JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2004, 52, 131-134 131

The Behavior of Deuterium-Labeled Monolignol and Monolignol
Glucosides in Lignin Biosynthesis in Angiosperms
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To examine the behavior of monolignol and monolignol glucosides in lignin biosynthesis, pentadeutero-
[9-D,, 3-OCDg]coniferyl alcohol and pentadeutero[9-D,, 3-OCDs]coniferin were synthesized and fed
to growing Eucalyptus camaldulensis and Magnolia kobus. The differences in the incorporation patterns
of these labeled precursors were studied using gas chromatography—mass spectrometry (GC-MS).
Both precursors were incorporated into lignin, but the labeled coniferyl alcohol was incorporated more
directly, resulting in a high proportion of pentadeutero-labeled guaiacyl and syringyl units in newly
formed xylem, while labeled coniferin tended to be incorporated in lignin as tetradeutero units,
especially in syringyl lignin in both trees. However, the incorporation efficiencies of the precursors
into syringy! lignin were higher in Magnolia than in Eucalyptus, and the ratios of tetradeutero to
pentadeutero in guaiacyl lignin were lower in Magnolia than in Eucalyptus when the trees were fed
coniferin.

KEYWORDS: Lignin biosynthesis; coniferin; tracer experiments; pentadeutero[9-D 2, 3-OCDg]coniferyl
alcohol; pentadeutero[9-D », 3-OCDgs]coniferin; DFRC; Eucalyptus camaldulensis ; Magnolia kobus

INTRODUCTION on those with and without a coniferin podld). We studied
Magnolia kobusDC as a representative angiosperm with a
coniferin pool andEucalyptus camaldulensas one lacking a
pool. To obtain more detailed information at the molecular level,
stable isotope-labeled coniferin was used to elucidate the
behavior of monolignol glucoside in different angiosperms.

Woody angiosperm lignin consists mainly of guaiacyl (G)
and syringyl (S) units. The conversion of a guaiacy! unit to a
syringyl unit in an angiosperm has been believed to occur at
the level of cinnamic acidl(). Alternatively, CoA esters may
be key intermediates for substitution on the lignin aromatic ring
(2). Recently, novel pathways for synthesis of syringyl lignin
have been suggested, which hold that the conversion occurs lateMATERIALS AND METHODS
in the pathway §). Tracer experiments}(5) demonstrated a Chemical Synthesis of Stable Isotope-Labeled Precursor®en-
pathway via cinnamyl alcohol. Another novel pathway involving tadeutero[9-B, 3-OCDs]coniferyl alcohol,1 (Figure 1), was synthe-
the cinnamaldehyde stage has been shown in enzyme studiesized from 3,4-dihydroxybenzaldehyde using the method of Umezawa
(6—8). We reported that pentadeutero[9-B-OCDs]coniferyl et al. (L3) Pentadeutero[9-p) 3-OCD;]coniferin, 2 (Figure 1), was
alcohol was incorporated into syringyl lignin, while two synthesized from pentadeutero[9;3-OCDsconiferyl alcohol using
deuterium atoms were retained at C9, suggesting that the chang&e method of Matsui et al. (14).
to S from G occurred at the cinnamyl alcohol stagg (n that Plant M_at_erlal and Admlnlstratlon_ of Precursors. The precursors
study, the incorporation of coniferyl alcohol into syringyl lignin ~ ere administered . camaldulensiandM. kobusDC trees growing
was less efficient than into guaiacyl lignin. Cinnamyl alcohols on the campus of Nagoya University. The upper parts of 1 year old

idered di f lianin. but hiah | | shoots of a 5 year old eucalyptus were cut off, and small depressions
are considered direct precursors of lignin, but high levels are e made at the top of the remaining stem. The depressions were

not stored in living plant cells. Conversely, monolignol gluco-  filled with 30 mL of an aqueous 2 mM solution of the precursors in a
sides are thought to be the storage and transport forms ofmixture of 0.067 M KHPO, and 0.067 M NaHPO; (4:6, viv; pH 7.1).
monolignols (9). In feeding experiments using radiolabeled The same technique was applied using 2 year old shoots of a 10 year
coniferin, coniferin was efficiently incorporated into lignihd, old magnolia. The precursors were administered to lignifying shoots
11). In this study, we examined the behavior of the lignin of eucalyptus and magnolia in November and July, respectively. After
precursors C0n|fer|n and Conlferyl alcohol |n d|fferent|at|ng the solution had been absorbed, the cut ends were sealed with Parafilm.
xylem. Angiosperms can be categorized into two groups basedAfter 6 weeks, each shoot was harvested and#@iGhick tangential
sections were cut from the surface of bark-free xylem with a sliding
microtome. Two sections from each sample were subjected to lignin
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Figure 1. Stable isotope labeled precursors; pentadeutero[9-D,, 3-OCD3]-

