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Abstract—Cross-linking of arabinoxylans by ferulate dehydrodimers and incorporation of feruloylated arabinoxylans
into lignin were modelled with maize walls (Zea mays cv Black Mexican) containing 5.3-18.0 mgg ! of total ferulates.
The proportion of dehydrodimers to total ferulates increased from ca 20 to 45% when dilute hydrogen peroxide was
added to walls containing bound peroxidase. About 45% of the dehydrodimers were coupled by 8-5 linkages, with
8-8,8-0-4 and 5-5 coupled dehydrodimers each comprising 10-25% of the total. The quantity of ferulates released by
saponification were reduced by 83-95% when exogenously supplied hydroxycinnamyl alcohols were polymerized
into walls by wall-bound peroxidase and in situ generated hydrogen peroxide. Only 40% of the ferulates incorporated
into lignin were recovered following hydrolysis of ether linkages. These results indicate that primary walls in grasses
become extensively cross-linked by ferulic and dehydrodiferulic acids during lignification, and that only a portion of
ferulates in lignified tissues are measurable by current solvolytic methods.

INTRODUCTION

Ferulic acid is attached as an ester (1) (Fig. 1) to the
C5-hydroxyl of a-L-arabinose moieties of grass xylans
[1]. Tt has long been presumed that arabinoxylans are
cross-linked to a limited extent by a 5-5 coupled dehyd-
rodimer (2) of ferulic acid [2—-4]. Recently, our group [5]
demonstrated that oxidative coupling mechanisms
(oxidases and one-electron metal oxidants) form substan-
tial amounts of 8-0-4, 8-5, and 8-8 coupled dehyd-
rodimers (3-7) in addition to the 5-5 coupled product.
The 5-5 coupled dehydrodimer accounted for only a frac-
tion (5-15%) of all dehydrodimers released by saponifi-
cation of cell walls from C; and C, grasses [5]. Therefore,
previous studies have probably underestimated the im-
portance of dehydrodimers as cross-linking molecules.
Ferulates are also implicated in the cross-linking of
arabinoxylans to lignin. Experiments with lignin models
indicate that ferulates are attacted to lignin by 4-O-a’
ether linkages (15) (formed by nucleophilic trapping of
quinone methide intermediates, Fig. 2) [6], or by 4-0-§’
ether (9), 8-0-4' styryl ether (10) and C-C linked struc-
tures (11-14) (formed by oxidative coupling mechanisms,
Fig. 1) [7]. (When labelling cross-links, e.g. 4-0-a/, the

first term indicates the coupling site on the ferulate ester,
and the primed term indicates the coupling site on the
lignin moiety.) Most of the ferulate is probably attached
to lignin by linkages that resist acid or alkaline hydroly-
sis {7]. As a result, the extent of ferulate cross-linking in
lignified grasses cannot be estimated by solvolytic
methods.

Our objective was to model how extensively wall poly-
mers in grasses become cross-linked by oxidative coup-
ling of ferulate esters. Cell walls from maize cell suspen-
sions (Zea mays cv Black Mexican) are feruloylated; the
quantity of ferulates available for cross-linking can be
reduced by growing cell suspensions with 2-aminoin-
dan-2-phosphonic acid (AIP), a specific inhibitor of
phenylalanine ammonia-lyase (EC 4.3.1.5) [8,9]. These
cultures also contain wall-bound peroxidases (EC
1.11.1.7) that are capable of coupling ferulate monomers
into dehydrodimers [5,10] and of polymerizing lignin
precursors into a wall-bound polymer that closely re-
sembles lignin [10]. This paper describes how ferulate
cross-linking was affected by ferulate concentrations, per-
oxidase activity, and lignification of cell walls isolated
from maize cell suspensions.
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Fig. 1. Feruloylated arabinoxylan chains in grass walls become cross-linked by radical coupling of ferulate monomers (1) into
ferulate dehydrodimers (e.g. 2-7). Dotted arrows indicate potential sites for further radical coupling with hydroxycinnamyl alcohols
or lignin oligomers, resulting in cross-linking of arabinoxylans to lignin. Ferulate radicals can also couple with lignin monomer or
oligomer radicals [e.g. from coniferyl alcohol [8] to form ferulate—coniferyl alcohol dehydrodimers or oligomers (e.g. 9-14) that
(with the exception of structure 14) cross-link arabinoxylans to lignin. ‘Ara’ is arabinofuranosyl residues on arabinoxylan.
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Fig. 2. Formation of 4-O-a' ethers (15) by nucleophilic addition of ferulate esters to lignin quinone methide intermediates. ‘Ara’ is
arabinofuranosyl residues on arabinoxylan. Dotted arrows indicate potential sites for radical coupling with hydroxycinnamyl
alcohols or lignin oligomers during lignification.

