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ABSTRACT: A discrete, dynamic model of lignification most suited to studying lignin growing in highly
restricted spaces is presented. This model satisfactorily reproduces many known properties of lignin. It
is argued that the model therefore produces spatially realistic structures for lignin. The effects of
hemicellulose binding on lignification are studied. It is shown that the geometry of the hemicellulose
matrix is an important factor in determining the magnitude of these effects.

1. Introduction

Understanding lignin is a pressing technological and
scientific problem. On the one hand, lignin gives wood
much of its strength! and is a promising source of new
polymeric materials.2® On the other hand, it colors pulp
and makes bleaching necessary.t

Despite its importance, there are significant gaps in
our understanding of lignin. Even such fundamental
questions as the degree of organization of native lignin
remain controversial: Lignin has traditionally been
considered to be a random network, a view for which
there is considerable experimental evidence.5¢ How-
ever, it is now clear that other structural components
of wood exert a significant organizing influence on lignin
deposition.” Nevertheless there may be a significant
random component in the polymerization process. There
are also theoretical arguments for nonrandom lignin
structures® relying implicitly on the assumption that
lignin deposition is thermodynamically rather than
kinetically controlled. At this point, it is impossible to
say whether this is generally true. Goring’s suggestion
that lignins from different sources may be fundamen-
tally morphologically different seems sensible, given the
conflicting evidence.? Random models of lignin thus
continue to be of some interest.

In vivo, lignin is formed by the dehydrogenative
polymerization of 3-(4-hydroxyphenyl)-2-propen-1-ol (p-
coumaryl alcohol, structure 1,

shown with the numbering scheme standard in works
on lignin®) and its derivatives 3-(3-methoxy-4-hydroxy-
phenyl)-2-propen-1-ol (coniferyl alcohol) and 3-(3,5-
dimethoxy-4-hydroxyphenyl)-2-propen-1-ol (sinapyl al-
cohol); 1410 collectively, these units are known as mono-
lignols.® (The monolignols are present in different ratios
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according to both the species and tissue studied.*!) The
complexity of lignin is largely due to the number of
resonance structures of phenylpropane radicals: For
ingtance, the coniferyl alcohol radical has five resonance
structures, of which four are thermodynamically sig-
nificant.’? The monolignols are present in limited
quantities during lignification so that, to a good ap-
proximation, a few dilignols are initially formed, with
further polymerization consisting primarily of addition
of monolignols to the initially formed polymeric cen-
ters. 1413

As most lignin is closely associated to carbohydrates,
in particular to hemicellulose in woody tissues,}414 it
is quite difficult to extract a chemically unmodified,
carbohydrate-free lignin fraction from wood.* Further-
more, it may be that lignin—carbohydrate complexes,
collectively known as glycolignins,'4 are partly respon-
sible for pulp discoloration!5 so that these complexes are
themselves interesting objects of study.

As a result of the complexity of lignin, computer
modeling has played an important role in the develop-
ment of the field. There are two complementary ap-
proaches to lignin modeling: quantum chemical calcu-
lations on small polymers®1617 and simulation of the
formation of a large polymer. Our work falls in the
latter category, which we briefly review. In the pio-
neering work of Glasser and co-workers,8-2¢ mono-
lignols are added one at a time to the growing polymer;
reactions are accepted or rejected both on the basis of
input parameters (monolignol radical reactivities, bond
distribution, etc.) and according to the evolving statisti-
cal properties of the simulated polymer. Essentially,
the intrinsic chemistry of the monolignols is modified
during the simulation in order to reconcile the model
to experimental data. In the model of Lange and co-
workers,?526 based in part on the Flory—Stockmayer
treatment of lignin by Bolker and Brenner,?? lignifica-
tion is viewed as a stepwise process: First, dilignols are
formed which then oligomerize into chains, and finally
the chains form cross-links. There is some experimental
support for this view of lignification, but it is unclear
whether occasional random deviations from this sce-
nario (e.g., early formation of polymer branch points)
play a role in the overall structure of the polymer. In
Jurasek’s model,2® a determined effort is made to
construct realistic lignin structures in space by taking
careful account of the size and geometry of the mono-
lignols as they are added to the polymer. Each of these
models proceeds from a particular view of the lignifi-
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cation process to an implementation in the form of a
sequentially executed program. Although this class of
models seems to be particularly effective in detecting
stoichiometric anomalies in experimental data,2° it is
not clear that they necessarily produce realistic spatial
structures for the lignin polymer.

