Version of Record: https://www.sciencedirect.com/science/article/pii/S0167779918303068
Manuscript_5b5£59094c0977b0cada6532e3af6eed

1
2 Lignin-Enzyme Interactions in the Hydrolysis of Lignocellulosic Biomass
3 Antonio Carlos Freitas dos Santos!?, Eduardo Ximenes'?, Youngmi Kim?,
4 and Michael R. Ladisch!>*"
5
6 "Laboratory of Renewable Resources Engineering
7 2Department of Agricultural and Biological Engineering
8 3Weldon School of Biomedical Engineering
9 Purdue University, West Lafayette, IN, USA
10 “Department of Agricultural Engineering Technology
11 University of Wisconsin, River Falls, WI 54022
12
13 *Corresponding author:
14 Address: 500 Central Dr. West Lafayette IN, 47907
15 Tel.: 765-494-7022
16 Fax: 765-494-7023
17 Email: ladisch@purdue.edu
18 Website: www.purdue.edu/LORRE, Orcid: https://orcid.org/0000-0001-9087-0218
19

20 Keywords: lignin, phenylpropanoid pathway, cellulases, 3-glucosidase, lignin-enzyme binding,

21 hydrolysis

22

© 2018 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0167779918303068

23

24

25

26

27

28

29

30

31

32
33
34

35

36

37

38

39

40

41

42

43

Abstract

Lignin is central to overcoming recalcitrance in the enzyme hydrolysis of lignocellulose.
While the term implies a physical barrier in the cell wall structure, there are also important
biochemical components that direct interactions between lignin and the hydrolytic enzymes that
attack cellulose in plant cell walls. Progress towards a deeper understanding of the lignin
synthesis pathway—and the consistency between a range of observations over the last 40 years
in the very extensive literature on cellulose hydrolysis—is resulting in advances in reducing a
major impediment to cellulose conversion: the cost of enzymes. This review addresses lignin

and its role in the hydrolysis of hardwood and other lignocellulosic residues.

Renewable Fuels and Chemicals

The need for sustainable, economically viable and local alternatives for petroleum-based
fuels and chemicals has been recognized since the 1970s when two Oil Crises (1973 and 1979)
drove the prices to record levels and lignocellulosic biomass once again became a possible
source of renewable transportation fuels [1,2]. However, the availability of corn in the US and
sugarcane in Brazil, coupled with proven hydrolytic capabilities of amylase enzymes for corn
and known ethanol fermentation technologies for hexoses, resulted in these feedstocks
dominating fuel ethanol production since 1990. Since then, significant research has been
directed to lignocellulosic materials including wood, agricultural residues and purposely grown
grasses. Results include improved conversion technology, reduced processing costs, and a better

understanding of the complex nature of recalcitrance (see Glossary) due to lignin in plant
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tissues with lignin causing non-specific adsorption of cellulolytic and hemicellulolytic enzymes,
as well as related enzyme inhibition effects. [3-6].

Conversion of hardwood based on hydrothermal pretreatment and consolidated
bioprocessing, as well as other processes for agricultural residues, can reduce greenhouse gases
relative to equivalent petroleum-based fuels. However, the economics of conversion process are
also a critical factor [7]. The practical goal of engineers is to reduce operational costs by
decreasing enzyme loadings required for high conversions of cellulose to sugars and to fuels [7].
Studies of lignin synthesis, structure and function; its association with plant cell walls; and its
changes during lignocellulose processing have clarified the role of lignin in determining the
amount of cellulose hydrolyzing enzymes needed for high conversion [8, 9]. This review
addresses advances in the fundamental understanding of how lignin interferes with the enzyme
hydrolysis of cellulose and the application of this knowledge to decrease the cellulolytic enzyme
loadings that currently contribute a major cost to the conversion of lignocellulose to fuel ethanol

and other bioproducts such as aldehydes, succinic acid, lactic acid, 2,3-butanediol and enzymes.

Current Renewable Fuels Industry

The United States is the largest producer of ethanol in the world, manufacturing 15.8
billion gallons and exporting 1.37 billion gallons in 2017. Brazil is second with 7.1 billion
gallons [10]. Even though these are record-breaking numbers, petroleum-based fuels continue to
account for 85 to 90% of the liquid transportation fuel market. Concurrently vegetable oil-based
biodiesel and aviation biofuels are beginning to find niches as low carbon-footprint renewable

liquid energy sources in the transportation sector (cars, trucks, planes) [11]. Butanol is a
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fermentation-based alternative for drop-in biofuels, although butanol’s strong inhibitory effect
on the genus Clostridium, the bacterium that produces it, has limited its commercialization [12,
13]. In addition to biochemical processing, thermochemical processing enables fuels to be
manufactured that resemble current petroleum-based products. The effective substitution of
petroleum derived transportation fuels with renewable sources also requires improvement of
bioconversion productivity (rates, titers, yields), access to waste materials as feedstocks, and
optimization of land use [5,14,15].

