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Abstract The mechanism of lignin carbohydrate com-

plex formation by addition of polysaccharides on quinone

methide (QM) generated during lignin polymerisation was

investigated using a model approach. Dehydrogenation

polymers (DHPs, lignin model compounds) were synthe-

sized from coniferyl alcohol in the presence of a glucur-

onoarabinoxylan (GAX) extracted from oat spelts, by

Zutropfverfahren (ZT) and Zulaufverfahren (ZL) methods.

The methods ZT and ZL differed in their distribution of

QM over the reaction period but generated roughly the

same QM amount. Steric exclusion chromatography of the

ZT and ZL reaction products showed that only the ZT

reaction produced high molar mass compounds. Covalent

linkages in the ZT reaction involving ether bonds between

GAX moiety and a carbon of the lignin monomer were

confirmed by 13C NMR and xylanase-based fractionation.

The underlying phenomena were further investigated by

examining the interactions between GAX and DHP in

sorption experiments. GAX and DHPs were shown to

interact to form hydrophobic aggregates. In the ZT process,

slow addition permitted polymer reorganisation which led

to dehydration around the lignin-like growing chains

thereby limiting the addition of water on the quinone

methide formed during polymerisation and thus favoured

lignin–carbohydrate complex (LCC) formation.
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Abbreviations

CA Coniferyl alcohol

CPMAS Cross polarization magic angle spinning

DHP Dehydrogenation polymer

DMSO Dimethyl sulfoxide

GAX Glucuronoarabinoxylan

HPAEC High-pressure anion exchange chromatography

LCC Lignin–carbohydrate complex

LiBr Lithium bromide

NMR Nuclear magnetic resonance

QM Quinone methide

SEC Steric-exclusion chromatography

ZL Zulaufverfahren

ZT Zutropfverfahren

Introduction

Lignified plant cell wall is formed by successive deposition

of cellulose, hemicelluloses and lignins to form a com-

posite in which component polymers are physically and

chemically bound to each other. This mechanism of bio-

genesis is important in determining the ultrastructure of
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lignified plant cell walls and thus their physical and

chemical properties. Cell wall formation ended by lignin

deposition according to the dehydrogenative polymerisa-

tion of monolignols (p-coumaryl, coniferyl and sinapyl

alcohols, Fig. 1; Terashima et al. 1993). Lignin polymeri-

sation therefore occurs within a water swollen polysac-

charide gel. During this process, polysaccharides and lignin

are covalently linked through lignin–carbohydrate com-

plexes, as demonstrated several decades ago by Björkman

(1957). These covalent links are important in the biological

roles of plant cell walls (mechanical resistance, protection

against pathogens) and in the ability of the cell wall to be

transformed for application purposes (production of pulp or

chemicals, biodegradation, etc). Comprehension of the

interactions between lignin and polysaccharides and their

formation processes may therefore be helpful in under-

standing cell wall architecture. Such information could also

be used to improve the fractionation and transformation of

cell-wall-related products.

Two main processes are involved in the mechanism of

lignin–carbohydrate complex (LCC) formation. The first is

based on oxidative coupling of the phenolic components of

the plant cell wall (Fry 1986; Grabber et al. 2000). The

polymerisation of monolignols in the presence of feruloy-

lated polysaccharides, for example, has been described as a

very efficient way of coupling polysaccharides to the lignin

network (Grabber et al. 2000, 2002). These processes are

restricted to herbaceous species and are thought to occur in
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Fig. 1 Addition of nucleophiles

to the quinone methide

intermediate generated during

the dehydrogenation of

coniferyl alcohol. Addition of

water will form the b-O-4

linkages whereas addition of

polysaccharide will form

lignin–carbohydrate complex.

Thus, LCC formation competes

with b-O-4 formation. In

hydrated media the latter

process will be prominent

268 Planta (2007) 226:267–281

123



the early stages of lignification. The second process,

ubiquitous in all lignified walls, involves the addition of

nucleophilic groups on the transient quinone methide (QM)

intermediate generated during the oxidative polymerisation

of lignin (Takahashi and Koshijima 1988; Xi et al. 2000;

Terashima 2001; Fig. 1). Studies on cell wall materials

have indicated that these linkages represent a non negli-

gible part of the lignin unit (Terashima 2001). However,

the complete process of LCC formation is not fully

understood since many nucleophiles (i.e. hydroxyl or car-

boxylic groups of hemicelluloses, phenols, water) are

present in the cell wall. Due to their similar nucleophilic

potentials, competition based on ratio concentration may

occur between them. Some works based on model studies

have demonstrated this competition and emphasized the

fact that the addition of hemicellulose to quinone methide

may be limited by competition of the water addition. For

instance, the addition of neutral monomeric sugar to QM

does not occur even in a buffered 1:3 dioxane solution

containing ten equivalents (compared to QM) of methyl a-

D-glucopyranoside (Sipilä 1990). Thus, to displace the

reaction in favour of LCC formation, several authors in-

creased the reaction duration and temperature (Hemming-

son and Leary 1975), or limited the water concentration

either by introducing aqueous/organic solvent mixtures

(Sipilä 1990) or high saccharide concentrations (Tanaka

et al. 1976) which suggests that nonaqueous conditions are

necessary for LCC formation. All these hypotheses show

some consistency with the cell wall conditions during lig-

nification. However, other model studies have shown that

LCC can be formed in a dilute aqueous solution of hemi-

celluloses (Ohnishi et al. 1992; Cathala and Monties 2001).

The present work develops the hypothesis that LCC for-

mation is not only under the kinetic control of water/

polysaccharide competition. Local structural heterogene-

ities may also affect this process such as the formation of

aggregates stabilized by noncovalent interactions between

hemicelluloses and lignin. These supramolecular structures

change the local environment of the reaction by lowering

the local water concentration and thus affect (or control)

the LCC formation.

