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ABSTRACT: Lignin is a complex, branched polymer that reinforces plant tissue.
Understanding the factors that govern lignin structure is of central importance to
the development of technologies for converting lignocellulosic biomass into fuels
because lignin imparts resistance to chemical, enzymatic, and mechanical
deconstruction. Lignin is formed by enzymatic oxidation of phenolic monomers
(monolignols) of three main types, guaiacyl (G), syringyl (S), and phydroxyphenyl (H) subunits. It is known that increasing the relative abundance
of H subunits results in lower molecular weight lignin polymers and hence more
easily deconstructed biomass, but it is not known why. Here, we report an analysis
of frontier molecular orbitals in mono-, di-, and trilignols, calculated using density
functional theory, which points to a requirement of strong p-electron density on
the reacting phenolic oxygen atom of the neutral precursor for enzymatic oxidation
to occur. This model is consistent with a proton-coupled electron transfer (PCET)
mechanism and for the ﬁrst time explains why H subunits in certain linkages (β−β
or β−5) react poorly and tend to “cap” the polymer. In general, β−5 linkages with either a G or H terminus are predicted to
inhibit elongation. More broadly, the model correctly accounts for the reactivity of the phenolic groups in a diverse set of
dilignols comprising H and G subunits. Thus, we provide a coherent framework for understanding the propensity toward growth
or termination of diﬀerent terminal subunits in lignin.

■

INTRODUCTION

To make further improvements on a rational basis,
understanding the factors that control the composition and
structure of lignin is needed. Lignin is a complex,
heterogeneous material made primarily of three phenylpropanoid precursors, p-coumaryl, coniferyl, and sinapyl
alcohols, also known as monolignols (Figure 1). When
incorporated into lignin, these constituents are referred to as
p-hydroxyphenyl (H), guaiacyl (G), and sinapyl (S) subunits,
respectively. The composition of lignin, that is, the relative
abundance of H, G, and S subunits, varies by species, cell or
tissue type, and age.14,15 The complex structural and chemical
properties of the lignin polymer lead to its resistance toward
degradation.
It has been shown that increasing the H content of lignin in
Medicago sativa (alfalfa) by down-regulating p-coumarate 3hydroxylase (C3H) or hydroxycinnamoyl-CoA/shikimate
hydroxycinnamoyltransferase (HCT) leads to lignin with

Lignin is the second most abundant biopolymer, after cellulose,
on earth. Found in plant cell walls, lignin provides mechanical
strength to plant stems, supports the ﬂow of water through the
xylem, and provides defense against chemical and microbial
attack of the cell wall. Conversion of lignocellulosic biomass
into biofuels has attracted much attention due to its potential to
reduce fossil fuel dependence.1,2 Nonfood crops, such as grasses
and poplar, provide sustainable raw materials for the biofuel
industry. However, due to its interactions with cellulose,
hemicellulose, and other cell wall matrix components, lignin
forms physical barriers to enzymatic accessibility of polysaccharides3 and is a major contributor to biomass recalcitrance.4,5 Physical, chemical, or biological pretreatment is used
to detach lignin from biomass and make the fermentable sugars
more accessible.6−11 Pretreatment poses a challenge to biofuel
production at commercial levels due to its high cost.4,5,12
Genetically engineered plants with modiﬁed lignin content and
composition have been shown to improve lignin extractability
and increase saccharide yield.13
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Figure 1. (A) Atom numbering for the phenylpropanoid unit in monolignols. For p-coumaryl, R1, R2 = H; coniferyl, R1 = H, R2 = OCH3; sinapyl, R1,
R2 = OCH3. (B) Oxidation of a phenylpropanoid yields a phenol radical. (C) Radical delocalization leads to additional reactive sites at C1, C3, C5,
and Cβ. (D) Examples of common linkages found in natural lignin: (left to right) β−O4 (β-aryl ether), β−β (resinol), and β−5 (phenylcoumaran).

