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Lignin is an abundant aromatic plant cell wall polymer consisting of phenylpropanoid units in which the aromatic rings display
various degrees of methoxylation. Tricin [5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one], a flavone, was
recently established as a true monomer in grass lignins. To elucidate the incorporation pathways of tricin into grass lignin, the
metabolites of maize (Zea mays) were extracted from lignifying tissues and profiled using the recently developed ‘candidate
substrate product pair” algorithm applied to ultra-high-performance liquid chromatography and Fourier transform-ion cyclotron
resonance-mass spectrometry. Twelve tricin-containing products (each with up to eight isomers), including those derived from
the various monolignol acetate and p-coumarate conjugates, were observed and authenticated by comparisons with a set of
synthetic tricin-oligolignol dimeric and trimeric compounds. The identification of such compounds helps establish that tricin is
an important monomer in the lignification of monocots, acting as a nucleation site for starting lignin chains. The array of tricin-
containing products provides further evidence for the combinatorial coupling model of general lignification and supports

evolving paradigms for the unique nature of lignification in monocots.

Lignin is one of the major components in plant
cell walls and is deposited predominantly in the
walls of secondarily thickened cells. It is a complex
phenylpropanoid polymer composed primarily of
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
units derived from the monolignols p-coumaryl 2H,
coniferyl 2G, and sinapyl 2s alcohols, respectively (Fig.
1; Freudenberg and Neish, 1968). These monolignols
are biosynthesized in the cytoplasm and translocated to
the cell wall, where they are oxidized by laccases and
peroxidases to monolignol radicals (Boerjan et al., 2003;
Dixon and Reddy, 2003; Ralph et al., 2004b; Vanholme
et al., 2008, 2010; Bonawitz and Chapple, 2010; Mottiar
et al,, 2016). The polymer can be started by radical
coupling between two monolignol radicals to form a
dehydrodimer from which the chain extends by end-
wise polymerization with additional monolignols,
producing 8-O-4-, B-5-, B-1-, and B-B-linked units in the
lignin. Two growing oligomers also may radically
couple to increase the polymer size, producing 4-O-5-
and 5-5-linked units. During such radical coupling re-
actions, therefore, the monomer-derived units are
linked together via various C-C and C-O bonds with

different frequencies depending primarily on the
monomer distribution and supply (Ralph et al., 2004b).

A rather remarkable discovery regarding monocot
lignins was made recently during a characterization
study in wheat (Triticum aestivum; del Rio et al., 2012b).
Previously unassigned correlation peaks in short-range
two-dimensional "H-'?C correlation (heteronuclear
single-quantum coherence, HSQC) NMR spectra of
wheat (and other monocot) lignins were ultimately at-
tributed to tricin 1 (Fig. 1), a flavone, that was shown by
long-range correlation (heteronuclear multiple-bond
correlation, HMBC) experiments to be etherified by
putative 4'-O-B-coupling with coniferyl alcohol 2a.
Although tricin itself, various glycosides, and the fla-
vonolignan tricin 4'-O-(B-guaiacylglyceryl) ether 3G are
known (Bouaziz et al., 2002), as reviewed recently (Li
etal., 2016), more profound implications arose from the
demonstrated presence of this structure in polymeric
lignins (del Rio et al., 2012a, 2012b, 2015; Rencoret et al.,
2013), as recently fully established by biomimetic cou-
pling reactions and product authentication (Lan et al.,
2015). This was the first time a phenolic derived from a
pathway independent of the canonical monolignol
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biosynthetic pathway was shown to polymerize into
lignin in wild-type plants. Second, tricin’s structure,
and its inability to undergo radical dehydrodimeriza-
tion (below), implies that it can only start a lignin chain
and cannot be incorporated into an existing one. Tricin,
therefore, provides a nucleation site for lignin chain
growth in a manner analogous to that proposed for
arabinoxylan-bound ferulates (Ralph et al., 1995, 2004a,
2004b; Ralph, 2010). (We prefer not to use the term in-
itiation site, as this implies some kind of active role
[Ralph, 2010]). Given the facile detection of tricin in
monocot lignins analyzed to date, a modest fraction of
lignin chains must be covalently linked with tricin (at
their starting ends).

We recently supported the involvement of tricin in
lignification in the first of these reports (del Rio et al.,
2012b) by synthesizing a variety of authentic com-
pounds 3 to confirm the veracity of the NMR assign-
ments and have shown that tricin indeed cross couples
with all three monolignols 2 via the radical coupling
reactions that typify lignification (Lan et al., 2015).
Tricin was shown to not undergo dehydrodimerization,
which meant that it is restricted to cross-coupling re-
actions (with monolignols) during lignification, and
was found even in the highest M, fractions of the lignin
isolated from maize (Zea mays; Lan et al., 2015).

In this study, we aimed to elucidate the incorporation
pathways of tricin into maize lignins by applying liquid
chromatography-mass spectrometry (LC-MS)-based

! This work was supported by the Department of Energy Great
Lakes Bioenergy Research Center (grant no. DE-FC02-07ER64494 to
W.L, F.L.,, and J.R.), by Stanford University’s Global Climate and
Energy Program (to J.R., KM., and W.B.), by the Institute for the
Promotion of Innovation through Science and Technology in Flan-
ders via the SBO project Bioleum (to W.B. and K.M.), by the China
Scholarship Council’s State Education Department for his Ph.D. work
in the Department of Biological System Engineering, University of
Wisconsin, Madison (to W.L.).