In the present study, dehydrogenation polymers (DHPs,

lignin model compounds) were synthesized in the presence

of a glucuronoarabinoxylan (GAX) extracted from oat

spelts, since GAX is the major hemicellulose present in

angiosperms. The GAX sample used in this study was free

of phenolic acids and permitted focus on the QM pathway

of LCC formation. DHPs were synthesised according to the

Zulaufverfahren (ZL) and Zutropfverfahren (ZT) methods.

The first one consists in the simultaneous adding of all

reactants whereas, in the later one, reagents are slowly

added. The major difference between ZL and ZT poly-

merisation lies in the distribution of the radical over the

reaction period. All other physicochemical parameters re-

main identical in both methods, notably the amounts of

quinone methide generated during the reactions. This

comparison can be used to evaluate the competition

occurring between water and polysaccharide. Steric-

exclusion chromatography (SEC) analysis of the ZL and

ZT reaction mixtures revealed the formation of a high

molar mass product in ZT only. The occurrence of covalent

linkages in the ZT products was confirmed by NMR and

xylanase-based fractionation, and indicated that LCC for-

mation was not only under kinetic control. We also dem-

onstrated that interactions between GAX and DHP resulted

in the formation of hydrophobic micro-domains.

Materials and methods

Extraction and purification of oat spelt GAX

The GAX sample was produced by successive extraction

and fractionation (Winter et al. 2006). The starting material

was extracted from oat spelts with 5% (w/v) NaOH at 90�C

and purified by washing with methanol/water (60/40 v/v),

methanol and ether. The purified sample was bleached with

3% ClO2 at 70�C and 25% concentration (w/w) for 3 h,

dissolved in water (concentration 5% w/v; 100�C for

20 min, shaken over night at 20�C) and centrifuged

(20 min, 2,800 g) to remove the insoluble fraction. The

supernatant was freeze dried (Alpha 2-4 LSC, Christ, Os-

terode am Harz, Germany), and yielded the water-soluble

fraction GAX. The physicochemical characteristics of this

fraction are presented in Table 1.

Synthesis of unlabelled and labelled coniferyl alcohol

(4-hydroxy-3-methoxy cinnamyl alcohol)

Coniferyl alcohol was obtained using the procedure de-

scribed by Ludley and Ralph (1996). Synthesis of a13C

Table 1 Physicochemical characteristics of oat spelt glucuronoara-

binoxylan

Sugars composition (%) Glucuronoarabinoxylan

Uronic acids 6.2

Ara 15.1

Xyl 64.7

Gal 5.5

Glc 4.5

Ara/Xyl 0.23

Mw (g/mol) 43000

Ara Arabinose, Xy xylose, Ga galactose, Glc glucose, Ara/Xyl molar

ratio of L-arabinose to D-xylose, Mw weight average molar mass

equivalent to pullulan standards
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coniferyl alcohol was achieved according the previously

published synthesis (Terashima 1996). Spectra of labelled

and nonlabelled product were identical. 1H NMR (CDCl3,

250 MHz), 6.89 (m, 3H), 6.53 (d, 1H), 6.21 (d, 1H), 4.18

(d, 2H), 3.85 (s, 3H).

Polymerisation of coniferyl alcohol

in glucuronoarabinoxylan solution

In both ZT and ZL, the DHPs were prepared with and

without (control) GAX. Control DHPs were used for the

sorption experiment and physical mixture. Three solutions

were prepared for the polymerisation experiments. Solution

A 100 mg of GAX dissolved in 100 ml of phosphate buffer

(1/30 N; pH 5.0). Solution B 100 mg of coniferyl alcohol

labelled or unlabelled (0.56 mmol) in 3 ml of dioxane and

22 ml of GAX (1 g/l) in phosphate buffer (1/30 N; pH 5.0).

Solution C 0.1 ml (2 eq compared to coniferyl alcohol) of

hydrogen peroxide H2O2 (35% wt in water) in 25 ml of

GAX (1 g/l) in phosphate buffer (1/30 N; pH 5.0). For the

end-wise polymerisation, ZT method, solutions B and C

were gradually added to 50 ml of solution A, containing

5 mg of peroxidase (EC 1 11.1.7, 250–330 unit/mg, pur-

chased from Sigma), for 4 h at 25�C. For the ZL method,

all reagents were added simultaneously to 50 ml of solu-

tion A containing 5 mg of peroxidase. The reaction mixture

was stirred for 4 h at 25�C. DHP controls without GAX

were prepared in phosphate buffer (1/30 N; pH 5.0).

The concentrations of all the reagents in the ZL and ZT

experiments are reported in Table 2. The total concentra-

tions of QM able to react with water or GAX were esti-

mated from the b-O-4 contents of ZL and ZT products

synthesized under similar conditions (Cathala et al. 1998).

Monosaccharide composition determination

The neutral and acidic carbohydrates were identified and

quantified by high-pressure anion exchange chromatogra-

phy (HPAEC). Samples were hydrolysed with 12 M H2SO4

acid for 2 h at room temperature, then diluted at 1.5 M and

allowed to react for 2 h at 100�C. All samples were then

filtered (0.45 lm) before injection onto a CarboPac PA-1

anion exchange column (4 · 250 mm, Dionex, Voisins les

bretonneux, France). Monosaccharide composition was

analysed and quantified using L-fucose as the internal

standard and standard solutions of neutral carbohydrates (L-

arabinose, D-glucose, D-xylose, D-galactose) and uronic

acids (D-galacturonic and D-glucuronic acids).

NMR spectroscopy

Solid-state NMR experiments were performed on a Bruker

DRX 400 spectrometer (100.62 MHz for carbons; Wis-

senbourg, France). The CPMAS (cross polarization magic

angle spinning) experiments were performed using a dou-

ble resonance H/X CP-MAS 4 mm probe at a spinning rate

of 10,000 Hz. The pulse sequence operated with a 3.75 ls

90� proton pulse, a 1 ms contact time at 62.5 kHz, a 3 s

recycle time for an acquisition time of 34 ms during which

dipolar decoupling (TPPM) was applied at 67 kHz.