In contrast to the studies outlined above, we have
attempted to capture the dynamics of lignification by
establishing some simple transport and bonding rules
and allowing these to run their course. The “physics”
of the model is fixed at the outset and mimics in vivo
physics, including the “parallelism” resulting from the
simultaneous presence of many molecules in the reac-
tion space. In other words, we attempt to recreate the
conditions of the reaction rather than attempt to gener-
ate the products directly.

In previous work,2? we described a novel approach to
modeling the dynamics of polymerization leading to
realistic structures for macromolecules of very high
molecular weight. The methods developed were applied
to a “diatomic” model of lignin. In section 2, we describe
a minimal model of lignin in the plane (most appropriate
to modeling lignin growing in restricted spaces) based
on the methods introduced in our earlier work. En-
hancements introduced here include both lignin—hemi-
cellulose complexes and a refined treatment of branch-
ing. On the basis of our results (section 3), we feel that
the current model captures the essential features of in
vivo lignification.

2. Computational Methods

We have chosen to apply discrete simulation methods
for efficiency and simplicity. Both time and space are
discretized; in particular, space is represented by a
square grid of 256 x 256 cells with periodic boundary
conditions. (While we will loosely refer to this arrange-
ment as a plane, the boundary conditions make it a
torus.) Planar models such as these are best suited to
modeling lignin growing in restricted spaces such as the
secondary wall of a wood fiber. (Note that the order
observed in secondary wall lignin occurs at the meso-
scopic level, not at the microscopic.’® Also, while it
might be tempting to associate planar models with
lignin monolayers,3! this would be wrong since mono-
layers are produced by spreading bulk lignin on an
interface rather than by growing a polymer there.)
Furthermore, we have opted to use purely local rules
to control the polymerization process; the reactivity of
the monolignol radicals makes this a reasonable model
feature.®

At every time step, a coordinate origin is randomly
selected and the plane is cut up into 2 x 2 blocks of
cells. (This is a Margolus partitioning.32) Over time,
the random origin selection insures that all different
partitions are sampled. There are three types of
“moves” in these blocks: influx, diffusion, and bonding.
Influx is the addition of monomer radicals to the
reaction space; in vivo, this would correspond to a
combination of the synthesis, release, and catalytic
dehydrogenation of monolignols by plant cells. In this
simple model, only the monomers diffuse; once a dilignol
(or higher oligomer) has formed, it is fixed in space. (It
is known that diffusion-limited aggregation models are
insensitive to the oligomer diffusion constant, provided
that this is lower than the monomer diffusion constant.
In particular, it seems not to matter if the oligomers do
not diffuse at all.3®) Finally, some rules must be
provided for bonding monolignols to monolignols and
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monolignols to oligomers. (Oligomers do not, in this
model, directly bond to one another because they cannot
diffuse into proximity. Rather, they are bridged by
monolignols when they grow sufficiently close to one
another.) Bonds are formed combinatorially by joining
loci on adjacent molecules. This maximizes the number
of bonds considered, while minimizing the complexity
of the model. All of the rules are executed in parallel.

The implementation architecture for this model is a
cellular automata machine (CAM).32 The principal
advantages of this modeling environment are speed and
ease of programming.2? On the other hand, designing
models using more than four bit-planes is awkward.
Since Monte Carlo simulation of the sort we propose
requires one bit-plane for random number generation,
this effectively limits models to three bits of state
information; i.e., only eight states are available, of which
one must be set aside to represent empty space.

