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Abstract
Plants represent a vast, renewable resource that is well suited to provide sustainably for humankind’s transportation fuel needs. To produce
infrastructure-compatible fuels from biomass, two challenges remain: overcoming plant cell wall recalcitrance to extract sugar and phenolic intermediates, and reduction of oxygenated intermediates to fuel molecules. To
compete with fossil-based fuels, two primary routes to deconstruct cell walls
are under development, namely biochemical and thermochemical conversion. Here, we focus on overcoming recalcitrance with biochemical conversion, which uses low-severity thermochemical pretreatment followed by
enzymatic hydrolysis to produce soluble sugars. Many challenges remain,
including understanding how pretreatments affect the physicochemical nature of heterogeneous cell walls; determination of how enzymes deconstruct
the cell wall effectively with the aim of designing superior catalysts; and
resolution of issues associated with the co-optimization of pretreatment,
enzymatic hydrolysis, and fermentation. Here, we highlight some of the scientiﬁc challenges and open questions with a particular focus on problems
across multiple length scales.
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INTRODUCTION

Annu. Rev. Chem. Biomol. Eng. 2011.2. Downloaded from www.annualreviews.org
by Oak Ridge National Lab on 02/17/11. For personal use only.

Global consumption of crude oil and the impacts of climate change induced by greenhouse gas
emissions have led to intensive research efforts to develop renewable and sustainable transportation
fuels and industrial chemicals (1, 2). However, development of a renewable fuels industry will
require signiﬁcant R&D to minimize risks associated with its implementation (1–3). In the nearterm, nonfood, plant biomass such as agricultural residues, switchgrass, and poplar are likely to
be the primary feedstock for deconstruction to reactive intermediates (sugars and phenolics) that
can be upgraded to fuels.
Relative to petroleum reﬁning, lignocellulosic biomass conversion offers new logistic and scientiﬁc challenges that span many spatiotemporal scales (Figure 1). First, because biomass energy
content per hectare is low, harvesting and consolidation of biomass is a major economic issue
(4). The transportation distance of biomass thus becomes a major limiting factor in the sizes of
lignocellulosic bioreﬁneries (3). Once consolidated, biomass conversion is a considerable technical challenge because the cell wall is a heterogeneous solid composed of a carbohydrate fraction
tightly interlinked with a complex alkyl-aromatic fraction. The difﬁculty associated with gaining
access to these cell wall polymers for conversion to reactive intermediates is termed biomass recalcitrance (1). Moreover, the carbohydrate and aromatic polymers in plants have higher oxygen
contents than crude oil; hence, reduction to higher energy density molecules is a key challenge in
producing biofuels that are compatible with the current transportation infrastructure.
The multiple, near-term routes for overcoming biomass recalcitrance (Figure 2) are broadly
separated into biochemical and thermochemical conversion methods (1, 5). Thermochemical
conversion is typically delineated into two regimes based on the operating temperature of pyrolysis
and gasiﬁcation, which use heat and pressure to convert the biomass to bio-oils and synthesis
gas, respectively. The advantages of thermochemical conversion are low residence time and the
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Figure 1
Deconstruction of plants into fuels and chemicals through a biochemical or thermochemical route is a
challenge that spans various spatiotemporal scales. Both macroscale (e.g., environmental impact, harvesting,
and biomass consolidation) and microscale (e.g., lignin-carbohydrate complexation, cellulose crystallinity)
factors inﬂuence production of lignocellulosic biofuels. Adapted from Reference 75. The ﬁrst two images are
courtesy of DOE/NREL.
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Figure 2
A simpliﬁed kinetic (a) and thermodynamic (b) overview of plant biomass deconstruction by biochemical or
thermochemical routes to produce biofuels.