1,024 scans were acquired at ambiant temperature

(294 ± 1 K) and no line broadening was applied in order to

perform the spectral decomposition. Chemical shifts were

calibrated with external glycin, (carbonyl carbon at

176.03 ppm). The software used to decompose each

spectrum was based on the SIMPLEX method (Lorentzian/

Gaussian 50/50 line type).

Liquid-state NMR spectra were recorded on a Bruker

ARX 400 spectrometer operating at a carbon frequency of

100.62 MHz. The NMR experiments were realized in

DMSO-d6 using a single pulse detection of carbon with

power-gated 1H decoupling. The 90� carbon pulse was set

to 11.25 ls and a proton decoupling (WALTZ16) of 3 kHz

was applied during acquisition (1.25 s) but also during the

recycle delay (5 s) in order to gain signal by nuclear-

overhauser enhancement (NOE; Kuhlmann and Grant

1968). Each NMR experiment was realized at 313 K with

22 K scans and calibration of the carbon chemical shifts

were realised using the carbon signal of DMSO as an

internal reference.

Table 2 Total concentration of

CA, QM and arabinose and

concentration ratio of the

reactants calculated at the

maximum of their concentration

in the GAX–DHP ZL and

GAX—DHP ZT reaction

a [H2O] = 55 M

GAX–DHP ZL

reaction

GAX–DHP ZT

reaction

Total coniferyl alcohol concentration (mM) 2.77 2.77

Total QM concentration (mM) (based on b-O-4 content ZL 12%;

ZT 15% determined by thioacidolysis (Cathala et al. 1998)

3.3 0.416

Xylose + arabinose monomers concentration (mM) 0.312 0.312

[GAX]/[QM] at the maximum concentration of QM (i.e. at t = 0

for ZL and after 3 min for ZT)

9.45 182

[H2O]a/[QM] 16.6 · 103 3.179 · 106
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Size exclusion chromatography in dimethyl sulfoxide

(DMSO)/water (9/1 v/v) containing 50 mM of LiBr

Analysis was performed using a multi-detection system

consisting of a UV-Detector (LC 1200 UV/VIS-detector,

Polymer Laboratories, Marseille, France), and a RI-detec-

tor (Shodex RI-71, Sopares, Gentilly, France). A set of

GRAM columns from Polymer Standard Service (Mainz,

Germany) was used (3, 100, 300 nm, each 8 · 300 mm).

The eluent was a mixture of DMSO/water (9/1 v/v) con-

taining LiBr 50 mM. The flow rate was 0.4 ml/min at

60�C. Samples were dissolved in the eluent at a concen-

tration of 4 mg/ml for 1 h at 95�C, followed by 23 h at

40�C (Saake et al. 2001). Samples were filtered through

regenerated cellulose membranes (0.45 lm). The percent-

age recovery after filtration, based on UV absorbance, was

better than 75% in all cases. The molar masses were

determined using a calibration with pullulan standards.

Collection and calculation of the data was performed using

WINGPC 4.6 software of Polymer Standard Service.

Enzymatic degradation and fractionation

of GAX–DHP ZT polymerisation

Solutions of GAX ZT polymerisation were incubated with

endo-b-1,4-xylanase solution (Ecopulp TX 200C; Röhm

Enzym, Rajamäki Finland, SHARE 1031 7143). Enzyme

was added at 200 nkat/g of GAX at 55�C for 1 h, under

stirring. After treatment, the enzyme was inactivated by

boiling at 100�C for 5 min. A reference solution of GAX/

DHP (without enzyme) was treated under the same con-

ditions. A precipitate was formed only with the xylanase

treated sample and was collected by centrifugation. The

supernatant was concentrated under reduced pressure to

obtain the water-soluble fraction (WSOL). The precipitate

was poured into 95% aqueous dioxane and the supernatant

and residue separated by centrifugation to obtain a diox-

ane-soluble fraction (DSOL) and a residue, the dioxane-

insoluble fraction (DINS). All fractions were freeze-dried.

Sorption experiments of GAX to DHP

Sorption assays were performed in phosphate buffer (1/

30 N; pH 5). GAX solutions were diluted to give a range of

concentrations (0.025, 0.05, 0.1, 0.25, 0.5 and 1 mg/ml)

from a stock solution of GAX prepared at 1 mg/ml. An

aliquot of 1.5 ml was added to DHP samples (7.5 mg).

GAX solutions and GAX DHP blends were incubated for

4 h at 25�C. After incubation, the samples were centrifuged

at 7,700 g for 20 min. Unbound GAX present in the

supernatant was quantified by HPAEC. The adsorbed GAX

amounts were calculated from the difference between the

GAX concentrations in the supernatant before and after

adsorption. The DHP concentrations in the supernatant

were determined from their absorbance at 280 nm. The

supernatant solutions were then studied by fluorescence

probe with pyrene.

Detection of hydrophobic microdomains

by fluorescent probe

All spectra were recorded on a SPEX Fluoromax spectro-

photometer (Edison, NJ, USA) equipped with thermostatic

controlled cell at 25�C. A fixed amount of pyrene

(1.6 · 10–6 M in the final solution) was added to the

supernatant from the sorption experiments and samples,

which were allowed to equilibrate overnight prior to fluo-

rescence measurement. The samples were excited at

341 nm and emission spectra were recorded between 350

and 500 nm with a slit width of 1 mm for the excitation slit

and 5 mm for emission. The relative intensity of peaks 1

(k = 372 nm) and 3 (k = 382 nm) was used to determine

the local polarity of the medium surrounding the pyrene

molecules.

Results

Dehydrogenative polymerisation of coniferyl alcohol

in GAX solution by ZL and ZT methods

The polymerisations by ZT and ZL methods differed in the

speed of reagent addition. In the ZL process all reactants

were added simultaneously whereas in the ZT method they

were added gradually (dropwise). The two methods there-

fore differed mainly in their distribution of radicals (and

thus the associated QM) over the reaction time. Assuming

the immediate oxidation of CA in the medium, the minute-

by-minute distribution of QM throughout the reaction

period was calculated for ZT and ZL according to the

following equations:

½QM�ZLt ¼ ½QM�tote
�kt

½QM�ZTt ¼ ½QM�tot=14400� ½QM�t�1e�kt

where k is the observed rate constant of QM in water

measured previously by Hemmingson and Leary (1.18 ·
102 s–1; Hemmingson and Leary 1975) and 14,400 s is the

reaction time (Fig. 2).