% These authors contributed equally to the article.

* Address correspondence to woboe@psb.vib-ugent.be and
jralph@wisc.edu.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
John Ralph (jralph@wisc.edu).

W.L. performed all of the synthesis and NMR analysis, optical
activity determination, wrote the article, and drew Figures 1, 2, and
5; K M. performed all the MS and CSPP analyses, provided the raw
figures used for Figures 3 and 4, and wrote the CSPP section; F.L.
cosupervised W.L., advised on organic synthesis, and edited the ar-
ticle; J.Re. first discovered the tricin on lignin, aided with NMR inter-
pretation, and edited the article; J.C.d.R. supervised J.Re.,
codiscovered the tricin on lignin, and edited the article; W.Vo. pre-
pared samples for the MS analysis and aided K.M.; W.Ve. initially
discovered tricin in maize samples (although it remained unidentified
at the time), helped with the design of the project, and edited the
article; W.B. is project leader for the CSPP, MS, and metabolomics
work, and edited the article; ].R. supervised W.L. and F.L, devised the
study, edited the article, and oversaw the research.

[OPENT Articles can be viewed without a subscription.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.02012

Plant Physiol. Vol. 171, 2016

Combinatorial Tricin-Oligolignols in Maize

tools developed for oligolignol profiling (Morreel et al.,
2004a, 2004b, 2006, 2010a, 2010b, 2014). We sought to
provide evidence that tricin undergoes coupling with
monolignols 2 and that endwise chain extension po-
lymerization continues in planta. What was not fully
anticipated was the array of tricin-oligolignols derived
not only from tricin’s coupling with monolignols but
also with acylated monolignols (both acetates and
p-coumarates) known to be involved in maize lignifi-
cation (Ralph, 2010). The variety of structures extracted
from maize and implicated by mass spectrometric
analysis, and then in many cases authenticated via the
synthesis of genuine compounds, is not only evidence
for tricin’s role in lignification but additionally provides
compelling support for the combinatorial nature of the
lignification process itself.

RESULTS

Metabolite Profiling by Candidate Substrate Product
Pair Analysis

The phenolics from the (lignifying) internode bearing
the maize cob were extracted with methanol and pro-
filed via ultra-HPLC coupled to Fourier transform-ion
cyclotron resonance-mass spectrometry (Morreel et al.,
2004a, 2004b, 2014; Niculaes et al., 2014; Dima et al.,
2015) to reveal the presence of tricin-oligolignols. Using
the recently developed candidate substrate product
pair (CSPP) algorithm (Morreel et al., 2014), a network
was constructed in which mass-to-charge ratio (1/z)
features that might be derived from each other via well-
known enzymatic or chemical conversions are con-
nected. This approach facilitates the tracking of m/z
features representing similar compounds. Subse-
quently, network nodes of the tricin-oligolignol sub-
network were further characterized via tandem mass
spectrometry, i.e. MS"-based oligolignol sequencing
(Morreel et al., 2010a, 2010b). This approach revealed a
rather expansive set of tricin-oligolignol compounds 3,
4, and 5 (Fig. 1). The compounds include the products of
coupling of all three monolignols 2 (at their usual B
positions) with tricin 1 (at its 4’-O position), resulting in
the tricin-4'-O-(B-arylglyceryl) or arylglycerol-g-O-4'-
tricin ethers 3, along with the products 3c'/s’ and
3G'"1s"" from the coupling of tricin with the acylated
monolignols, the coniferyl and sinapyl acetates, and the
p-coumarate conjugates 2’ and 2” (Fig. 1; Table I). Even
more striking was the suggested presence of the trimers
4 and 5 resulting from the tricin-(4'-O-B)-monolignol
with a further 4-O-8 or 5-8 linkage to another (acylated)
monolignol (Fig. 1; Table I). All of the observed com-
pounds, along with their retention times, m/z values,
and formulae, are listed in Table I.

Syntheses of Authentic Compounds

Over the past few years, an understanding of the
gas-phase fragmentation patterns that results when
oligolignol anions are subjected to collision-induced
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Figure 1. Tricin 1 and its oxidative coupling with monolignols 2 and monolignol conjugates 2’ and 2"’ to produce tricin-
oligolignols 3 (dimers), 4 (trimers), and 5 (trimers). Primes are used to indicate the acylation of monolignols and derived units in
the polymer, and small uppercase letters H, G, and S are used to designate the p-hydroxyphenyl, guaiacyl, and syringyl nature of
the aromatic rings (and therefore the moiety’s derivation from its monolignol, p-coumaryl, coniferyl, or sinapyl alcohol); we also
refer to the A and B rings, as shown, in trimers 4. For example, the hypothetical compound formed by the coupling of coniferyl
acetate 26" with tricin, followed by further chain extension by coupling the product dimer with sinapyl p-coumarate 2s’’, would
be designated as 4G’s"’; in various tables, we also designate this with the more descriptive shorthand T-(4-O-B)-G'-(4-O-B)-S"’,
which indicates the coupling modes from the starting tricin to the final sinapyl p-coumarate, in this case. The two structures
designated with asterisks are synthesized authentic compounds that were not found among the maize metabolites.
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dissociation (CID) has allowed us to become more con-
fident with the structural assignments of the peaks
revealed by LC-MS. Nevertheless, it is crucial to rigor-
ously identify any new classes of compounds, such as the
tricin-oligolignols and their variously acylated counter-
parts implicated here, by absolute authentication via their

