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ABSTRACT: The structure of the phenolic polymer in maize grain fibers, with 5.5% Klason lignin content, has been studied.
For this, the milled wood lignin (MWL) and dioxane lignin (DL) preparations were isolated and analyzed. The data indicated
that the lignin in maize fibers was syringyl rich, mostly involved in f-aryl ether, resinol, and phenylcoumaran substructures. 2D
NMR and derivatization followed by reductive cleavage (DFRC) also revealed the occurrence of associated ferulates together
with trace amounts of p-coumarates acylating the y-OH of lignin side chains, predominantly on S-lignin units. More interesting
was the occurrence of diferuloylputrescine, a ferulic acid amide, which was identified by 2D NMR and comparison with a
synthesized standard, that was apparently incorporated into this lignin. A phenylcoumaran structure involving a
diferuloylputrescine coupled through 8—5’ linkages to another diferuloylputrescine (or to a ferulate or a guaiacyl lignin unit)
was found, providing compelling evidence for its participation in radical coupling reactions. The occurrence of
diferuloylputrescine in cell walls of maize kernels and other cereal grains appears to have been missed in previous works,
perhaps due to the alkaline hydrolysis commonly used for composition studies.
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Bl INTRODUCTION

Maize (Zea mays L.) fiber is the residue of the grain wet-milling
process and comprises mostly the kernel outer seed coat
(pericarp), together with some residual endosperm, and also
contains testa and aleurone layers; it is similar to the maize
bran, which arises from grain dry-milling."”> Maize fiber is
mostly composed of carbohydrate polymers, predominantly
arabinoxylans and cellulose.” In addition, there are significant
levels of ferulate esters linked to the cell walls, together with
lower amounts of p-coumarates.” Minor amounts of lignin have
also been reported to occur in maize bran.*”°

In the cell walls of grasses, ferulate is mostly acylating the
arabinosyl residues of (glucurono)arabinoxylans whereas p-
coumarates are found similarly attached but also generally
esterified by the y-OH of the lignin side chain.” Ferulate esters
can participate in oxidative coupling reactions mediated by
peroxidases, which may occur at the 4—0, 5, or 8 positions,
forming ferulate dehydrodimers and higher dehydro-oligomers
through different linkages (such as 8—0—4, 4—0-S, 8—8, 5—5,
and 8—5 linkages), thus creating cross-links between the
arabinoxylan chains and providing recalcitrance to the cell
wall.*™'® In addition, ferulates and dehydrodiferulates can also
cross-couple with monolignols helping to anchor and cross-link
the lignin to the polysaccharide matrix, resulting in a highly
recalcitrant li§nin—hydroxycinnamate—carbohydrate com-
plex.>>' V>4 Ferulates have therefore been proposed as
initiation sites for lignification in grasses.”"

Although most studies regarding the compositional and
structural features of lignin in grasses have been devoted to the
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lignified stem tissues, several others have been aimed to
investigate the lignin domain in cereal grains, including maize
kernels.”'* Lapierre et al.” found typical lignin structures in
maize bran by using thioacidolysis, mainly comprising syringyl
(S) units involved in f—0—4, p—1, and f—f linkages, and
suggested that these lignin structures are tightly associated with
heteroxylans by covalent linkages. Bunzel et al.'* also detected
the presence of “authentic” lignin in maize bran by
derivatization followed by reductive cleavage (DFRC), a
degradative method that selectively cleaves f—O—4 linkages
in lignin, as does thioacidolysis, also releasing predominantly
syringyl lignin units. These authors also found 4—0—f and
8—f dimeric cross-coupled products of ferulates and coniferyl
alcohol, indicating the coupling of the carbohydrates to the
lignin polymer via ferulates.

In this context, the aim of this study was to obtain additional
insights into the nature of the lignin polymer in maize kernels.
For this the “milled wood” lignin (MWL) and dioxane lignin
(DL) preparations were isolated from maize kernel fibers
(hereinafter simply called maize fibers) and subsequently
analyzed by an array of analytical techniques, including
pyrolysis-GC/MS, DFRC, 2D NMR, and gel-permeation
chromatography (GPC).
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Figure 1. Py-GC/MS chromatograms of (A) MWL and (B) DL preparations isolated from maize fibers. Identities and relative abundances of the

lignin-derived phenolic compounds released are listed in Table 1.

