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Pathway of p-Coumaric Acid Incorporation into Maize Lignin as Revealed by NMR
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Abstract: NMR methods can be used to delineate detailed structural and regiochemical information on the plant cell wall and
elucidate biochemical incorporation pathways. Maize lignin isolated in high yield from rind tissue of stem internodes contained

high amounts of esterifigagtcoumaric acid. Available literature indicated that acylation of the lignip-byumaric acid was at
thea- ory-position of the lignin side-chain, implicating two diverse biochemical pathways. Applicati@+of correlative

NMR experiments to this maize lignin, syntheticandy-p-coumaroylated lignin model compounds, and a specifically labeled
synthetic coniferyl alcohol/coniferg-coumarate dehydrogenation polymer (DHP) unambiguously revealegttbamaric

acid is attached exclusively at tiiosition. The biochemical implication is that lignin acylation occurs by enzymatically
controlled pre-acylation of lignin monomers which are subsequently incorporated into the lignin polymedative

coupling. “Opportunistic” acylation at tlee-positionvia quinone methide intermediates is insignificant.

Introduction

NMR spectroscopy is one of the most powerful tools available
to chemists and biochemists for structural elucidation but its full
power in determining plant cell wall structure remains under- R
exploited. Modern pulsed NMR methods are utilized to assign and
authenticate low molecular mass structures and provide databases
for classical interpretation of polymer spectra. With regard to
lignin, solution-state two-dimensional NMRand solid-state NMR
of specifically labeled substratdesve largely confirmed informa-
tion already well established by other methods concerning the
constitution and structure of wood ligninStudies on unresolved
aspects of plant growth and development have often overlooked the
convenientdiagnostic role NMR can play in answering regiochemical
guestions, which can afford unambiguous insights into biochemical
pathways and provide a rational basis for selection or modification
of agricultural crops for improved properties.

Threep-hydroxycinnamic acid4 (biosynthetic precursors of
the threg-hydroxycinnamyl alcohol lignin monome2sFigure 1),
particularly ferulic acidlb in grasses, have received considerable
attention because of their intimate association with the plant cell 4
wall and ability to function as cross-links between wall polysaccha- 4
rides: (notably arabinoxylans) and between polysaccharides and
the phenylpropanoid lignin polymed.: For ruminant animals,
covalent attachment of lignin to wall polysaccharides limits overall
polysaccharide digestibility and leads to significant amounts of
undigested fibere Ascertaining the regiochemical relationships
between wall polymers, i.e. the chemical sites at which one polymer
is linked to another, can lead to a more complete understanding of
the biosynthetic processes involved in wall formation and provide
a sound basis for selection or biochemical modification of agricul-
tural crops such as maizéga mays.) to improve digestibility. The
structural and regiochemical detail provided by NMR has recently
allowed us to demonstrate that ferulate arabinoxylan esters actively
participate in oxidative coupling reactions which incorporate them
into the lignin/hydroxycinnamic acid/polysaccharide complex in a
variety of structures: These structures had been previously ne-
glected in favor of simpla-feruloy! ethers resulting from “oppor-
tunistic” incorporatiorvianucleophilic addition to quinone methide
lignin intermediated. Resolution of these divergent incorporation
pathways, revealed by NMR, allows considerable biochemical
insight.
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Science and Forest Products, Virginia Tech, Blacksburg, VA hydroxycinnamate ester model compourtd8 synthesized for
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Although functional roles for ferulic acid have been adduced, Results and Discussion
the role ofp-coumaric acid.ain wall structure and development is

not well understood. Small amountspafoumaric acid are esteri- Isolation and Composition of Maize Rind Lignin.To facili-
fied to arabinoxylans early in primary wall development in much tate the NMR experiments, field grown experimental maize inbred
the same way as ferulic aeifut, later in wall developmenp- senesced plants were screened to identify samples with g@-high