Combinatorial Tricin-Oligolignols in Maize

independent chemical synthesis. We have accomplished
that via the synthesis of eight authentic compounds (Fig.
1): seven 4'-O-f cross-coupled dimers 38, 3G, 3s, 3G, 3s’,
3G’’, and 3s’’ and the trimer 4sG. The fragmentation
patterns of these compounds then provided suffi-
cient support to confidently characterize analogous

Table I. Tricin-oligolignols detected in maize

No. [ m/z Formula Appm Shorthand Name Elucidation Level®
Dimers

3u 19.9 49512891  C,H,,0,p —15 T-(4-O-Bo-H Identified

3u 206 495.12907  C,H,,0,, —1.2 T-(4-O-Be-H Identified

3G 204  525.13906  C,,H,.0,, —2.2 T-(4-0-B-G Identified

3G 212 52513889 C,,H,.0,, —2.6 T-(4-0-Be-G Identified

3¢’ 247  567.14943  C,H,,0,, —2.4  T-(4-O-B-G’ Identified

3¢’ 250 567.15031 C,H,,0,, —08 T-(4-O-Be)-C’ Identified

3G 257  671.17480  C,;H,,0,; —3.3  T-(4-O-B)-G” Identified

36" 259  671.17447  C,H,0,, —3.8 T-(4-0-Be-G" Identified

35"’ 25.5 701.18628  C;,H;;,0,, -1.9 T-(4-O-B1-S"’ Identified

35" 25.7  701.18532  Cy,H,,0,, —32 T-(4-O-Be-S" Identified

3goMe 247 539.15522  CuH,,0, =12 T-(4-O-p)-G*OMe Annotated

Trimers

466 189  721.21084  C;;H;,045 —4.1 T-(4-O-B)-G-(4-O-p)-G Annotated

4ce 192 72121151  Cy,H,0,5  —32  T-(4-0-f)-G-(4-O-B)-G Annotated

4ce 19.4 72121334 C,H,0,, —0.6 T-(4-0-f)-G-(4-O-p)-G Annotated

4cG 19.6 72121185  C;,H;,0,5 2.7 T-(4-O-B)-G-(4-O-B)-G Characterized

4cc 19.8  721.21251  Cy,H,,0,, —1.8  T-(4-O-B)-G-(4-O-p)-G Annotated

4GG 20.0 721.21093  C;,H;,045 —4 T-(4-O-B)-G-(4-O-B)-G Annotated

4sG 19.8  751.22302  CuHo0,, —1.8  T-(4-O-B1)-5-(4-O-B1-G Identified

4sc 203 751.22338  CygHy;00,,  —1.3  T-(4-O-Be)-S-(4- O,Bt )-G Identified

4sG 206 751.22316  CygHy;00,, 1.6  T-(4-0-B)-S-(4-O-B)-G Characterized

4sG 21.0  751.22285  Cy5H;404 -2 T-(4-O-B)-S-(4-O-B)-G Characterized

4cc’ 227 76322264 CyHyOy =23 T-4-O-f)-G-(4-0-6)-C’ Annotated

4G'c 232 763.22198  C3H;0,, —3.1  T-(4-O-B)-G'-(4-O-B)-G Annotated

46'c 235 763.22264  CyH,00,, —2.2  T-(4-0-B)-G'-(4-0-B)-G Annotated

4c'c 240  763.22147  CuHy0,4  —3.8  T-4-O-B)-G'-(4-O-B)-G Annotated

5aGs"’ 243  879.24808 C,,H;0,, —2.8 T-(4-O-B)-G-(5-B)-S"’ Characterized/annotated

5Gs"’ [5G''s] 252 879.24942 C;H;0,, —-13  T-(4-O-B)-G-(5-B)-S"" [T-(4-O-B)-G''-(5-B)-S] ~ Characterized

5aGs"’ 25.7  879.24975  C,H;0,, —09  T-(4-O-B)-G-(5-B)-S"’ Characterized/annotated

5es" [56"'s] 263 879.24928  C,H,,0,, —1.5 T-4-O-B)-G-(5-B)-S"" [T-4-O-B)-G"-(5-B)-S|  Characterized

5Gs” [5G's]  26.9  879.24915  C,H,0,, —1.6 T-4-Op)-G-(5-B)-S" [T-(4-O-B)-G"'-(5-f)-S]  Characterized

5Gs"’ [5G''s] 27.4  879.24823 C,;H;0,, -2.7  T-(4-O-B)-G-(5-B)-S"" [T-(4-O-B)-G'’-(5-B)-S] ~ Characterized

4¢''G [4GG""] 248  867.24907 C,H,,0,, —17 T-(4-0-B)-G"'-4-O-p)-G Characterized
[T (4-0-B)-G-(4-O-B)-G"']

4¢'’G [466'']  25.0  867.24993 C,H,;0,, —0.7 T-(4-O-B)-G"'-(4-O-B)-G Characterized
[T (4-0-B)-G-(4-O-B)-G']