Both reactions produced a colloidal suspension in the

presence of GAX, in contrast to the reference polymeri-

sation performed in phosphate buffer without GAX. This

suggests an interaction between GAX and DHP. An effect

of polysaccharide on DHP solubility had already been

noted in the presence of pectin (Cathala and Monties
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2001). The possible formation of LCC in both syntheses

was evaluated by SEC and NMR spectroscopy.

Size-exclusion chromatography (SEC) in dimethyl

sulfoxide DMSO/water/lithium bromide in the ZT

and ZL GAX reaction mixtures

DMSO containing 50 mM of LiBr at 60�C was used as

solvent, since this mixture can solubilize both lignin and

GAX and also dissociates most of the noncovalent inter-

actions because of solvent polarity and the chaotropic ef-

fects of the lithium bromide combined with elution at high

temperature. The SEC device was equipped with a differ-

ential refractive index (DRI) and ultraviolet (UV) detec-

tors. The DRI is a universal detector which is sensitive to

any kind of molecule dissolved in the solvent—in this case,

polysaccharides and lignin—, whereas the UV system is

specific to UV-absorbing materials, here DHPs. We con-

firmed that the noncovalent interactions between GAX and

DHP were dissociated in our chromatographic system by

first analysing a physical mixture (PM; mixture of GAX

and ZL DHPs) obtained by suspending DHP in an aqueous

GAX solution (Fig. 3a). After stirring, the suspension was

freeze-dried, dissolved in DMSO/LiBr and injected into the

SEC system. Two peaks were clearly distinguishable, the

first (eluted around 22 ml) displayed a strong RI signal and

hardly any UV absorption whereas the second (eluted

around 28 ml) presented both UV and RI signals. Com-

parisons with pure standards confirmed that the peak at

22 ml corresponded to GAX and the other to the DHP

fraction (data not shown). The evaluation of molar mass

indicated an absence of significant variation in comparison

with the starting materials and thus confirmed the ability of

our chromatographic system to limit DHP–GAX interac-

tions. Two peaks, corresponding to GAX and DHPs, were

again detected in the ZL experiments (Fig. 3b). However,

careful examination of the molar mass revealed that the

peak eluted around 22 ml presented a higher molar mass

than pure GAX (Table 3) suggesting that some limited

coupling may have occurred. This hypothesis was sup-

ported by the associated UV signal which also seemed to

be more intense than in the PM profile. Three distinct

populations were clearly visible in the case of GAX ZT

(Fig. 3c). Peak I presented both UV and RI signals sug-

gesting the presence of GAX and DHPs. The low elution

volume (19 ml) indicated the presence of species with very

large molar mass (Table 3) which could be attributed to

covalent complexes between GAX and DHPs. This peak

was absent from the PM and GAX–ZL profiles thus the
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hyphothesis of covalent complex occurring in this reaction

can be proposed. This assumption is supported by the

determination of the ratio between the RI and UV signals.

The ratio measured for the peak eluted at 19 ml of the

GAX–ZT reaction profiles is higher (2.45) compared to

those measured in the peaks eluted around 28 ml in the

physical mixture (1.66), the GAX–DHP ZL reaction (1.52)

and the GAX–ZT reaction (1.7). This indicates the pres-

ence of nonabsorbing materials, i.e. xylans in the peak

eluted at 19 ml. The second peak of the ZT elution curve

was similar to that observed in the PM profile and corre-

sponded to the GAX fraction. This hypothesis was sup-

ported by the low intensity of the UV signal, compared to

the RI signal. Peak III had a larger elution volume (28 ml)

and consisted of smaller molecular weight species that,

according to their UV signal, could be attributed to DHP. It

was concluded from this set of experiments that peak I

observed in the ZT experiment could be attributed to a

covalent complex that was not formed in the ZL experi-

ment.

NMR analyses of ZT and ZL GAX–DHP

Solution-state 13C NMR is a powerful method for revealing

the structure of soluble lignin fragments. However, the

presence of carbohydrates in the same spectra together with

the low abundance of some linkages such as LCC, obscure

the signals. Thus, one strategy usually reported in litera-

ture, consist in the use of 13C labelled lignin monomers to

increase the sensitivity of the analysis. This was used both

in the case of synthetic (Parkas et al. 2001) and natural

lignin (Terashima et al. 2002) and also applied to the

investigation of LCC (Xi et al. 2000). Solution state 13C

NMR spectra of the ZL and ZT GAX–DHPs reaction

obtained from a labelled coniferyl alcohol are reported

in Fig. 4a and b. The peaks that can be discerned in the

ZL–GAX 13C-enriched DHPs were assigned according to

Parkas et al. (2001; Fig. 4a; Table 4). Signals around

73 ppm (peaks noted 5) can be assigned to the Ca in the

aryglycerol-b-aryl ether structures. Ca in b–b structures

can be attributed to the signals occurring around 86 ppm

(peak noted 2) and close to the b-5 linkages (88 ppm, peak

1). Another signal arises at 83.5 ppm which can be

assigned to the dibenzodioxocin linkages. Ca in b-O-4/a-

O–R (R can be a polysaccharide or a phenol) structures are

expected to have an intermediate chemical shift around 80–

82 ppm (peaks 3 + 4). Only a minor peak can be seen in

this region for the ZL spectra. The general pattern of the

ZT spectra is similar to the ZL one. However, all the sig-

nals are broader displaying a lower resolution. The other

main modification concerns the region between 80 and

84 ppm that displays a very broad and irresolute signal

while the peaks at 81 and 83.5 observed in the ZL spectra

are not anymore visible. Broadening of the signal likely

reflects the higher molar mass of the ZT sample compared

Table 3 Molar mass values of GAX-DHP ZT, GAX-DHP ZL and physical mixture (PM)

