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Lignocellulosic biomass provides a sustainable source of

sugars for biofuel and biomaterial production. However,
biomass resistance to degradation imposes difficulties for ec-
onomical conversion of plant carbobydrates to fermentable
sugars. One of the key contributors to recalcitrance is lig-
nin. Understanding the properties of lignin macromolecules
in the cell wall matrix is useful for manipulating biomass
structure to generate more easily degradable biomass. Along
with experimental techniques such as 2D-NMR and mass
spectrometry, computational techniques can be useful for
characterizing the structural and energetic properties of the
biomass assembly and its individual constituents. Here, we
provide a brief introduction to lignin, review some of the
recent, relevant scientific literature, and give our perspectives
on the role of molecular simulation in understanding lignin
structure. © 2011 American Institute of Chemical Engineers
Environ Prog, 31: 47-54, 2012
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INTRODUCTION

Lignin, a major component of the plant cell wall matrix,
has a remarkably heterogeneous structure. Second only to
cellulose in its natural abundance, lignin penetrates into the
space between cellulose, hemicellulose, and pectin, and pro-
vides rigidity and mechanical strength to the cell wall [1]. Tt
also participates in efficient water conduction through the
plant stem and provides defense against microbial, enzy-
matic, and chemical degradation of the wall.

Biofuel production from lignocellulosic biomass is one of
several paths toward alternative transportation fuels. Ligno-
cellulosic biomass is rich in carbohydrate content (cellulose
and hemicellulose), which can be converted into fermentable
sugars. Thus, it provides a renewable alternative to petro-
leum-based fuels. Biomass is resistant to deconstruction by
enzymatic and chemical hydrolysis [2], and lignin is a major
contributor [3]. Conversion of biomass to biofuels and bio-
products involves pretreatment, resulting in the depolymer-
ization of lignin and removal of hemicellulose, followed by
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enzymatic hydrolysis and fermentation in subsequent steps.
During pretreatment, hemicellulose is solubilized and con-
verted into mono- and oligosaccharides, which can then
undergo fermentation. Removal of hemicellulose renders cel-
lulose accessible to hydrolytic enzymes for breakdown into
sugars. Lignin, however, is removed only to a limited extent,
and is redistributed over the surface of cellulose, making the
conversion process less efficient by hindering access to cellu-
lose by hydrolytic cellulases [4-6]. Furthermore, numerous
studies have demonstrated the non-specific binding of cellu-
lolytic enzymes to lignin [7-9], which creates a further obsta-
cle to efficient cellulose hydrolysis. A recent study found that
~50% of added enzyme binds unproductively to lignin [9].

Determining the structural characteristics of the biomass
assembly is essential for understanding the resistance of bio-
mass toward degradation. Molecular simulation using quan-
tum chemistry or classical molecular dynamics (MD) simula-
tion can provide accurate structures, energies, and molecular
properties that may or may not be accessible using conven-
tional experimental techniques. However, relatively few mo-
lecular simulation studies have been applied to lignin and
lignin derivatives. Some of the topics studied to date include
electron delocalization in monolignol radicals [10, 11], the
energetics of alkyl aryl ether (B-O-4) linkage formation of
coniferyl alcohol (CA)-based dehydrodilignols [12], interac-
tions of lignin with cellulose [13, 14] and absorptive resins
[15], template polymerization of lignin guided by noncovalent
interactions [10], conformations and intramolecular hydrogen
bonding of monolignols [17], and the effects of pretreatment
on biomass [18]. Computational studies of the pyrolysis of
model lignin molecules [19-23], although related to lignin
degradation rather than biosynthesis, have also provided im-
portant insight into chemical bonding in lignin. In this article,
we review selected applications of quantum chemical calcu-
lations and MD to understanding lignin synthesis and struc-
ture, and provide our perspectives on areas that may benefit
from molecular simulation in the near future.