RESULTS AND DISCUSSION
Composition of cell walls

Maize cell suspensions consisted of small clusters of
cells that undergo limited elongation. The packed cell
volume increased from 2.5% at the initiation of cultures
to ca 45% at the early stationary growth phase when cells
were collected to prepare cell walls. Cell walls isolated
from maize cells suspensions contained 17.2 mgg~" fer-
ulate esters, 0.5mgg™' ferulate ethers, 0.6 mgg™*
p-coumarate esters, 3.6 mgg~! Klason lignin and only
trace quantities of ester-linked truxillic acids. Monosac-
charide analysis revealed that cell walls contained

194 mgg~! arabinose, 169 mgg~' xylose, 9mgg~!
rhamnose, 8§ mgg~' mannose, 78 mgg~! galactose,
316 mgg~! glucose and 126 mgg~' uronic acid. If we

assume that 90% of the xylosyl residues were derived
from xylans [11], then one per 11 xylosyl residues in
xylan were substituted with feruloylated arabinose.
Growing cultures with 40 uM AIP reduced the concen-
tration of total ferulates by 70% (Table 1) and the esti-
mated substitution of xylans by feruloylated arabinose to
one per 35 xylosyl residues. The concentration of minor
phenolic components (e.g. p-coumarate esters and

Klason lignin) were also reduced by 45-70% by AIP
treatment. AIP treatment reduced the concentration of
arabinose and xylose by 6% (due perhaps to reduced
feruloylation of arabinoxylans) and increased the concen-
tration of glucose by 5%. Other work indicates that
structural protein and cellulose deposition and cell wall
development are not affected by AIP [12,13]. Overall,
the composition of cell walls was characteristic of non-
lignified primary walls of maize [11, 14].

Dehydrodimer formation in nonlignified walls

Dehydrodimers comprised 15% of total ferulates in
normal cultures when cell walls were isolated in the
presence of an oxidase inhibitor (mercaptoethanol). The
proportion of dehydrodimers increased to 27% when
feruloylation of arabinoxylans was reduced by AIP treat-
ment of cultures (Table 1). This suggests that cells com-
pensated for reduced ferulate deposition by increasing
the extent of dehydrodimer formation. The proportion of
dehydrodimers to total ferulate increased to ca 45%
when dilute H,0, was added to cell walls containing
bound peroxidase. Aeration of wall suspensions (without
added H,0,) did not increase dehydrodiferulate concen-

Table 1. Formation of ferulate dehydrodimers in cell walls with normal or reduced feruloylation (n = 2). Dimerization of ferulates
by wall-bound peroxidase was stimulated by slowly adding dilute H,O, to a suspension of cell walls isolated from maize cell
suspensions. Wall suspensions not receiving H,0O, were isolated and incubated with mercaptoethanol (10 mM) to block extraneous
coupling of ferulates. The quantity of ferulates available for forming dehydrodimers was reduced by growing cultures with
2-aminoindan-2-phosphonic acid (AIP), a specific inhibitor of phenylalanine ammonia lyase

AIP H,0, Ferulate Ferulate dehydrodimers Total
(uM) (mmol) monomers (mg g~ ! cell wall) ferulates
(mg g~ 'cell wall) (mgg™!
8-8 8-5 8-0-4 5-5 cell wall)
0 0 14.60 0.57 1.22 0.34 045 17.20
0 04 8.83 0.88 2.78 1.25 1.13 14.87
40 0 384 0.33 0.66 0.17 027 5.27
40 04 2.26 033 1.09 0.33 0.35 437
Analysis of variance
AIP * * * * * *
H,0, * NS * * * NS
AIP x H,0, * NS NS NS NS NS

*,NS: significant at the 0.05 level of probability and not significant, respectively.
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trations, indicating that laccases (EC 1.10.3.1) were not
involved in oxidative coupling of ferulates (Grabber, J.H.,
unpublished results). Most studies suggest that dehyd-
rodimer formation is much lower in graminaceous cell
walls [15-17]. This discrepancy may be attributed to
physiological factors that affect ferulate deposition and
dehydrodimer formation [18], incorporation of dehyd-
rodimers into lignin [19] or incomplete analysis of de-
hydrodimers [5]. In all treatments, the most abundant
dehydrodimer was coupled by an 8-5 linkage (ca 45%),
and 8-8, 8-0-4 and 5-5 couplings each comprised
10-25% of the total. A similar distribution of linkage
types was also observed with mesophyll cell walls iso-
lated from Panicum virgatum and Dactylis glomerata [5].