Product GAX + DHP Physical mixture (PM) GAX–DHP ZL Polymerization GAX–DHP ZT Polymerization

Peaks II III II III I II III

Content (%) 49 51 48 52 36 37 27

Mw (g/mol) · 10–3 43 1.7 132 1.9 904 36 0.96

Mw Weight average molar mass equivalent to pullulan standards
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to the ZL one. However, even whithout a high resolution, a

signal in this range obviously occurs in the ZT spectra in

contrast to the ZL spectra, thus suggesting the presence of

peaks in the range of etherified Ca carbon with carbohy-

drate and phenol groups. A definitive attribution of this

signal was attempted using a long-range correlation

(HMQC; Ralph et al. 1999) between the H5 of arabinose

and the 81–82 ppm signal region. Due to the large broad-

ening of the signal, no correlation was detected. This ex-

treme broadening can be explained by a very low mobility

of the molecules that is consistent with the entrapment of

the LCC linkages within a covalent network. This

assumption is supported by the poor solubility of the ZT

samples in the solvent (DMSO) at the NMR concentration

range (i.e. 10–50 mg/0.5 ml). Indeed a gel like structure

was formed in the tube even after acetylation. In order to

deeper investigate the high-molar fraction that is almost

insoluble under the NMR experimental conditions, samples

were analysed by solid-state 13C NMR analysis. Spectra of

the ZL and ZT GAX mixture are presented in the Fig. 5a

and b. The general pattern of the peaks was similar to that

assigned in liquid-state except for the 81 ppm region (peak

noted 3 + 4) that displays a higher signal. Linkage fre-

quencies and their relative contribution were obtained by

the decomposition of the complex ZT and ZL spectra,

followed by the estimation of their relative frequency (see

Fig. 5 for the decomposition and Table 4 for the relative

areas). The relative area of the peak at 81 ppm is roughly

two times higher in the ZT (15.25%) than in the ZL

experiment (8.9%; Table 4). As few changes of its half-

width were observed, this increase was related to a higher

proportion of linkages resonating at 81 ppm. Occurrence of

a peak at 81 ppm in the ZL samples can be explained by

the addition of some polysaccharides to the QM as sus-

pected in SEC and also by the addition of phenol groups of

DHPs. Indeed, the ZL methods is known to produce higher

free phenol groups that are thought to react at acidic pH

with quinone methide (Sipilä and Brunow 1991). The

relative area measured in the ZL reaction mixture is in

good agreement with previous studies done on bacterial

cellulose/DHPs (9%) and bacterial cellulose/pectin/DHPs

(6%) composites (Cathala et al. 2005) where it was con-

cluded that bacterial cellulose based composites were al-

most free of LCC. Thus the increased on the intensity of

the peak at 81 ppm in the ZT reaction mixture has to be

Table 4 Chemical shifts and relative bond frequencies for a carbon (expressed as relative percentages) of GAX–ZL–DHPs and GAX–ZT–DHPs

synthesized with a13C coniferyl alcohol

Chemical

shifts (ppm)

Structural units GAX–ZT–DHPs

(%)

GAX–ZL–DHPs

(%)

DHPs control a

(%)

71–73 (5) Ca in b-O-4 bonds + Ca esterified to carbohydrates 26.5 19.2 16

81 (3 + 4) Ca etherified (carbohydrates or DHPs) 15.25 8.9 9

85 (2) Ca in b–b bonds 14.9 18.2 25

87–88 (1) Ca in b-5 bonds 23.15 29.15 30

130 Ca in coniferyl alcohol end groups 20.2 24.6 21

For spectral identification from 1 to 5, see Fig. 5
a Values obtained for control DHPs from reference Cathala et al. (2005)
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related to the formation of benzyl ether groups on the a
carbon of DHPs. It has also to be noted that the proportion

of the other type of linkages supports the idea of the

modification of the monomer reactivity in the ZT reaction

(Table 4). The amount of b-O-4 linkages (noted 5 in

Fig. 5) increases while the condensed linkages (b–b, noted

2 and b-5, noted 1) decrease together with residual co-

niferyl end groups. Accordingly, the structure of the GAX–

ZT–DHPs is closer to those of natural lignin than GAX–

ZL–DHPs.

Isolation of the LCC fraction by xylanase treatment

and fractionation from the GAX–ZT reaction

Many techniques, involving chemical or enzymatic and/or

organosolvent treatments have been used to isolate LCC

(Koshijima et al. 1972; Takahashi and Koshijima 1987;

Koshijima and Takahashi 1988). Avoiding a harsh pro-

cedure, the GAX ZT reaction was digested by an en-

doxylanase. Endo-b-1,4-xylanase randomly cleaves the

xylane main chain and generates various substituted xy-

looligosaccharides. The GAX–ZT reaction product gave

rise to a precipitate during the enzyme treatment, which

was not observed in the absence of xylanase. The xy-

lanase-treated sample was centrifuged and the supernatant

freeze dried to give a water soluble fraction (Wsol). The

precipitate was treated with a dioxan/water mixture to

separate the dioxan/water soluble fraction (Dsol) from the

dioxan/water insoluble fraction (Dins). When these Wsol

and Dsol fractions were analysed by 13C NMR and SEC in

DMSO/water LiBr, they mostly consisted of polysaccha-

rides and DHP, respectively, (data not shown). Dins could

not be subjected to DMSO/water SEC- and NMR analyses

due to its complete insolubility. However, the carbohy-

drate and lignin compositions of all fractions were

determined. The results are reported in Table 5. Carbo-

hydrate content decreased gradually between Wsol and the

Dins fraction, whereas a reverse relationship was observed

for lignin content. The main variation concerned the

molar ratios of arabinose and xylose. The Dins fraction

had a significantly higher arabinose content than the other

fractions (Table 5), which indicated an enrichment of

polysaccharides with high arabinose substitution in this

fraction. These results are consistent with the 13C NMR

analysis and with previous works that demonstrated a

covalent bond between the hydroxyl group of the C5

arabinose substituent and the a-position of the lignin

monomer. No substantial differences in neutral or acid

sugars could be detected in any fractions, in agreement

with NMR data and despite previously reported results

(Sipilä and Brunow 1991).