Biochemical Processing of Lignocellulose

Lignocellulose has a complex structure composed of three major organic components—
cellulose, hemicellulose and lignin—which are formed starting from photosynthesis using carbon
dioxide and water. Biomass also contains small amounts of minerals and various extractives and
ash (Table 1) [16-19].

Lignin confers rigidity to the cell wall in addition to protecting the cellulose and
hemicellulose against hydrolytic attack by plant pathogens [20]. It is formed from oxidation and
polymerization of hydroxycinnamyl alcohols into a heteropolymer that imparts strength and
rigidity. As the cells grow and mature, the structural carbohydrates, cellulose and hemicellulose,
are deposited together with lignin, principally in the secondary cell walls. The stable aromatic
structure of lignin is a major obstacle to the hydrolysis of lignocellulose. In this sense,
pretreatment of lignocellulose is needed to make the cellulose accessible and susceptible to
enzyme hydrolysis [21,22].

The overall cellulosic ethanol manufacturing process is a sequence of integrated steps

based on biomass growth, harvest and transportation to the biorefinery followed by pretreatment,
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enzymatic hydrolysis, fermentation, distillation/purification, and distribution [23, 24].
Hydrolysis of cellulose and hemicellulose results in hexoses and pentoses that may be fermented
to ethanol, lipids, bioproducts and/or chemicals. An alternate approach consolidates cellulose
hydrolysis with fermentation into a single process, i.e., CBP or consolidated bioprocessing
[25,26].

Bioprocessing of lignocellulose has been piloted and proven to be technically viable
although current technology requires use of supplementary enzymes [7, 26]. Engineering
lignolytic enzyme secretomes is extending the functionality of CBP [7] although enzymes
continue to be a major cost factor in cellulose conversion due to the amounts that are required for

high yields of cellulose hydrolysis.

Cellulolytic Enzymes

The extent of hydrolysis (i.e., conversion) is a function of the amount of enzyme added
(i.e., enzyme loading), biomass composition, and cell wall structure. Cellulose is a B-1,4-glucose
polymer hydrolyzed by a range of glycoside hydrolases that display the following modes of
action: endo (endo-PB 1,4- glucananse), exo (cellobiohydrolases that release cellobiose from
cellulose), or endo-processive (cleaves internally and then acts in a processive manner on the
generated product) [27]. The mixture is most effective when these enzymes are combined in
proper ratios, which can greatly enhance both the rate and extent of cellulose conversion [3].
Enzyme loadings are often expressed in literature in terms of filter paper units (FPUs) per g
glucan (i.e., cellulose), FPU per g pretreated and washed solids (i.e., cellulose and lignin that

remains after pretreatment), or FPU per g initial solids before pretreatment [28-31]. However, in
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an industrial setting, current industrial usage and techno-economic analyses consider cost of
enzymes by kg of protein per gallon of fuel, so mg of protein per g of biomass/cellulose is more
relevant and a better comparison between enzyme mixtures. If enzyme loadings from different
processes and different pretreatments are to be compared on an equivalent basis, a material
balance must be calculated at equivalent points of the bioprocessing sequence. The other
convention used to report enzyme loading is based on protein weight, which will depend on the
total protein content of the enzyme formulation. Extents of hydrolysis at equivalent enzyme
loadings vary by tissue types (for instance, leaf, rind and pitch in corn stover) which have

different lignin contents [8, 32-33].