LIGNIN STRUCTURE AND COMPOSITION

Lignin is a complex, heterogenous, optically inactive mac-
romolecule composed mainly of three hydroxycinnamyl alco-
hols: p-coumaryl, coniferyl, and sinapyl alcohol (Figure 1).
Other constituents are also observed in lesser amounts,
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especially in grassy and herbaceous species, but we limit our
discussion to the three most prevalent monolignols. These
monomers, when incorporated into a lignin polymer, are
referred to as p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) units, respectively. All three monomers share the

same p-coumaryl alcohol core, but vary in their degree of

methoxylation (Figure 1) [24].

The proportion of each subunit in lignin depends on the
species, age, cell type, and tissue type [1, 25]. The presence
of each additional methoxy group results in one fewer reac-
tive site (S < G < H), and therefore fewer possible linkage
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Figure 1. The three major monolignols, p-coumaryl,
coniferyl, and sinapyl alcohol, differ in their extent of
methoxylation. When incorporated into lignin, these

species are referred to as p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) units.

OCH,4 OH
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Figure 2. Various types of representative linkages in lignin.

3-O-4 dimer

combinations during polymerization. In addition, the bonds
that form as a result of reaction at C3 or C5 tend to be C—C
bonds, which are more difficult to break down than the alter-
native C—O bonds that dominate when methoxy content is
high (i.e., when the S/G ratio is high). H lignin subunits are
present in low levels in natural materials (4.9% of lignin in
alfalfa [3] and 0.8% in Norway spruce [20]). Consequently,
less is known about lignin high in H subunits and its impact
on recalcitrance to processing.

Several different C—C and C—O bond linkages are possi-
ble between monomer units, with the most abundant being
the B-O-4 alkyl aryl ether linkage. In addition, 3-8, -5, B-1,
and 5-5 bonds (Figure 2) occur in natural lignin. The B-O-4
and B-B linkages generally lead to linear chains of lignin
polymer, whereas others such as the a-O-4, 5-O-4 and 8-
membered ring dibenzodioxocin linkages [27, 28] participate
in branching of lignin chains.

Other less commonly occurring monomeric units are also
found in natural lignin. Hydroxycinnamaldehydes can substi-
tute for monolignols, especially in plants deficient in the
enzyme cinnamyl alcohol dehydrogenase (CAD), and poly-
merize with the growing chain through a B-O-4 linkage.
Dihydroconiferyl alcohol (DHCA), a minor component in
gymnosperms, can undergo coupling only through O4 and
C5, thereby always being a chain-terminating monomer unit.
5-Hydroxyconiferyl alcohol, prevalent in caffeic acid O-meth-
yltransferase (COMT) down-regulated plants, can undergo
linkage between CB and O4 of sinapyl or CA and vice versa
to form dibenzodioxane (B-O-4, a-O-4) structures (Figure 2).
Ferulates and diferulates are also present in grassy species
[29].

Given the significant challenge posed by the presence of
lignin during pretreatment, lignin down-regulation using
modern molecular biology techniques has become a popular
target for biofuels feedstock improvement. Down-regulation
of all steps in the lignin biosynthetic pathway has been
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achieved as summarized in a recent review on the genetics
of lignin biosynthesis [30]. In addition to targeting reduction
of total lignin content, lignin genetic modification can be
used to increase the S/G ratio to take advantage of the lower
recalcitrance of lignin with higher S content. A number of
notable examples have produced lines that yield an increase
in the amount of sugar released during pretreatment and sac-
charification [3, 31]. Although some lines suffer from severe
growth problems, this is not always the case and more subtle
down-regulation events can create normal phenotypes [32].
Some lines even boast improvements in pest resistance and
tolerance to drought [33]. As the monomer ratio and total
lignin concentration vary more radically with lignin genetic
modification, transgenic lines will provide interesting data for
input into lignin simulation studies.