Sorption of GAX to ZL and ZT DHPs

Noncovalent interactions between GAX and DHPs were

evaluated by testing the binding capacity of GAX on

DHPs. Since DHPs are mostly insoluble in aqueous solu-

tions, GAX solutions at various concentrations were incu-

bated in the presence of a fixed quantity of DHP (Fig. 6).

The amounts of GAX in the supernatant after centrifuga-

tion (Fig. 7) were determined by HPAEC after acid

hydrolysis. The quantities of adsorbed materials (Fig. 7)

were obtained from the difference between the amounts

determined in binding assays and the starting solutions. ZT

and ZL DHP presented very similar behavior for all the

parameters investigated. Evolution of the arabinose/xylose

ratio of the adsorbed materials was also monitored and any

significant variation detected. All the ratios were similar to

those of the total samples (roughly equal to 0.23). Thus

there is no specific interaction with rich arabinose fraction

of GAX.

Some DHPs were solubilized during the sorption

experiment as evidenced by the increased UV absorbance

measured in the supernatant after centrifugation. This ‘‘co-

solvent effect’’ is reminiscent of the fact that ZL and ZT

DHPs do not precipitate during synthesis. However, the

amounts of soluble DHPs in the sorption experiment re-

mained low (less than 1.5% of the total DHP) compared

with the ZT and ZL experiments where all the DHPs was

dispersed in the reaction medium.

Table 5 Carbohydrates and DHP content in fractions extracted after the xylanase treatment of GAX–DHP ZT product

Product GAX–DHP ZT Polymerization WSOL DSOL DINS

Carbohydrates content (%) 50 (100)a 97.9 (82)a 24 (11)a 11 (7)a

Neutral sugars (%) 94.1 ± 0.4 93.7 ± 1.4 96.3 ± 0.7 95.5 ± 0.1

Acid sugars (%) 5.9 ± 1.0 6.3 ± 1.1 3.7 ± 0.2 4.5 ± 0.5

Ara/Xyl 0.23 ± 0.01 0.22 ± 0.02 0.24 ± 0.01 0.31 ± 0.02

Lignin content (%) 50 (100)b 2.1 (2)b 76 (34)b 89 (46)b

WSOL Water soluble fraction, DSOL dioxane soluble fraction, DINS dioxane insoluble fraction, Ara/Xyl molar ratio of L-arabinose to D-xylose
a and b, % yields of carbohydrates and lignin, respectively on the basis of original GAX–DHP ZT product
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Formation of hydrophobic microdomains

in the supernatant of sorption experiment solutions

Fluorescence properties of many molecules depend on the

physicochemical characteristics of their environment. Py-

rene is a hydrophobic molecule that has a fine fluorescence

spectrum. The relative intensities of bands 1 (372 nm) and

3 (382 nm) are sensitive to the local polarity of the medium

(I1/I3 = 1.7 in water and I1/I3 = 0.60 in hexane; Kaly-

anasundaram and Thomas 1997). This (I1/I3) ratio de-

creases as the polarity of the pyrene environment decreases

(Winnik and Regismond 1996). Pyrene, due to its hydro-

phobic character, will be preferentially located in hydro-

phobic microdomains when they occur, so the curve of I1/I3

versus polymer concentration can be used to determine the

formation of such domains. Another method consists of

plotting the R/R0 values versus GAX concentration for the

GAX solution and supernatant from the sorption experi-

ment where R0 corresponds to the I1/I3 ratio at

[GAX] = 0 mg/ml and R to the I1/I3 ratio at 0.025, 0.05,

0.1, 0.25 and 0.5 mg/ml of GAX. When R/R0 is equal to 1

there is no formation of hydrophobic domains, whereas a

decrease in the R/R0 value indicates their formation. Dilute

GAX solutions display a constant value of 1 (Fig. 8)

whereas aggregation occurs at a high concentration (1 g/l).

Thus it is likely that the GAX molecules exist as mostly

nonassociated chains below this value. This pattern of

aggregation, in polysaccharides forming hydrophobic do-

mains, has already been reported for hemicellulose (Shig-

ematsu et al. 1994a). The R/R0 ratio, in the supernatant

from the DHPs sorption experiments, was almost constant

at very low concentrations and decreased to less than 0.1 g/

l of GAX which was significantly lower than the aggre-

gation limit of the pure GAX solution. No striking variation

was noted between ZT and ZL DHPs. These results show
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that DHPs and GAX are associated in a hydrophobic

complex resulting in a decrease in local polarity and an

increase in the soluble DHPs fraction. This pattern is

reminiscent of previous studies that demonstrated the

occurrence of condensed aggregates formed between DHPs

and polysaccharides (Lairez et al. 2005).

Discussion

Formation of LCC in ZL and ZT polymerisation

The precise chemical mechanism responsible for LCC

formation can be described as the nucleophilic addition of

functional groups of polyosides to the transient quinone

methide generated during dehydrogenative coupling of

monolignols. The rates of addition of nucleophiles to qui-

none methides are reported to be pH dependent and linked

to the dissociation constant of the hydroxyl compounds

(Sipilä 1990). In the present study, the pH values in the ZL

and ZT procedures were identical and the concentrations of

hydroxyl compounds (GAX and water) were kept constant

throughout the reaction time. Thus it can be assumed that

the rate constants of addition of hydroxyl compounds to the

QM were identical under both ZT and ZL conditions. The

ZL and ZT methods generated roughly the same amount of

QM. The amount of QM could in fact be estimated from

the b-O-4 content of the final product, that is 15% of the

total linkages for the ZT reaction and 12% for the ZL

procedure (Cathala et al. 1998). The main difference be-

tween the two methods was the distribution of QM over the

reaction time (Fig. 2). In the ZL process, all the CA was

added at the beginning of the reaction. Assuming that

peroxidase was not limiting, the amount of peroxidase

(5 mg of 250–330 unit/mg) used in both experiments was

able to oxidize 25 mM of CA per second whereas the total

amount of CA added was 0.55 mM. Thus all the CA was

immediately oxidized and produced a peak concentration

of QM ([QM]max = 3.3 mM). Based on the rate constant of

water addition determined by Leary (1972), it was calcu-

lated that almost all the QM reacted within 8 min (Fig. 2).

