Phytochemistry 69 (2008) 2831-2843

journal homepage: www.elsevier.com/locate/phytochem

Contents lists available at ScienceDirect

Phytochemistry

Monolignol acylation and lignin structure in some nonwoody plants:

A 2D NMR study

Angel T. Martinez **, Jorge Rencoret”, Gisela Marques®, Ana Gutiérrez®, David Ibarra®’,
Jests Jiménez-Barbero?, José C. del Rio®

2 Centro de Investigaciones Bioldgicas, CSIC, Ramiro de Maeztu 9, E-28040 Madrid, Spain
Y Instituto de Recursos Naturales y Agrobiologia de Sevilla, CSIC, P.O. Box 1052, E-41080 Seville, Spain

ARTICLE INFO

ABSTRACT

Article history:
Received 14 June 2008

Received in revised form 28 August 2008
Available online 20 October 2008

Keywords:

Agave sisalana
Cannabis sativa

Musa textilis

2D NMR

HSQC

Lignin structure
Acetic acid esters
p-Coumaric acid esters
Lignification, Monolignols
Resinols

Etherified lignin

H:G:S ratio
Milled-wood-lignin

Lignins from three nonwoody angiosperms were analyzed by 2D NMR revealing important differences in
their molecular structures. The Musa textilis milled-wood-lignin (MWL), with a syringyl-to-guaiacyl (S/G)
ratio of 9, was strongly acylated (near 85% of side-chains) at the y-carbon by both acetates and p-coum-
arates, as estimated from "H-'3C correlations in C,-esterified and C,~OH units. The p-coumarate H3 5-C3 5
correlation signal was completely displaced by acetylation, and disappeared after alkali treatment, indi-
cating that p-coumaric acid was esterified maintaining its free phenolic group. By contrast, the Cannabis
sativa MWL (S/G ~0.8) was free of acylating groups, and the Agave sisalana MWL (S/G ~4) showed high
acylation degree (near 80%) but exclusively with acetates. Extensive Cy-acylation results in the absence
(in M. textilis lignin) or low abundance (4% in A. sisalana lignin) of p—p’ resinol linkages, which require free
C,-OH to form the double tetrahydrofuran ring. However, minor signals revealed unusual acylated p-f
structures confirming that acylation is produced at the monolignol level, in agreement with chromato-
graphic identification of y-acetylated sinapyl alcohol among the plant extractives. In contrast, resinol
substructures involved 22% side-chains in the C. sativa MWL. The ratio between B-f and B-O-4’ side-
chains in these and other MWL varied from 0.32 in C. sativa MWL to 0.02 in M. textilis MWL, and was
inversely correlated with the degree of acylation. The opposite was observed for the S/G ratio that was
directly correlated with the acylation degree. Monolignol acylation is discussed as a mechanism poten-
tially involved in the control of lignin structure.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Lignin is generally considered as formed by the dehydrogenative
polymerization of three p-hydroxycinnamyl alcohol precursors
(Fig. 1): p-coumaryl (1), coniferyl (2) and sinapyl (3) alcohols (Boer-
jan et al., 2003; Fengel and Wegener, 1984; Higuchi, 1997). Each of
these monolignols gives rise to a different type of lignin unit called
H (p-hydroxyphenyl), G (guaiacyl) and S (syringyl) units, respec-
tively. The dehydrogenation reaction is initiated by one-electron
oxidation of the phenolic monolignols to their phenoxy radicals by
plant cell-wall peroxidases and maybe also laccases. Then, it pro-
ceeds by radical coupling between specific positions of two phenoxy
radicals, corresponding to their resonant forms, and gives rise to dif-
ferent carbon-carbon and ether linkages. The resulting quinone
methides rearomatize by water addition or by reaction with neigh-
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bor nucleophiles forming the different dilignols (including p-0-4’,
phenylcoumaran and resinols, among others). Polymerization pro-
gress requires new activation of both a monolignol molecule and
the growing lignin polymer for subsequent radical coupling, which
ismainly produced by an end-wise reaction. However, chain branch-
ing can also be produced due to the existence of some 5-0-4' or 5-5’
linkages leaving a free phenolic unit that can be oxidized again giving
rise to a second (e.g. 4-0-B") inter-unit linkage.

Recently, a relatively large number of other phenolic com-
pounds (alcohols, aldehydes, acids, esters and amides) have been
reported to act as lignin precursors, to illustrate the structural
“plasticity” of the polymer and the adaptability of the lignification
mechanisms in plants (Boerjan et al., 2003; Ralph, 2007). However,
several of these compounds (such as p-hydroxycinnamaldehydes,
ferulic acid or 5-hydroxyconiferyl alcohol) only provide a signifi-
cant contribution to lignin in transgenic plants with modified
monolignol biosynthesis (Ralph, 2007; Vanholme et al.,, 2008)
and are minor lignin precursors in normal plants (del Rio et al.,
2007c). On the other hand, some phenolic compounds with satu-
rated or no side-chains, e.g. dihydrocinnamyl alcohol, sporadically
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Fig. 1. Classical and acylated monolignols acting as precursors of nonwoody lignins: (1) p-coumaryl alcohol; (2) coniferyl alcohol; (3) sinapyl alcohol; (4) sinapyl acetate; and

(5) sinapyl p-coumarate.

incorporate to the lignin polymer as terminal units as confirmed by
2D NMR (Balakshin et al., 2005; Zhang et al., 2003).