ability to handle varied feedstocks in a continuous manner; however, the conversion process is not
selective. Biochemical conversion, alternatively, offers high selectivity in deconstructing biomass
to desired end products. Biochemical conversion ﬁrst uses low-severity thermochemical treatment
(pretreatment) at temperatures between 100 and 200◦ C to partially break down the cell wall and
improve enzymatic accessibility. Many options exist for pretreatment of biomass (6, 7); the leading
examples use liquid catalysts such as sulfuric acid, ammonia, or water, which penetrate the cell
wall and alter its chemistry and ultrastructure. Elucidating the physicochemical effects of the
many possible pretreatments upon subsequent hydrolysis and fermentation has proven to be a
considerable challenge.
The pretreatment step is followed by application of enzymatic or microbial catalysts to convert
the carbohydrates to soluble sugars, which are then converted to fuels. Because the plant cell wall
is a solid, composite material, enzymes must work directly at the solid-liquid interface and engage
in surface depolymerization of individual cellulose chains to hydrolyze carbohydrate polymers.
This surface ablation process results in a reaction rate several orders of magnitude slower than
freely diffusing enzymatic reactions because conversion is limited by substrate accessibility (8).
The combined steps of pretreatment and enzymatic hydrolysis are responsible for overcoming
biomass recalcitrance during biochemical conversion. Reduction of the carbohydrate streams to
fuels, which is the last step, is an area of active research spanning cofermentation of pentose and
hexose sugars to ethanol (1), metabolic pathway engineering for production of higher alcohols and
hydrocarbons (9, 10), and application of catalytic routes to fuels (11, 12). We stress that many of the
reduction options available rely on the economic production of monomeric carbohydrates (or other
reactive intermediates) derived from biomass. To summarize, overcoming biomass recalcitrance
to produce sugars is the crucial ﬁrst step that supports many downstream bioreﬁnery options for
fuel production from ethanol to hydrocarbons.
In this review, we focus on the technical challenges associated with overcoming biomass
recalcitrance selectively across multiple length and time scales. First, we describe models of the
plant cell wall and highlight unanswered questions associated with the ultrastructural organization
of cell wall polymers that impacts its recalcitrance. Options for pretreatment are discussed in light
of the current state of knowledge and the effect of pretreatment on the overall conversion process.
Second, we review experimental and theoretical efforts to describe the steps that processive
enzymes, the workhorses of industrial cocktails, undergo to deconstruct recalcitrant crystalline
www.annualreviews.org • Biochemical Conversion of Biomass
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cellulose to glucose. We also discuss the role of other proteins (e.g., hemicellulases and other helper
proteins) and protein engineering strategies to enhance cellulase performance. Third, we brieﬂy
highlight reduction processes such as fermentation and possibilities for process consolidation.
We end with our outlook for the future of biochemical conversion of lignocellulosic biomass.

UNDERSTANDING HOW CHEMICAL PRETREATMENTS
AFFECT PLANT CELL WALLS

Annu. Rev. Chem. Biomol. Eng. 2011.2. Downloaded from www.annualreviews.org
by Oak Ridge National Lab on 02/17/11. For personal use only.

The ﬁrst step in biochemical conversion of lignocellulosics is thermochemical pretreatment to
enhance the rate of subsequent enzymatic and microbial catalysis. However, it is important to
understand the underlying composition and architecture of cell walls to appreciate the physicochemical impacts of pretreatment that result in a reduction of native cell wall recalcitrance.