B EXPERIMENTAL SECTION

Samples. The maize (Zea mays L.) fibers used for this study were
the byproduct of the wet-milling process for maize starch processing
and were kindly provided by Cargill, Inc. (Brazil). The air-dried
samples were ground to pass a 1 mm sieve using a cutting mill and
then sequentially Soxhlet extracted with acetone (12 h), methanol (24
h), and water (6 h) prior to isolation of MWL and DL preparations.
The Klason lignin content of the pre-extracted material was
determined according to TAPPI method T222 om-88,'* corrected
for ash and protein content, and accounted for 5.5% =+ 0.4 of dry-
weight maize fiber (three replicates were used).

Lignin Isolation and Purification. Two different lignin
preparations (MWL and DL) were obtained from extractive-free
maize fibers. For the isolation of the MWL preparation, around 80 g of
extractive-free material was finely ball milled and extracted with
dioxane—water (96:4, v/v), and the isolated lignin was then purified as
described elsewhere."” The MWL yield represented around 15% of the
Klason lignin content. For the extraction of DL preparation, around
100 g of extractive-free maize fibers was refluxed with 0.1 M HCI in
dioxane:water (82:18, v/v) under nitrogen for 2 h. After the
extractions the maize fibers were filtered and washed with dioxane:-
water (82:18, v/v). The filtrate was concentrated in a rotary evaporator
at 40 °C, and then the lignin was precipitated at 4 °C in 1.5 L of cold
distilled water under stirring. The precipitated lignin was then
centrifuged and subsequently freeze dried. The lignins were then
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Soxhlet extracted with n-pentane to remove additional lipid extractives.
The DL yield represented around 60% of the Klason lignin content.

Analytical Pyrolysis. The maize kernel lignin preparations (~0.1
mg) were pyrolyzed at S00 °C in a 3030 microfurnace pyrolyzer
(Frontier Laboratories Ltd., Fukushima, Japan) connected to a GC
7820A and a 5975 mass-selective detector (Agilent Technolo§ies, Inc,,
Santa Clara, CA) using the conditions described previously.2 For the
pyrolysis in the presence of tetramethylammonium hydroxide (Py/
TMAH), ~0.1 mg of lignin preparation was mixed with 1.0 uL of
TMAH (25%, w/w, in methanol) prior to pyrolysis. The released
compounds were identified by comparison of their mass spectra with
those from our own collection of standards and with those reported in
the literature.

Derivatization Followed by Reductive Cleavage (DFRC).
DFRC degradation was performed according to the original
procedure,”’ and the detailed explanation has been described
elsewhere."” Around 10 mg of lignin preparation was treated with
acetyl bromide in acetic acid (8:92, v/v) at 50 °C for 2 h and then with
50 mg of powdered zinc for 40 min at room temperature. The lignin
degradation products were acetylated with an acetic anhydride/
pyridine solution (1:1, v/v) and dissolved in dichloromethane for
subsequent analysis that was carried out in a Saturn 4000 GC-MS
system (Varian, Walnut Creek, CA) using the conditions described
previously.”® Characteristic ions for the cis- and trans-coniferyl (m/z
222) and sinapyl (m/z 252) alcohol monomers (as their acetate
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derivatives) as well as for the cis- and trans-sinapyl dihydro-p-
coumarates (1/z 400) (as their acetate derivatives) were collected to
produce the reconstructed ion chromatograms.

Nuclear Magnetic Resonance (NMR) Spectroscopy. Multi-
dimensional NMR experiments (2D HSQC, 2D HMBC, 2D HSQC-
TOCSY) were performed on an AVANCE III 500 MHz instrument
(Bruker, Karlsruhe, Germany) fitted with a cryogenically cooled S mm
TCI gradient probe with inverse geometry. Around 40 mg of lignin
sample was dissolved in 0.75 mL of DMSO-dg, and the spectra were
recorded using the experimental conditions previously described.”’

Gel Permeation Chromatography (GPC). GPC analysis of
previously acetylated MWL was performed on a Prominence-i LC-
2030 3D GPC system (Shimadzu, Kyoto, Japan) equipped with a
photodiode array (PDA) detector and a PLgel MIXED-D column
(Agilent Technologies, Stockport, U.K.) using the experimental
conditions previously described.”