A significant exception to the only sporadic contribution of
“non-classic” monolignols has been found in several plants that
seem to use acylated monolignols to synthesize highly-acylated
lignins. Lignin from kenaf (Hibiscus cannabinus L.) bast fibers was
one of the first examples including up to 60% acetylated S units
(Ralph, 1996) derived from sinapyl acetate (Lu and Ralph, 2002)
(Fig. 1, structure 4). After a preliminary study using analytical
pyrolysis (del Rio et al., 2004), we recently showed by modified
DFRC (derivatization followed by reductive cleavage) that lignin
acetylation is widespread among nonwoody angiosperms (del Rio
et al., 2007b) with some lignins showing even higher extent of
acetylation (up to 80% of S units) than kenaf lignin. Surprisingly,
different degrees of lignin acetylation were also found in all the
woody angiosperms analyzed, attaining up to 45% acetylation of
S units in Carpinus betulus L. lignin, although it seemed to be absent
from gymnosperm lignins. Acetic acid is not the only organic acid
esterifying monolignols. Maize (Zea mays L.) lignin is p-coumaroy-
lated, again predominantly at the S units (Lu and Ralph, 1999;
Ralph et al., 1994) that would derive from sinapyl p-coumarate
(Fig. 1, structure 5), and the same has been suggested for Musa tex-
tilis Nee (abaca) lignin (del Rio et al., 2007b). Moreover, p-hydrox-
ybenzoylation has been reported in lignins from different origins
(Landucci et al., 1992; Smith, 1955b; Sun et al., 1999).

The presence of acylating groups in some lignins is known for
long time (Smith, 1955a), although only recently it has been shown
that lignin acylation is widespread among angiosperms, and recog-
nized that the esterification reaction occurred at the monolignol le-
vel (Lu and Ralph, 2002; Lu et al., 2004). However, little is known
about the structural or functional role of the lignin acylation pro-
cesses. The difficulties for recognizing the influence of monolignol
acylation on lignin structure are related to the complexity of the lig-
nin polymer and the difficulties for its accurate structural analysis,
which are being overcome by the use of modern analytical tech-
niques. Development of 2D (and 3D) NMR provided a powerful tool
for lignin analysis, since signals overlapping in the 'H and '3C NMR
spectra were resolved revealing both the aromatic units and the dif-
ferent inter-unit linkages present in lignin (Ralph et al., 1999). Sig-
nals related to the already known inter-unit linkages were already
identified in the first 2D NMR spectra of lignins (Ede and Brunow,
1992; Fukagawa et al., 1991). Moreover, this technique enabled
the discovery of dibenzodioxocins (Karhunen et al., 1995) and spi-
rodienones (Zhang and Gellerstedt, 2001) as two new lignin sub-

structures. 2D NMR has been successfully applied to the
structural characterization of lignins in wood and their modifica-
tion in paper pulp manufacturing (Balakshin et al., 2001, 2003;
Capanema et al., 2001; Chen et al., 2003; Ibarra et al., 2007a,b).
However, studies on nonwoody lignins are comparatively scarce
(Crestini and Argyropoulos, 1997; Galkin et al., 1997; Ralph et al.,
1994; Sun et al., 2005). In the present paper, lignin preparations
from three nonwoody angiosperms - Agave sisalana Perrine (sisal),
M. textilis, and Cannabis sativa L., (hemp) were characterized by het-
eronuclear single quantum correlation (HSQC) 2D NMR. The results
obtained suggested a possible role of monolignol acylation regulat-
ing the structure of lignin in angiosperm plants.

2. Results and discussion
2.1. Lignins analyzed

2D NMR was used to investigate lignin structure and acylation
type and degree in three selected nonwoody angiosperms. Three
lignin preparations were analyzed by NMR for each of the plant
species investigated: milled-wood-lignin (MWL), in vitro acety-
lated MWL, and alkalilignin. MWL (Bjérkman, 1956) is often con-
sidered as the election preparation in lignin studies, in spite of
its low yield and the existence of some modification during milling
(Holtman et al., 2006). Moreover, lignin S/G ratio and acylation de-
gree, similar to those described below after MWL isolation, have
been found by 2D NMR of the whole plant material at the gel state
(Rencoret et al., 2008b). Most NMR studies of lignins were carried
out in acetylated samples to increase their solubility (Ralph et al.,
1999). However, this prevented detection of natural acetylation,
and explains why the widespread occurrence of acetylation in
angiosperm lignins reported by del Rio et al. (2007b) was not de-
scribed earlier. In the present study, the HSQC spectra of lignins
were acquired from both underivatized and in vitro acetylated
MWL samples. The former revealed the natural acylation of lignin,
whereas the latter informed on free hydroxyl groups and contrib-
uted to cross-signal assignment by comparison with the literature.
Finally, alkalilignin samples obtained from plant fibers informed
on the presence of alkali-labile bonds in lignins. The main cross-
signals identified in the different regions of the HSQC spectra are
discussed below, followed by a description of the different lignins
analyzed, and a discussion on the possible influence of acylation on
lignin structure and biosynthesis.
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2.2. Whole HSQC NMR spectra

Figs. 2-4 present the most informative region of the HSQC spec-
tra of MWL (a), acetylated MWL (b) and alkalilignin (c) from A.
sisalana, M. textilis and C. sativa, respectively. The main classical
and naturally-acylated substructures identified are depicted in
Fig. 5. The HSQC spectra show the aromatic/olefinic "H-'3C corre-
lations (dy/dc 5.5-7.5/100-135 ppm region) and the aliphatic-oxy-
genated 'H-'3C correlations (dp/dc 2.5-6.5/50-90 ppm region)
informing on lignin aromatic units and side-chain inter-unit link-
ages, respectively. The B-p’ structures (B and B’) and phenylcoum-
aran (C) non-oxygenated Hg-Cg correlation signals are shown
together with the aliphatic-oxygenated signals because of similar
chemical shifts. Some carbohydrate signals were also found with
ou/dc 2.7-3.9/62-82 ppm, and 4-5/100-105 ppm for the anomeric
signal.

The aliphatic non-oxygenated region of the spectra (dy/dc O-
4.5/0-50 ppm) is not shown because most signals were unidenti-
fied or scarcely informative, excepting those of the acetate methyls
that were used to estimate the phenolic and alcoholic hydroxyls in
MWL after in vitro acetylation (signals with éy/dc around 2.2-2.3/
21 ppm and 1.8-2.1/21 ppm, respectively) and the degree of natu-
ral acetylation of MWL (from the éy/dc 1.7-2.0/21 ppm correla-
tion). This information, as well as the total integrals of the above
aromatic, alyphatic oxygenated and non-oxygenated regions (the
latter after deducing the dimethylsulfoxide (DMSO), signal) are in-
cluded in Table 1 (these raw integrals are not corrected taking into
account the number of hydrogens per carbon). On the other hand,
no significant signals with éc 147-205 ppm were found.