coumaric acid is found more extensively esterified to lignin. coumaric acid content by observation of the 4-vinylphenol peak in
Because of the adverse effectspafiydroxycinnamic acids on  pyrolysis-GC-MS total ion chromatogram€&rude polysaccharide
forage digestibility, it is important to understand hgwoumaric hydrolase preparations were tested for the absence of esterase
acidlais attached to ligni3, what biochemical process the plant activity using previously synthesized model compoundsreat-
invokes for its attachment and, ultimately, how the process isment of the ground, extracted, and ball-milled rind material with
controlled. If enzymatically assisted acylation of the pre-formed Cellulysin gave a lignin-polysaccharide complex (LP@ontain-
lignin polymer is discountedp-coumaric acid can be esterified ing all of the lignin and ca. 20% polysaccharides (see Experimen-
only with hydroxyl groups on tha- or y-side-chain carbons of tal). This was extracted with 96:4 dioxane:watergive a soluble
lignin.=»As each site implicates separate and divergent mechanismfraction (D-LPC, 42%, 81% Klason lignin) and an insoluble residue
for attachment, the problem reduces to determining the(E-LPC,51%, 36% Klason lignin). This represents a very highyield
regiochemistry of-coumaric acid on lignin. of ‘milled maize lignin’ (D-LPC) compared to those of similar
Attachment at the-position of the lignin side-chain requires preparations obtained from woods or other gras3ésis 61% of
that free p-coumaric acidla be present in the matrix during the total lignin was available for detailed analysis by the solution-
lignification for “opportunistic” additiornto quinone methide inter-  state NMR methods described below. Analytical saponification of
mediated formed byB-0O-4 radical coupling between lignin mono-  the D-LPC fraction (2M sodium hydroxide, degassed, 24 h) gave a
mers2 or between a lignin monome-position) and the growing  p-coumaric acid content of 17.4%. Similar values were obtained
lignin polymer3 (4-position). From the chemical standpoint this from quantitativesC NMR and from large-scale saponification.
represents a perfectly reasonable mechanism for attaghing Model Compounds. An important aspect of any NMR ap-
coumaric acid at the-positionzz but it has a number of troubling  proach to structural studies of lignin is the derivation of NMR data
implications relating to nucleophilic competition and biochemical from relevant model compounds for comparison with spectra of the
control: Lignin monomers are generated intracellularly and move polymer# For this reason an NMR database of model compounds
into the cell wall possibly as phenolic glycosideshere glycosi- for lignin and related plant cell wall components has been estab-
dases release the monomers for polymerization by oxidative phendlished: and continues to expand as relevant model compounds are
couplingzzp-Coumaric acid could presumably also be transported synthesized and fully authenticatétland=C assignment data are
to the site of cell wall biosynthesis by similar methods and thereaccumulated. In this veithreo-anderythro-isomers ofy- anda-
combine with lignin quinone methide intermediates prior to or p-coumarate ester6 and 8 of the B-aryl ether lignin model
subsequent to deglycosylatierThe plant would have relatively — guaiacylglycerolB-guaiacyl ether, as well as the&eoumarate ester
poor control over lignin acylation since there is no enzymatic 7 of a phenylcoumaran model were subjected to the correlation
control in this strictly chemical quinone methide addition reaction. experiments described below for the isolated maize lignin. This
At pH values near neutral in the plant cytoplaprapumaric acid provides the 2D sections, shown in Figures 3 and 5, required for
should be able to compete effectively for the quinone methide ( assignment and authentication. The synthesis of comp@ et
site) against water and numerous other nucleophiles present.8 has been previously describe@ompound’ was synthesized by
However, considerable effort has been expended to find syntheticEt N/dimethylaminopyridine-mediated acylation of theD4me-
conditions that accomplish this, but only modest (ca. 60%) yieldsthyl ether of dehydrodiconiferyl alcohalwith 4-acetoxycinnamoyl
are obtainedand, under physiological conditions, indications are chloride, followed by deacetylation with NaH@@ethanol. [9-
that these yields are lower and highly dependent on pH. sC]Coniferylp-coumaratéh, required to make synthetic dehydro-
Attachment op-coumaric acid aat they-position of the lignin genation lignin polymer (DHP) shown in Figure 5 was prepared by
side-chain cannot be rationalized on a purely chemical basis andcylation of 4-(2,4-dinitrophenoxy)-3-methoxycinnamyl alcohol
must arise from a distinct biochemical pathway. Enzymatically with 4-(2,4-dinitrophenoxy)cinnamoyl chlorideThe DHP was

mediated pre-esterification ofp-coumaric acid withp- prepared using 9:1 coniferyl alcohol:}&]coniferyl p-coumarate
hydroxycinnamyl alcohol lignin monomeg presumably again by a method similar to that described previously.

intracellularly, would result ip-hydroxycinnamyp-coumarate$ NMR Experiments

which could participate in the lignin formation by conventional a) Normal 1D=C NMR Spectrum. The proton-decoupled
oxidative coupling processes to generaygoacoumaroylated lig- NMR spectra of the D-LPC lignin (Figure 2a) and its acetylated

nin:» The cell must contain transferases for this esterification derivative (Figure 2b) are dominated by signals fooumarate
betweem-coumaric acid and lignin monomers analogous to those esters. Table 1 lists th€ NMR chemical shifts of the-coumarate
it uses for feruloylation of arabinoxylans. ester carbons in the D-LPC lignin along with the corresponding
While both of these mechanisms are credible routep-to  shifts from model compounds-8 and their acetylated deriva-
coumarate lignin esters, it is somewhat unlikely that two divergenttivesx+ The chemical shifts observed in the D-LPC lignin are
mechanisms would have evolved. Previous studies, however, supeonsistent with those @-coumarate esters in which the phenolic
port the concept of parallel pathways. The most completehydroxyl is unetherified. This is confirmed by the displacement of
regiochemical studies to date«=concluded, from methanolysis the P-4, P-1, and P-3/5 signals observed upon acetylation. The
and UV studies and preparation of dehydrogenation polymers fromrelative sharpness of the peaks also indicates that¢tbhamarate
coniferylp-coumaraté&b, that bamboo lignin was esterified at both  unit, despite its free phenolic hydroxyl group, has not been incorpo-
they- (80%) andx-positions (20%): rated into the lignin structure and remains as a pendant, terminal
Because of these uncertainties and the distinct biochemicagroup on the polymer. Other peaks in the spectra are typical of
implications of each route, we sought to resolve the regiochemicalyringyl/guaiacyl lignim-with the exception of the high proportion
question for the (plant, maize. Two-dimensionaC—H correla- of esterifiedy-positionss Saponification at room-temperature re-
tive NMR experiments, with the improved sensitivity gained from sulted in complete removal pfcoumarate ester resonances (Figure
proton-detected methodologies, were logical choices to provide2c). The dioxane-water insoluble E-LPC fraction was soluble in
unequivocal information, particularly when coupled with analo- DMSO-d. However, the short relaxation times of the preparation,
gous studies of appropriate model compounds and synthetic lignireven after washing with EDTA, precluded application of 2D NMR
preparations. As a corollary, the question of whethgr-tmumarate to this sample. Nevertheless, i NMR spectrum showed it to be
group participates in oxidative coupling reactions can also bestructurally similar to the soluble D-LPC fraction but with a lower
addressed by the same NMR approach. p-coumarate ester content.
b) One-bond:C—H Correlation (HMQC). Application of the
HMQC experimentto the D-LPC sample unambiguously revealed
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Fig. 2. 8C NMR spectra of the D-LPC maize lignin showing the

predominance gf-coumaroyl ester peaks: 2a) underivatized D-LPC

in 9:1 acetone,d,0; 2b) acetylated D-LPC in acetong-@c)

saponified D-LPC. Assignments are givergfa@oumaroyl moieties; -

the remaining peaks are largely typical of a syringyl/guaiacyl lignin Fig. 3. Partial HMQC spectrum, aliphatic regions, wttand=C