Biomass Compositions and Pretreatment Effects

The crystallinity of cellulose, accessible surface area, protection of cellulose by lignin,
heterogeneous character of biomass particles, and cellulose sheathing by hemicellulose all
contribute to the recalcitrance of lignocellulosic biomass to hydrolysis. The variability in these
characteristics is reflected by differences in content and composition of cellulose, hemicellulose,
and lignin for different sources of lignocellulosic biomass. Cellulose and lignin content in
hardwoods (poplar, red maple) and softwood (pine) are higher than in the agricultural residues
(corn stover and bagasse) and switchgrass (Table 1) [17-19, 23]. Hemicellulose refers to a
diverse group of complex, noncellulosic heteropolysaccharides that are classified according to
the principal monosaccharides (xylose, mannose) present, such as arabinoxylan and

galactomannan [34], and also include glucose and acetic acid. It is highest in softwood (pine) at
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29.5%, and significantly lower for other biomass materials. The ease of enzymatic hydrolysis of
these biomass materials in pretreated forms follows the general order agricultural residues (corn
stover, sugarcane bagasse) > hardwood > softwood with differences due to complex, and yet to
be completely defined, relationships between compositions cell wall structure, lignin content,
and composition of extractives based not only in lignin content, but mainly in composition.

Pretreatment disrupts the cell wall structural barriers so that hydrolytic enzymes can
access the carbohydrates and generate the monomers used downstream [16, 35-37]. Pretreatment
is therefore a critical unit operation as it impacts all other subsequent processing steps. The
effect of pretreatment and the subsequent cellulose hydrolysis is a function of lignin structure
and composition.

Pretreatments, whether carried out at acid, neutral, alkaline pH, or in ionic fluids dissolve
and/or hydrolyze the hemicellulose fractions, as well as remove between 10% and 50% of the
lignin. The remaining pretreated (solid) lignocellulosic biomass materials, after washing, are
enriched in cellulose, contain significant residual lignin, have a much-decreased hemicellulose
component, and are devoid of extractives and ash. In the liquid hot water pretreatment of
hardwood followed by washing with cold or hot water, between 36 and 48% of the biomass is
solubilized, leaving behind cellulose and lignin at ratios of 1.5 to 2.0, compared to a ratio of 1.3
for untreated hardwood [29]. Similar ratios occur for corn stover, bagasse and switch grass.
Ammonia fiber expansion (AFEX) and dilute acid pretreatments give cellulose to lignin ratios of

2.3 and 2, respectively, for corn stover [38].

Lignin Composition and Enzyme Hydrolysis of Cellulose
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Lignin is a phenolic polymer composed principally of three hydroxycinnamyl alcohols:
p-coumaryl, coniferyl and sinapyl alcohols (structures in Figure 1, Key Figure). These alcohols
are polymerized through a series of radical reactions catalyzed by peroxidases and laccases,
leading to three different types of structural units in lignins consisting of p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S), i.e., H, G, and S lignins, respectively (Figure 1(a), (b)) [39, 40].

The biosynthesis of lignin is one of the main end-products of the phenylpropanoid
pathway. Genetic manipulation of lignin addresses the plant enzymes involved in monomer
synthesis and has demonstrated the plasticity of lignin biosynthesis as well as leading to the
development of plants with superior cell wall digestibility characteristics [41, 42]. Chen and
Dixon [43] reduced the amount of lignin and obtained enhanced hydrolysis, as well. Kim and
colleagues [44] have also shown Solka floc, a lignin-free cellulose and consisting of 80%
cellulose and 20% hemicellulose, is readily hydrolyzed at 1 FPU enzyme/g glucan (equivalent to
1.4 mg protein/g glucan) without pretreatment.

When changing lignin composition, disruption of the genes encoding both cinnamyl
alcohol dehydrogenases (CADs) in Arabidopsis thaliana has been shown to result in the atypical
incorporation of hydroxycinnamaldehydes into lignin. Downregulation or overexpression of
ferulate S-hydroxylase (F5SH) is another strategy to change lignin composition, resulting in
lignins enriched in guaiacyl or syringyl units, respectively. Elevated levels of H lignin are
observed in plants with downregulation of p-coumaroylshikimate 3'-hydroxylase or
hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase [45-47]. While

downregulation of FSH reduces or eliminates S subunits [45, 47], its overexpression results in
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plants with elevated S levels. The downregulation of (hydroxy)cinnamyl alcohol dehydrogenase
(CAD) has been considered a promising strategy to increase cell wall digestibility [47-50].

A major complication of modifications leading to enhanced cellulose hydrolysis are
phenotypical changes and stunted growth due to altered lignin that is less stable and provides less
support to the growing organisms: adult plants end up being much smaller than the wild types.
This issue is overcome by eliminating the natural down regulation of the phenypropanoid
biosynthesis [21, 50]. Bonawitz and colleagues showed that the Mediator complex knockout,
through its genes REF4 and REF1, reduces the over-accumulation of phenylpropanoids, leading
to better homeostasis and plant fitness. Although biomass with lignin that is high in H units is
not common in nature, a mutant A. thaliana that combined Mediator suppression and
phenylpropanoid redirection had mainly H-lignin and exhibited normal growth [21].
Lignocellulose hydrolysis of this genetically modified sample (med5a/5b ref8-1) resulted in
about 70% conversion for untreated samples compared to 40% for wild type at the same
experimental conditions. An additional 10% conversion occurred after the same sample was
pretreated with liquid hot water prior to enzyme hydrolysis [21].