LIGNIN BIOSYNTHESIS

Lignin has been studied for several decades, but a unified
mechanism for its biosynthesis is still lacking. Two major
hypotheses for lignin biosynthesis are frequently debated in
the literature. Combinatorial random coupling [34, 35] of
monolignol radicals is the most widely accepted mechanism
for lignin polymerization, but protein-directed synthesis
involving dirigent proteins has also been hypothesized [30,
37]. Before polymerization can begin, monolignols must be
transferred to the lignifying zone of the cell wall where they
are oxidized by peroxidases or laccases [38—40]. The trans-
port mechanism, however, is unclear [41], although adeno-
sine triphosphate (ATP)-dependent transport may be
involved [42]. The first step in lignin polymerization is the ox-
idation of lignin monomers at the O4 position to form phe-
noxy radicals. The ease of oxidation of a given monolignol
depends on its extent of methoxylation [43]. Sinapyl alcohol
undergoes oxidation more readily than coniferyl or p-cou-
maryl alcohols because of the two methoxy groups at the
meta positions relative to the allyl alcohol group. Enzymatic
oxidation of monolignols and monolignol analogs by horse-
radish peroxidase (HRP), a model peroxidase enzyme, was
found to depend on three factors: steric hindrance originat-
ing from the size of the substrate, steric hindrance from pro-
tein residues near the redox-active heme, and hydrophobicity
of the substrate [40].

In the endwise polymerization mechanism [34, 44] of lig-
nin chain growth, a growing lignin chain is formed through
cross-coupling between a monolignol radical and a terminal
phenoxy radical on a growing lignin chain. According to this
hypothesis, the end unit of a growing chain must first
undergo oxidation. Méchin et al. have shown that a low ratio
of HRP to CA (HRP/CA) results in the occurrence of trimers,
tetramers, and pentamers containing at least one B-O-4 bond
[45]. Long-range electron transfer has also been suggested to
take place to oxidize long lignin chains by enzymes that are
not required to make physical contact with lignin substrates
[46].

Another question that remains open is whether the mono-
mers are transferred individually to the lignifying zone,
where they subsequently undergo oxidation and coupling, or
if all the monomers are transferred at the same time and they
all undergo oxidation concurrently just before coupling. In
the latter case, it is expected that the radicals would couple
to form dimers instead of participating in endwise polymer-
ization.

MOLECULAR SIMULATION: UNRAVELING THE STRUCTURE OF LIGNIN
Understanding lignin structure and composition is impor-
tant for deciphering biosynthetic pathways and developing
plants with more easily degradable cell walls. Experimental
techniques for deconstructing biomass and analyzing its com-
ponents can be augmented by complementary molecular
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simulation approaches. The choice of an appropriate compu-
tational method always depends on the specific molecular
system being studied and the questions being asked. For
condensed-phase phenomena that occur over longer time
scales and do not involve bond breaking or forming, classical
MD simulations can be performed on mesoscopic systems
using standard software. To study chemical reactions such as
oxidative coupling, however, quantum chemical, or quantum
mechanical (QM), calculations are required, and in this case
the balance between the desired level of accuracy and the
computational cost of the calculations is a particularly impor-
tant consideration. A comprehensive introduction to compu-
tational chemistry, covering both classical and quantum
chemical approaches, is available in a recent book [47].

Quantum Chemical Calculations

One of the main challenges in quantum chemistry
involves choosing a calculation method that provides accu-
rate results in a reasonable amount of time. It is possible to
calculate molecular energies that agree to within 1 kcal/mol
or less of accurate experimental data, but these methods of-
ten require substantial computational resources for molecules
containing more than a few atoms. Furthermore, such high
accuracy may not be necessary to answer specific questions.

Ab initio quantum chemical methods are, in general, the
most accurate, but also the most computationally demanding
approaches, requiring substantial parallel computing resour-
ces for all but the smallest molecular systems. Density func-
tional theory (DFT) [48, 49] is an extremely successful quan-
tum chemical approach that has been applied in numerous
studies of chemical structures, properties, and reactions [50].
Compared with more computationally intensive, correlated
ab initio methods, much larger molecular systems can be
studied using DFT at a lower computational cost on more
modest computer systems. It is difficult to make general
statements concerning the accuracy of DFT methods, partly
because there are so many of them, but careful assessments
have shown that the best DFT methods can rival the accu-
racy of much more computationally demanding ab initio
methods for many molecular properties [50, 51].