(see text). projections, of the D-LPC maize lignin (central) along with relevant
sections of equivalent HMQC spectrayadster 6-7) anda-ester 8)

the acylation regiochemistry. Inverse-detected experiments offer0del compounds. In the D-LPC, regions identified correspond to:

tremendously enhanced sensitivity over their normal-mode coun-A: CiNnamylp-coumarate endgroups retaining thB-double bond;
B, phenylcoumarang-y,,,); C, B-ethersy._-y,, andy_-y,, inerythro

ter_partls.l Tlhe ce_ntra(l contour plo_t in Filgurr:e 3 ?hﬁwg ajust-a;bofv?]- isomersy, -y, , only inthréoisomers) and phénylcoumaragsy,,);
noise-level section (encompassing only the aliphatic region) of the ¢ fr2 _ _ H1
HMQC experiment on the D-LPC sample. The huge correlation D, threof-aryl ethersyc-y,, ). € = erythro, t = threo

contours labeled-D at (3.8-4.8, 62-68 ppm) are absent in lignin contributions from carbohydrate primary alcohols and carbohy-
preparations with lowp-hydroxycinnamate ester contents, e.g. drates with acylated primary alcohol groupsChemical shifts of
milled wood or legume lignins, or saponified D-LPC. This contour yn-acylated ligniny-protons are upfield in both the carbon and
cluster proves that the lignin acylation is atyhosition but does  proton domain and are seen in the contour peak cluster to the upper
not identify the nature of the ester. It may also contain minor right corner (3.0-3.8, 58-62 ppm) of the D-LPC spectrum in Figure

TABLE 1
BC NMR Chemical Shifts gb-Coumaroyl Moieties
in Compound$-8 and in Isolated Maize Lignin (D-LPC)

Carbon- 1 2 3 4 5 6 7 8 9
Compound!
6 threo 126.89 130.94 116.66 160.63 116.66 130.94 145.57 115.22 167.15
6 erythro 126.91 130.88 116.64 160.52 116.64 130.88 145.39 115.34 167.28
7 (P12 126.97 130.94 116. 160.6 116.6% 130.94 145.50 115.49 167.23
7 (P2R 126.85 131.02 116. 160.7 116.7 131.02 145.91 115.08 167.23
8 threo 127.04 130.91 116.64 160.48 116.64 130.91 145.39 115.81 166.51
8 erythro 126.97 130.96 116.67 160.59 116.67 130.96 145.65 115.62 166.32
D-LPC 126.29 130.79 116.49 160.49 116.49 130.79145.2-146.1 114.2-115.4 167.63
Acetates
6 threo 132.81 130.25 123.21 153.52 123.21 130.25 144.75 118.57 166.61
6 erythro 132.78 130.21 123.20 153.49 123.20 130.21 14471 118.54 166.60
7 (P1R 132.91 130.16 123.23 15326 123.23 130.16 144.43 119.01 166.80
7 (P2@ 132.77 130.21 123.23 15383 123.23 130.21 144.79 118.61 166.80
8 threo 132.82 130.22 123.21 153.52 123.21 130.22 144.91 118.76 165.90
8 erythro 132.82 130.28 123.24 153.58 123.24 130.28 145.12 118.67 165.79
D-LPC 132.64 130.09 123.13 153.32 123.13 130.09 144-146  118.3-118.9 166.4-167.1

& p1 and P2 refer to the twyscoumaroyl moieties labeled as such in struciure
Assignments (in same column) can be interchanged.
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Fig. 4. Stacked plot of the aliphatic region of the HMQC spectrum
of D-LPC (same region as Figure 3) showingytester correlations
and that nau-ester correlations (indicated region) are visible above e
the noise level. %
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3. Authentication of these assignments is frgnegions of the
HMQC spectra (with hi-resolution projections) of model esers

(threo- anderythroisomers) and’ (Figure 3, top three spectra). _.{ [ M H :166
This region clearly indicates thgtesters of3-aryl ethers (both T T T R T
isomers) and phenylcoumarans as well as cinngrcglumarate . a

endgroups are all represented. Thus the region lalizletithe | _L n

contour peak in Figure 3 likely derives substantially from correla- §
tions inthreo-B-aryl ethersy/y,, ), regionC is fromp-aryl ethers

(v.ly., andyly, in erythroisomers,y.ly,, in threo isomers) and 4
phenylcoumaransyfy,,), regionB from phenylcoumarang(y..), Fig. 5. HMBC spectrum of the D-LPC maize lignin, along with
and regiorA from cinnamylp-coumarate endgroupg (Y, cf. in appropriate sections of HMBC spectra of a coniferyl alcohol +

model 7). Acylation therefore seems to be independent of the coniferyl p-coumarate DHP (see text) apd(6-7) anda-esters §)
structural units involved. Since enzymes usually show some submodels. Regions labelédD correspond to correlations between the
strate specificity, this suggests that post-lignification acylation is carbonyl P-9 carbon and the protons noted for the same regions in
unlikely. Equally important in the D-LPC HMQC spectrum is the Figure 3. Primed labels on the projection of compourspectra
complete absence of correlations in the esterifigsition region relate to the P-Zptcoumaroyl) moiety.