The extent of dehydrodimer formation in H,O,-
treated cell walls is remarkable considering the low con-
centration of ferulates, especially in cultures grown with
AIP. Our results suggest that the spatial distribution of
ferulate monomers is regulated in maize walls to maxi-
mize the potential for cross-linking of arabinoxylans by
dehydrodimer formation. Apparently, dehydrodimer
formation in maize cultures was limited by the availabil-
ity of H,O, rather than by the abundance of wall-bound
peroxidases or wall feruloylation. Oxidative conditions
in cell walls may be limited by the presence of anti-
oxidants like ascorbate [20], or by inadequate levels of
precursors or oxidases required for H,O, production
[21,22]. Extensive dehydrodiferulate formation prob-
ably occurs at the onset of lignification when the concen-
tration of ferulates and the activity of peroxidases reach
their maximal levels [17,22,23].

Incorporation of primary-wall ferulates into lignin

Cell walls were synthetically lignified by peroxidase-
mediated polymerization of hydroxycinnamyl alcohols.

J. H. GRABBER et al.

H,0, was generated in vitro from glucose by glucose
oxidase [24]. Oxidative coupling of ferulate esters to
lignin by ether and C-C linkages prevents the release of
parent acids upon saponification. Therefore, the quantity
of ferulate cross-links between arabinoxylans and lignin
was estimated by the difference in alkali-labile acids
released from non-lignified and lignified cell walls. This
approach must be tempered with some caution because
a small proportion of ferulate monomers will form an
8-8' coupled product (14) whose formation involves
cleavage of the ester linkage to eliminate the carbohy-
drate moiety [7]. It is also probable that 8-’ coupling of
the 5-5 linked dehydrodimer would form a similarly
de-esterified product [25]. Formation of these products
would result in a slight overestimation of ferulate me-
diated cross-links between arabinoxylans and lignin.
Saponification of cell walls from normal cultures in-
dicated that 83% of ferulate esters were incorporated
into lignin (Table 2). In cell walls from AIP treated
cultures, an even higher proportion of ferulates (ca 95%)
were incorporated into lignin.

Studies with dilignol models and isolated lignins sug-
gest that high temperature alkaline hydrolysis will release
ferulates coupled with lignin by 4-0-a" and 4-0-8’ ether
linkages, whereas C-C and 8-0-4" styryl—ether linkages
will remain intact (Grabber, J. H., unpublished results)
[26]. Lignification significantly increased the quantity of
ferulates coupled to lignin by hydrolysable ether linkages
(Table 2), but the amount of parent acids released by
hydrolysis accounted for only ca 40% of the ferulates
incorporated into lignin. Partial recovery of ferulic and
dehydrodiferulic acids indicated that a substantial pro-
portion of the cross-links were C-C or 8-0-4’ styryl—ether
linkages formed by oxidative coupling mechanisms. It
remains to be determined if the acids released by solvoly-
sis were coupled to lignin by 4-0-o’ ether linkages
(formed by nucleophilic trapping of quinone methide

Table 2. Incorporation of ferulates (monomers plus dehydrodimers) into synthetic
lignins formed within cell walls isolated from maize cell suspensions (n =3). Cultures
were grown with 2-aminoindan-2-phosphonic acid (AIP) to reduce the concentration
of ferulates available for incorporation into lignin. Wall-bound peroxidase and in vitro
generated H,O, were used to polymerize hydroxycinnamyl alcohols (HCA) into

lignin
Treatment Ferulates released  Ferulates released
Klason by saponification of by hydrolysis of
AIP HCA lignin ester linkages ether linkages
(uM) (mgg™' (mgg™! (mgg™! (mgg™*
cell wall) cell wall) cell wall) cell wall)
1} 0 10 18.04 0.49
0 94 113 3.02 6.80
10 0 8 8.07 0.24
10 97 105 0.38 3.16
Analysis of variance
AIP *
HCA *
AIP x HCA *

* Significant at the 0.05 level of probability.



Ferulate cross-linking

intermediates) or by 4-0-§’ ether linkages) formed by
oxidative coupling mechanisms). Current work with this
model system is focused on further delineating what
types of cross-linked structures are formed between fer-
ulates and lignin and how extensively various ferulate
monomers and dehydrodimers become incorporated into
lignin.

In conclusion, our results suggest that dehydrodimer
formation in non-lignified primary cell walls is apparently
limited by the production of H,0,. During lignification,
cell walls become extensively cross-linked by oxidative
dehydrodimerization of esterified ferulate monomers and
by incorporation of ferulate monomers and dehyd-
rodimers into lignin. Only a fraction of the ferulates
incorporated into lignin were releasable by solvolysis,
indicating that the abundance of cross-linked structures
in lignified tissues has been greatly underestimated in
previous studies.

EXPERIMENTAL

In all studies, maize cell suspensions (Z. mays cv Black
Mexican) were grown in 11 flasks under standard condi-
tions [27]. Growth of cultures was monitored by measur-
ing the packed-cell vol. of cells following centrifugation at
250 ¢ for Smin. After 16 days of culture, cells were
collected on a nylon mesh (20 um), suspended in ice-cold
HEPES buffer (25mM, pH 7.0) and ruptured by

"a probe-type sonicator or by several passages through

a Parr Nitrogen Bomb maintained at 1500 psi. Wall
fragments were collected on a nylon mesh and washed
sequentially with HEPES buffer, 100 mM CaCl, and
H,O to remove cytoplasmic contaminants and per-
oxidases which were not tightly bound to cell walls.