4¢''G [4cc”"] 257  867.24982  C,H,,0,, —09 T-(4-0-B)-G"-4-O-p)-G Annotated
[T-(4-O-B)-G-(4-O-B)-G’]

4cc”’ 260 867.24835  C,H,,0,, —2.6 T-(4-0-p)-G-(4-O-B)-G" Annotated

4¢''c [46G''] 263  867.24938  C,H,;0,, —1.4  T-(4-O-B)-G''-(4-O-B)-G/ Characterized
T-(4-O0-B)-G-(4-O-B)-G"’

46"°G [466"'] 265  867.24895 C,H,0,, —1.9  T-(4-O-p)-G''-(4-O-p)-G/ Characterized
T-(4-O-B)-G-(4-O-B)-G"’

4cs’’ 262  897.25787 CuH,0,5 —3.6  T-(4-O-B)-G-(4-O-p)-S" Annotated

4cs”’ 264  897.25903 C,H,.0,, —23 T-(4-0-p)-G-4-O-B)-S" Annotated

4cs’’ 265  897.25803 C,H,0,; —3.5 T-4-O-B)-G-(4-O-B)-S" Annotated

4cs”’ 267 897.25813  C,H,:0,, —3.4 T-(4-0-)-G-(4-O-B)-S" Annotated

s’ 269 897.25816  C,H,:0,5 —3.3 T-(4-0-B)-G-(4-O-B)-S" Annotated

“Identified indicates a structure confirmed by comparison with the synthesized authentic compound; annotated indicates a rather firm structural
elucidation based on comparison of the MS" spectrum with those of identified structural analogs and on the accurate m/z value; characterized indicates
a fairly high degree of certainty in the structural elucidation that is based on the MS" spectral interpretation, accurate m/z value, and data available from the

literature and public databases. In shorthand names, t and e descriptors are for threo (= syn) and erythro (= anti) isomers. t, =

retention time.
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Lan et al.

tricin-containing metabolites extracted from maize. In
addition, the synthetic compounds helped in verifying
whether any compounds extracted from the maize in-
ternodes had escaped the CSPP network algorithm.
The syntheses of 3H, 3G, 3s, and 4sG were described in
detail in a previous study (Lan et al., 2015). The products
3G'rs" and 3G''1s"’ (Fig. 2) of tricin’s coupling with acet-
ylated and p-coumaroylated monolignols were prepared
by modifications to the syntheses of their parent com-
pounds. The preparation begins with the coupling of
bromo-ketones 7 to a suitably protected tricin derivative
6, followed by retro-aldol addition of formaldehyde to
create the lignin unit’s three-carbon side chain, the syn-
thesis of which has been described (Lan et al., 2015). At
this point, the product is suitably protected but bears the
free y-OH to allow acylation with p-coumarate or acetate
to provide the acylated precursors 11 and 12. Depro-
tection of phenolic acetyl and methoxymethyl groups
and reduction of the benzylic ketone then affords the

°. Br

required conjugates 3G'/s’ and 3G’'/s’’. Full synthetic
details, along with the NMR characterization, are pro-
vided in Supplemental Data S1.

Metabolite Authentication and Isomer Analysis

The eight synthetic compounds were used to au-
thenticate the maize metabolites, and six of them could
be identified in the methanol extracts from maize. In-
terestingly, whereas the trimer 4sG could be authenti-
cated, its parent compound 3s, along with the analog
3s’ from sinapyl acetate, were below the detection limit
in the maize extract (Figs. 3 and 4). In addition, tricin
coupled with the sinapyl p-coumarate conjugate, dimer
3s'’, could be authenticated. These observations pre-
sumably reflect the relative coupling propensities of the
various dimers, suggesting that coniferyl alcohol, for
example, may couple faster with dimer 3s than with the
p-coumaroylated dimer 3s'’.
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Figure 2. Synthesis of tricin-monolignol, tricin-monolignol acetate, and tricin-monolignol p-coumarate dimeric products 3G'ss’
and 3c"'ss"": (i) K,CO,, N,N-dimethylformamide; (ii) formaldehyde, K,CO,, dioxane; (iii) methanol/CHCI;, HCI; (iv) pyridine/
acetic anhydride; (v) ammonium acetate, methanol; (vi) borane-tert-butylamine complex, CH,Cl,; (vii) acetylated p-coumaroy!
chloride, 4-dimethylaminopyridine (DMAP), CH,Cl,; (viii) ethylene glycol, 120°C; and (ix) toluene, thionyl chloride.
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We examined the distribution of diastereomers of
the tricin-containing dimers and their acetate and
p-coumarate derivatives (Fig. 3) for both the synthetic
products and their counterparts in maize metabolites.
Such dimeric compounds were each separable as two
peaks in an HPLC scan, which represent syn and anti
isomers, indicated by comparmg the retention times of
authentic compounds and the MS? spectra from the two
peaks (Fig. 3). In addition, as can be seen from Figure 4,
most of the trimeric compounds revealed more than
four (usually more than six) peaks, and it is reasonable
to conclude that the larger peaks are from two over-
lapping isomers. Therefore, it is evident that such
spectra from compounds 4 result from the eight possi-
ble i isomers, in each case; there are four optical centers
affording 2* optical isomers and half that number (2° =
8) of physically distinct isomers. The 8-5 trimer labeled
5Gs’’ in Figure 4 should have only four isomers, so the