The composition of lignin, as measured by the S/G ratio and the relative amounts of S, G
and H units also has an impact on perceived recalcitrance. However, heuristic rules that might
guide selection of biomass materials, or that correlate the relative abundance of specific lignin
monomer units with the ease of hydrolysis, are still not clear. Conversions of untreated biomass
are typically low (less than 10%), so the effect of the S/G ratio on hydrolysis after pretreatment
is more important. For biomass pretreated using liquid hot water, a high S/G ratio correlates

with removal of lignin and thereby enhances cellulose hydrolysis. However, benefits are
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mitigated by the release of soluble inhibitors that inhibit cellulases (Fig. 1(b), (c)) and the
insoluble lignin that remains after pretreatment and which adsorbs enzyme (Fig. 2(a), (b)) [51,

52], resulting in feedback inhibition of the hydrolysis sequence (Fig. 1(c)) [53].

Mechanisms of Inhibition of Cellulases by Lignin

Lignin-derived Soluble Inhibitors

Liquid hot water, steam explosion, and dilute acid pretreatments generate soluble
inhibitors, which hamper enzymatic hydrolysis as well as fermentation of sugars to ethanol [44,
51, 52, 54, 55]. The main soluble inhibitors consist of a range of aromatic alcohols (Fig. 3(a))
that may be removed by washing the pretreated lignocellulosic feedstocks with water including
hardwoods pretreated with liquid hot water [56], corn stover [57] and poplar [58] pretreated with
dilute acid, and lime-pretreated switchgrass [59]. Phenolic compounds also inhibit enzyme
production by different microorganisms as well as inhibiting enzyme activities themselves [60].
The types and concentrations of inhibitory and toxic compounds that are generated will depend
on specific pretreatments and their parameters. Additionally, soluble sugars, furan derivatives,
organic acids, and phenolic compounds are inhibitory and/or toxic to fermentation
microorganisms [51, 52, 55].

Not much information exists about the nature of the interactions or the inhibitory
mechanisms of enzymes by phenolic compounds. A multi-site non-competitive inhibition
mechanism may be involved, where more than one aromatic molecule would interact with the
enzyme molecule to induce not only inhibition, but also its complete inactivation [3]. Both

cellulases and hemicellulases are affected by lignin-derived phenols. However, -glucosidases,
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particularly from Trichoderma reesei, are the most sensitive [51,52]. B-glucosidase from
Aspergillus niger is more resistant to inhibition than -glucosidase from 7. reesei with 4 X higher
phenol concentration required for similar inhibition. Supplementing a 7. reesei cellulase (for
example, Spezyme CP) with another enzyme formulation that is high in 3-glucosidase from A.
niger (for example Novozyme 188) has proven to be effective in enhancing overall cellulase
activity.

Cellulose degradation is initiated by some types of lytic polysaccharide monooxygenases
(LPMOs), which can cleave internal B-1,4-glycosidic bonds without prior hydration of individual
cellulose chains, and in this way creating points of access for processive exo-cellulases. In
commercial enzyme formulations that have been modified by adding LPMOs, phenolics are
actually beneficial since these enzymes require reducing equivalents to function [61]. The action
of these oxidases enhances cellulose hydrolysis by providing non-specific cleavage of glycosidic
bonds where cellulases may also attack. However, if a longer incubation time of 72 hours is

used, these enzymes also cause loss of other enzyme activities due to the mode of action of

LPMOs [61].

Adsorption of Enzymes by Lignin

Lignin protects cellulose by restricting carbohydrate accessibility, releasing soluble
inhibitors and adsorbing proteins. Breaking the lignin seal and achieving accessibility to
cellulose is the original hurdle that pretreatments were intended to address. Biomass materials of
higher lignin content require higher severity pretreatments. Severity for hydrothermal

pretreatments (log R, in Figure 2a, Table 2) is calculated from an exponential function for time
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and temperature [62-65]. Temperatures for hydrothermal pretreatments and dilute acid
pretreatments for hardwood range from 190 to 220°C vs. 180 to 190°C for corn stover or
sugarcane bagasse [32, 33]. AFEX is carried out at temperatures of 180°C for poplar versus
90°C for corn stover [38].