coniferyl alcohol, 1, and pentadeutero[9-D,, 3-OCD;]coniferin, 2. The Arabic {c) (d)
numerals in the chemical structures correspond to the order of carbon }‘5 222 /CDZoA" - ’]§5 222
atoms. - ( 109
- R . . 227 OCD3 227
the lignin. Acetylated derivatives were dissolved in £H and oH
subjected to gas chromatography (GC) and gas chromatograpays 5@ e 227 58

spectrometry (GC-MS) analysis.
GC and GC-MS Analysis of Monomeric Products. GC was 2 o

performed with a GC353 system, equipped with a flame ionization m/z

detector (300C), and a 60 mx 0.25 mm i.d., TC1 fused silica capillary — gig re 2 Partial EI mass spectra of DFRC products (G monomer) from

column (GL Sciences, Japan). Mass spectra were recorded at 70 eV,

with an MStation JMS 700 mass spectrometer (JEOL, Japan) combined elu cz:lyp:uz fed tpsnt?deLitedrated.fcqnlf;rgl agl)cgrg)llj[g-Dz, 3-OCD|3.], f(bg
with a model HP 6890 gas chromatograph with a 30<n®.32 mm eucalyptus fed pentadeuterated coniferin[9-Dy, 3- 3], (€) magnolia fe

i.d., DB1 fused silica capillary column (Hewlett-Packard, U.S.A.). The Pentadeuterated coniferyl alcohol[9-Dz, 3-OCDs], and (d) magnolia fed

relative ratios of the 4D and 5D monomers of the DFRC products were Pentadeuterated coniferin[9-D,, 3-OCD;]. m/z 222, nonlabeled G monomer;

determined using selected ion monitoring chromatogranm/ag26 m/z 226, tetradeuterated (4D) G monomer; and m/z 227, pentadeuterated

and 227 for G units anth/z256 and 257 for S units. (5D) G monomer. The intensities of the vertical axis in b—d are magnified
by 5- or 10-fold.

RESULTS AND DISCUSSION

@ {b)
In this study, pentadeutero[9,P3-OCDs]coniferyl alcohol, ?30 Shaonq X3
1, and pentadeutero[9:D3-OCDs]coniferin, 2 (Figure 1), were 1op | 252 180 {252
administered t&E. camaldulensisnd M. kobusDC, and the [ e s 256
incorporation patterns of labeled precursors were traced as m/z 252 . J/
DFRC lignin derivatives using GC-MS. Of potential lignin 52 257 ¢
chemical analysis methods, the DFRC method is better suited ’ H‘_m
for our strategy because it provides degradative products that @ [ gl -
give Gs—Cs base ion peaks retaining C9-deuteriums on GC- 2se mz ase e
MS. There were no differences in the DFRC product yields or
the GC profiles of samples fed labeled precursors and the control
(data not shown). The exogenously administered precursors werge) o M co0n],, @ x10 coroad
incorporated into ligninFigure 2 shows the mass spectra of G Fos2 7 r 4
monomers derived from the samples fed labeled precursors. [ [ S O S 252 (
Predictably, pentadeuterium labeling/¢ 227) was conspicuous 182 : : Lo |* reco™g ocns
in each sample, indicating the direct incorporation of the labeled  mrz 287 5@ m/z 256
precursors into G lignin. Interestingly, considerable amounts s@ — 7
of tetradeuterated monomersn/g 226) were found in G |
derivatives from the eucalyptus stem fed labeled coniferin e ' LH—.—";/—Z oLl 'l"ll,li/z
(Figure 2b). The S derivatives Higure 3) also included 258 258

tetradeuterated monomers/g 256), especially in the eucalyptus  Figure 3. Partial El mass spectra of DFRC products (S monomer) from

and magnolia fed coniferin (Figure 3b,d), in addition to (a) eucalyptus fed pentadeuterated coniferyl alcohol[9-D,, 3-OCDs], (b)
pentadeuterated monomers/£257). These results show that eucalyptus fed pentadeuterated coniferin[9-D,, 3-OCDj, (c) magnolia fed