(ca. 6.1-6.2, 74-76 ppm), as indicated by the ellipse and the appro-

priatea-regions of HMQC spectra of-ester model8 (threo- and are not at the-position since correlation peaks in this region are
erythroisomers, lower two spectra of Figure 3). This implies that close to the intense peaks from P98, correlations (Figure 3,
acylation is overwhelmingly (if not exclusively) at tiaposition. models8). Thus, a combination of the HMQC and HMBC experi-

No a-esters could be detected above the noise level in this regionments is required to prove thptcoumaric acid is exclusively
this is particularly clear in the stacked plot of Figure 4 (blue-colored attached to thg-position of the maize lignin isolate. .
region at high field). The HMQC experiment thus establishes that, A comparison with the DHP spectrum reveals further important

within detectability limits, acylation is exclusively at faposition. ~ features. The DHP spectral section in Figure 5 is from a synthetic
The second phase is to establish that f-é®umaric acid that is  lignin polymer prepared by copolymerizing {&jconiferyl p-
attached to thg-position. coumaraté&b with coniferyl alcohoRb. Incorporation was low due

c) Long-range C—H Correlation (HMBC). Inverse-detected to the poor solubility of coniferyl-coumarate. Although this DHP
long-range C—-H correlation (HMBC) correlates protons with car- contains alarge proportion of cinnarpytoumarate endgroups (cf.
bons separated by 2- or 3-bond3ince these through-bond corre- model7, regionA), the characteristic contours from esters of other
lations span either carbon or oxygen atarimsportant connectivity ~ subunits (region$-D) indicate that this DHP has successfully
from the ester moiety to the lignin skeleton can be established:s: modeled aspects of thecoumaroylated lignin polymer from maize.
Figure 5 shows the section aroundgfmumarate carbonyl carbon ~ As expected from related model studies;“the phenylcoumaran
(P-9 in cinnamate residues) of the HMBC spectrum of the D-LPCarising fromB-5 coupling of the coniferyp-coumarate (a) with
sample along with corresponding sections from spectra of modelignin monomers or oligomers (at 5) is a predominant structure
compounds5-8 and a synthetic dehydrogenation polymer (DHP) (contour peak) and is more distinct than that in maize D-LPC.
described below. The peaks correlating P-7 and P-8 protgns of High proportions of phenylcoumarans typify oxidative dimeriza-
coumarate ester units with the ester carbonyl P-9 carbon are unirtion of (E)-propenylphenols and early lignificatior.More inter-
formative except to confirm that the double bond remains intact.€sting is that the proportion t¢iireo-3-aryl ethers (regio) is
However, correlations to protons at 4.0-4.8 ppm conclusively significantly higher than in maize lignin. This is a consequence of
demonstrate that the carbonyl carbop-cbumaric acid is within ~ the presence of sinapyl alcoh®t during maize lignification.

3 bonds of the ligniy-protons and thus thatcoumaric acid is ~ GuaiacylglycerolB-syringyl ethers are knownto be formed pre-
esterified to thg-position. Again, from the contour cluster labeled dominantly as theierythroisomers which have contour peaks in
A-D in the D-LPC spectrum shown in the middle of Figure 5 and theregion C. A further possibility is that, unlike the synthetic DHP
model spectra shown above it, it is evident that predominant ligninmade here from coniferyl alcoh®lb and coniferyp-coumaratéb,
units are well represented in these esterified structures includingSinapylp-coumaratécmay also be involved in maize lignification.
from the small correlation pedkat the left of the cluster, cinnamyl Biochemical Implications. Becausep-coumarate esters are
p-coumarate endgroups (P2y9., cf. in model7). It cannot be exclusively at they-position of lignin side-chains in maize rind
determined from the HMBC spectra alone irabumarate esters  lignin, and not at the-position, the plant clearly uses an enzymati-



cally controlled method of incorporating these esters. lfree EDTA-washed D-LPC lignin in 2.4 ml 9:1 acetonelO in a 10
coumaric acid is apparently not present in the lignifying matrix; if mm tube. The acetylated spectrum, Figure 2b, used 500 mg in 2.4
present, it would likely become esterified to theosition to some ml acetone-d The HMQC spectrum of the maize D-LPC lignin
extent. No evidence far-acylation could be detected here (Figure (central plot in Figure 3, and Figure 4) was run using Bruker’'s
4). Sincep-coumaric acid is apparently laid down in the cell wall invbtpe microprogram using 320 scans over 128 increments of 2K
late in the lignification process:= as are syringyl unitszs the data points. Processing with cosine-bell squared apodization (Q2)
possibility that sinapyp-coumaratesc is an incorporated com-  in both dimensions and zero-filling to a final real matrix size of 1K
pound rather than, or in addition to, conifepytoumaratesb is by 1K resulted in digital resolutions of 3.37 and 12.2 Hz/pt (i
under further investigation. and F (=C) respectively. Complementary spectra of model com-
Another puzzling feature gb-coumaric acid attachment to  pounds required for Figure 3 were obtained in an analogous fashion,
lignin has escaped comment to date, why thep-coumarate unit but with 8 scans per increment. The inverse long-range C-H corre-
does not participate in oxidative coupling. The phenolic groyp on lation (HMBC) spectrum of maize D-LPC in Fig. 5 was run using
coumarate esters should be available for generation of phenoxBruker’s standard inv4lplrnd sequendecorporating a low-pass
radicals by peroxidases for subsequentincorporationinto lignin. ~ filter and no carbon decoupling, with 2K data points in the proton
Coumaric acid and esters do in fact become incorporated intadimension and 256 increments in the carbon dimension, using 1048
dehydrogenation polymers (DHPs). Such copolymer DHPs havescans per increment. The 90 degree pulse angles wes@é 13.4
been prepared using coniferyl alcoRblandp-coumaric acid.a,= us for:H (observe) andC (decouple) respectively, and the long-
coniferyl p-coumaratéb,» or methyl 50-trans-p-coumaroyla-L range coupling delay was optimized at 80 ms (corresponding to a
arabinofuranosideln each case, thecoumaric acid could not be  long-range C—H coupling constant of 6.25 Hz). Optimized Gaussian
fully recovered by saponification, implying that it has been etherified apodization was applied in &d unshifted squared sine-bell (Q0)
or linked by carbon-carbon bonds at positions 3/5 op-8.  apodization was applied in&nd the matrix zero-filled and Fourier
Hydroxyphenyl units in pine compression wood lignin pa transformed (using magnitude mode phase correction) to give a
hydroxycinnamyl alcohol/coniferyl alcohol copolymer) are almost final matrix of 1K by 1K real points, resulting in digital resolutions
exclusively terminal units with free phenolic groupklowever, of 3.6 and 18.1 Hz/pt. The HMBC spectrum of the DHP shown in
they are part of the lignin and are released by thioacidolysis,Figure 5 was run in an analogous fashion using 100 mg of DHP
implying that they are incorporated ifiearyl ether structures. The  (preparation described below) using 256 scans per increment.
fact thatp-coumarate esters are not incorporated further into theComplementary spectra of model compounds required for Figure 5
lignin complex by phenol oxidation may be a result of the time were obtained in an analogous fashion, but with 64 scans per
course of lignification: Some of Miksche’s earlier and unpublished increment. Total carbohydrate was measured in samples using the
worksrevealed that-hydroxyphenyl units polymerize readily with  phenol-sulfuric acid methedor neutral sugars and the 3-phenyl
guaiacyl units (derived from lignin monom2b), but not with phenol method for total uronosyl residueSugar composition and
syringyl units (derived from lignin monome@c). If coniferyl p- lignin concentrations of cell walls and isolated fractions were
coumaratéb or sinapyb-coumarat&cincorporation occurs when  determined using a modified Saeman hydrolydsiefly 40-100
the only accessible polymerization sites are from syringyl units, themg of sample was suspended in 1.5 mL of 12 B®ifollowed by
p-coumarate units would remain untouched. This suggests that, irdilution to 1.6 M HSO,and hydrolysis at 10T for 3h. Subsamples
maize lignin, syringyl units ang-coumarate esters may be laid (100uL) were removed prior to the 3h heating for uronosyl assays.
down late in lignification, a phenomenon demonstrated in otherInositol was added as an internal standard before cooled samples