Pretreatment temperatures melt lignin in the secondary cell wall, which extrudes and is
redeposited as lignin spheres (Fig. 2(a)). The high temperatures promote structural changes of
lignins into more condensed, hydrophobic, syringyl deficient forms, accompanied by melting and
redeposition into spheres that adsorb proteins (Fig. 2(b)). An example is dilute acid pretreatment
of corn stover and liquid hot water pretreatment of hardwood at high temperature [66]. The
spheres formed by dilute acid or liquid hot water pretreatments present surfaces on which
enzymes adsorb (Fig. 2(b)). Pretreatments that modify biomass surfaces by redepositing lignin
(Fig. 2(a), (b), (¢), for hardwood and corn stover) require high enzyme loadings to achieve
effective hydrolysis.

While removal of phenolics reduces or removes their inhibitory effects, inhibition is still
observed due to the presence of exposed lignin that adsorbs (Fig. 3(b)) enzymes [66]. Between
85 and 90% of the lignin remains after pretreatment and washing [62]. Solvent-exposed
hydrophobic clusters that adsorb enzymes have been identified [67, 68]. Non-productive
adsorption of the enzymes on lignin (rather than cellulose) leads to loss of enzyme activity and
dramatically reduces conversion [64, 65]. Multiple binding mechanisms are based on
electrostatic, hydrophobic, and carbohydrate-binding module interactions [67, 68].

A close relationship between increasing pretreatment severity and enzyme adsorption was

observed on liquid hot-water pretreated [64, 65] and steam-exploded [69] woods. For
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hardwoods with cellulose, hydrolysis carried out at high enzyme loadings (32 mg protein/g
glucan equivalent to about 20 FPU/g), and increasing severity of pretreatment results in biomass
materials that show increasing cellulose yields upon enzyme hydrolysis (Fig. 2(c)). A
pretreatment severity factor of 10.6 (Table 2) results in 50% conversion while 12.5 gives 80%
conversion (Fig. 2(c)) [29, 62, 65].

The inhibitory effects of lignin increase with increasing severity of pretreatment.
Disproportionately larger amounts of enzyme are required to achieve the high conversion made
possible by pretreatments [29, 62, 64-66]. Exposed lignin adsorbs and deactivates cellulases
(red) while added non-catalytic protein (green) adsorbs on lignin and blocks the cellulase from
adsorbing on the lignin (Fig. 2(a)). This results in higher availability of active enzyme to bind
and hydrolyze the cellulose (small circles). Additionally, accessibility or physical blocking of
enzymes to the substrate by lignin or collapsed cellulose layers may also limit hydrolysis [70].

Gao and colleagues [68] compared free enzyme concentrations during hydrolysis after
three pretreatments (AFEX, dilute acid, ionic liquid). Acid-pretreated biomass had the highest
levels of both lignin residue and non-recoverable cellulases, while ionic liquid-pretreated
biomass had the lowest amount of lignin and the highest overall cellulase recovery. These data
need to be interpreted considering that, while the cellulase complex has major components
including endoglucanases, exoglucanases (cellobiohydrolases), and [3-glucosidases [71] acting
synergistically, in native microorganisms, this enzymatic complex exists with a larger number of
non-cellulolytic proteins. Binding of even a few components would be sufficient to decrease

activity. The absence of lignin enhances hydrolysis as shown by Kim and colleagues [44], where
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Solka Floc (wood pulp consisting of 80% cellulose and 20% hemicellulose) is hydrolyzed by a

low level of enzyme, i.e., 1 FPU/g glucan (or 1.4 mg protein/ g glucan).

Lignin Blocking by BSA

Lignin blocking by BSA may counteract enzyme adsorption caused by lignin exposed
after pretreatment (Fig. 2(a), Fig. 3(c)). In an experiment designed to demonstrate the dramatic
effect that blocking of lignin surfaces may have, Kim and colleagues [29, 62] showed that
washing pretreated material followed by an enzyme loading of 20 FPU/g (32 mg protein/g
glucan) achieves a significant extent of hydrolysis, while adsorption of BSA prior to hydrolysis
enabled cellulase levels lower by a factor of 10 (2 FPU/g glucan or 3.2 mg protein/g glucan) to
achieve similar conversion hydrolysis. In the absence of BSA, 2 FPU (3.2 mg protein/g glucan)
gave only 10% conversion (lower line — Fig. 3(d)). The loss of activity could also be attributed
to adsorption/deactivation of [3-glucosidase since supplementation with 3-glucosidase was less
effective than adding BSA prior to hydrolysis (Fig. 3(c)) [65].