(MO) analyses. The results of these calculations were
considered in light of a prior electron paramagnetic resonance
(EPR)-based study of horseradish peroxidase (HRP)-mediated
oxidative dehydrogenation of monolignols and several
dilignols.28 From our analysis, we concluded that the BDE,
while important, is alone a poor predictor for the observed
patterns of reactivity. Rather, reactivity is better predicted by
the combination of MO energy and electron density on the
phenolic oxygen in the neutral lignin precursors. Using this
approach, we were able to rationalize the experimental
observations on the ability, or lack thereof, of lignin precursors
to undergo radical formation and participate in endwise
polymerization. Our results thus indicate that the reduced
capacity of H subunits for endwise polymerization can be
explained by intrinsic chemical factors.

lower molecular weight, the practical consequence of which is
improved polysaccharide release.16 It is therefore intriguing to
ask why increasing the H-lignin content leads to the observed
reduction in the degree of polymerization. One possibility is
that H subunits bind more poorly than G and S subunits in the
active sites of enzymes involved in radical formation. Another
hypothesis, investigated here, is that the three types of subunits
have intrinsic chemical diﬀerences that govern the rates of
formation and reaction of the derived phenolic radicals.
The mechanism of lignin polymerization is not completely
understood,17 but the overall process involves endwise
polymerization in which phenolic radicals formed from
oxidation of the monolignols undergo coupling reactions with
analogous radicals formed on growing lignin chains (Figure
1B).18−22 In vitro and in vivo, the oxidation is catalyzed by
peroxidases and laccases,23−25 but polymerization can also be
aﬀected by nonenzymatic oxidation. Besides being reactive at
their phenolic oxygens, the monolignol-derived radicals are
reactive at C1, C3, C5, and C8 (Cβ) due to delocalization of
spin throughout the conjugated π system (Figure 1C), although
steric hindrance often limits or precludes reactivity at some of
those sites.26 The presence of multiple reactive sites leads to a
large number of permutations in coupling reactions that yield
numerous possible interunit bonds. The most common of these
found in natural lignin are β−O4, β−β, and β−5 bonds (Figure
1D),20 and quantum chemical calculations have shown that
their formation from pairs of monolignol radicals is enthalpically more favorable than that for other, less common interunit
linkages.27
In this work, we investigated how speciﬁc interunit linkages
in a series of model di- and trilignols comprising phydroxyphenyl (H) and guaiacyl (G) subunits linked by the
common β−O4, β−β, and β−5 linkages aﬀect the favorability
of oxidation and subsequent reaction of terminal phenolic
groups required for chain elongation. To address these two
issues, we used density functional theory ﬁrst to calculate bond
dissociation energies (BDEs) for the parent phenolic
compounds and then to perform frontier molecular orbital

■

COMPUTATIONAL DETAILS

In phenolic radical coupling, the initial products are often
unstable and quickly undergo further reactions (hydration,
tautomerization, or cyclization) that convert them to stable
products. These stable products are the ones relevant to
subsequent polymerization and were considered for this work.
Speciﬁcally, we considered hydrated quinone methides (β−
O4), pinoresinols (β−β), and phenylcoumarans (β−5) (Figure
1D). Initial structures of GG homodimers were obtained from
the Cambridge Crystallographic Data Centre (CCDC) and
modiﬁed using Molden29 to prepare the structures of β−O4,
β−β, and β−5 homo- and heterodimers and trimers (hydrated
quinone methides). All possible stereoisomers of the dilignols
were examined for each of the three linkages. For each
stereoisomer, an MM330 Monte Carlo conformational search
was performed to identify low-energy conformers with the scan
module from the Tinker suite of programs.31 Missing force ﬁeld
parameters were assigned by analogy to similar existing
parameters. The 25 lowest-energy conformers of each stereoisomer were then optimized with the closed-shell formalism at
the B3LYP/6-31+G(d)32,33 level of theory with NWChem.34
The lowest-energy conformer of each stereoisomer (e.g., four
B
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Table 1. Comparison of Computed BDEsa and the Sum of the MO Coeﬃcients for the p Orbitals of the Phenolic Oxygen in the
HOMO with EPR-Based Peroxidase Assays from Reference 28
entry

substrate

Monomers
1
H
2
G
3
S
β−O4 Dimers
4
HH
5
GG
6
HG
7
GH
β−β Dimers
8
HH
9
GG
10
GH
11
HG
β−5 Dimers
12
HH
13
GG
14
HG
15
GH
Trimers
16
HGG(β−5)
17
HGG(β−β)

BDEa (kcal/mol)

HOMO energy (eV)