Compositional and Ultrastructural Organization of Cell Walls
Plants are composed of at least 35 different cell types that are distinct in composition, structure,
and ultrastructure (13). However, all cells have a thick (0.1 to 10 μm) cell wall that provides
rigidity to the cell and prevents attack by pathogens. Cell walls typically are composed of three
layers, the middle lamella, primary cell wall, and secondary cell wall. Secondary cell walls, which
have further sublayers (S1, outer; S2, middle; and S3, inner), are present only in certain tissues
(e.g., thickened cells that constitute the vascular bundles) and mature generally after cessation of
growth, unlike the primary walls that are ubiquitous to all cells. Cellulose (20–50% on a dry weight
basis), hemicellulose (15–35%), and lignin (10–30%) are the primary constituents of cell walls,
whereas proteins (3–10%), lipids (1–5%), soluble sugars (1–10%), and minerals (5–10%) are minor
components (14). This chemical composition of cell walls differs signiﬁcantly between monocots
(e.g., corn stover, switchgrass) and dicots (e.g., Arabidopsis, poplar), which ultimately inﬂuences
their susceptibility to deconstruction (see Supplemental Information 1 for more information
on differences between monocots and dicots; follow the Supplemental Material link from the
Annual Reviews home page at http://www.annualreviews.org).
Cellulose is a complex macromolecule composed of linear β-1,4-glucan chains that tightly
aggregate into microﬁbrils (3 to 5 nm in diameter) held together via strong intra- and intermolecular hydrogen bonds and van der Waals forces resulting from pyranose ring stacking. The degree
of polymerization of cellulose varies, depending on its source, between 100 and 10,000 (15, 16).
Native cellulose is degraded to a length of approximately 150 nm fairly rapidly, beyond which
severe chemical or enzymatic treatment is necessary to hydrolyze it completely (17). The steric
hindrance of glucan chains packed tightly in this solid, crystalline morphology is responsible for
the low sacchariﬁcation rate of cellulose (18). The most abundant crystalline polymorph found in
higher plants is cellulose Iβ , which has a two-chain monoclinic unit cell (19). Thermochemical
treatments can transform cellulose Iβ into other polymorphs (15), namely, cellulose II by NaOH
(20), cellulose IIII by amines or ammonia (21, 22), and cellulose IV by glycerol (23). Differences
in glucan chain packing in these polymorphs have been shown to inﬂuence their hydrolysis rates
(20, 22, 24); however, a molecular-level explanation of the observed differences in digestion rates
between cellulose polymorphs remains an open question.
Hemicelluloses are polysaccharides that are extractible by alkaline solutions. In contrast, pectins
are a major component of the compound middle lamella (see Supplemental Information 1
for more information on the impact of pectins and ferulates on cell wall recalcitrance) that can
be extracted with hot water and chelating agents (25). We now know that these complex heteropolysaccharides can be classiﬁed into four structurally distinct classes: (a) xylans (β-1,4-xylosyl
6.4
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backbone with arabinose, uronic acid, and acetyl side chains), (b) mannans (β-1,4-mannosyl
or glucosyl-mannosyl backbones with galactose side chains), (c) β-glucans with mixed linkages
(β-1,3-1,4-glucosyl backbone), and (d ) xyloglucans (β-1,4-glucosyl backbone with xylose side
chains) (26). Unlike cellulose, hemicellulose composition varies depending on cell tissue and plant
species and differs in type of glycosidic linkages, side chain composition, and degree of polymerization (27, 28). The most abundant hemicelluloses found in monocots (e.g., corn stover, switchgrass)
and dicots are glucuronoarabinoxylans and galactoglucomannans, respectively.
Lignins are complex, phenyl-propanoid polymers derived from three basic monomeric units
(monolignols): p-hydroxyphenyls (H), guaicyls (G), and syringyls (S), which vary between species
and cell tissue type (29, 30). Lignin structures are hypothesized to arise from free-radical polymerization of phenoxy radicals (β-O-4-linked aryl ether linkages are most common) formed by
oxidative enzymes in the cell wall (30). Hardwood lignins are predominantly G and S monolignols
with trace amounts of H units. Softwood lignins are composed of mostly G units, whereas monocots incorporate equivalent amounts of G and S units along with signiﬁcantly higher amounts of
H monolignols.
The self-assembly and architectural organization of cell walls is an area of intense research (16,
31, 32). However, most research has traditionally focused on the primary cell walls, resulting in far
less understanding of secondary cell walls (16, 33, 34), which constitute at least 70% to 80% of the
stem internode mass (1, 24, 35). Secondary cell walls are also signiﬁcantly more recalcitrant than
primary cell walls to biological deconstruction (1, 36). The current models for cell walls envision
cellulose microﬁbrils (composed of 30 to 36 hydrogen-bonded glucan chains) surrounded by a
matrix of hemicellulose and lignin (Figure 3; 16, 34, 37, 38). The cellulose microﬁbrils in primary
cell walls are organized in successive lamellae, forming a web-like matrix, that are separated by
hemicellulose and pectins that control the overall wall porosity (<10-nm pore size) (38, 39).
However, microﬁbrils in secondary cell walls are more closely associated with each other to
form macroﬁbrillar lamellae that are oriented in a direction depending on their location within
various secondary wall sublayers (34, 36). Unbranched hemicellulose (xyloglucans, homoxylans,
and mannans) forms hydrogen bonds with the surface of cellulose ﬁbrils, whereas the side chains of
branched hemicelluloses (e.g., uronic acids and arabinose) are covalently bonded to hemicellulose
or lignin to create enzyme-impenetrable cross-links, also known as lignin carbohydrate complexes
(LCCs). The majority of LCC linkages in monocots are ester linkages between hemicellulose side
chains and phenolic acids (e.g., ferulate and diferulate) that constitute a portion of the noncore
lignin (28, 40, 41). LCCs are thought to form inclusion complexes that exclude water and prevent
chemical or enzyme-catalyzed deconstruction of cell walls, the mechanism for which is poorly
understood (42).