B RESULTS AND DISCUSSION

Identification, Composition, and Structure of Lignin
in Maize Kernels. The MWL and DL preparations obtained
from the maize fibers were first analyzed by Py-GC/MS (Figure
1) that gave information about the composition of lignin and
associated p-hydroxycinnamates. The identities and relative
molar abundances of the released phenolic compounds are
listed in Table 1. Pyrolysis released phenolic compounds
derived mostly from p-hydroxycinnamates and to a lower extent
from lignin. High amounts of 4-vinylguaiacol, 7, and 4-
vinylphenol, 8, were released from both lignins, but as occurs
in grasses, they mostly arise from ferulates and p-coumarates
after decarboxylation upon pyrolysis,'”**** thus revealing the

Table 1. Identities and Relative Molar Abundances of the
Lignin- and Hydroxycinnamate-Derived Phenolic
Monomeric Compounds Released after Py-GC/MS of the
MWL and DL Preparations Isolated from Maize Fibers

no. compound MWL (%) DL (%) origin”
1 phenol 34 3.4 H
2 guaiacol 6.1 7.9 G
3 4-methylphenol 2.4 S.1 H
4 4-methylguaiacol 34 7.0 G
) 4-ethylphenol 0.9 2.2 H
6 4-ethylguaiacol 3.0 4.3 G
7 4-vinylguaiacol 343 323 G/FA
8 4-vinylphenol 82 11.5 H/pCA
9 eugenol 0.3 0.2 G
10 syringol 6.8 5.6 S
11 trans-isoeugenol 0.6 0.6 G
12 4-methylsyringol 2.8 4.5 N
13 4-ethylsyringol 1.4 1.8 S
14 4-vinylsyringol 19.0 2.4 S/SA
15 4-allylsyringol 12 12 N
16 cis-4-propenylsyringol 0.7 1.0 S
17 trans-4-propenylsyringol 3.5 5.6 S
18 acetosyringone 0.4 1.0 N
19 syringylacetone 1.0 L5 S
20 propiosyringone 0.5 0.8 S
%H"= 17 20
%G"= 34 37
%8"= 49 43
$/G"= 14 12

“H: p-hydroxyphenyl units. G: guaiacyl units. S: syringyl units. pCA: p-
coumarates. FA: ferulates. SA: sinapates. bEstimated without using 4-
vinylphenol, 8, 4-vinylguaiacol, 7, and 4-vinylsyringol, 14.
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occurrence of important amounts of these p-hydroxycinna-
mates in the lignins. The MWL also showed important
amounts of 4-vinylsyringol, 14, mostly arising from sinapates
after decarboxylation. Besides these vinylphenolic compounds,
the pyrograms also showed diagnostic compounds derived from
the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin
units such as guaiacol, 2, 4-methylphenol, 3, 4-methylguaiacol,
4, 4-ethylguaiacol, 6, syringol, 10, 4-methylsyringol, 12, 4-
allylsyringol, 15, cis-4-propenylsyringol, 16, and trans-4-
propenylsyringol, 17, among others, that demonstrated the
occurrence of typical lignin moieties in maize fibers. An
estimation of the lignin composition was calculated without
taking into consideration 4-vinylphenol, 8, 4-vinylguaiacol, 7,
and 4-vinylsyringol, 14, as these compounds mostly arise from
p-hydroxycinnamates, and revealed the predominance of S units
(S/G ratios of 1.4 and 1.2 for MWL and DL, respectively) in
the lignin from maize fibers (Table 1).

The occurrence of p-hydroxycinnamates (p-coumarates,
ferulates, and sinapates) in the MWL and DL preparations
isolated from maize fibers was confirmed by pyrolysis in the
presence of tetramethylammonium hydroxide (TMAH), a
reagent that prevents decarboxylation during pyrolysis and
releases the respective methyl esters.””** Py/TMAH released
significant amounts of the methylated derivatives of p-
coumarate pCA (methyl trans-4-O-methyl-p-coumarate) and
ferulate FA (methyl trans-4-O-methyl-ferulate), confirming
their occurrence in these lignin preparations. The methyl
derivative of sinapate SA (methyl trans-4-O-methyl-sinapate)
was released in significant amounts only from the MWL but
was absent in the DL preparation, as already indicated by Py-
GC/MS results. In grasses, ferulates primarily acylate
polysaccharides, i.e., are mostly esterified by polysaccharide
units, generally at the C-S hydroxyl of arabinosyl residues in
arabinoxylans, and form dehydrodiferulates and higher
dehydro-oligomers, as well as forming cross-coupled products
with monolignols, whereas p-coumarates are largely esterified
by the lignin y-OH and to a lower extent by polysaccharide
moieties.” As indicated above, sinapates were only present in
the MWL but were absent in the DL preparation, and they
appear not to be part of the lignin in maize kernels.