MO coeﬃcient (ptot)b

predictionc

HRP substrate?d

83.8
84.0
80.4

−7.33
−7.09
−6.89

0.45
0.45
0.47

yes
yes
yes

yes
yes
yes

87.2
85.5
86.1
86.3

−7.48
−7.16
−7.49
−7.30

0.06
0.62
0.45
0.49

no
yes
yes
yes

no
yes
nd
nd

85.9
85.3
85.5
86.5

−7.56
−7.19
−7.25
−7.25

0.63
0.49
0.68
0.03

yes
yes
yes
no

yes
yes
nd
nd

86.2
86.0
86.3
86.2

−7.24
−7.08
−7.06
−7.27

0.06
0.02
0.04
0.28

no
no
no
no

no
nd
nd
no

89.8
86.6

−7.03
−7.26

0.13
0.00

no
no

nd
nd

a

M06-2X/6-311++G(d,p) BDEs at 298 K. bHF/STO-3G MO coeﬃcients for the p orbitals of the phenolic oxygen in the HOMO of the lignin
precursors. The MO coeﬃcients for the 2px, 2py, and 2pz orbitals were summed to yield ptot. cPrediction that a substrate can or cannot undergo
oxidation on the basis of the HOMO electron density on the phenolic oxygen. dConclusion based on EPR spectra of HRP in the presence of
hydrogen peroxide and mono- or dilignols. The appearance of a peak at g = 6.28 and corresponding loss of a peak at g = 2.003 indicate that the lignin
precursor underwent oxidation by HRP. See ref 28 for details; nd = not done.

for β−O4 and two each for β−β and β−5 linkages) was then
reoptimized at the M06-2X/6-311++G(d,p)35 level of theory
with Gaussian09.36 The single stereoisomer with the lowest
energy for each linkage was then used for further analysis.
Vibrational frequency calculations and frontier MO analyses
were performed at the same level of theory. Solvation eﬀects
were approximated by applying the integral equation formalism-polarized continuum model37 (IEF-PCM) to the gas-phase
M06-2X/6-311++G(d,p) geometries with water as the solvent.
An isovalue of 0.03 was used to plot the highest occupied
molecular orbital (HOMO) density maps. To enable simple,
qualitative interpretations, MO coeﬃcients were computed at
the HF/STO-3G level of theory using M06-2X/6-311+
+G(d,p) geometries. The qualitative shapes of the orbitals
calculated using the two methods are similar (Figures S2 and
S3, Supporting Information). Lignin trimers were constructed
by manually adding a third monomer unit to the lowest-energy
stereoisomer of the corresponding dimers. Conformational
analyses and geometry optimizations of the trimers were
performed as for the dimers.

Cβ of the H subunit and O4 of G to form an HG dilignol, or
vice versa to form a GH dilignol. In the case of β−β
heterodimers, both reaction sites are Cβ; therefore, HG and GH
dilignols are identical. β−β dilignols have two phenolic groups
available for radical formation, and the BDEs for the two
corresponding phenolic O−H bonds in the β−β HG dilignol
are expected to be diﬀerent; therefore, both were considered.
β−O4 and β−5 dilignols have a single, free phenolic group.
The BDE is deﬁned as the diﬀerence in total energy
(including zero-point energy corrections) of the neutral phenol
and its homolytic dissociation products according to the
reaction
R−OH → R−O• + H•

where R−OH is a mono-, di-, or trilignol. BDEs have been
considered previously in the context of substituent eﬀects on
the ability of phenols to undergo oxidation and act as radical
scavengers in biological systems38,39 and were found to
correlate well with the radical formation capacity of phenols
with electron-donating or electron-withdrawing substituents at
the meta and para positions.40
The computed BDEs for H and G monolignols are 83.8 and
84.0 kcal/mol, respectively (Table 1). The BDE for the S
monolignol is somewhat lower at 80.4 kcal/mol due to
stabilization of the radical by the two electron-donating
methoxy groups ortho to the phenolic oxygen. The BDEs for
H and G homo- and heterodimers are slightly higher than those
for the H and G monomers, by ∼1.6−3.4 kcal/mol, respectively
(Table 1). Hence, the BDEs suggest that, in general, it is more
diﬃcult to form phenoxy radicals from dilignols than from
monolignols. This diﬀerence is to be expected due to the