LCC: lignin
carbohydrate complex

Consortium for Applied Fundamentals and Innovation–Based
Thermochemical Pretreatments
Before the discovery of Trichoderma reesei cellulases, concentrated acids were used to hydrolyze
lignocellulose to fermentable sugars directly, which typically resulted in poor yields and extensive
sugar degradation (43). However, today the availability of aggressive enzyme preparations permits
the use of lower severity acidic pretreatments. The primary goal of any pretreatment used currently
is to overcome the lignin-hemicellulose barrier to increase enzyme accessibility (44). Some pretreatments can also alter cellulose crystallinity to enhance its depolymerization rate. Pretreatments
can be classiﬁed into four categories (i.e., physical, chemical, biological, and solvent-fractionation)
and have been reviewed extensively recently (6, 7, 45). Despite efforts to develop novel pretreatments and optimize pretreatment conditions to maximize biomass digestibility, there has been a
www.annualreviews.org • Biochemical Conversion of Biomass
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Figure 3
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lack of mechanistic understanding that integrates the molecular (nanometer) scale (e.g., kinetics
and energetics) into the cellular/tissue (micrometer) scale (e.g., lignin and hemicellulose extraction
and redeposition on outer cell wall surfaces) effects of pretreatments. Until recently, holistic assessment of pretreatments and their inﬂuence on upstream and downstream bioreﬁnery processes
using standardized methods was lacking (7). In 2000, several laboratories established the Consortium for Applied Fundamentals and Innovation (CAFI) to standardize protocols and conduct
holistic assessment of pretreatments (46–48). Some of the leading pretreatments that have been
studied (using corn stover, poplar, and switchgrass as feedstocks) as part of CAFI include dilute
acid treatment (47, 49), steam explosion (50), hot water treatment (51, 52), ammonia ﬁber expansion (AFEX) (53, 54), ammonia recycle percolation (55, 56), and lime treatment (57). A detailed
overview of CAFI pretreatments is provided in Figure 4.

CAFI: Consortium
for Applied
Fundamentals and
Innovation
AFEX: ammonia ﬁber
expansion

Novel Pretreatment Approaches
Ionic liquids (ILs) were ﬁrst reported to disrupt cellulose crystallinity in 2002 (58). Since this report, there have been attempts to fractionate lignocellulose and decrystallize cellulose using ILs,
with some success (59–61). Both the anions and cations of the IL are thought to participate in cell
wall and cellulose solubilization, with the former playing a more dominant role (62, 63). These
results suggest that it should be possible to design more effective ILs through a better mechanistic understanding of polysaccharide-IL interactions (63). Currently research on recovery of ILs
and isolation of the dissolved lignin-hemicellulose after pretreatment is lacking (60, 64). Native
cellulases are severely inhibited by trace amounts of residual ILs, which has led to development of
IL-tolerant enzymes (65). Zhang et al. (66) reported a phosphoric acid-acetone-water–based pretreatment (cellulose solvent and organic solvent lignocellulose fractionation or COSLIF) that can
be conducted at mild conditions (50◦ C, 1 atm, 30 to 60 min). COSLIF fractionates lignin, hemicellulose, and acetic acid while decrystallizing cellulose to result in enhanced enzymatic digestibility
compared with dilute acid–pretreated substrates (66, 67). With further process improvements
related to reduced loading of expensive solvents and unit operations needed for recovery, the
COSLIF and IL-based pretreatment methods may become economically more viable.