The presence of lignin in maize fibers was further confirmed
by DFRC, a chemical degradative method that selectively
cleaves the f—O—4 linkages in p-ether units, similarly to
thioacidolysis, but by a distinctly different mechanism, releasing
the corresponding lignin monomers involved in these non-
condensed units. DFRC can thus be used as another diagnostic
technique to unambiguously detect the presence of “true” lignin
or lignin-like polymers in maize kernels. Figure 2 shows the
reconstructed ion chromatogram (RIC) of the lignin units
released upon DFRC from the MWL preparation. The lignin
released the cis and transisomers of guaiacyl (¢G and tG) and
syringyl (¢S and tS) lignin monomers (as their acetylated
derivatives) with a predominance of the S units (S/G ratios of
1.7 and 1.8 for MWL and DL, respectively). Minor amounts of
the conjugate sinapyl dihydro-p-coumarate (cSpy,ca and
tSDHPCA) were also released upon DFRC, indicating that at
least a part of the p-coumarates acylate the y-OH of S-lignin
units, as usually occurs in the lignins from grasses.7 The release
of G- and S-lignin units upon DFRC supports the occurrence
of a typical lignin polymer in maize kernels. It also
demonstrates that f—O—4 alkyl aryl ether linkages involving
G- and S-lignin units are present in the lignin preparations,
establishing the existence of polymeric lignin in maize kernels,
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Figure 2. Reconstructed ion chromatogram (sum of the ions m/z 222 + 252 + 400) of the DFRC degradation products released from the MWL
lignin preparation isolated from maize fibers. cG, tG, ¢S, and tS are the cis- and trans-coniferyl (G) and sinapyl (S) alcohol monomers (as their
acetate derivatives); ¢Sprpca and tSpyyca are the cis- and trans-sinapyl dihydro-p-coumarates (as their acetate derivatives).

in agreement with the contentions from other authors.>*

Lapierre et al.’ found typical /—O—4, f—1, and f—p lignin
structures with a predominance of S-lignin units in maize bran
by using thioacidolysis. Bunzel et al'* also detected the
presence of lignin in cereal grains by using DFRC, where they
found a predominance of S- over G-lignin units (S/G of 1.6) in
the lignin from the insoluble dietary fiber from maize bran.

Additional information and revealing new insights about the
composition and structure of the MWL and DL preparations
isolated from maize fibers was obtained from 2D HSQC-NMR
(Figures 3 and 4). The aromatic region of the spectra (Figures
3C and 4C) gave information regarding the different lignin and
p-hydroxycinnamate units present in the lignin preparations.
The signal for the C, 4/H, 4 correlations from S-lignin units was
clearly observed in this region of the spectrum, whereas
correlation signals for G-lignin units were barely detected but
can be seen at lower contour levels, clearly indicating the
occurrence of an S-rich lignin in maize kernels. The relative
abundance of the G- and S-lignin units (as well as the rest of
aromatic units) was estimated from the volume integrals of the
respective signals and indicated S/G ratios of 2.1 and 1.9 for
the MWL and DL, respectively. Signals from p-hydroxycinna-
mates were also present, including signals for p-coumarates
(pCA) and ferulates (FA), whereas the signal for sinapates
(SA) was only detected in the MWL, confirming the results
observed by Py-GC/MS and Py-TMAH. It should be noted
that although the association of pCA and FA is well established,
SA is generally not associated with lignins. The aliphatic-
oxygenated region of the spectra (Figures 3B and 4B) gave
information about the different substructures, characterized by
their diagnostic interunit linkages, present in the lignin. In this
region, typical signals from lignin substructures, including the
correlation signals from f-aryl ethers A (f—0—4’) and resinols
C (p—p'), together with lower levels of signals from
phenylcoumarans B (f—5’), were clearly observed. Most
importantly, signals from structures involving ferulate moieties
were readily observed in the HSQC spectra, including signals
for a structure (Bgpp) that presented similar correlations to
those reported for phenylcoumaran structures involving ferulate
moieties."
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All of the analyses shown above (Py-GC/MS, Py-TMAH,
DFRC, and 2D NMR) confirmed the existence of a lignin-
polyphenolic domain in maize kernels that is enriched in S
units, which are mostly involved in f-aryl ethers A, phenyl-
coumarans B, and resinol C substructures and that also includes
p-hydroxycinnamates, predominantly ferulates, involved in 4—
O- and 8-coupled structures, as well as minor amounts of p-
coumarates partially acylating the y-OH of the lignin side-chain.