Combinatorial Tricin-Oligolignols in Maize

observation of at least six distinct peaks, two of which
are again larger and likely from two overlapping iso-
mers, suggests that both regioisomers (5Gs’" and 5G’’s)
appear in the same area of the chromatogram here
(Table I). We further examined the enantiomers of the
tricin-oligolignol dimers from maize, using 3H and 3G
as examples, using an LC-MS device equipped with a
chiral column and the multiple reaction monitoring
(MRM) mass spectrometric technique. The MRM
mode has the advantage of selectivity and improved
quantitation for trace amounts of compounds. The
chiral chromatogram (Fig. 5) shows three peaks, one of
which corresponds to the syn isomers (with two en-
antiomers overlapping) and the other two with similar
peak areas originating from the anti isomers (two
separated enantiomers), indicating that both the syn
and anti isomers are racemic, just like their synthesized
analogs.

3H T-(4'-0—-B)-H 3G" T-(4'-0-B)-G" Figure 3. LC-MS of monolignol and
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Figure 4. LC-MS of trimeric com-
pounds 4 and 5 formed between
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DISCUSSION

Tricin Couples with Monolignol Acetate and
p-Coumarate Conjugates

One of the most interesting findings from this
maize metabolite profiling is not just the presence of
tricin-oligolignols but also of their acetate and p-coumarate
analogs (Figs. 1, 3, and 4). p-Coumarate has long been a
known feature of monocot lignins, where it is found ac-
ylating the y-OH of lignin side chains (Ralph et al., 1994;
Grabber et al., 1996; Ralph, 2010). Such acylation has now
been compellingly demonstrated to arise via lignification
with biosynthesized monolignol conjugates 2’' (Lu and
Ralph, 2008; Ralph, 2010; Lan et al., 2015; Lu et al., 2015).
The monolignol:p-coumaroyl-coenzyme A transferase
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(PMT) enzyme and the PMT gene involved have been
identified and the function proven via knockout,
down-regulation, and overexpression (Withers et al.,
2012; Marita et al., 2014; Petrik et al., 2014). Acetates
are also well known to acylate monolignols in various
plant lines (Ralph, 1996; del Rio et al., 2007, 2008,
2012a,2012b; Lu and Ralph, 2008; Martinez et al., 2008;
Rencoret et al., 2013), although the responsible trans-
ferase protein and the corresponding gene have not
been unambiguously identified to date. Monocots
have more extensive lignin acetylation than was real-
ized previously (del Rio et al., 2007, 2008, 2012a, 2012b,
2015; Martinez et al., 2008; Rencoret et al., 2013). The
products 3G’ from tricin’s cross coupling with acety-
lated monolignols 2’ here (Fig. 1) further confirm the
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Figure 5. Chiral chromatography of 3H and 3G in maize extracts, by
LC-MS using MRM detection, showing their racemic nature.

involvement of monolignol acetate conjugates in maize
(and other monocot) lignification.

Structural Analyses of Tricin-Oligolignols Support the
Combinatorial Radical Coupling Theory

The above finding that monolignols 2 as well as their
acetate and p-coumarate conjugates 2’ and 2'’ all couple
with tricin (Figs. 3 and 4) has deeper consequences re-
garding lignification. As in the established theory
(Harkin, 1967; Freudenberg and Neish, 1968) and as
increasingly evidenced (Ralph et al., 2004b, 2008;
Vanholme et al., 2010), lignins are the products of
simple, but combinatorial, radical coupling chemistry.
They are consequently racemic polymers, are character-
ized by being products with a huge number of possible
isomers, and have no defined sequence or (repeating)
structure, a position that was heatedly debated after
notions of absolute proteinaceous control over lignin
structure were championed for a period (Davin and
Lewis, 2005). Such impressions continue to be eroded
as evidence accumulates from various structural studies
of natural plants along with the rich variety of mono-
lignol biosynthetic pathway mutants and transgenics,
reestablishing the validity of the original theory (Ralph
et al., 2008). The results here further add to the evidence.

Another key argument supporting the combinatorial
coupling theory follows from the separation and identi-
fication of the enantiomers of 3G and 3H. Compound 3G
was isolated previously from Avena sativa by capillary
electrophoresis; as both of the diastereomers were enan-
tiomerically pure, they were termed flavonolignans
(Wenzig et al., 2005). In our study, however, the two
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enantiomers of anti 3 and anti 3u isolated from maize
were successfully separated using chiral-column HPLC,
as confirmed by MRM on mass spectrometry that is able
to accurately track compounds at low levels; the similar
peak areas (Fig. 5) indicate the racemic nature of both, as
has been reported for various lignin units (Ralph et al.,
1999; Akiyama et al., 2015). Importantly, therefore, these
dimeric compounds 3, resulting from the coupling of
tricin and a monolignol, cannot be termed flavonolignans
(which, like their component lighan moieties [Umezawa,
2004], would logically be optically active); therefore, they
should be considered to be oligomers that are destined
for the fully racemic lignins and are suggested to be
generally termed flavonolignin oligomers or, specifically,
tricin-oligolignols. Optical activity determinations are not
always carried out, so it is not always possible to deter-
mine whether the extracted components are (optically
active) lignans or (racemic) dilignols and oligolignols, as
discussed briefly previously (Dima et al., 2015); the same
is true here for these flavonolignans versus flavonolignols.