Pretreatments Alter Physicochemical Properties of Cell Walls
The primary physicochemical effects of chemical treatments (Figures 3 and 4) that result
in enhanced cell wall digestibility can be classiﬁed into three categories as follows: (a) LCC
cleavage and hemicellulose removal, (b) lignin modiﬁcation and redistribution, and (c) cellulose
decrystallization.
Cleavage of LCCs facilitates the extraction and removal of cell wall polymers (e.g., hemicellulose and lignin), which in turn increases enzyme accessibility to the intact carbohydrates (24,
68). One of the common LCCs includes ester linkages between arabinose and ferulic acid (28,
29, 41, 69, 70). However, to date there have been no detailed studies to determine the cleavage
rates of ferulate and diferulate linkages during pretreatment. Model compound studies using experimental and computational approaches would elucidate the mechanisms and kinetics for these
reactions. Ongoing work has revealed that the rate of ammonolysis and hydrolysis of diferulate
ester linkages during AFEX depends on reaction conditions and type of diferulate linkage (S.P.S.
Chundawat, R. Vismeh, A.D. Jones, & J. Ralph, unpublished data). Cleavage of diferulates (which
cross-link lignin to polysaccharides) during AFEX facilitated removal of lignin/hemicelluloses
and hence increased enzymatic accessibility (24, 53). Determining the susceptibility of various
www.annualreviews.org • Biochemical Conversion of Biomass
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LCCs during pretreatment will prove critical to engineering bioenergy crops with reduced cell
wall recalcitrance.
Unlike AFEX, acidic pretreatments achieve near-complete solubilization of hemicellulose to
sugars (47, 71). The kinetics of hemicellulose hydrolysis during acidic pretreatments is biphasic, with the faster hydrolysis regime following ﬁrst-order reaction kinetics (72). This biphasic
behavior could be due to limited accessibility of hemicelluloses sheathed by hydrophobic lignin,
but this theory has not been explained conclusively. Brunecky et al. (73) showed that xylan accumulates around the cell lumen and middle lamella after dilute acid treatment; however, the
actual mechanism for in situ hemicellulose delocalization during acidic pretreatment and its effect on subsequent hydrolysis is unclear. Most chemical pretreatments result in signiﬁcant xylan
deacetylation that yields improved xylan hydrolysis (Figure 4b), but the impact of deacetylation
on increased cellulose-xylan association is unknown. This phenomenon of increased association
between deacetylated hemicellulose and cellulose is likely more important for lower severity pretreatments such as AFEX that do not solubilize the hemicellulose into a separate liquid stream.
Use of ILs results in the rapid separation of the primary and secondary switchgrass cell walls from
the middle lamella followed by complete solubilization (60). However, addition of water resulted
in the precipitation of low-crystallinity cellulose II along with rejection of lignin and oligomeric
hemicellulose into the supernatant (60, 74). Similar multifaceted characterization and visualization
studies conducted for AFEX have revealed that the middle lamella and outer secondary grass cell
walls are the most prone to disruption during pretreatment (24, 53, 75). Characterization of the
relative recalcitrance of distinct cell wall regions (e.g., S1 versus S3 secondary wall) to pretreatment
and hydrolysis would be of interest to efforts to engineer improved bioenergy crops.
The impact of pretreatment on lignin composition and redistribution within cell walls has
been explored only recently (24, 44, 76, 77). Donohoe et al. (76, 78) used electron tomography
to show that the droplets that appear following dilute acid treatment are enriched in lignin that
extrudes out of cell walls at temperatures close to lignin’s glass transition temperature. These
droplets have been shown to inhibit cellulase activity (79), but the mechanism of cellulase-lignin
interaction is unclear. The exact composition of delocalized/coalesced lignin within different cell
wall compartments and its impact on sacchariﬁcation is also unknown. With the development
of whole cell wall nuclear magnetic resonance (NMR) characterization techniques, it is now
possible to analyze cell walls without modifying their composition during sample preparation
(77, 80). Unlike other pretreatments, AFEX has been shown to alter subtly the distribution of
lignin and hemicellulose via extraction/redeposition onto outer wall surfaces, without altering
core lignin chemistry, to create an enzyme-porous cell wall (S.P.S. Chundawat, B.S. Donohoe,
F. Lu, J. Ralph, unpublished data; 24, 75). Both dilute acid and AFEX pretreatment were found
to signiﬁcantly alter the ultrastructure of the compound middle lamella and the outer secondary
cell walls of corn stover (24, 75, 76). These results suggest that mass transfer considerations
for lignin and hemicellulose removal from cell walls are a major barrier to effective cell wall
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4
Overview of Consortium for Applied Fundamentals and Innovation (CAFI) pretreatments using corn stover as feedstock: (a) range of
pretreatment conditions employed; (b) major physicochemical impacts of pretreatment; (c) relative enzymatic digestibility, ease of
fermentability and minimum ethanol selling price (MESP) for various pretreated substrates; and (d ) major cell wall decomposition
products formed during ammonia ﬁber expansion (AFEX) and dilute acid pretreatment. Adapted from References 47, 48, 50, 53, 71,
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deconstruction; however, much remains to be learned about these processes. There have been
no reports on real-time morphological (e.g., tissue disruption), ultrastructural (e.g., cellulose microﬁbril alteration), and chemical (e.g., LCC cleavage) changes occurring in cell walls during pretreatment that would enable us to obtain a multiscale understanding of the system. Haas et al. (81)
have shown, using real-time microscopic imaging, that the structural-level complexity of unmilled
plant cell walls impedes heat and mass transfer during thermochemical conversion to result in undesirable tar formation. Analogous real-time imaging and characterization studies for in situ cell
wall pretreatment and enzymatic hydrolysis are critical to understanding and overcoming biomass
recalcitrance.
Most acidic and oxidative pretreatments result in a marginal increase in cellulose crystallinity
and a reduction in its degree of polymerization (Figure 4b; 44). However, cellulose crystallinity
measurements by X-ray diffraction of biomass are confounded by the presence of lignin and
hemicellulose (82). Some pretreatments, such as concentrated acids (e.g., 85% phosphoric acid)
(66), dimethyl sulfoxide (DMSO) (83), transition-metal complex solutions (e.g., Cadoxen) (84),
and ILs (63, 85), can completely solubilize cellulose, which upon precipitation with antisolvents
results in the formation of amorphous cellulose and cellulose II. Treatment of crystalline cellulose
with anhydrous liquid ammonia also results in the formation of cellulose IIII without producing
signiﬁcant amounts of amorphous cellulose, which has demonstrated a four- to ﬁvefold higher rate
of sacchariﬁcation than cellulose Iβ (22, 24). Ongoing efforts aim to adapt conventional AFEX
to produce cellulose IIII and extract lignin simultaneously during pretreatment, as it would be
signiﬁcantly cheaper to recycle ammonia than to utilize the conventional chemicals used to produce
amorphous cellulose (S.P.S. Chundawat, V. Balan, L. Sousa, A. Cheh, B.E. Dale, unpublished
data). However, we lack a mechanistic understanding of the improved deconstruction kinetics of
crystalline cellulose IIII versus Iβ .
Most thermochemical pretreatments result in the formation of decomposition products owing
to degradation of carbohydrates and lignin; these products may inhibit downstream biological
processing (Figure 4d; 53, 86). Recently, we conducted a detailed mass balance for more than 75
degradation products (e.g., amides, furans, imidazoles, phenolics) formed and/or released from
corn stover cell walls during AFEX and dilute acid pretreatment (53). Identiﬁcation of degradation products formed during pretreatment and elucidation of their inhibitory/stimulatory effect
on enzymes and microbes is crucial to optimizing pretreatments and minimizing the impact of
pretreatment-induced recalcitrance on biomass deconstruction.
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UNDERSTANDING AND IMPROVING THE ENZYMATIC
HYDROLYSIS OF BIOMASS
The second step in biochemical conversion of biomass is enzymatic hydrolysis to depolymerize
the intact carbohydrate polymers to soluble sugars. These synergistic enzyme cocktails include
exoglucanases (processive enzymes), endoglucanases (nonprocessive enzymes), and β-glucosidases
(cellobiases) for depolymerizing cellulose as well as several classes of hemicellulases and accessory
enzymes for depolymerizing hemicelluloses (87). Fungi and most bacteria utilize noncomplexed,
secreted enzymes, whereas some bacteria tether their enzymes to large scaffolds in protein complexes termed cellulosomes (Figure 5; 88). Many authors have reviewed the differences between
free and complexed enzyme systems (87, 88). Here, we focus on free fungal enzymes, as these have
received signiﬁcant attention recently (1, 89–92). Fungi are of interest commercially because they
can secrete proteins to titers more than 100 g liter−1 and their enzyme cocktails are naturally quite
effective at biomass deconstruction (89).
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b