These results are consistent with observations of Yang and Wyman [72] and Selig and
colleagues for dilute acid pretreated corn stover [62], Kim, Ko and colleagues for hardwood [29,
62, 64, 65], Bhagia and colleagues [73] for poplar (hardwood), Siqueira and colleagues [74] for
bagasse, Kumar and colleagues [75] for softwoods, and Kristensen and colleagues [76] for wheat
straws. Soybean protein substituted for the more expensive BSA has an analogous effect for
steam-pretreated sugarcane bagasse [77]. The difference between 20 FPU (32 mg protein/g

glucan) (no BSA) and 2 FPU (3.2 mg protein/g glucan) (no BSA) vs. 2 FPU (3.2 mg protein)
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(with BSA) becomes more pronounced with increasing severity of pretreatment (Fig. 3(d)). BSA
added to lignin-free celluloses had little effect (A — Avicel; SF — Solka floc).

For biomass where high-severity pretreatments are necessary and melting, redeposition,
and exposure of lignin occurs at these conditions, the protein blocking effect (Fig. 2(b), Fig. 3(c))
is critical to reducing enzyme loading for a given extent of hydrolysis if the benefit of the
pretreatment (i.e., maximal cellulose conversion) is to be realized. More readily hydrolyzed
plant tissues (for example genetically modified Arabidopsis or the pith fraction from corn stalks),
where lignin exposure is less, hydrolysis with enzyme alone (no BSA) may be sufficient [21, 33].
Ralph and colleagues hypothesized that if chemically reactive bonds are introduced into the
lignin polymer, this would make lignin easier to degrade and extract under industrial conditions.
They engineered poplar trees to introduce ester linkages into the lignin polymer backbone by
augmenting the monomer pool with monolignol ferulate conjugate. The resulting bonds are
significantly more reactive than the ether bonds that are typical under industrial acidic or alkaline
conditions, and in this sense would be expected to readily “unzip” during chemical processing.
This new type of biomass is easier to degrade. The unique lignin polymers engineered into
poplar resulted in the so-called “zip-lignin” biomass [78,79].
Other Factors

While this review has emphasized the impact of lignin, the effect of pretreatment is
multi-factored. The degree of polymerization alone has a significant impact (Fig. 3(e)). As
pretreatment severity increases (hardwood in this case), the degree of polymerization (DP)
decreases and glucose yield increases. While lignin is still a factor (compare Figs. 3(d) and

3(e)), a decrease in DP from 2928 (for untreated wood) to 300 (for the most severely treated
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material), with the accompanying 10-fold increase in the number of reducing ends, enhances
hydrolysis by presenting more accessible sites for the enzyme (particularly cellobiohydrolase) to
bind to the cellulose and initiate depolymerization [61]. Similarly, the action of LPMOs also
increase the number of accessible sites through non-specific internal cleavage of glucans [61].

Another factor is the source of biomass and type of plant tissue. In corn stalks,
lignocellulose fractions consist of the rind, pith, and leaves. Differences in cellulose,
hemicellulose, and lignin content as well as morphology result in changes in hydrolysis. The
pith fraction is more readily hydrolyzed [32, 33] than the rind. The hydrolysis and fermentation
temperatures may also mitigate effects from lignin. Operations at 30°C minimize both
adsorption of enzymes on pretreated sugarcane bagasse and thermal denaturation of enzyme,
although longer times would be needed for hydrolysis and fermentation of cellulose [80]. This
also becomes a factor in slurry formation processes for unwashed, pretreated biomass where
enzyme catalyzed slurry formation is achieved at ambient temperature, even though significant
inhibitor concentrations are present.
Concluding Remarks and Future Perspectives

The role of lignin in inhibiting cellulose hydrolysis in the plant cell walls of pretreated
lignocellulosic materials is an important biochemical component of recalcitrance. As the
mechanisms of lignin interference with cellulase activity are better understood, lignocellulosic
biomass better suited for producing renewable fuels and chemicals will evolve by plant breeding
methods or genetic manipulation. Redirecting lignin synthesis to enhance the relative proportion
of H units may result in significantly higher cellulose hydrolysis (70%) than wild type (40%
hydrolysis). Similarly, reduction in total lignin also enhances hydrolysis but may negatively
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affect plant growth. Process conditions may also mitigate lignin’s contributions to recalcitrance,
such as including low-cost additives that block enzyme adsorption onto lignin. A third and
related approach is to physically fractionate biomass materials into readily hydrolysable and
recalcitrant fractions as was done for pith from corn stalks (less dense and more readily
hydrolyzed) and rind (outer stalk, denser and less readily hydrolyzed). These approaches address
root causes of lignin-enzyme interaction in the hydrolysis of cellulose and provide pathways for
the continued reduction of costs related to enzyme usage and pretreatment for cellulose

conversion (see Outstanding Questions).
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Table 1. Initial compositions of different types of cellulosic biomass.!