In addition to ab initio and DFT approaches, semi-empiri-
cal quantum chemical methods provide an extremely effi-
cient, albeit more approximate, approach for calculating mo-
lecular structures and their properties. Semi-empirical meth-
ods, which are on the order of 34 orders of magnitude
faster than typical DFT methods, achieve their efficiency by
introducing two additional approximations. First, many of the
electron—electron interaction terms are simply neglected, and
second, adjustable parameters are introduced to account, at
least partially, for electron correlation and other effects.
Although these methods, which have acronyms such as AM1
[52] and PM3 [53], were originally developed more than two
decades ago, they are still actively developed and used
because of their computational efficiency. Recently devel-
oped semi-empirical methods include PDDG/PM3 [54], RM1
[55], and PM6 [56].

Lignin-like molecules, in particular higher-order multimers
of monolignol subunits, have numerous rotatable C—O and
C—C bonds. 1t is therefore quite important to use conforma-
tional search techniques to locate the lowest-energy confor-
mations when studying lignin structure and energetics [17,
57]. One useful strategy involves using a computationally
affordable semi-empirical or molecular mechanics method
(see below) coupled with a systematic or random conformer
generation algorithm to find low-energy conformers. A more
accurate quantum chemical method, such as DFT, is then
used to refine the structures and energies of a limited num-
ber of these low-energy conformers, with the goal of obtain-
ing the most important conformer(s).

April 2012 49



Historically, the B3LYP [58, 59] DFT method has been the
most widely used across all areas of computational chemistry,
but a growing number of next-generation DFT methods with
improved accuracy are now available [51]. Two examples are
the Minnesota density functionals developed by Truhlar and
coworkers [60-62] and the ®B97X-D density functional devel-
oped by Head-Gordon and coworker [63]. Although numer-
ous other DFT methods exist and are commonly used, these
two are singled out here because they yield accurate molecu-
lar structures and energies, they provide an adequate repre-
sentation of nonbonded interactions such as hydrogen bond-
ing and dispersion, which are likely to be important in mo-
lecular systems containing phenolic moieties such as those
found in lignin, and they have already been applied success-
fully in computational studies of lignin-like systems [16, 17,
21, 221.

Quantum chemical calculations have been used to study
the energies and electronic properties of lignin model com-
pounds. Two key hypotheses related to lignin biosynthesis,
the thermodynamic control and spin distribution hypotheses,
have been investigated using quantum chemical calculations.
According to the thermodynamic control hypothesis, the
ratios of various linkages in lignin should correlate with the
relative energies or thermodynamic stabilities of compounds
bearing those linkages. In the spin distribution hypothesis,
the sites bearing the most unpaired electron spin are
expected to be the most reactive.

DFT calculations have been used to investigate the struc-
ture, electronic properties, and reactivity of monolignols,
dehydrodilignols, and other lignin-like compounds. Durbeej
et al. [11, 12, 64] used B3LYP calculations with a polarizable
continuum representation of the solvent to study the ener-
getics and electronic structure of oxidative coupling of coni-
feryl radicals. Their major findings, along with other lignin
simulation studies, are summarized in a thorough and in-
formative review on the challenges of using computation to
study lignin biosynthesis and degradation [65]. Briefly, Dur-
beej and Eriksson calculated electron spin densities of mono-
lignol radicals and dehydrogenated dilignol radicals. They
found that the majority of unpaired spin is localized on the
phenoxy radical (O4) in both mono- and dilignol radicals
[11], which may help to explain why B-O-4 linkages are so
prevalent in natural lignin. These authors also compared the
relative energies of the B-O-4 linked dimer with B-8, B-5, 5-
5, and 5-O-4 lignans [64]. A lack of correlation was observed
between the calculated relative energies of the dimers and
the experimentally observed ratios of intermonomeric unit
linkages. The B-B linkage was found to be the most favor-
able (i.e., lowest energy) in the calculations, followed by B-5
(2.6 kcal/mol higher) and 5-5 (6.6 kcal/mol higher), whereas
the most abundant linkage in natural lignin, B-O-4, was
found to be significantly higher in energy (11.6 kcal/mol)
than the B-B dilignol.