the pentadeuterated precursors administered to trees wergentadeuterated coniferyl alcohol[9-D,, 3-OCDs), and (d) magnolia fed
partially oxidized to a cinnamaldehyde derivative, releasing one pentadeuterated coniferin[9-D, 3-OCDj3]. m/z 252, nonlabeled S monomer;
C9-deuterium atom, and then, they were converted back into m/z 256, tetradeuterated (4D) S monomer; and m/z 257, pentadeuterated
cinnamyl alcohol before being incorporated into lignifigure (5D) S monomer. The intensities of the vertical axis are magnified by 10-

4). To estimate the molar ratios of tetradeutero (4D)- and or 30-fold.

pentadeutero (5D)-labeled units in both G and S derivatives in

each sample, selected ion monitoring chromatogram (SIM) In other words, half of the pentadeuterated-labeled coniferin-
analysis was usedrable 1). When trees were fed the penta- [9-D,, 3-OCDy] incorporated into syringyl lignin is exchanged
deuterated coniferin, half of the labeled syringyl moieties were for tetradeuterated moieties [9-D, 3-O¢DA considerable
tetradeuterated moieties in both eucalyptus and magnolia, whiledifference between eucalyptus and magnolia was the 4D:5D
only 30% of the syringyl moieties were tetradeuterated in plants ratio of the guaiacyl moieties in the trees fed coniferin. In
fed the pentadeuterated coniferyl alcohol. These results showeucalyptus, the ratio was about 5:5, whereas in magnolia it was
that when coniferyl alcohol is supplied to plants exogenously, 2:3 to 3:7, which was similar to the ratio obtained with coniferyl

it is incorporated into lignin more directly than coniferin. This alcohol feeding. To estimate the degree of uptake of the labeled
confirms that coniferyl alcohol is a direct precursor of lignin. precursors into lignin, the incorporation efficiencies were
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Figure 4. Possible pathways for tetradeutero (4D)-labeled lignin biosynthesis from pentadeutero (5D)-labeled precursors. R = H or glc.

Table 1. Molar Ratio of 4D:5D-Labeled Lignin Subunits in DFRC Monomers and Incorporation Efficiency? of the Precursors into Lignin

E. camaldulensis M. kobus DC
G monomers incoporation S monomers incoporation G monomers incoporation S monomers incoporation
(4D:5D)f efficiency (%) (4D:5D)f efficiency (%) (4D:5D)f efficiency (%) (4D:5D)f efficiency (%)
CA-1bd 22: 78 123 33 67 0.69 26: 74 6.7 32:68 1.16
CA-2b¢ 22: 78 75 32: 68 0.55 25: 75 8.3 32:68 1.76
CF-1¢d 45: 55 1.9 56: 44 0.58 17: 83 4.0 49: 51 1.49
CF-2c¢ 43: 57 34 50: 50 041 28: 72 30 44: 56 0.95

a Each incorporation efficiency was calculated by the following formulas. The incorporation efficiency for G (%) = (m/z 226 + m/z 227)/(m/z 222) x 100. The incorporation
efficiency for S (%) = (m/z 256 + miz 257)/(m/z 252) x 100. P CA: the samples fed pentadeuterated [9-D2, 3-OCD3]coniferyl alcohol. ¢ CF: the samples fed pentadeuterated
[9-D,, 3-OCDg]coniferin. € 1,2: Two sections from each shoot fed the precursor were subjected to DFRC analysis. f4D: the tetradeuterated derivatives from DFRC

analysis; 5D: the pentadeuterated derivatives from DFRC analysis.

calculated using SIM data (Table 1). Within the same tree merization, the ratios in the samples fed coniferin and coniferyl
species, there was little difference in the incorporation efficien- alcohol should be almost the same. The oxidation and reduction

cies of the S monomer with coniferin and coniferyl alcohol
feeding. However, the uptake into syringyl lignin was1.8%
in magnolia, whereas it was only 6-0.7% in eucalyptus,

of pentadeuterated precursors are catalyzed by cinnamyl alcohol
dehydrogenase, which is localized in the cytod@l)( Coniferin
must be deglucosylated before it is taken up in lignin, and this

suggesting that magnolia metabolized more of the precursorsis catalyzed by coniferii-glucosidase, which is located in the
into syringyl lignin than eucalyptus. By contrast, the uptake into cell wall (17—19). However, coniferin specifje-glucosidase

guaiacyl lignins exceeded that into syringyl lignin in all of the

has not been reported in angiosperm trees. We consider that

samples, and there was no substantial difference betweerthis is because little research has examifieglucosidase in
eucalyptus and magnolia. The incorporation of coniferyl alcohol angiosperm trees rather than the absence of its activity. The

into guaiacyl lignins was greater than that from coniferin.