Identification of Diferuloylputrescine in the Lignin
from Maize Kernels. The 2D HSQC-NMR of the MWL and
DL preparations (Figures 3 and 4) also showed an unexpected
series of signals that were unambiguously assigned here to the
ferulic acid amides from diferuloylputrescine (dFP). The
aromatic region of the HSQC (Figures 3C and 4C) presented
characteristic signals for the C,/H; and Cg/Hjy correlations of
the unsaturated bonds of feruloyl amides at 6o/0y 138.6/7.30
(dFP;) and 118.9/6.41 (dFPg). The signal for the C,/H,
correlations of feruloyl amides was also clearly observed at 5c/
Sy 110.6/7.08 (dFP,), whereas the signals characteristic of the
Cs/H; and C4/Hg correlations were in cluttered regions of the
spectra, but those regions were consistent with correlations at
115.5/6.77 (dFP;) and 121.2/6.96 (dFPy), all matching those
previously reported for feruloyl amides.”* The correlation
signals for the aliphatic methylene groups were readily observed
in the aliphatic region of the HSQC spectra (Figures 3A and
4A) at 5o/8y 38.3/3.15 (dFPy) and 26.6/1.45 (dFP,,). The
definitive assignments of these signals were achieved by HSQC-
TOCSY and HMBC experiments. The HSQC-TOCSY
spectrum (Figure SA) correlates the Cy, and C;; carbons (¢
38.3 and 26.6, respectively) with the side-chain protons in the
same spin system, including the amide N—H (at &y 7.98), and
indicates the occurrence of two differentiated methylene
groups. The HMBC experiment (Figure SB) provides addi-
tional information regarding the long-range correlations of the
methylene groups between them and with the N-—H.
Importantly, the spectrum also shows a correlation of Cj;
with what appears to be its own H;;, suggesting the
symmetrical structure that corresponds to a 1,4-butanediamine
(putrescine). Finally, Figure 6 shows the region of the HMBC
spectrum correlating the carbonyl carbon (C,) of the feruloyl
amide at ¢ 165.0 with all protons within three bonds, namely,

DOI: 10.1021/acs jafc.8b00880
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aliphatic-oxygenated (5./8y 50—90/2.8—6.0), and (C) aromatic (5./8y 100—148/6.1—7.8) regions. Main structures found are as follows: A, f—O—
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coumaroyl amides; FA, ferulates; SA, sinapates; S, syringyl units; dFP, diferuloylputrescine. Protein residues were assigned according to the
literature*® and are denoted as follows: phenylalanine (Phe); tyrosine (Tyr). The percentages for the various lignin interunit linkages (A, B, B4gp, C)
were estimated from volume integration and total 100%. Percentages for the various lignin units (S, G) were estimated from volume integration;
relative abundances of pCA, FA, SA, and dFP are referred to as a percentage of the total lignin units (S + G = 100%).

the N—H and the H,;, of the putrescine moiety and the
unsaturated protons (Hg and H,) of the ferulate side chain. All
these correlations are diagnostic for diferuloylputrescine (dFP).
The HMBC of Figure 7 provides the remainder of the
correlation signals that unambiguously demonstrate the
occurrence of diferuloylputrescine in the lignin preparations
isolated from maize fibers. The NMR signals exactly match
those previously published for diferuloylputrescine, and
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particularly with the E,E-isomer,”>”*® and confirm those here

with signals from authentically synthesized (E,E)-diferuloylpu-
trescine. It must also be noted here that the C;/H, and Cg/Hjg
correlation signals for diferuloylputrescine were unequivocally
present in the HSQC spectrum of the distiller’s grain residues
from the corn ethanol process,27 although the signals were not
assigned in that paper, additionally supporting the occurrence
of diferuloylputrescine in maize kernels. However, it is

DOI: 10.1021/acs jafc.8b00880
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Figure 7. Partial '"H—"C long-range correlation (HMBC) spectrum
(8¢/6y 100—170/6.3—7.5) of the MWL preparation from maize fibers
showing the main correlations for the aromatic and unsaturated
carbons in diferuloylputrescine (dFP).