2.3. Lignin side-chain region of the HSQC spectra

Cross-signals of methoxyl substituents (dy/dc 3.72/56.2 ppm)
and ring side-chains in classical (non-acylated) and acylated lignin
substructures were found in the aliphatic-oxygenated region of the
spectra.

The main signals corresponded to classical B-0-4’ (A) Hy—Co, (o/
dc 4.73-4.86/71.7-72.3 ppm) and Hp-Cp (Su/dc 4.01-4.28/84.3-
87.1 ppm) correlations, and resinol (B) Hy,-Cy (dn/dc 4.65/
85.6 ppm), Hg—Cg (du/dc 3.05/54.1 ppm) and double H,-Cy (on/dc
3.82/71.6 and 4.18/71.6 ppm) correlations. These signals appeared
together with naturally y-acylated B-0-4' (A’) Hy—Cq, (01/dc 4.85-
4.96/72.2-72.8 ppm, overlapping with same signal in (A) and Hy-
Cp (u/6c 4.32/83.6 ppm) correlation signals.

Signals of phenylcoumaran (C) Hy-Cy (Sn/dc 5.45/87.5 ppm)
and Hg-Cg (du/dc 3.42/53.7 ppm) and spirodienone (D) Hy-Cy
(5H/5C 5]2/82] ppm), Ho—Cy (5H/6C 480/855 ppm), HB_CB (51-1/
dc 3.10/56.4 ppm) and Hy-Cy (0n/dc 4.31/76.4 ppm) correlations
were also detected, although with much lower intensities (the lat-
ter is not labeled on the spectra).

Minor Hy—Cy (J1/dc 4.97/83.4) and Hg—Cg (dn/dc 2.47/50.1 ppm)
correlation signals of diacylated B-p’ dimeric structures (B’) were
detected. Their identification was based on previous HSQC and
HSQC-TOCSY studies of in vitro (Zhang and Gellerstedt, 2004) and
naturally-acetylated lignins (Lu and Ralph, 2005). The neighbor
signal (dy/dc 2.32/53.5 ppm) was not assigned, but it does not cor-
respond to the non-acylated form of the unusual B-p’ structures
since it is not displaced after in vitro acetylation. H,-C, correlation
signals in minor phenylcoumaran substructures (dy/dc 3.8/63 ppm)
overlapped with other cross-signals and, therefore, their natural
acylation could not be separately evaluated.

In the in vitro acetylated lignins (Figs. 2b, 3b and 4b) o, y-diacet-
ylated B-0-4’ (A”) Hy—Cqy (6u/dc 5.92/74.5 ppm) and Hyg-Cg (0n/dc
4.58/80.7 ppm) correlations were found, the former being strongly
displaced with respect to the classical and naturally y-acylated
substructures. However, the broad Hy-C, correlation signal was

scarcely displaced with respect to the cross-signal of the mono-
acylated substructure.

2.4. Aromatic/olefinic region of the HSQC spectra

The main cross-signals in the unsaturated region of the spectra
corresponded to the lignin aromatic rings, and the aromatic ring
and olefinic side-chain of p-coumaric acid.

In S units only C, and Cg are protonated resulting in a unique
and large H,s-C, 6 correlation (éy/dc 6.67/104.0 ppm) signal. By
contrast, three different cross-signals were assigned to (G) H,-C,
(0u/éc 6.98/111.6 ppm), Hs-Cs (du/dc 6.69/115.2 and 6.94/
115.7 ppm) and Hg-Cs (du/dc 6.77/119.6 ppm) correlations. Two
signals were assigned to H3s-Css (du/dc 6.63/115.4 ppm) and
H,6-Co6 (6u/dc 7.03/130.5 ppm) correlations in (H), the former
overlapping with the Hs-Cs correlation signal in G units. Signals
of Hys-Cy6 correlation (oy/dc 7.22-7.36/106.8-107.0 ppm) in

+—=0 S units (S’) were found in all lignins. The nature of these
units has been reported by HMBC NMR (Ibarra et al., 2007a,b).
Minor signals of spirodienone (D) Hy-Cy (du/dc 6.23/111.6 ppm)
and Hg-Cg (6n/dc 6.19/118.3 ppm) correlations were also found.

The p-coumaric acid (E) signals corresponded to aromatic H; ¢-
C2,6 ((3]-[/(3(: 744/1306 ppm) and H3’5—C3'5 (5H/6C 677/]]62 ppm)
and olefinic Hy-Cy (0u/dc 7.39/145.1 ppm) and Hg-Cp (ou/dc
6.11-6.24/114.3 ppm) correlations.

The p-coumaric acid Hs;5-Cs5 correlation signal was strongly
displaced after in vitro acetylation (éy/dc 7.15/122.8 ppm) indicat-
ing that the acid maintained the free phenolic hydroxyl. In vitro
acetylation also caused significant displacement of some G-unit
Hs-Cs and H-unit H35-Cs3 5 correlation signals revealing phenolic
structures. In both cases, as well as in S units, H,-C, and Hg-Cg
cross-signals were scarcely modified due to the higher distance
to free hydroxyls. On the other hand, the alkaline treatment re-
sulted in broadening of the aromatic signals, which was especially
evident for the S units, as well as in the lost of p-coumarate aro-
matic and olefinic signals, and acetate methyl signals.

2.5. Characteristics of the A. sisalana lignin

The HSQC spectra of the A. sisalana lignins (MWL, acetylated
MWL and alkalilignin) are shown in Fig. 2, and a summary of the
main inter-unit linkages, H:G:S ratio, acylation degree, phenolic
content (after in vitro acetylation) and other characteristics are
shown in Table 1.

The aromatic region of the spectra revealed a strong predomi-
nance of S units (MWL H:G:S ratio 0:20:80) in agreement with pre-
vious studies (del Rio et al., 2004, 2007b). The MWL S/G ratio from
NMR spectra was higher than estimated from DFRC, but similar to
that obtained from analytical pyrolysis of the whole fiber. Integra-
tion of phenolic acetate signals showed 11% phenolic units in the A.
sisalana MWL, which represented the lowest phenolic content
amongst the three nonwoody lignins.