Given the limited number of states and the desire to
incorporate hemicellulose and branching, each mono-
lignol is represented by a point. Three bonding sites
are considered, namely, O-4, C-3, and C-5 (numbering
scheme as in structure 1); roughly 75% of the bonds in
native lignin can thus be formed combinatorially. To
keep the state space small, in addition to permitting
only bonds for which there is experimental evidence, the
assumption is made that C-5 cannot be bound unless
O-4 already is. (This allows the state of any cell in the
simulation to be held in three bits, given the desire to
represent hemicellulose.) A branch point is formed
whenever all three sites on a single monolignol are
bound. The slightly artificial bonding constraint de-
scribed above favors the formation of a polymer back-
bone composed primarily of 5-O-4 bonds with branching
due mostly to other bond types, in accord with most
common descriptions of the lignin polymer.!

Furthermore, one cell state is reserved for hemi-
cellulose. C-$ to hemicellulose bonds are formed, but
no accounting is done on the hemicellulosic side of the
bond; i.e., a hemicellulose site is assumed to be capable
of as many bonds as it makes contacts with lignin.
(Relatively little is known about the structures of
lignin—hemicellulose complexes. However, C-a to sugar
bonds have been demonstrated in vitro.! Given the
similarity in chemical properties of the C-a and C-8
sites, assuming that the latter can also form bonds to
hemicellulose is reasonable.)

Briefly, the influx, diffusion, and bonding rules are
as follows:

Influx. Every nth step, one quarter of the blocks are
randomly selected. For every selected block, a single
position (of the four available) is designated for influx.
If this position is empty, a monolignol is added. Influx
is turned off once the target surface density &* is
reached.

Diffusion. At every step, a random shuffle of each
block is formed. If this shuffle leaves bonded mono-
lignols undisturbed and conserves the number of mono-
mers, it is executed. Combined with Margolus repar-
titioning, this produces diffusive movement.

Bonding. In each block, attempt to form bonds in
the following order:

1. With probability 1/, attempt to form a bond
between C-5 and hemicellulose.

2. Attempt to form a 5—5 bond.

3. Attempt to form a 8—5 bond.

4. Attempt to form a 4—0-5 bond.

5. Attempt to form a 8—0-4 bond.
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6. Attempt to form a -4 bond.

If the first type of bond cannot be formed (because
the probabilistic test failed or because either or both of
the required bonding partners is unavailable), try the
next and so on until all possibilities have been ex-
hausted. .

Since position C-5 cannot be bound before O-4, this
ordering of the bonds results in roughly the right
proportion of each bond type, i.e., —0-4 > 5—5 > -5
> 4—0-5 > f—8; this sequence varies somewhat from
one lignin source to another but can in any event easily
be altered by reordering the bond attempts in the above
list. The hemicellulose bonding probability was chosen
capriciously, there being a dearth of experimental data
on this subject.

The model incorporates a relaxation time 7; when
time steps pass without any new bonds being formed,
the simulation is halted.

3. Results and Discussion

Recall that our model has three parameters: the
relaxation time 7, the target surface density &*, and
the influx period n. The effects of these parameters on
the model properties have been examined. As expected,
since 7 only serves to recognize a completed simulation,
it has very little effect on the outcomes. On the other
hand, both the density and the influx period have
measurable effects on the model behavior.

The dependence of some of the model’s properties on
&* and n is not unexpected: The fractional degree of
polymerization (DP; the number of bonds divided by the
number of monomers) rises and the phenyl—OH content
decreases with both &* and n, the influx period, the
latter result being in agreement with the outcomes of
in vitro lignification experiments in which the rate of
influx was varied.3* The proportion of trifunctional
(branch point) monolignols also varies with these pa-
rameters, rising with both &* and n.

The influx period n has a greater effect on the polymer
morphology than might at first be suspected. This is
due to the branching. At low n, the reaction space
quickly becomes so crowded that almost every mono-
lignol has several bonding opportunities at every time
step, resulting in a very rapidly formed, uniform poly-
mer with very few branch points.3* For larger n the
polymer coagulates, forming a much larger number of
branch points. Figure 1 illustrates these observations.