c

Cellodextrin residue
C. thermocellum Cel5B
C. thermocellum CbhA
Scaffolding peptide

C. thermocellum
CelS

C. thermocellum
cellulosome during self-assembly

Figure 5
Structural overview of the cellulosic substrate and biological catalysts responsible for its deconstruction.
(a) Native (I) and synthetic (II, IIII ) cellulose polymorph crystals. (b) Noncomplexed Trichoderma reesei
exocellulase (Cel7A, Cel6A) and endocellulase (Cel7B) catalytic domains. (c) The Clostridium thermocellum
exocellulase CelS catalytic domain as part of the large cellulosomal complex inclusive of CbhA and Cel5B
(shown here as a coarse-grained model with the enzymes in different colors). Note: All four catalytic
domains (Cel6A, Cel7A, Cel7B, and CelS) are shown with the cellodextrin residue (orange) bound within
their respective enzyme active sites.

The Development of the Cellulase System from Trichoderma reesei
During World War II, the U.S. military faced problems with canvas accoutrements rotting in
the tropics and subsequently deployed scientists at the U.S. Army Natick Laboratory to study the
biological agents responsible for this decay (93). A major outcome of this work was the classiﬁcation
of a particularly effective cellulose-degrading fungus, Trichoderma viride (now known as T. reesei ).
This fungus has become one of the most thoroughly studied cellulase-producing organisms to
date and a cornerstone of modern industrial biotechnology (94). This discovery led to intense
research into the mechanisms by which T. reesei degrades biomass via a synergistic enzyme cocktail
www.annualreviews.org • Biochemical Conversion of Biomass
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(95–115). The T. reesei enzyme cocktail was shown to contain a reducing-end-speciﬁc, processive
glycosyl hydrolase (GH) Family 7 (see http://www.cazy.org for classiﬁcation of carbohydrateactive enzymes) cellobiohydrolase (Cel7A, formerly CBH I) and a counterpart nonreducing-endspeciﬁc Family 6 processive cellobiohydrolase (Cel6A, formerly CBH II). Together, these two
enzymes comprise the majority (>50%, w/w) of the enzyme cocktail secreted by T. reesei. Recently,
T. reesei was reclassiﬁed as an anamorph of Hypocrea jecorina.