autoradiographic study using tritium-labeled coniferin showed

Because two sections were chosen for the DFRC analysis fromthat the coniferyl alcohol derived from the coniferin was

newly formed xylem at a different stage in cell wall formation

incorporated into angiosperm lignin in magnolia, lilac, beech,

in each sample, each section had different S/G ratios (data notand poplar 20). This strongly suggests thatfaglucosidase
shown). Therefore, the differences observed between magnoliaacted on the coniferin administered to these angiosperms. On

and eucalyptus shown ihable 1 depend on the species, not
on the degree of cell wall differentiation of the xylem.

the basis of these reports and the behavior of coniferin that we
observed, it would be interesting to determine the substrate

The detection of significant amounts of tetradeutero lignin transport mechanism between the cell wall and the cytoplasm.

derivatives in the DFRC products from the trees fed pentadeu-

When eucalyptus and magnolia were fed coniferin, the

terated precursors suggests that some of the labeled precursongroportion of 4D moieties reached 50% of all of the labeled
were oxidized to cinnamyl aldehyde or its glucoside, releasing moieties (4D+ 5D), especially in syringyl lignin. By contrast,
a C9-deuterium atom, and then converted back into cinnamyl the proportion was only 30% in plants fed coniferyl alcohol.

alcohol before polymerization into lignin. Alternatively, the

This implies that the “5D to 4D pathway” is centered on

oxidation and reduction might have occurred after polymeri- coniferin, not coniferyl alcohol. Some of the unincorporated
zation. The latter hypothesis can be eliminated, since the 4D: pentadeuterated coniferyl alcohol might be stored as coniferin
5D ratios in lignin, especially in S lignin, differed in the samples after glucosylation. Subsequently, this might be incorporated

fed coniferin and coniferyl alcohol. If the conversion into 4D-

into lignin, causing the shift from 5D to 4D that could explain

labeled lignin units from 5D precursors occurred after poly- the observation of some 4D-labeled moieties with coniferyl
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alcohol feeding. Interestingly, the total proportion of labeled  (5) Chen, F.; Yasuda, S.; Fukushima, K. Evidence for a novel

syringyl monomers consisting of 4D-labeled monomers reached biosynthetic pathway that regulates the ratio of syringyl to
50% when magnolia was fed the labeled coniferin. The guaiacyl residues in lignin in the differentiating xylem of
percentage of 4D in the labeled guaiacyl lignin in magnolia fed Magnolia kobusDC. Planta 1999,207, 597—-603.
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~

Osakabe, K.; Tsai, C. C.; Li, L.; Popko, J. L.; Umezawa, T.;
Carraway, D. T.; Smeltzer, R. H.; Joshi, C. P.; Chiang, V. L.
Coniferyl aldehyde 5-hydroxylation and methylation direct
syringy! lignin biosynthesis in angiospernmroc. Natl. Acad.

coniferin was only 26-30%. The pathway from 5D to 4D
clearly involves syringyl lignin biosynthesis rather than guaiacyl
lignin biosynthesis. A recent lignin study found that the

conversion of G to S occurs at the cinnamaldehyde stage ( Sci. U.S.A1999,96, 8955—8960.

8). Consequently, half of the stored coniferin might be incor-  (7) Lij, L.; Popko, J. L.; Umezawa, T.; Chiang, V. L. 5-Hydroxy-
porated into S lignin via sinapaldehyde derived from conifer- coniferyl aldehyde modulates enzymatic methylation for syringyl
aldehyde that was synthesized from coniferin. Because the 4D monolignol formation, a new view of monolignol biosynthesis
and 5D units occurred equally in S lignin, the conversion in angiospermsJ. Biol. Chem2000,275, 6537—-6545.