In addition, we studied the percolation behavior of the
model.35 Percolation theory has previously been used
to understand the delignification process.’¢ We identi-
fied the percolation threshold by plotting f, the ratio of
the mass of the largest polymer formed to the total
simulation mass, against &*; at the threshold, this
fraction rises sharply.?? The percolation threshold for
our model occurs at &* = 0.402 when n = 1000 and 7 =
100. (The value of n used is optimal, in a sense
discussed below.) See Figure 2.

Alternatively, we can frame the percolation behavior
in terms of polymer gelation theory; in this theory, the
percolation threshold is called the gel point.2737-3% The
gel point separates an initial period of increase in the
mean molecular weight of the sol phase from a period
of decrease.?” Our results (Figure 3) are in qualitative
agreement with standard gelation theory, even if the
physical situation modeled is a little different in the two
cases as the monomers are added gradually in our model
rather than simply forming a static pool. Note also that
this model and our previous diatomic model?? produce
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Figure 1. Model lignin polymer grown at (a) n = 2 and (b)
2000; in both cases 7 = 100 and &* =~ 0.476. Each pixel
represents a monolignol, so each cell (occupied or not) repre-
sents a square of side about 4 A; the simulation space is
composed of 256 x 256 cells, corresponding therefore to a
square physical space whose side is just over 1000 A long. At
larger values of n, the polymer is more highly coagulated. This
is related to the branching: The fraction of trifunctional
monomers rises from 6% to just under 20% as n rises from 2
to 2000.

very similar gelation curves when run with the same
parameters. The main differences are the maximum
sol phase molecular weight and the long-time limit: Both
are higher in the diatomic model.

We can understand the percolation/gelation behavior
of the model as that of a multicenter growth process.*®
Since, in our model, only monomers are subject to
diffusion, after the establishment of a few small oligo-
mers early in the simulation, most of the polymerization
consists of addition of monomers to existing polymers.
The mean radii of these polymers grow until, near the
percolation threshold, they begin to merge. This causes
rapid growth of the “gel” phase at the expense of the
larger polymers in the “sol” phase as the latter are
joined to the former, at first by single-monomer bridges
but eventually by a complex network of cross-links. It
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Figure 2. Percolation threshold determination for the lignin
model. Each point represents a distinct realization of the
model at 7 = 100 and n = 1000. &J is the terminal density in
each realization; f is the ratio of the mass of the largest
polymer formed to the total mass. f rises sharply in the
neighborhood of the percolation threshold.
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Figure 3. Time-dependent gelation graph for the lignin
model. These points were obtained from time slices of a single
realization of the model run with 7 = 100 and n = 1000. M is
the number-average molecular weight of the sol phase (defined
in our simulation as the collection of polymers obtained by
removing the single largest one formed from the field, in units
in which a single monomer has a weight of 1); the simulation
time ¢ is in steps. The gel point occurs between 7000 and 8000
simulation steps, during which period & € (0.897, 0.432), in
accord with the percolation threshold determination of Figure
2. The mean molecular weight asymptotically approaches 1
at large simulation times as the number of large polymers not
incorporated into the main body decreases to zero and the
remaining unbound monomers become the only occupants of
the sol phase.

should be understood that, although the mean molar
weight in the sol phase near the gel point is under 10
(Figure 3), this is largely due to the presence of
unreacted monomers (each of weight 1); in a typical
realization, the sol-phase polymers near the gel point
include several representatives in the 100—1000 weight
range. It is the incorporation of these larger polymers
in the gel phase which causes the mean molecular
weight to crash. Figures 2 and 3 give the statistical
behavior of the model; Figure 4 shows several frames
of the detailed evolution.