Molecular-Level Understanding of Cellulases
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by Oak Ridge National Lab on 02/17/11. For personal use only.

Because it is the best-characterized cellulase and the major component of fungal enzyme cocktails,
here we focus on studies of and insights gained about T. reesei Cel7A. Cel7A consists of a small
Family 1 carbohydrate-binding module (CBM), an O-glycosylated linker, and a large catalytic
domain (CD) containing a 50 Å tunnel for threading cellulose chains and three sites for Nglycosylation (104). A schematic of this enzyme is shown in Figure 6. The ﬁndings and insights
Cel7A
linker/binding domain

a

Cel7A
catalytic domain

Binding

d

Complex formation

e

Hydrolysis

f

Expulsion

N-linked
glycan

O-glycan
Cellulose fibrils

b

Recognition

c

Threading

Enzyme aromatic residues

Cellobiose

Figure 6
Steps involved in the mechanistic action of the Trichoderma reesei exocellulase (Cel7A) on crystalline
cellulose. The yellow space-ﬁlling representation is O-glycosylation, the dark blue spaceﬁll is
N-glycosylation, the light blue schematic view is the Cel7A enzyme, and the green substrate is a cellulose
microﬁbril. (a) Cel7A binding to cellulose, (b) recognition of a reducing end of a cellulose chain, (c) initial
threading of the cellulose chain into the catalytic tunnel, (d ) formation of a catalytically active complex,
(e) hydrolysis (the product is shown in pink spaceﬁll), and ( f ) product expulsion and threading of another
cellobiosyl unit. The catalytically-active complex structure is adapted from Reference 150.
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gained for the action of Cel7A likely will extend to other processive cellulases (and chitinases) from
fungi and bacteria because of structural and functional similarities between enzyme families. The
probable steps involved in Cel7A action on cellulose include binding of the cellulase to biomass,
recognition of a free cellulose chain end, initial threading of the chain into the active site tunnel and
decrystallization from the substrate, the hydrolysis reaction, product expulsion, and reformation
of the catalytically active complex (CAC). This overall process is shown in Figure 6; panels d–f
illustrate the processive cycle. Each of these steps is reviewed here in turn.