■

RESULTS AND DISCUSSION
To investigate the eﬀects of incorporating monolignol radicals
into short lignin chains through the most common interunit
linkages found in natural lignin, we ﬁrst computed the BDEs of
the phenolic OH bond in mono- and dilignols. BDEs for homoand heterodimers comprising H and G subunits, that is, HH,
HG, GH, and GG dimers, were calculated (Table 1). For
heterodimers with a given interunit linkage, the two subunits
can be linked in two diﬀerent ways. For example, a β−O4
dilignol composed of H and G subunits can be linked between
C
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phenols and anilines by HRP, with an increase in HOMO
energy leading to a higher oxidation rate constant.42 The same
rule might therefore be expected to hold for phenolic lignin
precursors. However, HOMO energies do not obviously
correlate with the oxidation rate of some of the dilignols
studied here (Table 1). For example, the oxidation of β−5
(entry 12) and β−O4 (entry 4) HH dilignols, with HOMO
energies of −7.24 and −7.48 eV, respectively, would, according
to this criterion, be more favorable than that for the β−β HH
dilignol (entry 8), which has a lower HOMO energy of −7.56
eV. However, both the β−5 and the β−O4 HH dilignols are
poor peroxidase substrates, whereas the β−β HH dilignol is a
better one.28 Thus, HOMO energies alone do not reliably
predict the tendency of lignin precursors to undergo oxidation.
Next, we investigated the structure of the HOMO in lignin
precursors, in particular, the p orbital density at the phenolic
oxygen. Figure 2 depicts the calculated HOMOs for the three

greater delocalization of spin, and correspondingly greater
stability, in the monomer-derived radicals. That is, in the
monolignol radicals, spin density is delocalized over the
aromatic ring and the vinyl group (Figure S1, Supporting
Information), whereas in the dilignol radicals, the spin density
is restricted to the aromatic ring because the Cα−Cβ double
bond is saturated.
The ability of various lignin precursors to undergo
peroxidase-catalyzed oxidation has been investigated previously
using EPR spectroscopy.28 Several trends are evident in those
ﬁndings (Table 1). First, monolignols are better substrates than
dilignols. Second, an increased number of methoxy substituents
(i.e., going from H to G or S) in the mono- and dilignols
correlated with increased reactivity as substrates. Third,
whereas dilignols with β−O4 or β−β linkages underwent
oxidation to various extents by HRP, those with β−5 linkages
did not.
These results can be rationalized in part on the basis of BDE
if it is assumed that a higher BDE will lead to more sluggish
oxidation. For example, the greater reactivity of monolignols
than dilignols toward oxidation by HRP is consistent with this
idea, as is the greater reactivity of the β−O4 GG dimer in
comparison to the HH dimer, which is essentially unreactive.
However, certain observations cannot be rationalized on the
basis of BDE alone. In particular, the BDEs for the reactive β−β
homodimers (entries 8 and 9, Table 1) are very close (within
∼1 kcal/mol) to those of the unreactive β−O4 HH (entry 4)
β−5 HH and β−5 GH dilignols. Thus, for the dilignols, the
computed BDEs clearly do not distinguish between experimentally good and poor substrates.
Given the lack of predictive power in the BDE, we sought
alternative explanations for the observed selectivity in the
enzymatic oxidation. The fundamental problem with BDE as a
predictive tool is that it provides information only about the
overall thermodynamic favorability of radical formation. The
BDE relates clearly to the expected reactivity for roughly
thermoneutral hydrogen-atom-transfer reactions but not
necessarily toward other pathways leading to phenolic radicals.
In lignin polymerization, the oxidizing species is an enzyme, for
which HRP is a model. It is believed that HRP and other
enzymatic oxidants use a proton-coupled electron transfer
(PCET) mechanism to oxidize lignin precursors.41 In a PCET
reaction, an electron and a proton are transferred in a concerted
manner to the active site of the enzyme, resulting in net
homolysis of the phenolic O−H bond in a lignin precursor. For
such a reaction, chemical factors that govern the ease of
electron donation, in particular, the energy and structure of the
HOMO, are expected to be important determinants of the
activation energy. For rapid electron transfer, the HOMO
should have both an energy similar to the LUMO of the
enzyme and appreciable electron density localized on the
phenolic oxygen. If there is a large energy mismatch or weak
HOMO electron density on the phenolic oxygen, then electron
transfer from the substrate to the enzyme will be slow. These
considerations led us to perform MO analyses of mono-, di-,
and trimeric lignin precursors to examine in detail the
underlying factors that determine their suitability for endwise
polymerization. We considered speciﬁcally the energy of the
HOMO and the p orbital HOMO electron density of the
phenolic oxygen undergoing oxidation.
We ﬁrst considered the HOMO energy of lignin precursors
as it has been shown previously that a correlation exists
between the HOMO energy and the oxidation rate of simple

Figure 2. HOMO density plots for monolignols. Phenolic oxygens are
indicated by an asterisk.