Although the lack of agreement between computation and
experiment may seem discouraging, it is important to remem-
ber that many factors are likely to be involved in determining
the linkages observed in vitro and in wvivo. Nevertheless,
these results provide an important baseline study of the
intrinsic reactivities of monolignol radicals in oxidative cou-
pling reactions in vitro. They also provide the necessary
framework for future simulations using more accurate quan-
tum chemical methods and more sophisticated multiscale
simulation techniques.

Using DFT calculations, Beste et al. [19-22] have studied
pyrolysis or thermal decomposition reactions of lignin-like
model compounds. They investigated reaction pathways for
hydrogen abstraction from phenethyl phenyl ether (PPE) by
benzyl and phenoxy radicals [22]. Hydrogen can be
abstracted from the a or § position during pyrolysis, and the
selectivity of o/ hydrogen abstraction as well as the rates of
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these reactions vary with the substituents on PPE [19, 20].
The bond dissociation enthalpies of C—O and C—C bonds
have also been studied [21] to shed light on the mechanism
of breakdown of lignin into smaller chains during pyrolysis.

Recently, the CBS-QB3 method was applied to pyrolysis
reactions involving PPE [23]. Complete basis set (CBS) meth-
ods [66] are complex, ab initio-based, composite energy cal-
culations that provide highly accurate structures, energies,
and thermo-chemical quantities. Computed energies were
used along with transition state theory (TST) to obtain rate
constants for various reaction pathways, with the computa-
tional results in near-quantitative agreement (within 1-2 kcal/
mol) with experimental measurements.

Chen and Sarkanen [16] used DFT calculations to investi-
gate how a double-stranded lignin chain could be replicated
to form a complementary daughter chain. In their study, non-
covalent interactions were found to be sufficiently strong to
direct the orientation of monolignol radicals and a double-
stranded lignin template for oxidative coupling.

Very recently, single-conformation spectroscopy and DFT
calculations were used to probe monolignol conformations
in the gas phase. Rodrigo et al. showed that the allyl alcohol
side chains of monolignols are “locked” into rigid configura-
tions in which the hydroxyl group is oriented toward the
vinyl ©t cloud [17]. For coniferyl and sinapyl alcohol, the phe-
nolic hydroxyl group was found to form an intramolecular
hydrogen bond with an adjacent methoxy group. The agree-
ment between theory and experiment further validated the
use of DFT calculations in characterizing structural properties
of lignin-like species.

Molecular Dynamics Simulation

MD simulation involves stepwise integration of Newton’s
second law (F = ma) for a molecular system. MD is a
powerful tool to complement experiments in obtaining
atomic-detail understanding of the structure and dynamics of
biomolecules. It is now common to simulate systems of 10°
or more atoms for hundreds of nanoseconds. An empirical
potential function, also called a molecular mechanics force
field, is employed to describe the energy of the system as a
function of interatomic distances. Electronic degrees of free-
dom are not considered as in computationally more intensive
quantum chemical calculations.

One of the most commonly used empirical potential func-
tions for MD simulations is the CHARMM (CHemistry At Har-
vard Molecular Mechanics) force field [67]. The form of the
CHARMM potential energy function is:

E=Y"Ky(b—b)*+ Y Ko(®—00)*+ > Kup(s —s0)’
U—-B

bonds angles

4 Z Ko[1 + cos(np — 8)] + Z Ky (U — Uo)’

dihedrals impropers
12 6
2 : Ry R;; q:q;
y ij iYj
i “ <r) _2<r~> + feonry [ (1)
nonbonded y ij (147

in which contributions to the energy include bonded (bond,
angle, Urey—Bradley (U-B), dihedral, and improper dihedral)
and non-bonded (Lennard-Jones and Coulombic) terms. Vari-
ous parameters such as the equilibrium bond distances,
angles, dihedrals, their corresponding force constants K, Len-
nard-Jones (i.e., van der Waals) parameters, and partial atomic
charges ¢g; are molecule-dependent and must be optimized for
specific types of systems prior to performing the simulation.
MD simulation of a 3-O-4 linked guaiacyl dimer in aque-
ous solution showed that intramolecular hydrogen bonds do
not persist significantly and are preferentially exchanged with
intermolecular hydrogen bonds to the surrounding solvent
[68]. Findings were confirmed by nuclear magnetic resonance
(NMR) spectroscopy experiments, which revealed significant
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conformational flexibility and weak, transient intermolecular
hydrogen bonds [69].

Subsequent calculations by the same group probed the
interactions between lignin and cellulose. Estimated enthal-
pies of absorption of B-O-4 linked guaiacyl dimer on hydro-
philic and hydrophobic cellulose surfaces were found to be
similar [13]. However, the structure of cellulose was found to
influence the preferred geometries of the lignin phenol rings.
For the hydrophilic surfaces, where electrostatic interactions
dominate, only one of the two aromatic rings was adsorbed.
In contrast, both aromatic rings were adsorbed on the hydro-
phobic surface, and van der Waals interactions accounted for
half the adsorption energy.

In vacuo simulations of two B-O-4 guaiacyl oligomers
with degree of polymerization 10 and 20 in the presence of a
36-chain cellulose whisker also found lignin to adsorb in a
flat orientation on the surface of the cellulose [14]. A signifi-
cant increase of the van der Waals contribution was found,
now dominating the adsorption interaction for hydrophobic
and hydrophilic surfaces. However, the studies in Refs. 13,
14, 08, 69 involve relatively short trajectories (<0.5 ns) and
may therefore suffer from inadequate sampling.

Molecular mechanics parameters optimized specifically for
lignin were recently developed [70] following the standard
procedure used to develop the CHARMM force field for pro-
teins and nucleic acids [67]. Two molecules, methoxybenzene
(anisole) and p-hydroxyphenol, were used as simple models
of lignin. Here, we provide only a brief summary of the strat-
egy used to optimize the new parameters. Equilibrium values
for bonds, angles, and dihedrals were taken from quantum
chemical MP2/6-31G(d) optimized geometries. Lennard-Jones
parameters were assigned based on analogy to existing atom
types in the CHARMM force field. Atomic partial charges
were optimized with respect to quantum chemical interaction
energies using a supramolecular approach with a model
compound (anisole) interacting with a single water molecule.
Charges were adjusted to reproduce equilibrium intermolecu-
lar distances and interaction energies between anisole and a
TIP3P water molecule [71]. After determining the non-bonded
terms, dihedral parameters were derived from quantum
chemical potential energy surfaces by fitting to torsional pro-
files. The remaining bond and angle parameters were then
optimized to reproduce vibrational frequencies and eigenvec-
tor projections derived from QM calculations.

Extensive MD simulation was recently combined with
small-angle neutron scattering (SANS) to characterize the
structure of softwood lignin aggregates in aqueous solution
[18]. The surface of the aggregates was found to be highly
folded and characterized by surface fractal properties that are
invariant under a change of scale from ~1—1000 A, demon-
strating excellent agreement between SANS and MD. Further-
more, MD revealed that deeply buried water molecules pref-
erentially hydrate oxygen atoms of the lignin, and the aggre-
gates were found to be dynamically heterogeneous with
enhanced monomer mobility at the surface, a feature attrib-
uted to local depression of the glass transition temperature.
The contribution of lignin to biomass recalcitrance is closely
associated with temperature-dependent changes in the poly-
mer structure upon heating and cooling. MD simulation can
be employed to examine the temperature dependence of the
structure and dynamics of individual lignin polymers. Multi-
million-atom systems of cellulose and lignin in aqueous solu-
tion were recently used as benchmarks to test the parallel
efficiency of MD simulations on massively parallel super-
computers [72]. The authors were able to perform parallel
simulations on up to ~30,000 processors.