The variety of tricin-oligolignols and their variously
acylated counterparts, and the identification of their
diastereomers and enantiomers, provide compelling
new evidence for the combinatorial nature of lignifica-
tion: available monomer radicals, including those from
tricin and the monolignol conjugates, will couple and
cross couple subject only to their chemical propensities
for doing so. Therefore, we observe certain combina-
torial possibilities for the cross coupling of both con-
iferyl and sinapyl acetates and p-coumarates, along
with the parent monolignols, with tricin, as shown
schematically in Figure 1. The trimers and tetramers
then attest to the chain extension via further coupling
from among the available monolignols and their con-
jugates. Importantly, the products observed here also
provide evidence for the growth of the polymer in the
endwise coupling sense (Freudenberg, 1956; Ralph
et al., 2004b), in which chain extension is via mono-
mer addition to the phenolic end of the growing oli-
gomer, and are not consistent with the notion of the
tricin-containing polymeric units being derived from
preformed flavonolignans. All that perhaps remains
surprising is that all of these monomeric entities must
be present at the same time and space, an observation
that might not have been expected; in dicots, for exam-
ple, sinapyl alcohol enters lignification later in cell wall
development, preceded by p-coumaryl alcohol and then
coniferyl alcohol, although there is overlap (Terashima
et al, 1993). Essentially nothing is known about the
temporal (or spatial) nature of monolignol conjugate in-
corporation into monocot lignins.

Finally, again given that tricin can only start a chain,
and given that it is present at significant levels (cur-
rently estimated to be 1.5% of the lignin in the wild-type
maize internode samples analyzed here, according to
the thioacidolysis method; W.L., J.Ra, unpublished
data), it must nucleate a fraction of the lignin chains.
The identification of compound 3H, the coupling pro-
duct of tricin with p-coumaryl alcohol, suggests that
tricin is present early in lignification. Tricin is noted to

817



Lan et al.

be higher in concentration in younger and less lignified
tissues (del Rio et al., 2015), but it is not yet clear if it is
biosynthesized throughout wall development. These
revelations regarding tricin in lignins contributed to the
resolution of a monocot-lignin structural dilemma that
has existed for decades: that monocot lignins, unlike
other syringyl-guaiacyl lignins in dicots/hardwoods,
have essentially no, or very low levels of, resinols,
syringaresinol, and pinoresinol (Marita et al., 2003; Lan
etal., 2015). Such 8-B-linked units are produced only as
the result of monolignol (sinapyl alcohol) dimerization
and are the obvious mechanism for starting a lignin
chain. Maize whole cell wall or lignin NMR spectra had
little evidence until recently of anything but B-ether
units, with only a paucity of the other units (resinol
[B-B], phenylcoumaran [B-5], dibenzodioxocin [5-5/4-
O-B], and spirodienone [3-1]) seen in dicot lignins with
a comparable syringyl-guaiacyl distribution (Lan et al.,
2015). However, we recently disclosed the preponder-
ance of sinapyl p-coumarate homodimerization units in
maize lignins (Lan et al., 2015). Although this product is
from B-B coupling, the y-acylation does not allow res-
inol formation (Ralph, 2010), so its presence had been
missed. Also, when the lignin chain is nucleated by
another unit, such as tricin here (and as assumed for
ferulate previously [Ralph et al., 1995], and in addition
to it), lignification does not need to start with a dimer-
ization reaction. The near absence of such resinol units
in maize and some other monocots is now recognized
as being a consequence of the nucleation of lignin
chains by tricin and ferulate as well as from the sur-
prising prevalence of acylated monolignol dimerization
events in such lignins. Such features of the previously
puzzling spectra of monocot lignins are now consistent
with the evolving paradigms for the unique nature of
lignification in monocots.

CONCLUSION

Following an analysis of maize metabolites by ultra-
HPLC mass spectrometry, we have identified and
characterized 12 tricin-oligolignols (Fig. 1) in some 42
resolved peaks (Table I) that include various diaste-
reomers, the structures of which were further sup-
ported by comparison with independently synthesized
authentic compounds. The maize metabolites include
the 4'-O-B cross-coupling products between tricin and
monolignols as well as their acetate and p-coumarate
conjugates. Chiral chromatography of tricin-(4'-O-)-p-
coumaryl alcohol and tricin-(4'-O-B)-coniferyl alcohol
coupling products from maize showed that the fla-
vonolignols are fully racemic. The above findings pro-
vide compelling new evidence (1) for the natural cross
coupling of tricin with monolignols and monolignol
conjugates into flavonolignol dimers in planta; (2) that
such dimers undergo further endwise coupling with
additional monomers to form oligomers that are des-
tined for lignin polymers in which chains are started by
tricin; and (3) for the combinatorial nature of lignifica-
tion (i.e. supporting the theory that lignin polymers are
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formed by combinatorial radical coupling chemistry
independent of proteinaceous control).