monolignols. For each molecule, the HOMO density plots are
similar and clearly show the presence of strong electron density
on the phenolic oxygens, consistent with the strong p orbital
coeﬃcients (ptot ≥ 0.45, Table 1), as well as extensive
delocalization. In contrast, HOMO orbital density maps for
dilignols reveal stark diﬀerences among them. In the β−O4linked dilignols, strong electron density is observed on the
phenolic oxygens of all except for the HRP-unreactive HH
dilignol (Figure 3). Also conspicuous is the substantial
localization of orbital density onto one or the other subunit
in several cases.
In the case of the β−β dilignols, there are two potential
phenolic OH groups that can undergo oxidation. In HH and
GG, the phenolic OH groups on both of the H or G subunits
have identical local chemical environments (i.e., H or G
environment) and, neglecting stereochemical diﬀerences, are
chemically equivalent in the ensemble average. Although
individual conformers within the ensemble can have nonequivalent oxygens, the minimum-energy dilignol structures in
our calculations showed similar p orbital HOMO electron
densities on both phenolic oxygens (Figure 3). In contrast, for
the GH dilignol (equivalent to HG), the two potential phenolic
OH groups are in chemically distinct local environments, with
one located on the H subunit and the other on a methoxylated
G subunit. In all cases, at least one phenolic oxygen has strong
p orbital density. However, in the GH/HG dilignol, the orbital
density is localized almost entirely on the G subunit (Table 1,
entries 10 and 11). Hence, considerable diﬀerence in reactivity
is expected at the two distinct phenolic oxygens.
For β−5 dilignols, there is only one phenolic OH group
available for oxidation. In general, HOMO analysis shows little
or no electron density on the phenolic oxygen in the β−5
D
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tion). In contrast, ptot for the β−O4 HH dimer was in the range
of 0.04−0.18 (Table S3, Supporting Information), the entire
span of which is below the apparent threshold for reactivity as
peroxidase substrates. For the β−β GH dilignol, which has two
available phenolic oxygens, ptot for the G subunit phenolic
oxygen was in the range of 0.61−0.72, whereas the values for
the phenolic oxygen on the H subunit were between 0.02 and
0.12 (Table S4, Supporting Information). In the case of the β−
5 HH dilignol, ptot varied only between 0.04 and 0.05 (Table
S5, Supporting Information). Thus, although ptot exhibits some
conformational variation for the dimers tested, particularly for
the species with greater conformational ﬂexibility, the
conformational dependence of ptot is relatively minor and
does not alter the conclusions obtained by considering only the
lowest-energy conformer identiﬁed for each dilignol. That is,
the electronic structure is intrinsic to the molecule and is only
minimally perturbed by conformational changes.
We also considered the eﬀects of solvation by computing ptot
values for gas-phase geometries with the IEF-PCM continuum
solvation model with water as the solvent. In general, solvation
reduces ptot values slightly relative to the gas-phase values.
However, for the β−β GG dimer, ptot increased by 0.07 when
solvation eﬀects were included (Table S6, Supporting
Information). Interestingly, the reduction of the ptot value for
the β−5 GH dilignol from 0.28 in the gas phase to 0.10 in water
indicates that perhaps this molecule is not as close to the
threshold for reactivity as expected based on the gas-phase
value. In summary, solvation eﬀects, at least within the
approximations used here, do not alter either the electronic
structures of the dilignols or the conclusions made with gasphase ptot values.
From the trends seen with experimentally tested substrates,
we make the following predictions for the untested dilignols
(Table 1) on the basis of ptot in the HOMO.
(i) The β−O4 HG and GH dilignols will both be good
substrates for HRP and will support lignin elongation.
(ii) The β−β GH/HG dilignol will be oxidized and will
support chain elongation only from the G terminus.
(iii) None of the β−5 dilignols will be good substrates or
support chain elongation.
To extend our investigation of the eﬀects of linkage and
subunit type in lignin polymers further, we considered two
HGG trilignols. Because the majority of the interunit bonds in
natural lignin are β−O4, the two G subunits in the model
trilignols were linked with β−O4 bonds. The terminal H
subunit was linked by either a β−5 or β−β bond to obtain the
trimeric species (Figure 3). The question thus asked is whether
radical formation of this type is also disfavored in the
corresponding trilignols. In the HOMO maps for both
trilignols, the phenolic oxygen on the H subunit again lacks
electron density (Figure 4), and the ptot values (Table 1, entries
16 and 17, respectively) are 0.13 and 0.00. Thus, we expect
both of these substrates to be unreactive toward HRP at their H
termini despite having relatively high HOMO energies.