The side-chain region of the MWL spectra showed a strong fre-
quency (near 90% of side-chains) of B-0-4’ substructures (Table 1).
Some spirodienones were present (which were also identifiable in
the aromatic/olefinic region) together with small amounts of -’
and phenylcoumaran structures. More interesting, the spectrum
revealed that most of the B-O-4’' substructures in the A. sisalana
MWL were acylated at the y-position, as shown by the character-
istic displacements (see Section 2.3) and intensities of the A}, and
A; cross-signals. The absence of p-coumarate signals and the high
intensity of the acetate methyl signal, showed that acetates are
the only acylating groups, in agreement with DFRC results (del
Rio et al., 2007b). Interestingly, a small percentage of B-O-4’ side-
chains (around 5%) were a-acetylated with a characteristic Hy~
C,, correlation, similar to that found after in vitro peracetylation.
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Fig. 2. Expanded HSQC spectra, dy/dc 2.0-8.4/47-147 ppm, of A. sisalana MWL (a), in vitro acetylated MWL (b) and alkalilignin (c) showing the main side-chain and aromatic
TH-13C correlation signals. See Fig. 5 for the main lignin structures identified (some carbohydrate signals were also obtained including those of CHy; Gs(on) signals correspond
to phenolic units that were in vitro acetylated).

Since monolignol acylation is only possible at the y-position, ace- nol structures (B), although with very low abundance (Table 1).
tate migration has been suggested (Ralph, 1996). Diacylated B-f’ The presence of diacetylated tetrahydrofuran B-p’ structures in
dimeric structures (B’) were found, together with the typical resi- this lignin had been revealed by modified DFRC (del Rio et al.,
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Fig. 3. Expanded HSQC spectra, dy/dc 2.0-8.4/47-147 ppm, of M. textilis MWL (a), in vitro

acetylated MWL (b) and alkalilignin (c) showing the main side-chain and aromatic/

olefinic 'H-'3C correlation signals. See Fig. 5 for the main lignin structures identified (some carbohydrate signals were also obtained including those of anomeric 'H-'3C

correlations, CHy).

2007b). DFRC also showed the presence of monoacetylated p-p’
structures, whereas only the diacylated ones were detected by

NMR, in agreement with their higher abundance in lignins with
similar acylation degrees (Lu and Ralph, 2005).
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Fig. 4. Expanded HSQC spectra, dp/dc 2.0-8.4/47-147 ppm, of C. sativa MWL (a), in vitro acetylated MWL (b) and alkalilignin (c) showing the main side-chain and aromatic
TH-13C correlation signals. See Fig. 5 for the main lignin structures identified (some carbohydrate signals were also obtained including those of CHy; Gs(ony and Hs 5on) signals
correspond to phenolic units that were in vitro acetylated).

Alkali treatment of the A. sisalana fibers destroyed a part of the the S/G ratio increased. Some lignin-carbohydrate linkages in A.
B-0-4' linkages resulting in an alkalilignin enriched in B-p’ sub- sisalana resisted the alkali treatment, whereas carbohydrates were
structures. In contrast to that observed with the other lignins, practically absent from the two other alkalilignins.
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No specific signals corresponding to acylated D could be detected (even after in vitro acetylation). Only main substructures (with a relative abundance >1% of total side-

chains) are presented.

2.6. Characteristics of the M. textilis lignin

The HSQC spectra of the M. textilis lignins are shown in Fig. 3,
and their main characteristics are described in Table 1. The aro-
matic region of the spectrum showed an S-rich lignin (H:G:S ratio
of 0:10:90) with S/G ratio even higher than reported by analytical
pyrolysis of the whole fiber (del Rio and Gutiérrez, 2006) and DFRC
of the isolated MWL (del Rio et al., 2007b). This is an exceptionally
S-rich lignin, although higher S content (95% S units) has been re-
cently described in Rheum rhabarbarum L. (rhubarb) lignin (Bunzel
and Ralph, 2006).

Presence of p-coumaric acid (E) was revealed by its characteris-
tic cross-signals (Ey, Eg and E; ) that could be observed in both the
MWL and in vitro acetylated MWL spectra. The strong displace-
ment of the E; 5 cross-signal after in vitro acetylation indicated that
the p-coumaric acid was ester-linked with lignin (at the side-chain

v-position, as discussed above). In vitro acetylation showed the
highest content of phenolic structures in this MWL estimated from
the phenolic acetate cross-signals (Table 1). Most of these free phe-
nolic groups probably corresponded to the p-coumaroyl substitu-
ents, and the real percentage of phenolic G and S lignin units
was probably around 10%, as found in the A. sisalana MWL.

The side-chain region of the MWL spectrum showed the ab-
sence of B—p’ resinols and a strong predominance of B-0-4' sub-
structures, accompanied by some spirodienones (Table 1). It also
revealed that most of the B-0-4' substructures in the M. textilis
MWL were acylated at the y-position (A’), the acylation degree
(around 85%) being even higher than reported for other lignins
analyzed up to date. It had been reported that the M. textilis
MWL was extensively acetylated but also presented some p-cou-
maroylation (del Rio et al., 2007a,b; del Rio and Gutiérrez, 2006).
This agreed with the HSQC information indicating that around
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Table 1

Inter-unit linkages (% of side-chains involved in substructures A-D), H, G and S contents, S/G ratio, acylation degree (% of B-O-4' substructures), p-coumarate content (% of
H + G +S), phenolic content (% of H + G + S, after MWL acetylation), phenolic-to-alcoholic hydroxyl ratio (after MWL acetylation), carbohydrate content (CH; as % of H + G + S), and
integrals of the aliphatic non-oxygenated, aliphatic oxygenated and aromatic regions (% of total integration) of MWL, and alkalilignin from A. sisalana, M. textilis and C. sativa as

revealed by HSQC 2D NMR (cross-signal integration as described in the Section 4)