Formation of dehydrodiferulates in nonlignified cell
walls. Cells walls (ca 750 mg dry wt) from cultures grown
with 0 or 40 uM AIP were suspended in 75 ml PIPES
buffer (10 mM, pH 6.5, with 2 mM CacCl,). Cell walls for
this experiment were isolated and suspended with sol-
vents alone or solvents plus mercaptoethanol (10 mM) to
inhibit peroxidase activity. Oxidative coupling of ferulate
monomers was stimulated by adding 0.4 mmol H,O, in
80 ml PIPES buffer to mercaptoethanol-free suspensions
at a rate of 4mlhr~!. One hour after additions were
completed, cell walls were collected on a nylon mesh,
washed with H,O, and dried with Me,CO.

Incorporation of primary-wall ferulates into lignin. The
potential extent and type of ferulate cross-links in ligni-
fied walls were investigated by using wall-bound per-
oxidases and in situ generated H,O, to polymerize
hydroxycinnamyl alcohols into a suspension of non-lig-
nified walls from cultures grown with 0 or 10 uM AIP.
After draining excess of H,O, cell walls (ca 2.8 g dry wt)
were suspended in 170 ml PIPES buffer (25 mM, pH 6.5)
with 2 mM CaCl, and 25 ukat glucose oxidase (Sigma,
Type VII-S). Coniferyl alcohol (120 mg, 0.67 mmol),
sinapyl alcohol (140 mg, 0.67 mmol) and glucose (300 mg,
1.67 mmol) were dissolved in 200 ml PIPES buffer and
added to stirred cell-wall suspensions with a peristaltic
pump over a 25 hr period. Hydroxycinnamyl alcohols
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were prepared according to the method of ref. [28]. After
all additions were completed, suspensions were kept in
the dark and mixed for an additional 45 hr. Cell walls in
non-lignified controls were incubated with glucose
oxidase. A few drops of toluene were added periodically
to inhibit microbial growth. After incubations were com-
pleted, cell walls were collected on a nylon mesh and
washed with H,O and dried with Me,CO.

Chemical analyses. The lignin content of cell walls was
estimated by a modified Klason procedure [29]. Neutral
sugars, released by H,SO, hydrolysis of cell walls, were
quantified by HPLC [30] and uronic acids were deter-
mined by a colorimetric procedure [31]. Ester- and
ether-linked monomers and dimers of hydroxycinnamic
acids were determined sequentially on cell wall samples.
Samples (50 mg) were placed in translucent Teflon vials
with 2N NaOH (3 ml, degassed). 2-Hydroxycinnamic
acid (0.1 mg) was added as an int. standard. Vials were
flushed with N, sealed with a Tefion cap, and incubated
for 20 hr at room temp. Samples were acidified with
12 N HC1 (0.55 ml) and extracted with Et,O (2.5 ml, 3 x)
to isolate hydroxycinnamic acid monomers and dimers,
which were ester-linked to arabinoxylans. Samples were
then flushed with a stream of N, to remove residual
Et,0, and 12N NaOH (1.75 ml, degassed) was added to
make samples ca 4 N base. 3-Hydroxy-4-methoxycin-
namic acid (0.1 mg) was added as an int. standard. Vials
were flushed with N,, capped, and sealed in a Teflon
bomb containing ca 20 ml of H,O. Bombs were placed in
a sand bath at 170° for 2 hr. After cooling, samples were
transferred to test tubes, acidified with 12M HCI
(1.85 ml) and extracted with Et,O (4.0 ml, 2 x) to isolate
hydroxycinnamic acid monomers and dimers which were
attached to lignin by hydrolysable ether linkages. Ex-
tracts were dried and hydroxycinnamic acids were
silylated and analysed by GC [5]. Amounts of ester-
linked acids were calculated according to GC response
factors of ferulic, p-coumaric and dehydrodiferulic acids
relative to 2-hydroxycinnamic acid [S]. Initial attempts
to determine response factors for ether-linked acids failed
due to extensive degradation of dehydrodimer model
compounds during alkaline hydrolysis at 170°. We
found, however, that response factors of acids run
through the entire procedure with cellulose (Sigma, Sig-
macell 100) were similar to GC response factors. In
addition, relative peak areas of acids released from non-
lignified cell walls by saponification were similar to those
obtained after alkaline hydrolysis at 170°. Therefore,
amounts of etherified acids were based on GC response
factors relative to 3-hydroxy-4-methoxycinnamic acid.
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