systems:s were filtered through pre-weighed glass fiber filters. The insoluble
lignin residues were throughly washed with distilled water before
Conclusions drying for 48 h at 55°C. Aliquots of the hydrolysates were

NMR reveals that maize rind lignin is a syringyl-guaiacyl neutralized with BaCQclarified by centrifugation and filtering and
copolymer with substantial amountgetoumarate esters attached 1-2 mL portions dried under a stream of filter air. Neutral sugar
exclusively at thg-position. This strict regiochemistry implicates composition of the hydrolysates were analyzed by GLC as their
involvement of pre-acylatepthydroxycinnamylp-coumarates as  alditol acetates using the procedure of Blakeney et al.
substrates in the lignification process. Since this mechanism, unlike Isolation of Maize Lignin Fractions. Plant materials were
that required for production af-esters, represents an enzymati- obtained from the Agronomy Department, University of Wiscon-
cally regulated biochemical process, there is the possibility for sin—-Madison, from field grown maizZ€a mayd..) inbreds har-
alteringp-coumarate ester content by genetic manipulation eithervested when plants had senesced and dried in the field. Several
through traditional selection and plant breeding or through thedifferent inbreds were screened for hjgleoumaric acid content
application of molecular genetics. The observation thatpthe using pyrolysis-GC-MS as previously describeS8amples with
coumaroyl moieties retain their phenolic group suggests thpt the similar high concentrations were pooled and used for these experi-
coumarate ester monomers are incorporated into the lignin late irments. Internode sections were isolated from maize stem samples,
the process concurrent with, or subsequent to, incorporation ofsplitlongitudinally, and the pith region scraped away from the outer
substantial amounts of syringyl lignin. The role for such high rind region. These rind regions were ground through a Wiley mill (2
guantities ofp-coumarate esters in maize lignins remains unex- mm screen) then through a Udy cyclone mill (1 mm screen) before

plained but is likely to involve defense mechanisms. isolation of cell wall material. Cell walls were prepared using a
modified Uppsala procedureBriefly, ground samples (20-25 g)
Experimental were weighed into 250 mL centrifuge bottles, suspended in 80%

Melting points are uncorrected. Evaporations were conductedethanol (200 mL), and sonicated for 20 min. Bottles were centri-
under reduced pressure at temperatures less thag 4tless fuged (1500 x g, 10 min) and the alcohol extract decanted through
otherwise noted. Solutions in organic solvents were dried witha glass fiber filter. The ethanol extraction was repeated 4 times
sodium sulfate and filtered before evaporation. Further eliminationbefore the solvent was changed to acetone (2 X), then to
of organic solvents as well as drying of the residues was accomehloroform:methanol (2:1, 1X), and back to acetone (1X). Wall
plished under higher vacuum (10-14 N)nat room temperature.  materials were allowed to air dry for 24 h to completely remove the
Column chromatography was performed with silica gel 60 (230- acetone before suspending in acetate buffer (20 mM acetate, pH 5.5)
400 mesh) and thin-layer chromatography was done on silica gebnd heating to 90-98C for 2 h. The wall suspension was cooled to
60-F254 plates (Merck). NMR spectra of samples in acetgme-d 55°C,a-amylase (10 U/g CW, Sigma A3403) and amyloglucosidase
9:1 acetone-dD,0 were run at 300 or 310 K on a Bruker AMX-360 (2 U/ g CW, Fluka 10113 ) added and the bottles incubated®& 55
narrow-bore instrument fitted with a 10 mm dual proi@:H) with for 3 h. Atthe end of 3 h the bottles were centrifuged (1500 xg) for
normal geometry (proton coil further from the sample). The central 20 min and the supernatant decanted through a glass fiber filter (2
solvent signals were used as internal referemt,e2(04 ppm:C, um). Wall residues were briefly washed with acetate buffer (2x),
29.8 ppm). The maize D-LPC spectrum was run using 275 mg 0f80% ethanol (1x), and acetone (1x) before air drying. Samples were