A. sisalana M. textilis C. sativa
MWL Alkalilignin MWL Alkalilignin MWL Alkalilignin

B-0-4' (A) 87 33 93 100 69 16
B-p’ Resinols (B) 4 67 0 0 22 84
Acylated p-p' (B') 2 0 2 0 0 0
Phenylcoumaran (C) 2 0 0 0 9 0
Spirodienone (D) 5 0 5 0 0 0
B-p'/B-0-4' (B +B')/A) 0.07 2.00 0.02 0 0.32 5.26
H (%) 0 0 0 nd 12 13
G (%) 20 16 10 14 49 66
S (%) 80 84 90 86 39 21
S/G ratio 3.9 5.3 8.8 6.4 0.8 0.3
Acylation degree 79° 0 84 0 0 0
p-Coumarate content 0 0 40 1 0 0
p-Coumarate/acetate 0 ud 0.47 ud 0 ud
Phenolic content 11 nd 56 nd 27 nd
Phenolic/alcoholic hydroxyls 0.05 nd 0.53 nd 0.25 nd
Carbohydrate content 38 17 19 0 0 0
Total aliphatic non-oxygenated 24 35 12 31 18 55
Total aliphatic oxygenated 66 52 66 48 63 34
Total aromatic 10 13 22 21 19 12

¢ Including 5% o-acylated units (together with major y-acylation); 0, values below the detection level of 2D NMR; nd, not determined; ud, undetermined due to zero

division.

40% of lignin units were p-coumaroylated (Table 1). A lower value
was suggested by the p-coumarate/acetate ratio (a rough estima-
tion due to the different nature of the signals integrated), most
probably because of other acetyl substituents, e.g. in contaminat-
ing carbohydrates. Presence of the unusual diacylated B-p’ struc-
tures (B') was suggested by their cross-signals in the spectra of
underivatized and in vitro acetylated MWL, whose displacements
were the same as those found in the A. sisalana spectra. The fact
that acetylated B-p’ structures were not detected by modified
DFRC of this lignin (del Rio et al., 2007b) suggests a high presence
of p-coumaric acid as the acylating group in M. textilis lignin.

High predominance of B-0-4' substructures (95-100%) was also
found in the alkalilignin sample. No enrichment in resinol sub-
structures was possible since these B-f’ structures are absent from
the M. textilis lignin. The broad signal with d6y/dc 7.0/129 ppm
pointed to the presence of H-type structures in this alkalilignin,
as found in the C. sativa lignins discussed below, although the &4/
Jc values were not exactly the expected. However, the absence of
similar signals in the MWL sample suggested that it could also cor-
respond to a not yet assigned structure formed during the alkali
treatment. The alkali treatment also resulted in a decrease of the
lignin S/G ratio.

2.7. Characteristics of the C. sativa lignin

The HSQC spectra of the C. sativa lignins are shown in Fig. 4, and
their main characteristics are described in Table 1. The aromatic re-
gion was characterized by the presence of cross-signals corre-
sponding to the three types of lignin units. The G units were
predominant (H:G:S ratio of 12:49:39) in contrast with the A. sisal-
ana and M. textilis lignins that were of the S type (Table 1). The
presence of H units and low S/G ratio in C. sativa lignin had already
been reported by analytical pyrolysis and DFRC (del Rio et al.,
2007b; Gutiérrez et al., 2006). The comparatively high phenolic
content in this MWL (near 30%) could be related to its higher con-
tent of H and G units, which can establish C3 and Cs inter-unit link-
ages leaving the hydroxyl group free.

The side-chain region also revealed significant differences com-
pared with the other two lignins. First, p-p’ resinol and phenyl-

coumaran substructures involved a significant proportion of
MWL side-chains, together with B-0-4' substructures (Table 1).
As shown in Fig. 4a, two different A, cross-signals were found in
this G-rich lignin depending of whether the second unit was an S
(0u/6c 4.11/86.5 ppm) or G unit (éy/dc 4.28/84.3 ppm). Moreover,
this lignin was practically free of y-acylating groups, as revealed
by the absence of the A;i and A;, cross-signals discussed above.

Finally, comparison of the MWL and alkalilignin spectra showed
strong decreases of both the S/G ratio (from 0.8 to 0.3) and the
amount of B-0-4' substructures (from 64-69% to only 16% side-
chains) due to the alkaline treatment.

2.8. Comparison of acylation degree and structural characteristics of
lignins

When acylation degree was considered, the three MWL prepa-
rations were characterized by: (i) high degree of acetylation
(nearly 80%) at the side-chain y-position (A. sisalana lignin); (ii)
high vy-acylation degree (nearly 85%) but including both acetyl
and p-coumaroyl substituents (M. textilis lignin); and (iii) absence
of acylation (C. sativa lignin). The acylation degree (Table 1) was
calculated by integrating the A:,, and A; cross-signals and, therefore,
only represents the B-0O-4’ substructures. However, this seems rea-
sonably correct since resinols are only formed from non-acylated
monolignols, and spirodienones and phenylcoumarans were rela-
tively minor substructures (2-9% side-chains). Use of the A’ inte-
gral for calculating the acylation degree could be preferred at
first glance, since it includes also Hy-C, correlations in acylated
phenylcoumaran and spirodienone substructures (although this
is not the case for non-acylated A,, since C, has different chemical
shifts). Moreover, the broad A, cross-signal most probably includes
other related signals (e.g. from carbohydrates), and it provided
slightly underestimated acylation degrees. The fact that the A’,,
cross-signal partially overlapped with the same signal in struc-
ture-A including a G-type B-ring (see Section 2.7) did not result
in strong interference given that the acylated lignins are character-
ized by a high S/G ratio.