In vivo, lignin grows to fill a space. Thus, in vivo
conditions correspond to models run at densities above
the percolation threshold; below this threshold, one
cannot claim to be filling space in any reasonable sense.
Furthermore, the rate of influx is low,34 corresponding
to large n in our model. We therefore ran our model
several times with the parameters @™ = 0.476, n =
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Table 1. Properties of the Lignin Model (Parameters J*
= 0.476, n = 1000, and r = 100) Compared to Experiment?

experiment model
(bound C-B)/(bound Q-4)12.2¢ 1.0-1.3 1.43
(bound O-4)/(bound C-5)12:24 1.2—-4.8 2.33
DP4.12,24,50 0.95-1.06 0.869
phenyl-OH %#12:2450 17-35 39.2
branch-point fraction?’ 0.277 0.199

2 The experimental values of the ratios of bound sites are
computed on the basis of the relative abundances of only the five
bond types considered in this model. DP is the fractional degree
of polymerization, i.e., the number of bonds per monomer; phenyl—
OH % is the percentage of free phenols; the branch-point fraction
is the fraction of trifunctional monomers in the final polymer. The
experimental values are from a variety of sources for milled wood
lignins, as cited above. The model values are averages over 11
realizations for the given parameters.

1000, and 7 = 100. The results are summarized and
compared to experimental data from milled wood lignins
in Table 1. Unfortunately, direct comparisons to native
lignin data would be meaningless because the topologi-
cal constraints of a planar model put the high degrees
of polymerization of the native polymer completely out
of reach.*1-47 Measurable properties of the model
however do approach those of milled wood lignin, a
substance related to the native polymer by rupture of a
significant number of 5—0-4 bonds. Even in this case,
however, the planar constraints are such that perfect
agreement is not possible. Reassuringly, the differences
between the experimental and model data sets show
precisely the expected relationship for related two- and
three-dimensional systems: The fractional DP and the
degree of branching should be lower and the phenyl—
OH content higher in the two-dimensional system. (We
conclude this by an argument similar to that used to
determine that the percolation threshold of a two-
dimensional model should be higher than that of a
higher-dimensional model.3%)

We wish to emphasize that all the results collected
in this paper indicate that we have been successful in
our aim to model lignin in the plane. Thus, the
structures shown in Figure 4 can be viewed as likely
structures for lignin grown in highly restricted spaces
but in the absence of significant interaction with
carbohydrates. Much of the structure can be seen to
resolve to dense “knots” connected by slender threads.

We now turn to a consideration of the effect of
hemicellulose. We emphasize that this study will yield
only qualitative information since the hemicellulose
bonding probability used is a simple guess. We studied
the effect of hemicellulose by growing lignin in a strip
of width w between two strips of hemicellulose, each of
these strips extending the length of the simulation
plane. (Because of the periodic boundary conditions, the
two strips of hemicellulose, which were placed at the
edges of the plane, are really just a single strip of width
256 — w. The effect of this arrangement is to cut the
torus in which the lignin is grown, reducing it to a
cylinder of height w; each (circular) edge of the cylinder
is lined with hemicellulose.)

The properties of the model are relatively insensitive
to w except at small values of this parameter: For small
values of w, the fractional DP and degree of branching
drop significantly, while the phenyl—OH content rises
sharply. We now show that these results are a natural
consequence of the geometry chosen. Consider a par-
ticular monolignol on the simulation plane. If this
monolignol is away from the hemicellulose, it has eight
neighbor sites to which it may attempt to form bonds.
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Figure 4. Time evolution of a few specific polymers, for the same realization of the model used to produce Figure 3, at (a) ¢t =
1002, (b) 6012, (c) 8016, and (d) 10020. Each pixel represents a monolignol. Note that, due to the periodic boundary conditions,
polymers split across the boundaries are connected. This series of figures clearly shows the process whereby the growing polymers
merge into each other as the percolation threshold is approached. While this is difficult to determine by eye, note that the time
glice at ¢ = 8016 consists of three distinct polymers of masses 10587, 3693, and 299 (in monomer units); these polymers are

clearly on the verge of merging into a greater mass at this point.