stored in vacuum over®, for at least 48 h before ball milling using Coniferyl alcohol 2,4-dinitrophenyl ether [4-(2,4-
a stainless steel vibratory ball mill for 24 h. dinitrophenoxy)-3-methoxycinnamyl alcohol] (1.86 mmolar scale,
Cellulysin was tested to be free of hydroxycinnamoyl es- 81%), pale yellow fine crystals from acetone, m.p. 131.5-133.5
terases= Milled cell walls (100 g in 250 mL centrifuge bottles 25 (lit.» 149-150°C),:H NMR &: 3.82 (3H, s, A3-OMe), 3.91 (1Ht, J
g/ bottle) were suspended in 20 mM acetate buffer (pH 5.0 100 mL/~= 5.5 Hzy-CH,OH), 4.26 (2H{d, J=5.3, 1.6 Hzy's), 6.49 (1Hgdt,
bottle) and treated with Cellulysin (Calbiochem) for 96 h with J=15.9,5.0 Hz), 6.67 (1Hdt, J= 15.9, 1.6 Hzq), 7.09 (1H d,
fresh enzyme and buffer being added after 24 h and 48 h ofl=9.3 Hz, DNP-6), 7.14 (1Hid, J= 8.2, 1.9 Hz, A-6), 7.25 (1H,
incubation at 30C. Cellulysin solution was prepared by stirring 1 d,J=8.2 Hz, A-5), 7.32 (1H],J=1.9 Hz, A-2), 8.41 (1H]d, J =
g of powder into 10 mL of acetate buffer. After stirring for 30 min 9.3, 2.8 Hz, DNP-5), 8.84 (1H, J = 2.8 Hz, DNP-3).
at room temperature the mixture was centrifuged (1500 xg, 20 min)  [9-=C]p-coumaric acid 2,4-dinitrophenyl ether (0.62 mmolar
to pellet insoluble material. Equal volumes (2.4 mL) of the clarified scale, 93% vyield), off-white fine crystals from hot acetone, m.p.
Cellulysin solution was added to each wall sample. Fresh enzymeé256.4-257.4C (lit.» 247-248°C),:H NMR &: 6.55 (1H,dd, J, .=
was prepared each time it was added to the wall preparationsl6.0 Hz andJ, 13 ,= 2.6 Hz, P-8), 7.33 (2Hm, P-3/5), 7.38 (1Hd,
Progress of wall digestion was monitored by removing a smallJ = 9.3 Hz, DNP-6), 7.71H, dd, J,,.,= 16.0 Hz andJ, ,13.,= 6.9
aliquot (50QuL) at regular time intervals, microfuging (30 s 10000 Hz, P-7), 7.86 (2Hm, P-2/6), 8.52 (1Hdd, J=9.3, 2.8 Hz, DNP-
xg), removing 20Qul of the clarified supernatant and re-suspending 5), 8.89 (1Hd, J = 2.8 Hz, DNP-3).
the residue in fresh buffer before returning the residue to the [9-=C]p-coumaroyl chloride 2,4-dinitrophenyl ether (0.31
incubation bottle. The aliquot was analyzed for total sugewrs  mmolar scale, quantitative yield), yellow o, NMR &: 6.64 (1H,
determine the concentration of released sugars. This provided add, J,,,,=15.6Hz andJ, 13 ,.=5.2Hz, P-8), 7.16 (1HJ, J=9.2 Hz,
convenient method to monitor the rate and concentration of sugar®NP-6), 7.19 (2Hm, P-3/5), 7.69 (2Hm, P-2/6), 7.831H,dd, J..
released from cell wall residues and to determine when degradatior),,= 15.6 Hz andJ, ;13 ,= 8.8 Hz, P-7), 8.39 (1Hdd, J= 9.2, 2.7 Hz,
was complete. The resulting lignin polysaccharide complex (LPC) DNP-5), 8.88 (1Hd, J = 2.7 Hz, DNP-3).
comprised of all the lignin and ca. 20% polysaccharides. The LPC  Coniferyl alcohol 2,4-dinitrophenyl ether ( 117.5 mg, 0.34
was subjected to fractionation in 96:4 dioxane:water (standardmmol) was dissolved in CBI, (2 ml, dried by passage through
‘milled wood lignin’ conditions) which gave a soluble fraction (D- alumina). Triethylamine (70ul, 0.50 mmol) and 4-
LPC, 42%, 81% Klason lignin) and an insoluble residue (E-LPC, dimethylaminopyridine (8 mg, 0.07 mmol) were successively added
51%, 36% Klason lignin). to give a rust-colored solution, which was then added dropwise
Determination of p-coumarate.p-Coumaric acid (and ferulic ~ under nitrogen to a stirred suspension of{3Jp-coumaroyl! chlo-
acid) was released from walls and lignin fractions (10 to 20 mg) byride 2,4-dinitrophenyl ether (107.7 mg, 0.31 mmol) in dry,CIH
saponification with NaOH (2 M, 1.25 mL) at room temperature for cooled in an ice-water bath. The ice-water bath was removed and
20 h under N Samples were acidified with excess 12 M HCl and stirring was continued at room temperature for 1 h, after which time
extracted with ether. Dried extracts were silylated with BSTFA (25 the reaction mixture was diluted with @H, and successively
pL) and pyridine (25uL) for 30 min at 60°C. Trimethylsilylated washed with water, 0.5 M hydrochloric acid and saturated aq. NaCl.
derivatives were quantified by GC (Perkin EImer 8500) using a 0.25Standard processing gave a yellow foam, which readily crystallized
mm X 30 m DB-1 (J&W Scientific) column and a flame ionization from acetone to afford the bis-2,4-dinitrophenyl ether of coniferyl
detector with He as a carrier gas (0.7 mL/min, 40:1 split ratio). p-coumarate as pale yellow fine crystals (106.6 mg, 52.5%). The
Columntemperature was held at 2@for 1 minand thenincreased mother liquor was concentrated and the residue was subjected to
to 280°C at 10°C min:. The injector and detector were set at 325 silica gel chromatography [CHEEtOAc (9:1)] to give an addi-
°C. The surprisingly high content gfcoumaric acid was also tional 57.4 mg of the desired bis-2,4-dinitrophenyl ether (81% total
confirmed by a large-scale saponification. Thus, maize D-LPC (672yield), m.p. 164.5-167.24C (lit.»171-172C),:H NMR &: 3.83 (3H,
mg) was stirred under nitrogen with degassed NaOH (2M, 40 ml)s, A3-OMe), 4.89 (2Hddd, J,=6.2,J 13, = 3.4 Hz and,, = 1.4 Hz,
overnight. Complete dissolution of the lignin was almost immedi- y's), 6.55 (1Hdt, J=15.9, 6.2 Hz), 6.64(1H,dd, J,,,.,=16.0Hz
ate. Following acidification with excess 3M HCI, the precipitated andJ, 13, ,=2.4Hz, P-8),6.83 (1HJt,J=15.9,1.4 Hzg), 7.10 (1H,
lignin residue was filtered off through au2n nylon filter, under d, J=9.3 Hz, DNP-6/A), 7.21 (1Hld, J= 8.2, 1.9 Hz, A-6), 7.29
pressure, and washed with warm water to solubilizp-ttmumaric (1H,d,J=8.2 Hz, A-5), 7.34 (2Hm, P-3/5), 7.39 (1HJ,J=9.3 Hz,
acid. The solution was first extracted into methylene chloride to DNP-6/P), 7.42 (1Hd, J= 1.9 Hz, A-2), 7.7§1H,dd, J,..= 16.0
give ayellow oil containing all of the ferulic acid, other unidentified Hz andJ, 13.,=6.9Hz, P-7), 7.89 (2Hm, P-2/6), 8.41 (1Hdd, J =
components and a small amounpafoumaric acid (24 mg, 3.6%). 9.3,2.8Hz, DNP-5/A), 8.52 (1ldd,J=9.2,2.8 Hz, DNP-5/P), 8.84
Extraction into ethyl acetate gave an almost pure (by NikéR)ion (1H,d, J= 2.8 Hz, DNP-3/A), 8.89 (1H], J = 2.8 Hz, DNP-3/P).
of p-coumaric acid which crystallized spontaneously upon solvent ~ Removal of the 2,4-dinitrophenyl protecting groups (0.23 mmolar
removal (125.5 mg, 18.7%). A crude estimate of ZB&dumaric scale)was then accomplished by treatment with piperazine in
acid was also gained from quantitative NMR. refluxing benzene as previously describeurification by silica
Model Compounds.Coniferyl alcohol was prepared as previ- gel chromatography [CHGEtOAc (9:1)] gave [9:C]coniferylp-
ously reportea. Model compoundsl and 3 were prepared as coumarateta (60.3 mg, 80%) as a syrup, which was crystallized
described elsewhereNMR data are given in the same reference, from CHCI-light petroleum, m.p. 102-104 (lit.» 69.5-70.5C) ,
and full data in 3 solvents appear in the recently released Plant CelH NMR &: 3.86 (3H, s, A3-OMe), 4.79 (2Hddd J, = 6.5,J 13 , =
Wall NMR Database. 3.3Hzand, =1.3Hzys), 6.25 (1Hdt J=15.8, 6.5 Hzp), 6.37
Preparation of [9-sC]p-coumaric acid. Preparation fronp- (1H,dd, J,,.,=16.0 Hz andJ, 13.,= 2.5 Hz, P-8), 6.65 (1Hdt, J =
hydroxybenzaldehyde and triethylphosphono{Jacetate was  15.8, 1.3 Hzq), 6.80 (1Hd, J=8.1 Hz, A-5), 6.87-6.93 (3Hinp, P-
completely analogous to that recently described fexJPlabeled 3/5and A-6), 7.10 (1H1,J=1.9 Hz, A-2), 7.53 (2Hn, P-2/6), 7.64
ferulic acidv The product was columned using 1:1 EtOAc:CHCI (1H,dd,J,,.,=16.0Hz andJ, 13 ,=6.8Hz, P-7);C NMR&: 56.30
containing 1% HOAc, and crystallized from waterNMR &: 6.32 (A3-OMe), 65.48 ., = 2.3 Hz,)y), 110.33 (A-2), 115.58](,,, =