MATERIALS AND METHODS
General

All chemicals and solvents used in this study were from commercial sources
and used without further purification. Preparative thin-layer chromatography
(TLC) plates (1 or 2 mm thickness, 20 cm X 20 ¢cm, normal phase) were pur-
chased from Analtech. Flash chromatography was conducted on an Isolera One
instrument (Biotage) with Biotage snap silica cartridges. The eluent for chro-
matography was hexane/ethyl acetate or methanol/dichloromethane as
described. NMR spectra were recorded at 25°C on a Bruker Biospin AVANCE
500- or 700-MHz spectrometer fitted with a cryogenically cooled 5-mm "H/"*C-
optimized triple resonance (‘H/**C /"N, TCI, 500 MHz) or 'H-optimized triple
resonance ("H/™C/"N, TXI, 700 MHz) gradient probe with inverse geometry
(proton coil closest to the sample). Bruker’s Topspin 3.1 (Mac) software was
used to process the spectra. The central solvent peak was used as an internal
reference (8-/8y;: acetone-dy, 29.84/2.04). The standard Bruker implementa-
tions of one-dimensional and two-dimensional (gradient-selected correlation
spectroscopy, heteronuclear single-quantum coherence, and heteronuclear
multiple-bond correlation) NMR experiments were used for routine structural
assignments of newly synthesized compounds.

Syntheses of Arylglycerol-B-O-4'-Tricin Ethers 3 and 4

Compounds 3H, 3G, 3s, and 4sG were synthesized as described recently (Lan
et al., 2015).

Syntheses of y-Acylated Arylglycerol-B-O-4'-Tricin Ethers
3’ and 3"’

Figure 2 outlines the synthetic procedure for both the normal and y-acylated
arylglycerol-B-O-4'-tricin ethers 3’ and 3'’; details are provided below. Com-
pounds 6, 7Gss, 8G/s, 9G/s, and 10G/s were synthesized according to the methods
described previously (Lan et al., 2015).

Compound 11cis

Compound 10G (50 mg, 95.3 umol) was first acetylated in pyridine:acetic
anhydride (2:1, v/v; 5 mL) at room temperature for 2 h. The solution was
extracted with ethyl acetate (25 mL) and acidic water (pH 2; 25 mL). Ethyl ac-
etate layers were combined and washed with saturated ammonium chloride
solution (50 mL) and dried over anhydrous magnesium sulfate. After con-
densation, the acetylated product and ammonium acetate (146.9 mg, 1.9 mmol)
were added to methanol (20 mL) and heated at 50°C to remove the phenolic
acetate group. When the starting material had totally disappeared (approxi-
mately 8 h, monitored by TLC), the solvent was evaporated under reduced
pressure and the resulting material was subjected to TLC purification to give
11G (82% yield). 11s was synthesized analogously in 80% yield.

Compound 3c6'1s’'

Borane-tert-butylamine complex (19.2 mg, 220.6 wmol) and 116G (25 mg, 44.1
umol) were dissolved in CH,Cl, (5 mL) at room temperature. The solvent was
removed under reduced pressure after the reaction was completed (approxi-
mately 12 h, monitored by TLC). The product was dissolved in ethyl acetate:
water (10:1, v/v; 25 mL) with 1 mL of 6 M HCl solution and stirred for 1 h to
break down the borate intermediates. The mixture solution was washed with
water and saturated ammonium chloride solution (50 mL). The ethyl acetate
layer was separated, dried over anhydrous magnesium sulfate, and filtered,
and the solvent was removed under reduced pressure to produce 3G’ (92%). 3s’
was prepared analogously in 90% yield.

Compound 126is

Acylation of 9G/s was catalyzed by DMAP in CH,Cl,. A detailed procedure
is given using 12G as an example. 9G (250 mg, 409.4 umol) was dissolved in
CH,CI, (10 mL), to which freshly made acetylated p-coumaroyl chloride 16
(110 mg, 490.5 umol) and DMAP (50 mg, 409.3 umol) were added. After 1 h, the
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solution was washed with 0.5 M HCl solvent (3 X 50 mL) to remove DMAP. The
CH,Cl, solution was dried over anhydrous magnesium sulfate and filtered, and
the solvent was removed under reduced pressure. TLC purification using
CH,Cl, and methanol (40:1, v/v) as eluent was conducted, giving 67%/84%
yield of 12ass.

Compound 13c/s

Selective deprotection of the methoxylmethyl group was achieved in eth-
ylene glycol as described previously (Miyake et al., 2004). 12G/s (100 mg, 125.2
pmol for guaiacyl, 120.7 umol for syringyl) was mixed with ethylene glycol
(25 mL) and heated at 120°C for 3 h. Then, water (25 mL) was added to quench
the reaction. Ethyl acetate (3 X 25 mL) was used to extract the products. The
combined ethyl acetate fraction was dried over anhydrous magnesium sulfate
and filtered, and the solvent was evaporated under reduced pressure. TLC
purification using CH,Cl, and methanol (40:1, v/v) as eluent yielded 13G/s
(43%/56%).

Compound 14cis

The phenolic acetate group of 13G/s was eliminated using ammonium
acetate in methanol as described for the synthesis of 11G/s. The yield of 14c/s
was 64%/71%.

Compound 3c6''1s"’

Borane-fert-butylamine complex was used to reduce the a-ketone in 13G/s
to its alcohol, as above for the synthesis of 3G'/s’. The yield of 3G"'1s"" was
80%/75%.

Compound 16

p-Coumaric acid 15 (1 g, 4.8 mmol) was first acetylated in pyridine:acetic
anhydride (2:1, v/v; 15 mL). The acetylated product and thionyl chloride (1 mL,
13.8 mmol) were added to toluene (10 mL) and heated, with stirring, to 100°C
until the material was completely dissolved (approximately 1 h). Then, the
solvent was evaporated under reduced pressure. The product was dissolved in
toluene (50 mL) and evaporated again. This procedure was repeated several
times to eliminate residual thionyl chloride. The final acyl chloride product 16
was obtained as a white powder in 96% yield.