(Santos et al.)

Feedstock Red Corn  Bagasse’> Switch  Pine Wood®
Compositions Poplar Maple  Stover Grass
Cellulose 43.8 41.0 34.6 39.0 33.2 40.0
Xylan 14.9 15.0 18.3 21.8 21.0 8.9
Arabinan, Mannan, Galactan 5.6 0.0 2.5 2.6 3.2 19.6
Acetyl 3.6 4.7 35 33 2.5 N/A
Extractives 3.6 3.0 10.8 5.7 10.2 35
Protein N/A N/A N/A 0.5 5.7 N/A
Lignin 29.1 29.1 17.7 24.8 17.9 27.7
Ash 1.1 1.0 10.2 39 3.7 N/A
Total 101.7 93.8 97.6 101.6 97.4 99.7

ladapted with permission from [23], 2adapted with permission from [17, 18], *adapted with

permission from [19].

Table 2. Correlation of severities to temperature and time for liquid hot water pretreatment of

mixed hardwood.!

Run Log Ro Temp Time Glucan  Xylan  Lignin %
o= 4.6 °C Min Solubilized?

Untreated O O O 39.8 16.6 31.0 O
1 6.79 140 7400 54.1 8.2 36.8 44.3
2 8.08 160 300 55.7 6.6 37.0 36.8
3 9.37 180 78 54.8 0.0 37.5 37.4
4 10.64 200 20 62.0 0.0 37.4 45.1
5 10.98 180, 210 20,5 60.6 0.0 35.0 36.6
6 12.21 180, 210 20, 10 62.7 0.0 36.8 36.4
7 11.82 180, 210,210 20,5, 10 64.5 0.0 33.1 41.7
8 12.41 180, 210,220 20,5, 15 64.9 0.0 34.0 42.8
9 13.03 180, 210,230 20, 5,7.5 69.9 0.0 33.8 474

ladapted with permission from [29,62]. 2Material removed by pretreatment, washed at 90°C,

and filtered.
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List of Figures

Figure 1, Key Figure. Phenolics are Major Inhibitors for Enzymatic Conversion of
Lignocellulose Biomass. (a) lignin monomers and corresponding structural units in lignin
(modified with permission from [38]) with simplified view of the phenylpropanoid pathway
showing position of REF3/C3'H in relation to pathway branches leading to H, G, and S lignin
subunits and sinapoylmalate (modified with permission from [21]); b) water-soluble phenolics,
derived from lignin, that inhibit or deactivate cellulolytic enzyme and representative structure of
tannic acid from liquid hot water pretreated lignocellulose that inhibit or deactivate enzymes [51,
52]; c) reaction sequence representing inhibition of 3-G, CBH, and endo components by

phenolic compounds and the cellulose hydrolysis products, cellobiose and glucose.

Figure 2. Effect of pretreatment severity on enzyme available for hydrolysis of cellulose. (a)
schematic diagram showing how disruption of structure at increasing pretreatment severity
provides an increasing number of sites for unproductive adsorption of cellulases (red), reducing
the number of active enzyme molecules available for cellulose hydrolysis (open circles).
Addition of BSA that adsorbs on exposed lignin (green) reduces adsorption of cellulase on lignin
(adapted with permission from [24]); (b) high pretreatment severity (temperatures above 160 to
180°C) causes lignin to emerge from cell wall structure causing lignin droplets to form and be
redeposited on cell wall surface. SEM images show lignin spheres in pretreated corn stover
(scale bar = 2 um) and pretreated hardwood (scale bar = 5 pm) (adapted with permission from

[64, 66]); (c) glucose yield after liquid hot water pretreatment at severities between 6.8 (single
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stage, 1;0°C 740 min) and 13 (carried out in 3 stages at 180, 210, 230°C for 10, 5, and 7.5 min,
respectively). Pretreatment conditions are given in Table 1(b). Conditions given in box (adapted
with permission from [29]).