(1H,dd, J.,,,=15.95Hz andJ, ,13.,= 2.7 Hz, P-8), 6.88 (2Hm, P- 76.6 Hz, P-8), 115.83 (A-5), 116.70 (P-3/5), 121.20 (A-6), 121.82

3/5), 7.53 (2Hm, P-2/6), 7.591H, dd, J,,.,= 15.95 Hz andJ, 13 J,,=1.8Hzp),127.044,,,,= 7.3 Hz, P-1), 129.49 (A-1), 130.88

,=6.9Hz, P-7). (P-2/6), 134.90d), 145.45 Q,.,,, = 1.7 Hz, P-7), 147.76 (A-4),
Preparation of [9-:C]coniferyl p-coumarate (4a). Phenol 148.50 (A-3), 160.53 (P-4), 167.27 (m, P-9).

protection of both coniferyl alcohol and f&]p-coumaric acid by Coniferyl alcohol/[9-=C]coniferyl p-coumarate DHP.

treatment with 2,4-dinitrofluorobenzene and aqueous sodium bi-Coniferyl alcohol (457 mg, 2.54 mmol) and :}{@]coniferyl p-
carbonate, and generation of the chloride of the 2,4-dinitrophenylcoumarateta (51 mg, 0.15 mmol) were dissolved in 1,4-dioxane
derivative of [9=C]p-coumaric acid by treatment with thionyl (20 ml) and added with stirring to 200 ml phosphate buffer (0.01 M,
chloride, were accomplished as described by Nakamura and HiguchpH 6.6, degassed), containing 351 units of Horseradish peroxidase
for their synthesis of conifery-coumarate:. (EC 1.11.1.7, Type Il, Sigma). A second solution, containing



commercial hydrogen peroxide (230 of 30% solution) was
prepared in 220 ml phosphate buffer. The two solutions were
simultaneously added with stirring, at room temperature, to 100 ml

and partial funding for JG under the USDA-ARS Administrator
Funded Post Doc program.