Growth Conditions and Extraction

Maize (Zea mays) plants (inbred line B104) were grown in a greenhouse (16 h
of light; minimum temperature of 25°C and 23°C during the day and night,
respectively). Supplementary light was added using high-pressure sodium
vapor lamps when natural light intensity dropped below 200 W m 2. Fertilizer
was added with the water supply (Ec = 1 mS em ™!, NPK = 20:5:20, MgO = 3).
The ninth internode (the internode just below the cob) was dissected from 22
plants harvested 7 d after silking. At this time, the plants had reached a height of
2 m. Internode samples were ground using liquid nitrogen-cooled Retch
Grinding Jars MM 400 Stainless Steel 50 mL. A volume of 500 uL of powder was
extracted with 1 mL of methanol at 70°C for 15 min. Following evaporation, the
pellet was dissolved in 300 uL of MilliQ water:cyclohexane (2:1, v/v). Ten
microliters of the aqueous phase was used for metabolite profiling.

Metabolite Profiling

Reverse-phase ultra-HPLC coupled to Fourier transform-ion cyclotron
resonance-mass spectrometry was performed on a previously described plat-
form (Accela coupled to a LTQ FT Ultra device; Thermo Electron) using the
conditions described previously (Morreel et al., 2014) with some modifications.
The applied gradient was as follows: 0 min, 95% A; 30 min, 55% A; and 35 min,
0% A (solvents A and B were aqueous 0.1% acetic acid and acetonitrile:water
[99:1, v/v], respectively). Electrospray ionization source conditions were as
follows: spray voltage, 3.5 kV; sheath gas, 10 (arbitrary); and auxiliary gas, 15
(arbitrary). Full Fourier transform mass spectra were recorded between 120 and
1,200 m/z. Data-dependent MS? spectra of the four most abundant ions in the
previous full mass spectra were recorded using the ion-trap analyzer. Inte-
gration, alignment, grouping of 1/z features derived from the same compound,
and generation of the CSPP network were performed as described previously
(Morreel et al., 2014). Structural characterization of the tricin-oligolignols was
further aided via MS"-based oligolignol sequencing (Morreel et al., 2010a,

Plant Physiol. Vol. 171, 2016

Combinatorial Tricin-Oligolignols in Maize

2010b). The latter method unveiled some typical characteristics in the gas-phase
fragmentation of tricin-oligolignols. A full analysis of the CSPP network char-
acteristics of these and other monocot-specific compounds will be published
elsewhere.

MS? Analysis of Tricin-Oligolignols 3 and 4

Upon CID, 4'-O-B-type oligolignols undergo characteristic gas-phase frag-
mentation channels involving the 7-OH function (Morreel et al., 2010a, 2010b). One
series of fragmentations (called type I fragmentations) yield small neutral losses, of
which the 48-D loss often leads to the base peak in the CID spectrum, especially in
the case of a threo configuration of the 4'-O-B-linkage (Morreel et al., 2004a). The
48-D loss results from expelling the 7- and 9-OH groups as water and formalde-
hyde, respectively (Morreel et al., 2010a). Type II fragmentations lead to the
cleavage of the 4'-O-B-linkage and allow characterization of the units connected by
it (Morreel et al., 2010a). The precursor ions of all 4'-O-B-coupled tricin-type oli-
golignols are subjected to type I and II gas-phase fragmentations similar to those
described for traditional oligolignols. Nevertheless, their MS” spectra were quite
often dominated by a tricin product ion (m/z 329) resulting from a type II frag-
mentation. Clearly, this fragmentation channel is favored, as the charge of the ion
can be readily delocalized across the extensive conjugated 7 system.

Chiral Chromatography of Synthetic Dimers and Their
Maize-Derived Counterparts

Separation of the enantiomers of 31 and 3G (for both synthetic compounds
and methanol extracts from maize) was accomplished on an LC-MS system
(Shimadzu) equipped with two LC-20AD pumps, a SIL-20AC HT autosampler,
a CTO-20A column oven, a CBM-20A controller, and an LCMS-8040 triple-
quadrupole mass spectrometer using a Lux Cellulose-1 (150 X 4.6 mm, 5 um;
Phenomenex) column at 40°C. A dual ion source method was applied for ion-
ization. The mobile phase was water (solvent A) and methanol (solvent B) with
0.1% (v/v) formic acid in each solution, and 60% of solvent B was used as an
eluent. The injection volume was 1 uL, and the flow rate was 0.7 mL min ™.
Detection was achieved using MRM mode, in which the first quadrupole was
conducted in single-ion monitoring mode for a set 1/z value, and the target ion
(precursor) becomes broken down into fragments (products) using an optimal
collision energy before entering the second quadrupole region, followed by
single-ion monitoring in the third quadrupole to track the fragments. The chiral
chromatogram was analyzed in Origin 9.1 for multiple peak fitting using a
Gaussian function.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. LC-MS trace and the MS? spectra of each peak for
4GG and 4sG.

Supplemental Data S1. 'H and >C NMR data for synthetic compounds.
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