important to point out that as all of the protons from the
terulates, and particularly those from the unsaturated moieties,
are readily observed in the spectra, it is clear that these signals
only represent the feruloyl amides that are present as end
groups and not those that are expected to be coupled at 4—0,
S, or 8 positions. A rough estimation of the abundance of dFP
was obtained from volume integrals of the signal dFP, and
indicated a relative content of 48% (in MWL) and 35% (in
DL), referred to the total lignin units (G + S = 100%).
Diferuloylputrescine itself is known to occur in the lipid
extracts of maize kernels.”® However, as the maize fibers studied
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here were subjected to exhaustive extraction with different
solvents (acetone, methanol, and water) aimed at removing all
of these free amides and other extractives prior to lignin
isolation and the MWL and the DL preparations were
additionally exhaustively washed with different organic solvents,
it is reasonable to assume that the diferuloylputrescine moieties
observed in these lignin preparations are linked to the cell walls
of maize kernels by covalent bonds and do not correspond to
residual free diferuloylputrescine molecules strongly associated
with the cell walls. This assumption is also supported by the
GPC of the MWL preparation that is quite homogeneous (M,
of 4900 g/mol; M, of 3200 g/mol; with a very low
polydispersity, M,/M, of 1.53) and does not include free
nonpolymerized diferuloylputrescine that might have been
coprecipitated or coextracted with the lignin-like polymer
fraction. On the other hand, no traces of diferuloylputrescine
(as its acetate derivative) could be detected among the DFRC
degradation products, which seems to indicate that it could be
present in polymeric form, predominantly forming linkages that
are not amenable to DFRC.

As occurs with ferulates, diferuloylputrescine is also expected
to form dehydrodimers and higher dehydro-oligomers or be
linked to other ferulates or to the lignin moiety. The occurrence
of strong correlation signals for C,/H; (at 8o/6y 87.5/5.88,
Bagp;) and Cg/Hg (8c/0y 55.6/4.21, Bygps) of an 8—5
phenylcoumaran structure involving diferuloylputrescine (Bggp)
in the HSQC spectra (Figures 3B and 4B) clearly supports this
contention. These correlation signals are similar to those
published for ferulates involved in phenylcoumaran struc-
tures,”"” thus indicating the participation of ferulate moieties in
this structure. The definitive assignment of this structure (Bggp)
was accomplished by long-range correlation experiments in the
HMBC spectrum (Figure 8) that convincingly demonstrated
that it corresponds to a phenylcoumaran structure involving
one of the ferulate moieties of the diferuloylputrescine. It is
clear from the HMBC spectrum that the carbonyl carbon (C,)
of the feruloyl amide in this phenylcoumaran structure (at 5c
169.5) correlates with the N—H (at 8y 8.37) and with the H,
of the aliphatic putrescine moiety, as well as with the H, and Hy
of the phenylcoumaran, confirming the involvement of
diferuloylputrescine in this coupled structure. The rest of the
correlation signals demonstrating the occurrence of this
dehydrodimeric coupled structure Bggp are also shown in
Figure 8. The correlation signal for C,/H, (at 6c/8y 110.1/
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Figure 8. HMBC spectrum (6c/8y 20—175/1.0—8.7) of the MWL
preparation from maize fibers showing the main correlations for the
8—5" phenylcoumaran structure Bggp involving diferuloylputrescine
(dFP). Signals colored red correspond to the N—H correlations of the
amide.

7.27, Bap,) and, at lower levels, the signal for C4/Hg (at 8¢/
118.3/6.73, Bagps) could also be clearly observed in the HSQC
spectra of both MWL and DL preparations. The presence of
this coupled structure provides compelling evidence for the
participation of diferuloylputrescine in radical coupling
reactions with other diferuloylputrescine or with ferulates or
lignin G-units to be integrally incorporated and covalently

linked to the cell wall. The occurrence of other coupled
structures involving diferuloylputrescine, probably forming 5—
5', 8—=0—4/, and other linkages, is highly suspected by the
existence of other signals for feruloyl amides in the HMBC
spectrum (Figure 9). Signals colored red in the spectrum
correspond to the N—H correlations of the amide and are
diagnostic for diferuloylputrescine. Different correlations for
the carbonyl carbon (C,) of the amide group were found that
corresponded to different structural types involving diferuloyl-
putrescine. Besides the 4—0O, end groups, and 8—5" phenyl-
coumaran Bggpp structures that have already been assigned,
signals for other structures were apparent in the HMBC
spectrum (Figure 9). Signals for 8—0—4'-coupled structures
involving diferuloylputrescine were tentatively assigned by
comparison with the relative shifts of the carbonyl groups in the
HMBC spectrum of coupled structures from ferulates;”*’ the
correlation signals for the carbonyl carbon in 8—0—4'-coupled
structures appear upfield in the spectrum and only show
correlation with H,. Another coupled structure involving the 8
position of diferuloylputrescine (denoted as 8—?) was also
observed but could not be definitively assigned. The
authenticated occurrence of these other coupled structures
involving diferuloylputrescine, particularly the definitive assign-
ment of the 8—0—4'-coupled structure, is the subject of
continuing investigations.