In addition to the above differences in the acylation pattern, the
HSQC spectra also revealed structural differences between the
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three lignins. When lignin composition was considered, we found:
(i) S-rich lignins in A. sisalana and M. textilis (over 80% S units)
although the former with a higher G content; and (ii) G-rich lignin
in C. sativa (near 50% G units) with a significant proportion (over
10%) of H units. When inter-unit linkages were considered, we
found: (i) lignin with high predominance of B-0O-4' linkages (over
90% side-chains) together with some spirodienones in M. textilis;
(ii) lignin with high predominance of p-0-4' linkages (over 85%
side-chains) and low amounts (2-5% side-chains) of resinol, spiro-
dienone and phenylcoumaran linkages in A. sisalana; and (iii) lignin
with significant amount of resinol (over 20% side-chains) and phe-
nylcoumaran (9%) linkages, together with the major p-O-4' link-
ages, in C. sativa.

To extend the correlations between acylation degree and lignin
composition and inter-unit linkages, additional information was
collected from HSQC spectra of MWL from six additional plant spe-
cies (unpublished). Fig. 6 presents the S/G ratio and the relative
amount of B-p’ side-chains against the acylation degree in the fol-
lowing eight plant species (from different botanical groups): C.
sativa (Rosales); Eucalyptus globulus Labill. (eucalypt, Myrtales);
Corchorus capsularis L. (jute, Malvales); Cocos nucifera L. (palm tree,
Arecales), H. cannabinus L. (kenaf, Malvales), A. sisalana (Aspara-
gales), Ananas erectifolius L.B. Smith (curaua, Poales) and M. textilis
(Zingiberales). Moreover, no natural acylation was found in the G-
type MWL from Picea abies (L.) Karst. (Norway spruce, Coniferales).
It is possible to see that the general tendency found in the three
model lignins described here is maintained in the other lignins,
i.e. highly-acylated lignins are often characterized by a high S/G ra-
tio, and a low percentage of —p’ linkages, whereas the opposite of-
ten occurred in scarcely acylated lignins.

2.9. Monolignol acylation as a mechanism to control lignin structure

It has been shown that lignin acylation, including acetylation
and p-coumaroylation, is produced at the monolignol level (del
Rio et al., 2007b; Lu and Ralph, 2002, 2005; Lu et al., 2004; Morreel
et al., 2004). This was demonstrated by the detection of mono- and
diacylated B-p’ tetrahydrofuran structures in plant lignin, includ-
ing the structure B’ discussed above, using modified DFRC and
2D NMR. These structures must originate from the B-p’ homo-
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Fig. 6. Differences in native lignin composition (S/G ratio, white squares and
dashed tendency line) and inter-unit linkages (B-p'/B-0-4' ratio, black circles and
continuous line) as a function of the acylation degree in MWL from 8 plant species
analyzed by HSQC NMR: C. sativa (1), E. globulus (2), C. capsularis (3), C. nucifera (4),
H. cannabinus (5), A. sisalana (6), A. erectifolius (7), and M. textilis (8).

and cross-coupling of the two sinapyl (acylated and non-acylated)
monolignols. Heteronuclear multiple bond correlation (HMBC) be-
tween the ester carbonyl carbon and the lignin y-protons (Ralph
et al.,, 1994) could not be observed by the authors, but lignin acyl-
ation at the y-position is indisputably shown by the strong dis-
placement of the H,-C, correlation signal in the HSQC spectra
and the structure of the modified-DFRC products (del Rio et al.,
2007Db).

The above conclusion received additional support from the
chromatographic detection of y-acetylated sinapyl alcohol in the
acetone extracts from two of the nonwoody fibers analyzed here
(Fig. 7a) based on its mass spectrum (Fig. 7b). The abundance of
the vy-acetylated sinapyl alcohol was roughly estimated by
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Fig. 7. GC-MS analysis of the M. textilis extractives. (a) Expanded region of the
total-ion chromatogram (TIC) from the acetone extract of the whole fiber showing
the presence of sinapyl acetate (Ac-SA) and free sinapyl alcohol (SA) peaks together
with other extractives (1, p-coumaric acid; 2, palmitic acid; 3, linoleic acid; 4, oleic
acid; and 5, stearic acid); and reconstructed chromatograms based on selected ions,
m/z 252 and m/z 210, enabling localization of the Ac-SA and SA peaks, respectively.
(b) Mass spectrum of the Ac-SA peak enabling its identification as y-acetylated
sinapyl alcohol.
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GC-MS as 50% of the normal (non-acylated) monolignol in A. sisal-
ana, and around 33% of the normal monolignol in M. textilis. More-
over, mono-acylated B-p’ di- and tri-lignols have been identified in
the methanol extract from poplar wood (Morreel et al., 2004) de-
rived from y-p-hydroxybenzoylated sinapyl alcohol. It is also inter-
esting that changes in the extent of poplar lignin acylation have
been recently described in trees growing under variable environ-
mental conditions (Pitre et al., 2007). Therefore, it is possible to
envision monolignol acylation as a mechanism to regulate the
structure of lignin in different nonwoody, and maybe other, angio-
sperms as postulated below.

2.10. Acylation and formation of S-rich lignins

During screening for acylated lignins in woody and nonwoody
plants (del Rio et al., 2007b) we already observed that acylation
was higher in angiosperms producing S-rich lignins, and the same
had been reported by others (Lu and Ralph, 1999, 2002). However,
at least in some cases, the situation could be described in the oppo-
site way, i.e. maybe some of these lignins are rich in S units be-
cause sinapyl alcohol is acylated during precursor biosynthesis. It
is known that sinapyl alcohol is much less efficiently oxidized by
plant peroxidases than coniferyl alcohol and, since S-type phenols
have lower redox potentials than G-type phenols, this seems due to
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steric hindrances at the catalytic site. Participation of redox medi-
ators oxidizing substrates at distance from the enzyme could over-
come these steric obstacles. From its discovery in laccase studies
(Bourbonnais and Paice, 1990), the enzyme-mediator concept
raised high interest, and p-coumaric acid appeared as one of the
best mediators (Cafias et al., 2007). The ability of p-coumaric acid
promoting in vitro peroxidase oxidation of sinapyl alcohol has been
reported (Takahama et al., 1996). Therefore, p-coumaroylation
could be seen as a mechanism to facilitate the enzymatic oxidation
of sinapyl alcohol resulting in synthesis of S-rich lignins by some
plants.