phosphate buffer. The additions were accomplished using a doubleReferences

channel Masterflex peristaltic pump, at the rate of 3 ml/hr. The
reaction mixture was kept in the dark. Some:@eoniferyl p-
coumarateta, which had precipitated out, was redissolved in 1,4-

dioxane (5 ml) and added to the reaction mixture at the same rate 43)

previously. After additions were complete, 351 units of Horseradish
peroxidase were again added to the reaction mixture, which was le
stirring for ca. 70 hrs. The resulting brownish suspension was the
filtered through nylon 6,6 membrangud) and thoroughly washed
with distilled water. The insoluble DHP polymer was taken up in
distilled water and freeze dried to give an amorphous beige powde
(345 mg, 68%).

Preparation of compound 2— They-ester model compound
2 was synthesized from the phenylcoumaig®-coupled
dehydrodiconiferyl alcohol, which was prepared as previously
described: Phenol methylation of this dehydrodiconiferyl alcohol
was performed with diazomethane. Acylation of the methylated
dehydrodiconiferyl alcohol (16.4 mg, 0.044 mmol) was then ac-
complished with 4-acetoxycinnamoyl chloride (25 mg, 0.111 mmol,
freshly prepared as previously descrilred$ing the procedure
described for the preparation4d. Processing and purification by
PLC [CHCI-EtOAc (1:1)] gave the acetylatgebster2 (20.9 mg,
64%, not optimized}H NMR &: 2.26 (6H,s, 2x OCOCH), 3.76
(6H,s, A3-OMe and A4-OMe), 3.88 (314, B3-OMe), 3.88 (1Hm,
B),4.48 (1Hdd,J=11.1,7.5Hzy),4.61(1H,dd, J=11.1,5.4 Hz,

v.), 4.81 (2H,dd, J = 6.5, 1.3 Hzy"s), 5.61 (1H,d, J = 7.2 Hz,a),
6.32 (1H,dt, J=15.8, 6.5 Hzf"), 6.50 (1H,d, J = 16.0 Hz, P2-8
6.54 (1H,d, J=16.0 Hz, P1-8 6.71 (1H, dt, J = 15.8, 1.3 Hzq"),
6.93 (1H,d, J =8.2 Hz, A-5, 7.00 (1H, dd, J= 8.2, 2.0 Hz, A-§
7.08(2H, brd,J=2.0 Hz, A-2 and B-27.11 (1H,br s, B-6), 7.16—
7.21 (4H, m, P1-3/5 and P2-3/5), 7.58 (1H|,J = 16.0 Hz, P2-)
7.68 (2H, m, P2-2/6),7.70 (1H,d, J=16.0 Hz, P1-), 7.72 (2H, m,
P1-2/6);*C NMR &: 20.94 (2x OCOCH,), 51.21 ), 56.08 (A3-
OMe), 56.14 (A4-OMe), 56.41 (B3-OMe), 65.71)( 66.15 V),
89.17 (1), 110.97 (A-2), 112.28 (B-2), 112.63 (A-5), 116.35 (B-6),
119.53 (A-6), 122.17), 129.17 (B-5), 131.47 (B-1), 134.41 (A-
1), 134.99 ¢"), 145.42 (B-3), 149.44 (B-4), 150.45 (A-3), 150.50
(A-4), 169.45 (2« OCOCH,), shifts ofp-coumaroyl moieties are
reported in Table 1.

Deacetylation was performed with aq. saturated sodium bicar-
bonate in methanol-water (1:1) (2 ml). A few drops of acetone were
added for complete dissolution and the solution was stirred over-
night at room temperature, then diluted with EtOAc, washed with
ag. NHCI and processed to giZeas an oil in quantitative yield;
NMR &: 3.77 (6Hs, A3-OMe and A4-OMe), 3.88 (314,B3-OMe),
3.85 (1H,m, B), 4.45 (1Hdd, J=11.1, 7.6 Hzy), 4.58 (1H,dd, J
=11.1,5.4 Hzy), 478 (2H,dd, J = 6.5, 1.2 Hzy’s), 5.61 (1H, d,
J=7.1Hz0), 6.31(1H,dt, J=15.8, 6.5 Hzf"), 6.33 (1H,d, J =
15.9Hz, P2-86.37(1H,d,J=15.9Hz, P1-86.70(1H,dt,J=15.8,
1.2Hz0"),6.88(4H,m, P1-3/5 and P2-3/5§,93(1H,d,J= 8.3 Hz,
A-5),7.00 (1H,dd, J=8.3, 2.0 Hz, A-§ 7.07 (2H, brd,J=2.0 Hz,

A-2 and B-3, 7.11 (1H, br s, B-6), 7.51 (2Hm, P2-2/, 7.53 (1H,
d,J=115.9 Hz, P2y 7.54 (2H, m, P1-2/6),7.63 (1H,d, J=15.9

Hz, P1-7; =C NMR &: 51.33 3), 56.09 (A3-OMe), 56.13 (A4-
OMe), 56.41 (B3-OMe), 65.4%], 65.92 ), 89.15 (), 110.93 (A-
2),112.25 (B-2), 112.65 (A-5), 116.36 (B-6), 119.44 (A-6), 122.40
(B"), 129.21 (B-5), 131.51 (B-1), 134.52 (A-1), 134.@8,145.42
(B-3), 149.42 (B-4), 150.43 (A-3), 150.51 (A-4), shifts pf
coumaroyl moieties are reported in Table 1.
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