Hydroxycinnamic acid amides are a group of secondary
metabolites that contribute to many developmental processes
as well as plant responses against biotic and abiotic stress.””*
The polymerization of hydroxycinnamic acid amides, and
particularly ferulic acid amides, in plant cell walls is a generally
accepted mechanism of plant response to pathogen attack.*’
Hence, feruloyltryramine and feruloyloctopamine have been
shown to be covalently linked to the cell wall in both natural
and wound periderms of potato (Solanum tuberosum) tubers.**
Feruloyltyramine has also been found incorporated into the
lignins of tobacco plants.”> > The occurrence of diferuloylpu-
trescine incorporated into the cell walls in maize kernels, and
probably in other cereal grains, may have been missed or
underestimated in previous compositional studies due to the
limitations of analytical methodologies used to release
dehydrodiferulates and hi%her dehydro-oligomers, mostly
involving alkaline hydrolysis. 1016

The biosynthesis of diferuloylputrescine involves two
different metabolic routes leading to the formation of their
parent compounds, ferulic acid and putrescine, thus being a link
between carbon and nitrogen metabolism. Whereas ferulic acid
arises from the shikimate-derived phenylpropanoid pathway, as
do the monolignols, the pathway for putrescine biosynthesis

e
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Figure 9. Partial HMBC spectrum of the MWL preparation from maize fibers showing the correlations of the carbonyl carbon (C,) of the
diferuloylputrescine-derived units with protons that are within three bonds. Signals colored red correspond to the N—H correlations of the amide,

diagnostic for diferuloylputrescine in different structures.
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Figure 10. (A) Oxidative radicalization resulting from one-electron oxidation of diferuloylputrescine stabilized by delocalization; resonance forms are
displayed in which the single-electron density is shown to localize at the 4—0, S, and 8 positions. The other ferulate moiety can also be oxidized to a
radical in the same manner, allowing it to also undergo independent radical coupling. (B) Dehydrodimerization products arising from oxidative

coupling of diferuloylputrescine at the 4—0, S, and 8 positions.

involves a multiplicity of enzymes, with arginine decarboxylase
as the key enzyme.’’® The condensation of feruloyl-CoA
thioesters with putrescine is then catalyzed by the correspond-
ing putrescine: feruloyl-CoA transferase.

Radical Coupling of Diferuloylputrescine and Cross-
Coupling with Ferulates, Monolignols, and the Growing
Lignin Polymer. Feruloyl amides are good substrates of
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,33

peroxidase in vitro,”>*> so they likely participate in a
peroxidase-mediated polymerization to produce dehydrodimers
and higher dehydro-oligomers by radical coupling reactions at
their 4—0, S, and 8 positions, similarly to ferulates.
Diferuloylputrescine is expected to be compatible with the
radical coupling reactions that typify lignification, and it is
expected to participate in coupling and cross-coupling reactions
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with another diferuloylputrescine as well as with ferulates and
monolignols and become integrally incorporated into the
hydroxycinnamate-lignin network in the cell wall, as has been
shown above with the identification of the phenylcoumaran
structure Bgpp, as well as the tentative 8—0—4'-coupled
structure, and others, involving diferuloylputrescine, and
previously with the related tyramine ferulate analog.>* The
particular structure of diferuloylputrescine, with compatible
phenolic groups at both ends of the molecule, can allow
lignification to proceed in both directions, forming covalent
linkages at both ends of the molecule; additionally, as coupling
is also possible at the 8 positions of the ferulate moiety, this
implies that diferuloylputrescine can form branching points in
the lignin polymer, thus producing a highly cross-linked
polymeric network. As occurs with ferulates, both diferuloylpu-
trescine ferulate moieties can be oxidized by peroxidases and/or
laccases to form radicals that are stabilized by resonance
(Figure 10). These radicals can eventually couple and cross-
couple with another diferuloylputrescine molecule or with
terulates and monolignols, forming a variety of dehydrodimers
and higher dehydro-oligomers. In addition, and as also occurs
with ferulates, it can be speculated that diferuloylputrescine and
also its dimers and higher oligomers can also cross-couple with
monolignols and the growing lignin polymer via radical
coupling reactions, being integrally incorporated into the lignin
polymer.