However, the mediating role of p-coumaric acid could not be
shown in plant cell suspensions, maybe because of peroxidase
inactivation at high doses of sinapyl p-coumarate (Grabber, 2005;
Grabber and Lu, 2007), and the effect of monolignol acetylation,
which is also associated to the presence of S-rich lignins, is still
to be established. Moreover, some exceptions to the very preferen-
tial acylation of S lignin units have been found, e.g. the lignin of A.
erectifolius has similar percentages of acetylated S (46%) and G
(50%) units as shown by modified DFRC, although p-coumaroyla-
tion concentrates on the S units (15%) and G units are practically
free of p-coumaric esters (del Rio et al., 2008). Strong selectivity
for p-coumaroylation of S units was already reported by Lu and
Ralph (1999) in Bambusa (bamboo) and Z. mays (maize) lignins.

OH OH OH
oCH, CH,0 OCH,
OH OH OH
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Fig. 8. Hypothetical scheme of the regulation of lignin structure in nonwoody angiosperms including: (i) hypothetical acyltransferase (AcT) partially acylating coniferyl and
sinapyl alcohols; (ii) oxidation of “normal” and Cy-acylated monolignols by cell-wall peroxidases (PER) and/or laccases (LAC); and (iii) radical coupling, resulting in highly-
etherified (B-0O-4’ linked) S-type lignin in plants that strongly acylate monolignols (R, acetyl/p-coumaroyl).



A.T. Martinez et al./ Phytochemistry 69 (2008) 2831-2843 2841

As discussed below, still unknown acyltranferases are probably in-
volved in monolignol acylation, and an enzyme candidate with
higher affinity towards sinapyl alcohol than towards coniferyl alco-
hol has been found (X. Yu, Brookhaven National Laboratory, per-
sonal communication). This could be an alternative explanation
to the higher abundance of acylated S units than G units in many
lignins, especially in the case of acetylation that is not expected
to increase the facility of sinapyl alcohol to be incorporated to
lignin.

2.11. Acylation modifies lignin inter-unit linkages

It has been reported that in vitro peroxidase-H,0, oxidation of
equimolar amounts of sinapyl alcohol and y-acylated (acetylated
or p-coumaroylated) sinapyl alcohol produced equal amounts of
the expected p—p’ homo-coupled and cross-coupled products, indi-
cating that the reaction is insensitive to y-acylation (Lu and Ralph,
2005; Lu et al., 2004). However, in the lignins analyzed here, strong
acylation resulted in extremely low abundances of B—p’ linkages.
The depressing effect of monolignol acylation on the formation of
B-p’ structures not only affected the normal resinol-type struc-
tures, which require free C,—~OH in both monomers for cyclization
after initial B-p’ coupling. Also the unusual acylated B-p’ tetrahy-
drofuran structures presented very low abundances (only around
2% side-chains). More intriguingly, only one of the two possible
stereoisomers from homo-coupling of acylated sinapyl alcohol
has been found in plant lignins being different from that obtained
after in vitro coupling (Lu and Ralph, 2005).

It is interesting that syringaresinol, which is nearly the only
resinol in some S-rich lignins (Rencoret et al., 2008a), must be
necessarily an initiation point in lignin polymerization, additional
units being incorporated to the free phenolic groups of the dilig-
nol. Despite the postulated existence of proteins with “dirigent
sites” controlling lignin polymerization, which would be more
abundant at the cell-wall lignification sites (Davin and Lewis,
2005), the only dirigent-type protein fully characterized up to
date is involved in the biosynthesis of a resinol lignan (Davin
et al.,, 1997). However, it is possible to imagine that in plants pro-
ducing S-type lignin a mechanism exist (dirigent-type protein or
other) to initiate lignification at specific sites of the cell-wall by
formation of syringaresinol dilignols. This mechanism should be
regiospecific promoting the B-p’' linkage (but not stereospecific)
and would act in such a way that y-acylated monolignols (and
especially the more bulky y-p-coumaroylated ones) are discarded
and would not participate in the coupling reaction. In this way,
acylation could act as a control mechanism reducing the amount
of B—p’ linkages and increasing that of p-0-4' ethers, as found in
the A. sisalana and especially in the M. textilis lignins described
here.

2.12. Acetyl/p-coumaroyl transferases controlling monolignol
polymerization

Fig. 8 shows the proposed last steps of lignin biosynthesis
including acylation. Once the primary monolignols (p-hydroxyc-
innamyl, coniferyl and sinapyl alcohols) are formed (Boerjan
et al., 2003), they can be acylated at the y-carbon of the side-chain
by an acyltransferase (AcT) that would use an activated acid (R-S-
CoA) to form the corresponding acylated secondary monolignols.
Interestingly, a p-hydroxy-cinnamoyltransferase forming p-cou-
maric acid esters has been recently incorporated to the set of en-
zymes involved in lignin biosynthesis, the corresponding ester
being the substrate of p-coumarate-3-hydroxylase (Hoffmann
et al., 2005). However, the acyltransferases involved in monolignol
acetylation/p-coumaroylation are still under investigation (Marita
et al., 2007).

Once the primary and secondary monolignols are formed and
exported to cell-wall space, they can readily undergo peroxidase
and/or laccase oxidation resulting in radical coupling to form the
lignin polymer. Acylated monolignols would not form (or only
form minor) B-p’ substructures and, therefore, B-0-4 linked S-rich
lignins will be formed, as discussed above. The AcT could be seen
as a sort of switch regulating the production and flux of the acyl-
ated and non-acylated monolignols, and, in last instance, control-
ling the structure of the lignin polymer.

Studies on lignin acylation mechanisms should incorporate to
current research programs for tailoring the structure of lignin to
obtain raw materials more amenable for paper pulp manufacture,
animal feeding or bioethanol production (Ralph, 2007; Vanholme
et al., 2008).