Figure 3. (a) Reverse phase (C18) LC of hot water (red profile) and cold water (blue profile)
washate from liquid hot water pretreated hardwood, concentrated 10% by evaporation and re-
dissolution in 50% methanol or 50% acetone (modified with permission from [56]); (b)
adsorption equilibrium isotherm of cellulase in 50 mM citrate buffer on liquid hot water
pretreated hardwood at pH 4.8, 25°C, 1.5 h with Cellic Ctec2 (adapted with permission from
[65]); (c) comparison of glucose yields from hydrolysis of liquid hot water pretreated hardwood
(severity 12.5) or Avicel (lignin-free microcrystalline cellulose) at pH 4.8 to 5, 50°C, in 50 mM
citrate buffer at 5 FPU/g glucan. Ctec 2 denotes cellulase as Cellic Ctec2. Addition of 3-G
improves hydrolysis, while adsorption of BSA followed by hydrolysis increases conversion by 4
x over the control (left bar chart) (adapted with permission from [65]); (d) cross-plot of
conversion for liquid hot water pretreated hardwood at 2 FPU/g glucan with Spezyme CP for 168
hours in the absence (lower line) and presence (upper line) of BSA vs. % conversion at 20 FPU/g
glucan, 72 hours, Cellic Ctec2, pH 4.8-5.0, 50°C (adapted with permission from [29]); (e) %
conversion vs. degree of polymerization; A = Avicel, SF = Solka floc, numbers pretreatment

conditions (Table 2) (adapted with permission from [29]).
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Glossary
Arabidopsis thaliana: Model plant used to study lignin synthesis pathways. Sometimes referred

to as the “lab rat” of plant biologists.

Consolidated bioprocessing: Method for biological conversion of lignocellulose biomass based
on microorganisms that incorporate expression of cellulolytic, hemicellulolytic and lignolytic
enzymes together with metabolic pathways that ferment hexoses and pentoses to fuel or
bioproduct molecules. The term refers to multiple functionalities consolidated into the

phenotype of a single microorganism.

Drop-in biofuel: Hydrocarbon molecules, derived from renewable resources that may directly
replace their counterparts in petroleum derived transportation fuels while maintaining equivalent

functionality.

Ferulate 5-hydroxylase (F5SH): also referred to as coniferaldehyde-5-hydroxylase, an enzyme

with a central role in determining lignin composition.

Filter paper unit (FPU): the amount of enzyme required to hydrolyze a proscribed amount of
filter paper into soluble reducing sugars, oligosaccharides, and reducing ends associated with the
insoluble fraction of cellulose that remains upon completion of the assay. Used to provide a
quantitative measure of enzyme activity, since cellulolytic enzymes require multiple enzyme

activities that display synergism in order to hydrolyze cellulose to glucose.
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H, G, and S lignins: Lignin compositions containing hydroxyphenyl, guaiacyl, and syringil
units, respectively. S and G lignins are naturally occurring and contain only small amounts of H.
Redirection of the lignin synthesis pathway can result in lignin that is high in H and plant

biomass that is more readily digested.

Phenylpropanoid pathway: Lignin synthesis pathway that oxidizes hydroxycinnamyl alcohols
to H, G, and S lignin monomers that condense and form lignin. An enzyme complex, Mediator,

catalyzes the final steps of lignin formation in plant cell walls.

Pretreatment: Processes utilizing water, dilute acid, alkali, ammonia, alcohols, ionic fluids,
pressure, mechanical grinding, radiation, and other means to disrupt or change plant cell wall

structure, so that the cellulose fraction becomes accessible to cellulose hydrolyzing enzymes.

Recalcitrance: A general term used to describe the resistance of plant biomass to hydrolysis
(i.e., depolymerization) to its monomeric sugar units including glucose, xylose, arabinose, uronic
acids, galactose, and mannose. Recalcitrance is a relative term that can apply to a range of
structural carbohydrates. Cellulose and lignin have become synonymous with resistance to
hydrolysis since cellulose is much more difficult to break down to glucose compared to

hemicellulose which is a heteropolymer of hexoses and pentoses.

Severity: Often denoted log Ro, a term associated with hydrothermal pretreatments, and
calculated from an Arrhenius type equation that combines time and temperature used to cook

lignocellulosic materials into a numerical value that ranks harshness of pretreatment condition.
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Expressed as a single value of between 4 and 14 that efficiently communicates pretreatment

conditions used to prepare lignocellulosic substrates.
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