, H-a"), 9.67 (2H, d,
J =77, H-y, H-y").

These spectral data of the dimers give useful information
for structural determination of a CAD-deficient pine lignin
and a CAD-downregulated tobacco lignin.”

Residual monomers and dimers formed during
enzymatic dehydrogenation of coniferyl alcohol and
coniferyl aldehyde

Amounts of dimers per milliliter of the reaction mixture
were determined successively during the enzymatic dehy-
drogenation period. The results are shown in Tables 2, 3,
and 4 for the dehydrogenation systems of a mixture of
coniferyl alcohol and coniferyl aldehyde (Table 2), coniferyl
alcohol alone (Table 3), and coniferyl aldehyde alone
(Table 4). The §-8 (5-TMS) and -5 (6-TMS) dimers of
coniferyl aldehydes with the same retention time in the total
ion chromatogram are shown as the combined amount of
two dimers.

The amount of coniferyl alcohol dimers (alc-alc type)
was the largest, followed by coniferyl alcohol-coniferyl al-

(10- T™5)

(11- T™S)

L

58 60 62 64
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Fig. 2. Total ion chromatogram of the dimers in dehydrogenation
products formed from coniferyl alcohol and coniferyl aldehyde. The
numbers in parentheses on the peaks correspond to those in Fig. 1.

Table 1. Fragmentation patterns of trimethylsilane (TMS) derivatives of dimers formed by dehydrogenation of coniferyl alcohol and coniferyl

aldehyde
Compound Dimer type Molecular ion and prominent fragments m/z (relative intensity)
1-TMS alc-ald g-0-4 590(2), 323(3), 297(100), 235(4), 223(4), 209(6), 194(4), 177(4), 147(4), 103(8), 73(93)
2-TMS alc-ald g-0-4 590(2), 323(2), 297(100), 235(3), 223(4), 209(9), 194(3), 177(3), 147(5), 103(9), 73(88)
3-TMS alc-alc -0-4 664(3), 324(10), 298(16), 297(72), 235(2), 209(12), 147(4), 103(9), 73(100)
4-TMS alc-alc 5-O-4 664(2), 324(15), 298(19), 297(100), 235(3), 209(12), 147(4), 103(8), 73(95)
5-TMS ald-ald g-8 498(16), 469(3), 302(2), 274(7), 243(6), 209(7), 181(4), 73(100)
6-TMS ald-ald 8-5 498(10), 469(3), 454(2), 408(3), 384(3). 303(9), 209(7), 166(3), 73(100)
7-TMS ald-ald §-O-4 426(11), 369(5), 338(2), 265(4), 248(5), 207(21), 179(4), 73(100)
8-TMS ald-ald 5-5 498(14), 483(4), 450(1), 409(3), 393(3), 349(2), 207(7), 73(100)
9-TMS alc-ald -5 500(5), 410(28), 380(7), 207(7), 103(13), 73(100)
10-TMS alc-alc 5-5 574(8), 484(32), 454(5), 396(1), 394(2), 209(7), 103(7), 73(100)
11-TMS alc-alc B-8 502(28), 235(42), 223(67), 209(38), 194(23), 179(13), 131(14), 73(100)




Table 2. Yield of dimers formed from a reaction system of coniferyl alcohol and coniferyl aldehyde with reaction time

Reaction time alc-alc type

alc-ald type

ald-ald type

min
(min) B-0-4 - B-5 B-0-4 8-5 B-0-4 BB+ B-5 55
(3). 4) (11) (10) 0, @ ®) M (5. (6) (8)
30 407 (249)  317(194)  512(314) 209 (12.8) 12.8 (7.8) 172 (11) 265 (16) 1.47 (0.9)
70 33.0(182)  29.0(160)  82.9(45.7) 147 (8.1) 12,5 (6.9) 396 (22)  335(18) 212 (12)
110 293 (188)  262(168)  59.9(38.5) 14.8 (9.5) 186 (12.0)  212(14)  338(22) 1.28 (0.8)
150 320(183)  300(172) 794 (45.4) 13.8 (7.9) 12,6 (7.2) 313(18)  2.92(L7) 0.99 (0.6)