MD simulation also offers valuable insight into the behav-
ior of water near biomolecules, often called hydration water.
The enormous number and very fast dynamics of water mol-
ecules pose technical challenges in studies of hydration water
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of biomolecules in aqueous solution. On the other hand,
studying the structure and dynamics of hydration water mol-
ecules is tractable using MD simulation, and has already
been carried out for cellulose [73] and lignin [18].

FUTURE DIRECTIONS

MD simulation is currently being used in our group to
simulate the re-precipitation of lignin onto crystalline and
amorphous cellulose after pretreatment. The aim of that
study is to obtain atomic-level understanding of dilute-acid
and flow-through pretreatment, a process in which lignin is
depolymerized but then re-precipitates back onto the cellu-
lose. Although these simulations are intended to study the
effects of a specific pretreatment process, other conditions
could, in principle, also be simulated. High-temperature MD
simulations could also be used in combination with experi-
mental data to characterize the temperature-dependent dy-
namics of cell wall polymers such as lignin, cellulose, and
hemicellulose. Combining molecular simulation techniques
with more conventional, experimental studies is a powerful
approach for answering many of the open questions related
to lignin structure, composition, and biosynthesis at the mo-
lecular level.

Coarse-grained MD simulation enables large systems to be
studied on significantly larger time scales than those typically
achieved in standard all-atom simulations [74, 75]. In this
approach, groups of several atoms are modeled as single par-
ticles to reduce the complexity of the system. Coarse grain
simulations have recently been performed in our lab for cel-
lulose [76], and a similar approach could be used to study
the structure and dynamic properties of lignin on microsec-
ond time scales.

NMR chemical shifts of lignin model compounds have
been calculated using quantum chemical methods [77], and
this approach should be reinvestigated further as an interpre-
tive tool to aid in spectral assignments. Combined experi-
mental and computational NMR studies of various aromatic
compounds similar to lignin have been reviewed elsewhere
[571.

Semi-empirical quantum chemical methods will likely con-
tinue to play a significant role in computational studies of lig-
nin structure and reactivity, particularly as new methods with
improved accuracy are developed.

Another promising approach that should be applied in lig-
nin studies is the combined quantum mechanical/molecular
mechanical (QM/MM) method [78, 79]. In QM/MM calcula-
tions, the majority of a molecular system is described using a
molecular mechanics force field, but a relatively small por-
tion of the system (~50—200 atoms) is described using quan-
tum mechanics. The advantage of the QM/MM approach is
that it enables chemical reactions to be simulated within a re-
alistic molecular environment. This approach has been used
extensively to study numerous enzyme-catalyzed reactions
[80], and is particularly well suited to studying enzymes
involved in lignin synthesis such as laccases and peroxidases,
or non-enzymatic, solution-phase reactions involving monoli-
gnols, lignans, and the like.

Successful application of QM/MM methods is far from triv-
ial [79]. For example, in addition to choosing an accurate and
efficient quantum chemical approach, special attention must
be paid to the interface between the QM and MM subsystems,
particularly when the linkage occurs across a covalent bond.
Also, atoms included in the QM subsystem must be carefully
chosen. In general, only groups that participate directly in the
reaction process are described using quantum mechanics. A
proper description of electrostatics and dynamic effects is nec-
essary to obtain accurate free energies, which can then be
compared directly with experimental data.
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CONCLUDING REMARKS

The presence of lignin presents a major challenge for
obtaining biofuels and bioproducts from biomass. Part of that
challenge involves understanding fundamental aspects of lig-
nin structure and synthesis so that rational approaches to its
efficient depolymerization can be developed. Molecular sim-
ulation can provide atomistic detail and accurate energetics
of reactions and processes involving lignin, the exact details
of which are experimentally unobservable at this time. Quan-
tum chemical calculations and MD will continue to provide
fundamental insight that will hopefully result in improved
technologies for biomass conversion.
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