3. Conclusions

2D NMR of lignins from several angiosperms revealed different
molecular structures, in terms of aromatic units and inter-unit
linkages, and different y-acylation types (acetate and/or p-couma-
rate esters) and extents (up to more that 90% of units). Moreover, a
correspondence between the molecular structure of these lignins
and their degree of acylation was found. Some of the B-f'-linked
lignin substructures identified showed that acylation is produced
at the monolignol level. Direct evidence was also provided by
GC-MS identification of y-acetylated sinapyl alcohol among the
plant extractives. Taking the above findings together, it is proposed
that some angiosperms use monolignol acylation as a mechanism
to regulate the structure of lignin. In this way, acylation of mono-
lignols would result in lower presence of resinols and other p—p’
inter-unit linkages in S-rich lignins, promoting formation of a
highly-etherified (B-0-4' linked) and more labile lignin polymer.
In contrast, low (or null) acylation degrees would result in lignins
with higher content of B—f’ carbon-carbon inter-unit linkages, that
will be more recalcitrant towards chemical and/or biological
degradation.

4. Experimental
4.1. Lignin samples

Plant fibers were provided by the CELESA mill in Tortosa (Tar-
ragona, Spain). Bast fibers from C. sativa and leaf fibers from A.
sisalana and M. textilis are used for manufacturing high-quality
pulps for specialty papers. Fibers were ground to sawdust using a
knife mill (Janke and Kunkel GmbH), and extracted with acetone
(8 hin a Soxhlet) and hot-water (3 h at 100 °C). Then, they were fi-
nely milled for 150 h using a ball mill (Retsch) with a 250-ml jar
containing 12 balls of 2 cm diameter. MWL was extracted with
dioxane-water (9:1), precipitated and purified (Bjorkman, 1956)
with a final yield of 5-15% referred to Klason lignin, estimated
according to rule T222 om-88 (Tappi, 2004). Underivatized and
acetylated MWL, after 48 h treatment in acetic anhydride-pyridine
(1:2), were analyzed as described below. Alkalilignins were ex-
tracted from the above plant materials under alkaline conditions,
using 0.2 M NaOH at 120 °C, precipitated at acidic pH, and washed
with acidulated, resulting in much higher yield than obtained for
MWL (del Rio et al., 2007a).

4.2. 2D NMR spectroscopy

Two-dimensional NMR spectra were recorded at 25 °C on a Bru-
ker AVANCE 500 MHz using a z-gradient triple resonance probe.
Lignins (40 mg) were dissolved in 0.75 ml of DMSO-dg, and spectra
were recorded in HSQC experiments. The spectral widths for the
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HSQC spectra were 5000 Hz and 25625 Hz for the 'H and 3C-
dimensions, respectively. The number of collected complex points
was 2048 for the 'H-dimension with a recycle delay of 5s. The
number of transients was 64, and 256 time increments were al-
ways recorded in the '*C-dimension. The J-coupling evolution de-
lay was set to 3.2 ms. A squared cosine-bell apodization function
was applied in both dimensions. Prior to Fourier transform the data
matrixes were zero filled up to 1024 points in the *C-dimension.
The central solvent peak was used as an internal reference (y/dc
2.50/40.1 ppm). Signals were assigned by comparison with the lit-
erature (Balakshin et al., 2003; Capanema et al., 2001, 2004, 2005;
Ibarra et al., 2007a,b; Liitid et al., 2003; Ralph et al., 1999, 2006,
2004).

A semiquantitative analysis of the HSQC cross-signal intensities
was performed (Heikkinen et al.,, 2003; Zhang and Gellerstedt,
2007). Volume integrations were performed separately for the dif-
ferent regions of the spectra, which contain cross-signals of chem-
ically analogous carbon-proton pairs. For these signals, the 'Jcy
coupling value is relatively similar and suited for a semiquantita-
tive estimation of the different H-C correlations. In the aliphatic-
oxygenated region, inter-unit linkages were estimated from the
Hy-C,, correlations, and the relative abundance of side-chains in-
volved in each inter-unit linkage type were calculated. The H:G:S
ratio of lignins was estimated based on the aromatic H, 6-C; 6 cor-
relations of H and S units, and the H,-C, plus Hg-Cg correlations of
G units. The p-coumarate content of lignin was estimated from the
intensity of the corresponding H, s-C, s correlation referred to the
total intensity of the above H, G and S signals. The intensity of the
above p-coumarate aromatic signal (divided by 2 since it corre-
sponds to H, and Hg correlations) was referred to the intensity of
the alcoholic acetate signal (divided by 3 since it corresponds to
three protons) to obtain the p-coumarate/acetate ratio. The
amount of phenolic and alcoholic hydroxyls in MWL was estimated
by integrating the methyl signals of the corresponding acetates,
after in vitro acetylation (compared with underivatized MWL).
The percentage of phenolic structures was calculated by referring
the phenolic acetate signal to the total number of aromatic rings
(H+ G+ S+ p-coumaric acid). The latter was estimated from the
intensity of the methoxyl signal, taking into account the H:G:S ra-
tio and content of p-coumaric acid (referred to lignin) of the sam-
ple, and the number of methoxyls of H (none), G (one), S (two) and
p-coumaric acid (none) aromatic rings.

4.3. GC-MS analysis of extractives

Fiber extractives isolated with acetone (see Section 4.1) were
analyzed by GC-MS using a Varian Saturn 2000 chromatograph
coupled to an ion-trap detector, and equipped with a fused silica
capillary column (DB-5HT; 15m x 0.25mm id., 0.1 pm film
thickness). The oven was heated from 120 °C (1 min) to 380 °C
(5min) at 10°C min~'. The injector and transfer line tempera-
tures were set at 300 °C and 350 °C, respectively. Helium was
used as the carrier gas and the injection was performed in split-
less mode. Peaks were quantified by area using standards for
calibration.

Note added in proof

After submitting the present manuscript a paper was published
(on-line) by R. Hatfield, ]. Ralph and J.H. Grabber (“A potential role
of sinapyl p-coumarate as a radical transfer mechanism in grass
lignin formation” Planta. 2008. doi:10.1007/s00425-008-0791-4)
demonstrating that, as suggested in Section 2.10 of the present
article, sinapyl p-coumarate can act as a radical transfer mecha-
nism facilitating polymerization of S-type lignin.
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