Results are given in nanomoles per millititer and percent relative content (in parentheses)
The number in parentheses in the subheadings refer to the TMS numbers in Table 1
alc-alc, coniferyl alcohol - coniferyl alcohol; alc-ald, coniferyl alcohol — coniferyl aldehyde; ald-ald, coniferyl aldehyde — coniferyl aldehyde

Table 3. Yield of dimers formed from the reaction system of coniferyl
alcohol with reaction time

Reaction time alc-alc type

(min)
B-0-4(3), (4) 88 (11) 8-5 (10)
30 109 (30.9) 82.9 (23.5) 161 (45.6)
70 106 (28.2) 80.6 (21.5) 189 (50.3)
110 106 (29.3) 81.5 (22.5) 174 (48.1)
150 61 (24.6) 50.7 (20.5) 136 (54.9)

Results are given as nanomoles per milliliter and percent relative con-
tent (in parentheses)

Table 4. Yield of dimers formed from the reaction system of coniferyl
aldehyde with reaction time

Reaction time ald-ald type

Table 5. Amounts of residual coniferyl alcohol and coniferyl aldehyde
and their rates during dehydrogenative polymerization of a mixture of
coniferyl alcohol and coniferyl aldehyde

Reaction time Residual substrate (nmol/ml) (%)

(min)
Coniferyl alcohol Coniferyl aldehyde
30 8.66 (0.61) 423 (30)
70 7.92 (0.55) 224 (16)
110 4.98 (0.35) 202 (14)
150 4.76 (0.33) 177 (12)

Table 6. Amounts of residual coniferyl alcohol and its rate during
dehydrogenative polymerization of coniferyl alcohol

Reaction time (min) Remaining substrate (coniferyl alcohol)

(nmol/ml) (%)

(min)
B-0-4 (7) BB + B-5 (5), (6) 5-5(8) 30 2.4 (0.09)
70 2.56 (0.09)
30 10.9 (42.7) 6.7 (26.3) 79(31.0) 110 3.19 (0.11)
70 159 (354)  10.7 (23.8) 183 (40.8) 150 2.65 (0.09)
110 208 (354) 112 (19.1) 26.7 (45.5)
150 220 (443) 116 (23.3) 16.1 (32.4)

Results are given as nanomeles per milliliter and percent relative con-
tent (in parentheses)

dehyde dimers (alc-ald type) and coniferyl aldehyde dimers
(ald-ald type), as shown in Table 2. Also, the amount of
coniferyl alcohol dimers in the dehydrogenation system of
coniferyl alcohol alone was higher than that of coniferyl
aldehyde dimers in the system of coniferyl aldehyde alone
(Tables 3, 4).

In the dehydrogenation system of coniferyl alcohol and
coniferyl aldehyde, the 8-5 dimer of coniferyl alcohols (10-
TMS in Table 1) was formed in the largest amount, followed
by 5-0-4 (3-TMS, 4-TMS) and S-f (11-TMS) dimers of
coniferyl alcohols. The total amount of -O-4 dimers (1-
TMS, 2-TMS) was larger than that of 5-5 dimer (9-TMS) in
coniferyl alcohol-coniferyl aldehyde dimers. The amount of
p-0O-4 dimer (7-TMS) was almost equal to the total amount
of B-p (5-TMS) and -5 (6-TMS) dimers, followed by a
small amount of the 5-5 dimer (8-TMS) in coniferyl alde-
hyde dimers (Table 2).

The dimers of coniferyl alcohol were produced in the
same order in the dehydrogenation system of coniferyl alco-
hol alone and the mixed system of coniferyl alcohol and
coniferyl aldehyde. However, the system of coniferyl alde-

Table 7. Amounts of residual coniferyl aldehyde and its rate during
dehydrogenative polymerization of coniferyl aldehyde

Reaction time (min) Remaining substrate (coniferyl aldehyde)

(nmol/ml) (%)

30 1573 (55)
70 1562 (55)
110 892 (31)
150 409 (14)

hyde alone produced a 5-5 dimer in larger amounts, differ-
ing from the case of the mixed system (Table 4).