pathway acting on the cinnamyl alcohol stage should be no less (8) Li, L.; Cheng, X. F.; Leshkevich, J.; Umezawa, T.; Harding, S.
active than the pathway involving the aldehyde stagje5). A.; Chiang, V. L. The last step of syringyl monolignol biosyn-
The presence or absence of a native coniferin storage pool could thesis in angiosperms is regulated by a novel gene encoding

sinapyl alcohol dehydrogenestlant Cell2001,13, 1567-1585.
(9) Whetten, R.; Sederoff, R. Lignin biosynthegiant Cell 1995,
7, 1001—1003.
(10) Terashima, N.; Fukushima, K.; Takabe, K. Heterogeneity in

explain the difference in the incorporation efficiency of the
precursors into syringyl lignin in magnolia and eucalyptus. The
efficiency of incorporation into S lignin was less in eucalyptus

than in magnoliaTable 1). Because magnolia has a native pool formation of lignin VIII. An autoradiographic study on the
of coniferin, the pOSSIbI|Ity of converting excess coniferyl formation of guaiacyl and syringyl lignin iMagnolia Kobus
alcohol into coniferin and storing it for reuse should be higher DC. Holzforschungl986,40 (Suppl.), 101—105.

than that in eucalyptus, which does not have a coniferin pool. (11) Matsui, N.; Fukushima, K.; Yasuda, S.; Terashima, N. On the
Coniferyl alcohol glucosyl transferase activity has been detected behavior of monolignol glucosides in lignin biosynthesislz-

in some angiosperms in which coniferin was not foui)( It forschung1994,48, 375—380.

remains unclear why many angiosperms have this activity when (12) _Tel_ra_zaw_a, M.; (?kuyacrjna, Hk Miy_aée,kll\(/l._Pﬁ%réoliggogégounds
no coniferin pool is detected. Terazawa et al. suggested that gzévmg tissue of woods IMokuzai Gakkaishl 984,30, 322—
these angiosperms acquired the system not to store monolignols

d did iqinall hesi iferind). H h (13) Umezawa, T.; Davin, L. B.; Lewis, N. G. Formation of lignans
and did not originally synthesize coniferi2d). However, there (—)-secoisolariciresinol and—()-matairesinol withForsythia

is no evidence that these angiosperms do not produce coniferin. intermediacell-free extracts]. Biol. Chem1991,266, 10210—

It is possible that the tetradeutero (4D) unit detected in lignin 10217.

in the shoot administered pentadeutero (5D)coniferyl alcohol (14) Matsui, N.; Fukushima, K.; Kamada, K.; Nishikawa, Y.; Yasuda,

is oxidized with the shift of “5D to 4D” via coniferin, even in S.; Terashima, N. On the behavior of monolignol glucosides in

eucalyptus. Moreover, the deuterium labels detected in the lignin lignin biosynthesisHolzforschungl994,48, 215—221.

of eucalyptus fed labeled coniferin suggest that a deglucosylation (15) Lu, F.; Ralph, J. Derivatization followed by reductive cleavage

step could operate in vivo at any point before the polymerization (DFRC method), a new method for lignin analysis: protocol for
analysis of DFRC monomers. Agric. Food Chem1997,45,

in angiosperms with undetectable coniferin.

o Th'sthsw.dy dd?mtons""’]}t%d thatt Je”t""detjtsrateqf "gln'”l W";"SI (16) Takabe, K.; Takeuchi, M.; Sato, T.; Ito, M.; Fuijita, M. Immu-
losyninesized In trees 1ed pentadeuterated coniteryl aicono nocytochemical localization of enzymes involved in lignification

or coniferin and that this was more pronounced in the syringyl of the cell wall.J. Plant Res2001,114, 509—515.

lignin from the trees fed coniferin rather than coniferyl alcohol.  (17) marcinowski, S.; Grisebach, H. Turnover of coniferin in pine

This suggests that there is greater control over the uptake of seedlingsPhytochemistryi 977,16, 1665—1667.

coniferin into lignin, as compared with coniferyl alcohol, (18) Marcinowski, S.; Falk, H.; Hammer, D. K.; Hoyer, B.; Grisebach,

2590—2592.

especially into syringyl lignin. The mechanisms by which H. Appearance and localization offaglucosidase hydrolyzing
monolignols are stored and transported are not clear, and the coniferin in SpruceRicea abies) Seedling®lanta1979,144,
behavior of coniferin and coniferyl alcohol in monolignol 161—-165. . .
biosynthesis needs to be explored further. (19) Samuels, A. L.; Rensing, K. H.;_ Douglas, C. J; Mans_fleld, S.
D.; Dharmawardhana, D. P.; Ellis, B. E. Cellular machinery of
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