In the ZT process CA was added throughout the reaction

and the QM concentration attained a steady state of

2.9 · 10–5 M after roughly 3 min which lasted until the

end of the reaction time. In both cases, the water concen-

tration (55 M) predominated over the GAX concentration

(3.12 · 10–2 M equivalent of monosaccharide).

The rate of LCC formation is a function of the con-

centration of the reactive species (i e. GAX and QM) and

the rate constant of addition and can theoretically be de-

scribed by the following equation:

½LCC� ¼ kGAX½GAX�½QM� � kH2O½H2O�½QM�

where kGAX and kH2O are the rate constants of GAX and

H2O addition, respectively.

It is obvious from this equation that LCC formation is

disfavoured in dilute aqueous solutions as high water con-

centrations can limit the reaction. If LCC formation occurs, it

can be attributed either to a higher reactivity of the poly-

saccharides (i.e. high rate constant of addition) or to a

modification of the local reaction conditions that then reduce

the local water concentration and thus enhance polysaccha-

ride addition. This situation can be summarized as follows:

(1) The rate constant of xylan addition is far higher than

the rate constant of water addition. LCC formation

will occur with both ZT and ZL methods.

(2) The rate constant of xylan addition is in the same order

of magnitude as the rate constant of water addition and

the local organization of the polymer has no impact on

reactivity. Water addition will predominate and LCC

will not be formed under ZL or ZT conditions.

(3) The rate constants of water and GAX addition are

similar and the local organization of the polymer may

favour the addition of polysaccharides. The longer

addition time and gradual polymerisation of DHP will

provide more opportunities for the polymers to reor-

ganize and interact. LCC will be formed mainly

during the ZT process.

Thus, independently of the rate constants of addition,

comparison of the ZT and ZL reaction products provides a

means of evaluating the competition between water and a

polysaccharide and investigating the potential relevance of

non covalent interactions in LCC formation.

Characterization of LCC in the ZL and ZT reactions

The characterization of LCC is not an easy task, since these

low frequency linkages are diluted in highly complex lig-

nin/polysaccharide structures. In order to demonstrate the

difference existing between ZT and ZL, without any

ambiguity, we characterized both the polymeric effects (i.e.

formation of high molar mass complexes by SEC) and the

molecular attributes of the LCC formation (i.e. identifica-

tion of the covalent bonding by NMR).

Size exclusion chromatography (SEC) is a powerful

technique for studying the macromolecular properties and

characteristics of polymers. However, artefacts are usual

and aggregation, for example, can be a source of consid-

erable misinterpretation as already emphasized in previous

studies (Porsch and Sundelöf 1994; Saake et al. 2001;

Cathala et al. 2003). For these reasons, we used DMSO/

water containing 50 mM of LiBr at 60�C, a system suitable

for the analysis of both polysaccharides and lignin or DHP.

The set of SEC experiments demonstrated that the ZT

method had a marked impact on LCC formation since high

Planta (2007) 226:267–281 277

123



molar mass complexes were exclusively observed in this

process although some limited coupling could occur in the

ZL reaction (increase of peak II molar mass in Fig. 3 and

Table 3). The SEC investigation of physical mixtures of

DHP and GAX proved that even after drying of the phys-

ical mixtures the aggregation observed in aqueous system

(Fig. 7) could be fully re-dissolved in the DMSO/water

eluent (Fig. 3a). This strongly supports the conclusion, that

the high molar mass products found in the ZT synthesis are

really covalently bound LCC.

These conclusions were confirmed by NMR studies

which demonstrated covalent linkages between GAX and

ZT–DHP involving the arabinose moiety of GAX. This was

further confirmed by analysing the Dins fraction that was

enriched in arabinose compared to the starting samples. The

role of arabinose in LCC formation has already been evi-

denced both in model and cell wall materials (Takahashi

et al. 1982; Ohnishi et al. 1992; Toikka et al. 1998). More

surprising was the absence of glucuronic acid enrichment in

the Dins fraction and the lack of proof in the NMR data of

the occurrence of an ester linkage between glucuronic acid

and the a carbon of the lignin monomer. Indeed this addi-

tion was suggested to be prevalent at neutral pH in previous

work by Sipilä (1990). However, the addition of carboxylic

acid was carried out in mixed organic/water solutions with

monomeric models (Sipilä and Brunow 1991). This differ-

ence in experimental conditions may have resulted in the

different reactivities of the active groups. However, another

point linked to our experimental conditions might be

responsible for these different findings. Indeed, as discussed

above, the formation of covalent bonds is linked to the

occurrence of hydrophobic clusters. Such clusters might

reject polar glucuronic acid groups thereby limiting their

reactivity. Further investigations under a range of experi-

mental conditions are needed to discuss this point in detail.

It can be concluded that the formation of covalent link-

ages occurs between GAX and DHP by addition of the C5

hydroxyl groups of the arabinose of the quinone methide

generated during the ZT dehydrogenating process. This

does not happen in the ZL reaction although all the reaction

parameters are identical except for the QM concentration

over the reaction time. To get an in-depth understanding of

the process, the interactions between GAX and DHPs were

then evaluated by physico-chemical means.