On the other hand, if the monolignol bonds to hemicel-
lulose, because of the flatness of the interface and
because only one lignin—hemicellulose bond is permitted
per monomer, two of the hemicellulosic neighbors can
only block the approach of other monolignols to the one
anchored to the surface; worse, if a monolignol in contact
with the hemicellulose reacts with another monolignol
through its C-g3 functionality, three neighbor sites are
blocked. Thus, we expect the DP and degree of branch-
ing to drop and the phenyl—OH content to rise as the
number of bonding opportunities at the hemicellulose
interface is depressed. Accordingly, a rough lignin—
hemicellulose interface with an average contact number
of less than 3 should increase the DP of the model.
We verified this last bit of reasoning by comparing
the bonding behavior of lignin grown in cylinders with
two different hemicellulose wall geometries: the flat
geometry and a regularly crenellated wall (Figure 5).
There are various ways to measure the length of an

interface; in our case, a sensible measure is the number
of sites which touch the hemicellulose. Using any
reasonable measure, however, the same result is ob-
tained: Crenellation doubles the length of an interface.
Thus, a space with a crenellated interface of width w
and length [ is equivalent to two spaces with smooth
walls of width w/2 and identical length. In other words,
we should compare the statistical properties of lignin
grown in contact with crenellated hemicellulose in a
space of width w with lignin grown between flat walls
in a space of width w/2. There are three types of sites
near a crenellated interface with contact numbers 5, 2,
and 1 (Figure 5); each of these occurs equally frequently
so the average contact number is 8/3. We therefore
predict (based on the arguments above) that, for small
to moderate values of w, lignin grown near a crenellated
interface will have a higher DP and degree of branching
and a lower phenyl—OH content than the corresponding
state of the flat-interface model (grown in a space of
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Figure 5. (a) Hemicellulose walls with a crenellated interface
and (b) smooth hemicellulose walls with an equivalent total
interfacial length and simulation area. In both panels, the
top and bottom horizontal lines denote the (periodic) bound-
aries of the simulation plane, #Zdenotes hemicellulose-occupied
space and denotes the space available for lignin growth. In
panel a, each crenellation occupies one lattice site; the three
types of interfacial sites near a crenellation are labeled by their
contact numbers.

width w/2); at large values of w, the two models should
give similar results. This is exactly what we observe.
Although site exclusion effects are obviously important
in two dimensions, they might also be significant in
three dimensions, depending on the geometry of the
lignin—hemicellulose complex. If there are relatively
many lignin—hemicellulose bonds and if typical bonding
geometries result in the steric unavailability of many
monolignol binding sites, effects similar to those ob-
served above might be found. At least some of the
differences between lignins obtained from different parts
of the tree might have their origins in hemicellulose
interactions.

4. Conclusion

Our model reproduces several of the properties of
lignin. It is particularly gratifying that the gelation
curve and the dependence of the gross properties of the
polymer on the rate of monolignol addition correlate so
well with experimental data since these properties
depend on the dynamics of lignification, which we
sought to model. As a result, the structures obtained
for this two-dimensional model should bear a close
relationship to those found in native lignin.

Despite their importance to lignin biochemistry, lig-
nin—hemicellulose complexes (and other glycolignins)
have almost never been modeled, Jurasek’s work being
the notable exception.2® Our work demonstrates the
importance of the geometry of the hemicellulose matrix.
The whole area of lignin—polysaccharide interactions
is however worthy of attention. For instance, although
bonds between cellulose and lignin have never been
observed, the cellulose matrix provides a preferred
direction for lignification.*® Much could be learned from
a theoretical study of this effect.

Since a fully realistic model of lignin will require a
three-dimensional approach, we are currently studying
such generalizations of our methods. In addition, we
hope to include in this next-generation model a more
complete set of bond types, a more realistic geometric
model of the monolignols,?® and all the features of the
current model, including a treatment of hemicellulose.

Dehydrogenative polymerization is an important in
vivo macromolecular synthesis pathway.*® Lignin is
only one of many phenolic materials formed in this way:
Among others, tannins, terpenoids, and xanthones are
also the result of dehydrogenative polymerization. Thus,
there is a ready-made set of structural problems which
could be addressed with our methods, in addition to the
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myriad of other macromolecular systems amenable to
similar analysis.
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