The amounts of residual substrate per milliliter of reac-
tion mixture were determined successively during the
enzymatic dehydrogenation period. The results are shown
in Tables 5, 6, and 7, which represent the dehydrogenation
system of coniferyl alcohol and coniferyl aldehyde (Table
5), the dehydrogenation system of coniferyl alcohol alone
(Table 6), and the dehydrogenation system of coniferyl al-
dehyde alone (Table 7). The amount of residual coniferyl
alcohol was markedly less than that of coniferyl aldehyde
in the dehydrogenation system of coniferyl alcohol and
coniferyl aldehyde. Furthermore, the gap was significant
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between the two systems of coniferyl alcohol alone and
coniferyl aldehyde alone. The amount of monomers re-
maining in the reaction mixture decreased successively dur-
ing the dehydrogenation process in the systems of coniferyl
alcohol alone and coniferyl aldehyde alone. The results of
the quantitative analysis on the residual substrates and the
dimers formed suggested that there was a difference in the
reactivity among substrates in the dehydrogenative poly-
merization with peroxidase.

Reactivity of coniferyl alcohol and coniferyl aldehyde
during dehydrogenative polymerization with
peroxidase/H,0,

The present investigation confirmed the formation of
dimers (1) or (2) and dimer (9), with $-O-4 and g-5
linkages of coniferyl alcohol and coniferyl aldehyde.
However, the dimers of coniferyl alcohol linked to the -
position of coniferyl aldehyde were scarcely detected. In
Tables 24, the relative content of linkage at the S-position
of coniferyl aldehyde was lower than that of coniferyl alco-
hol, whereas the relative content of linkage at the 5-position
of coniferyl aldehyde was higher than that of coniferyl
alcohol.

During the dehydrogenative polymerization reaction of
coniferyl alcohol the 5-5 dimer was not detected, and the
corresponding 5-5 dimer (8-TMS) was predominantly
formed during the dehydrogenation reaction of coniferyl
aldehyde alone. The result suggested that coniferyl alde-
hyde was predominantly polymerized via 5-5 linkage to
give a condensed structure, as the formation of abnormal
lignin was discussed in previous papers."”'" Also, it must be
remembered that biphenyl and biphenyl ether bonds were
reported to be rich in abnormal lignin in a CAD-deficient
pine mutant.”

When a mixture of coniferyl alcohol and coniferyl
aldehyde was dehydrogenated with peroxidase/H,0,, pre-
dominantly dimers of coniferyl alcohol were formed.
Correspondingly, the consumption speed of coniferyl alco-
hol was high, whereas that of coniferyl aldehyde was signifi-
cantly lower. It was thus indicated that the reactivity of
coniferyl alcohol during dehydrogenative polymerization
was significantly higher than that of coniferyl aldehyde.
Moreover, it was suggested that the electron density of the
aromatic ring was sparse, as electron withdrawing of the
carbonyl group at the y-position in coniferyl aldehyde
caused less removal of the hydrogen atom, different from
coniferyl alcohol.

A comparison of substrates used during the two dehy-
drogenation reactions with coniferyl aldehyde alone (Table
7) and coniferyl alcohol plus coniferyl aldehyde (Table 5)
showed that the former reaction left a considerable amount
of substrate until the middle phase of the reaction. The
polymerization did not proceed utilizing only coniferyl alco-
hol in the case of the dehydrogenation reaction of coniferyl
alcohol and coniferyl aldehyde. The polymerization of
coniferyl aldehyde might be accelerated in the presence of
coniferyl alcohol.

The results of the present investigation indicates that
when coniferyl alcohol is used as a substrate in the presence
of coniferyl aldehyde it is polymerized predominantly in
CAD-downregulated plants. Yahiaoui et al.’ reported that
the downregulated CAD less tobacco with 8% to the nor-
mal one produced a lignin content that was not markedly
decreased, although the amount of reaction product and the
ratio of syringyl to guaiacyl type products in thioacidolysis
decreased; moreover, the extractability of the lignin by
alkali was considerably increased. These alterations were
more significant in comparison with that of tobacco with
11% CAD activity. These results suggest that the carbon-
carbon bonds and cinnamyl aldehyde content in lignin were
increased. Furthermore, regulation of the CAD gene during
lignin biosynthesis should be less than about 10% of the
activity of CAD with normal lignification. This level of
CAD activity might induce incorporation of cinnamyl
alcohols with cinnamyl aldehydes into lignin.

The present investigation on the different reactivity
of coniferyl alcohol and coniferyl aldehyde in dehydro-
genative polymerization could help reveal the mechanism
of abnormal lignin formation in CAD-deficient plants.
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