Evidence for noncovalent interaction between

DHPs and GAX

Sorption experiments provide a simple but efficient

means of demonstrating noncovalent interactions between

soluble and insoluble components. In the present study,

interactions between DHPs and GAX were evidenced

and compared to similar values obtained in studies of

hemicellulose/cellulose interaction. The degree of GAX

bonding, with both DHPs, attained roughly 10 lg/g and

was thus in the same range as observed between cellulose

and polysaccharides in similar conditions. Indeed, the

amounts of xyloglucans adsorbed to cellulose were about

14 lg/mg, whereas values of 2.5 and 4 lg/mg were mea-

sured for arabinan and galactan-rich pectins, respectively

(Vincken et al. 1995; Zykwinska et al. 2005). The main

difference between the present results and these earlier

ones is related to the fact that the DHP/GAX isotherm did

not attain a plateau, at least in the range of concentrations

studied here. In previous studies, the plateau of adsorption

isotherms has been attributed to full coverage of the

accessible surfaces of the cellulose molecules. This is

supported by the fact that the plateau values vary according

to the type of cellulose (Hayashi et al. 1987). In the present

study, the absence of a plateau together with the shape of

the isotherm (exponential evolution) may indicate that the

accessible surfaces became more and more abundant with

the increase in GAX concentration suggesting that the

GAX molecules were able to disrupt insoluble DHP

aggregates and thus increase the accessible surfaces. This

assumption is consistent with the increase in DHPs con-

centration observed in the supernatants after centrifugation

(Fig. 8). In the case of a [GAX]/[DHP] ratio of 1/7.5 (mg/

mg), for example, the DHP concentration was about 1.5-

fold higher in the presence of GAX compared to the water

blank (Fig. 8). This indicates the existence of an attractive

interaction between GAX and DHP. Such a finding has

been previously reported and evidenced for other kinds of

polysaccharides (Higuchi et al. 1971; Shigematsu et al.

1994b; Cathala and Monties 2001). The pattern of inter-

action did not vary significantly between ZL and ZT DHPs.

However, it should be remembered that the ZT and ZL

DHPs only presented small structural differences (Cathala

et al. 1998). Indeed they exhibited rather similar b-O-4 and

hydroxyl group contents, and small differences in molar

mass. This is an advantage when comparing the addition

rate constants for the two methods as explained below.

However, it is not the most favourable system for detecting

the specificity of noncovalent interactions between GAX

and different lignin types. Closer analysis of this specificity

would necessitate the presence of large structural differ-

ences and accordingly a variety of different lignins and

lignin models. This will require further investigation in the

future. Our main conclusion is that both DHPs interact with

GAX.

Noncovalent interactions and end-wise process

promote the formation of covalent coupling

The present works demonstrate the occurrence noncovalent

interactions between DHP and GAX molecules. However,
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interactions occurred with both types of DHPs whereas

LCC were mainly formed during the ZT reaction. The

absence of LCC formation in the ZL reaction can be ex-

plained by the fact that CA reacts almost immediately and

simultaneously to the colloid formation. Since ZL DHPs

and xylans can interact, aggregates are likely formed

explaining the formation colloidal suspension that limit the

precipitation of the ZL DHPs. Since all the CA molecules

react rapidly the reaction is stopped before any process of

rearrangement (aggregates fusion, DHPs diffusion, etc). In

the case of the ZT process, formation of aggregates also

occurs at the early times of the reaction. Since CA and

DHPs are rather hydrophobic molecules (Shigematsu et al.

1994b), during the addition process, they will be likely

located and polymerized within aggregates formed earlier

in the reaction process. This will increases the local DHPs

concentration as previously evidenced (Lairez et al. 2005)

inducing dehydration process by self aggregation. Elimi-

nation of water molecules will promote the addition of

GAX. Noncovalent interactions together with the slow

addition process result in the building up of supramolecular

structures that induced a change in reactivity. However it is

clear that without one of these two parameters, LCC will

not be efficiently formed. In planta, the dehydration pro-

cess has already been observed during lignification (Ino-

mana et al. 1992) whereas formation of xylan–lignin

network was also suggested by Salmen and Olsson (1998).

Similar behaviour to that described here can occur and

affect the reactivity of lignin-like molecules, as it will fa-

vour addition of the hydroxyl group of polysaccharides to

quinone methide by lowering the local water concentration

within the complexes. Thus in complement to the previ-

ously described hypotheses (high polysaccharide concen-

tration, long reaction time), we propose a general scheme

of LCC formation based on the formation of aggregates by

noncovalent interaction. This favours the nucleophilic

addition of hemicellulose to QM by increasing the poly-

saccharide and/or lowering the local water concentrations,

and thus limits water competition (Fig. 9).

Conclusion

Based on the results of model experiments some new

features in the process of LCC formation are proposed.

Lignin-like products were shown to interact with GAX to

form hydrophobic complexes. As summarized in Fig. 9,

this led to dehydration of the local environment around the

lignin-like growing chains, thereby limiting the addition of

water to the quinone methide formed during polymerisa-

tion. In the present study, arabinose was found to provide

the most reactive nucleophile whereas no such evidence

was found with glucuronic acid addition.

We therefore propose that local noncovalent interactions

influence and control the formation of covalent linkages

between lignin and carbohydrate networks by forming

supramolecular assemblies. To understand how this control

proceeds, the specific relationships and interactions be-

tween different lignin and xylan types needs to be inves-

tigated. However, the model proposed in Fig. 9 can be

generally applied to cell wall formation. It implies that

LCC formation increases throughout the lignification pro-

cess together with the lignin content. This suggests that

LCC formation is maximal at the end of lignification and

Polymers of ligninGAX Lignin 
Carbohydrate

Complexes: LCCs

Peroxidase

Lignin 
monomer

Lignin monomers diffuse 
into the cell wall and are 

polymerized

Aggregation via non 
covalent interactions

occurs and hydrophobic
microdomains are formed

Local water concentration 
decreases enhancing the
addition of GAX to QM

1 2 3

Oligomers of lignin

Hydrophobic microdomains

Fig. 9 Schematic

representation of the formation

of LCC during the lignification

process
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that this process can be understood as the final step in cell

wall construction by blockage of the interpenetrating net-

works. This process can thus be considered as a regulation

mechanism in addition to the oxidative pathway that

dominates at the earlier stages of cell wall construction.
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