If diferuloylputrescine can be fully integrated into the lignin
polymer in maize kernels then it can also be considered to be a
lignin monomer, participating in coupling and cross-coupling
reactions during lignification. Thus, diferuloylputrescine can
potentially be added to the list of nonconventional phenolic
lignin monomers recently discovered in plants, including
phenolics from different biosynthetic pathways such as the
flavone tricin,'”*”** the hydroxystilbene piceatannol,””*’ and
the related tyramine ferulate (feruloyltyramine).”* These
discoveries provide further evidence of the plasticity of the
combinatorial radical process of lignification and continue to
provide evidence that, as has been noted early on, “any
phenolic transported to the lignifying zone of the cell wall can,
subject to sim4ple chemical compatibility, be incorporated into
the polymer”.*

Role of Diferuloylputrescine in Maize Kernels and
Prospects for Metabolic Engineering to Produce Lignin
Polymers with New and Improved Properties. The so-
called maize fiber essentially consists of the coat (pericarp) that
covers the seed. Therefore, lignification of maize kernels plays
an important role in seed protection. The incorporation of
diferuloylputrescine into the lignin polymer in maize kernel can
contribute to strengthening the cell walls, making them
resistant to mechanical, chemical, and enzymatic attack. The
particular structure of the diferuloylputrescine molecule, with a
butane bridge linking two feruloyl amide moieties, may also
confer additional mechanical properties, such as plasticity,
elasticity, flexibility, as well as hydrophobicity to the seed
kernel. Diferuloylputrescine, and presumably any end-group
units, can also provide antifungal and antimicrobial properties
contributing to resistance to disease or to pathogenic attack,
thus further contributing to seed protection.

The incorporation of nonconventional monomers, not
usually present in plant lignins, as is the case on the
diferuloylputrescine described here, can open up new ways to
design and engineer the structure of the lignin to produce
polymers with new or improved properties, as already
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considered with other phenolic compounds.*' ™ Metabolic
engineering to introduce diferuloylputrescine into the lignin of
plants could provide lignins with special properties, such as a
conferring a higher degree of plasticity and flexibility. It could
also provide a means to increase disease resistance in plants by
adding antifungal and antimicrobial properties and may provide
a way of adding a stabilized source of N to soils. On the other
hand, the particular structure of the diferuloylputrescine, with
two ferulates linked by amide bonds, makes this molecule
potentially interesting for producing “zip-lignins”."> The amide
bond is susceptible to cleavage, although it requires fairly harsh
acidic or basic conditions. Plants genetically engineered to
include diferuloylputrescine into their lignin polymers, thus
introducing amide bonds in the polymeric backbone which may
make lignins more amenable to chemical depolymerization,
would parallel the successful introduction of other “zip-
molecules”, such as monolignol ferulates, into plants.45_47
The incorporation of diferuloylputrescine into the lignin
structure can alter and modify the structure of the lignin
polymer and may confer special properties, such as facilitating
lignin removal, altering mechanical properties (flexibility,
elasticity), increasing hydrophobicity, strengthening the cell
wall, or adding antifungal/antimicrobial properties, among
others.

In conclusion, the present work has demonstrated the
occurrence of diferuloylputrescine, a ferulic acid amide that
appears to be integrally incorporated into the lignin polymer in
maize seed coats. The occurrence of diferuloylputrescine in
maize kernels may have been overlooked in previous studies
due to the limitations of the analytical methodologies used to
release dehydrodiferulates (and higher oligomers) that mostly
involve alkaline hydrolysis. Diferuloylputrescine can be
considered as a “nonconventional” lignin monomer participat-
ing in coupling and cross-coupling reactions during lignifica-
tion. This discovery has profound implications as this is another
type of phenolic compound that can be considered for lignin
modification. We contend that the incorporation of difer-
uloylputrescine into the lignin polymer in plants that normally
do not contain it can open up new ways to design and engineer
the lignin structure to produce lignin polymers with new or
improved properties.
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