Figure 3. HOMO electron density maps of homo- and heterodimers
with β−O4, β−β, and β−5 interunit bonds (top to bottom). The
magnitude of the HOMO electron density on the phenolic oxygen
correlates with the ability of the compound to undergo oxidation by
HRP from a phenolic radical. β−β GH and HG are identical by
symmetry. Phenolic oxygens are indicated by an asterisk.

dilignols, in contrast to the β−O4 and β−β dilignols (Figure 3
and Table 1). In the β−5 dilignols, the HOMO orbital density
is localized strongly on the nonphenolic subunit containing the
intact, conjugated allylic alcohol unit. Of these, two (HH and
GH, entries 12 and 15 in Table 1) have been tested with HRP
and found to be poor substrates.
In comparing the HOMO energy and structure with the
reactivity data from Table 1, certain trends emerge. First, there
is no obvious connection between the HOMO energy and
reactivity. Second, the HOMO electron density on the phenolic
oxygen is a good indicator of reactivity toward HRP. In
particular, reactive compounds have a sum of p orbital MO
coeﬃcients of ptot > 0.4, but the unreactive have ptot < 0.3. Most
of the unreactive compounds have essentially no p orbital
density (ptot ≤ 0.06). The β−5 GH dimer is particularly
interesting because it is near the threshold for reactivity, with a
ptot = 0.28. In the other β−5 dilignols, the cinnamyl moiety
dominates the HOMO, with strong contributions from the p
orbitals of the allylic double bond (Figure 3). Examination of
the HOMO density plot for the GH dilignol (Figure 3),
however, shows considerable leakage of the orbital density from
the cinnamyl alcohol H subunit into the phenolic G subunit.
This eﬀect can be understood qualitatively as a consequence of
electron donation from the 3-methoxy substitutent on the G
subunit, which raises the π-energy level on the G subunit to
match more closely that of the H subunit and thereby facilitates
orbital mixing. Thus, the modest HOMO density on the
phenolic oxygen in the β−5 GH dimer is apparently not
suﬃcient for eﬀective oxidation by horseradish peroxidase.
To determine how much the phenolic oxygen HOMO
density depends on the conformation of a given dilignol, we
computed ptot for a number of low-energy conformers. We
considered the β−O4 GG and β−β GH dimers, which are
representative of good substrates, and the β−O4 HH and β−5
HH dilignols, which are bad substrates. For the β−O4 GG
dimer, computed ptot values varied from 0.43 to 0.65 for the set
of 25 low-energy conformers (Table S2, Supporting Informa-

■

CONCLUDING REMARKS
Our ﬁndings and the resulting model have important
implications for understanding the growth of lignin polymers.
Although the factors that control lignin polymerization in vivo
are likely to be complex and may include, for example, the
availability of substrate, compartmentalization, chemical environment, and enzyme-binding eﬀects, the present work
provides evidence that the intrinsic chemical features of lignin
E
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Figure 4. HOMOs of HGG trilignols. The lack of HOMO electron
density on the phenolic oxygen on the terminal H subunit indicates
that phenol radical formation will be unfavorable.

precursors also play an important role. In particular, our
ﬁndings point to p electron density on the phenolic oxygen as a
key determinant of reactivity toward oxidation by HRP or other
peroxidases.
Using this criterion, we can rationalize the observation that
increasing the relative abundance of the H subunit leads to
lignin polymers with reduced molecular weight. A key factor
driving this eﬀect is the unreactivity of terminal H subunits in
certain common linkages. That is, comparing the expected
reactivity of analogous GX and HX pairs (X = H or G), we ﬁnd
that β−O4 GH and β−β GG dilignols are reactive, whereas the
corresponding compounds with H termini, that is, β−O4 HH
and β−β HG dilignols, are not. Thus, incorporation of H
subunits at termini through these linkages slows or stops lignin
chain elongation, eﬀectively capping the growing chain at that
end. These ﬁndings are consistent with observations that the
incorporation of a higher percentage of H subunits into G-rich
lignin will lead to polymers with shorter chain length and lower
molecular weight.8 Additionally, the β−5 linkage in general,
with either a G or H terminus, is predicted to inhibit
elongation. Our ﬁndings therefore suggest that a high
proportion of H subunits and β−5 linkages might be expected
at the termini of lignin polymer chains produced by enzymatic
oxidation, though not necessarily those produced by chemical
oxidation.
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