CAC: catalytically
active complex
ITC: isothermal
titration calorimetry

Binding to cellulose via the carbohydrate-binding module. Boraston et al. (116) provided
an excellent review of and classiﬁcation system for many CBM families. For fungal cellulases,
most CBMs are the small Family 1 CBMs. An NMR structure was solved for the CBM of T.
reesei Cel7A, and the sequence homology of CBMs in Family 1 is quite high; thus, most Family
1 CBM structures are inferred via homology modeling to the T. reesei Cel7A CBM (108, 114).
Many open questions remain regarding CBM interactions with cellulose, which has important
consequences for biomass conversion because CBMs are responsible for increasing the catalyst
surface concentration of cellulases on cellulose. Experimental studies of the Cel7A CBM interaction with cellulose demonstrated that the CBM prefers the hydrophobic face of cellulose Iα (117).
As the hydrophobic faces of cellulose Iβ and Iα are almost identical (19, 118), this observation
likely holds for both polymorphs.
The thermodynamic nature of Cel7A CBM binding is unknown. The binding event in a Family
2 bacterial CBM from Cellulomonas ﬁmi has been shown with isothermal titration calorimetry (ITC)
to be entropically driven and likely occurs via surface dehydration (i.e., the hydrophobic effect)
(119). However, because Family 2 CBMs are larger than Family 1 CBMs, the driving force for
binding of Family 1 CBMs may be more enthalpic in nature. A recent simulation demonstrated
that hydrogen bonds (enthalpic contributions), rather than the typically hypothesized hydrophobic
interactions, are important to CBM behavior on the hydrophobic face of cellulose (114).
The relationship between CBM binding afﬁnity and catalysis efﬁciency is poorly understood.
For free cellulases and cellulosomes, a higher binding afﬁnity has been demonstrated to yield a
higher cellulose conversion rate (101, 120). This is not unexpected because cellulose conversion
by enzymes is a surface reaction. However, the literature commonly compares overall cellulase
activity across enzymes with different binding afﬁnities. Given that cellulase action on cellulose
is a heterogeneous catalysis process, an essential kinetic parameter is catalyst surface concentration. Using ITC to measure the binding afﬁnities of CBMs and cellulases in general is crucial
to compare their intrinsic cellulase activities. We also lack a clear understanding of and differentiation between productive and nonproductive binding of cellulase to its substrates. This partly
explains the ambiguity in the literature and highlights the relationship between overall binding
and hydrolysis yield (121).
Other signiﬁcant questions about CBMs relate to their disruption of cellulose crystallinity and
their (and other proteins’) ability to enhance conversion rates. In general, the literature states
that the CBM-cellulose interaction disrupts hydrogen bonds on the cellulose surface, but this has
not been demonstrated deﬁnitively. There have been reports of cellulose disruption via disruptor
proteins (92, 122–124), but only one study to our knowledge has demonstrated cellulase synergy
at relevant cellulase loadings (92). Harris et al. (92) showed that adding a (potentially misclassiﬁed)
Family 61 GH to an industrial T. reesei cocktail resulted in pretreated corn stover glucan conversions equivalent to those achieved using twofold higher enzyme loadings in the absence of GH61.
Interestingly, the structure of this GH61 enzyme from Thielavia terrestris exhibits structural homology to a chitin-binding protein (CBP21) that has a similar synergistic effect on chitin (125).
The mechanisms of T. terrestris GH61 and Serratia marcescens CBP21-catalyzed decomposition of
www.annualreviews.org • Biochemical Conversion of Biomass
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cellulose and chitin, respectively, have not yet been determined. In both cases, a metal ion binding
site is located near the protein surface, and removal of divalent metal ions during hydrolysis reduces the synergistic effect of these proteins (92, 125). Also, T. terrestris GH61 does not enhance
conversion of T. reesei enzyme cocktails on isolated cellulose, e.g., Avicel; however, it does have
this effect on biomass (92). CBP21 enhances conversion rates on chitin alone, which suggests that
despite some structural homology, the mechanisms by which these enzymes work are different,
or that GH61 acts on more accessible carbohydrates. If these proteins are indeed enzymatic and
speciﬁcally hydrolytic, then it is odd that the reducing-sugar assays that are commonly used for
measuring cellulase or chitinase activity have been unable to sufﬁciently demonstrate activity.
Clearly, further characterization is needed to understand why GH61 enzymes (and other proteins
including CBMs) are able to disrupt biomass and what molecular-level mechanisms they use to do
so. Searching for other chemistries occurring (for GH61s) or examining at the molecular level the
material properties of cellulose upon incubation with advanced surface characterization techniques
will likely aid in determining the effect of biomass disruption. See Supplemental Material 1 for
more information on the mechanism driving action of CBP21, the inﬂuence of the cellulose dipole
on enzyme activity, cellulose polymorphs, and the role of lignin on CBM binding and cellulase
activity.
Surface diffusion of Cel7A on cellulose. Once bound, cellulases diffuse on the surface of
cellulose to locate a free chain for deconstruction. Studies of cellulase surface diffusion to date
include several computational studies of the Cel7A CBM, an experimental study that established
the binding faces on cellulose Iα , and a high-speed atomic force microscopy (HS-AFM) study
(114, 115, 117, 126, 127). Two modeling studies predicted that the Cel7A CBM diffuses along a
cellulose chain in discrete energy wells every ∼1 nm, which corresponds to the cellobiose length.
The residues responsible for this critical length scale are conserved across many Family 1 CBMs
(114, 115). A recent, exciting study from Igarashi et al. (127) examined the diffusion of Cel7A
on the surface of cellulose I with HS-AFM. Three enzymes were studied: the wild-type (WT)
Cel7A; a catalytically inactive mutant; and the W40A mutant, which putatively does not thread
cellulose (127). The authors showed that the WT Cel7A enzyme moves at 3.5 nm s−1 , although
determining if the single enzymes under observation were hydrolyzing cellulose or diffusing along
the surface without productive binding is not yet possible. That these enzymes were reported to
travel only in a single direction along a cellulose ﬁbril is a promising suggestion that they are
hydrolyzing cellulose, because nonengaged cellulases should be able to diffuse in any direction on
the surface. The catalytically inactive mutant binds to cellulose and does not move on the timescale
of observation (on the order of minutes), and the nonthreading mutant (W40A) exhibited similar
behavior in that it was observed to bind but not translate. This observation suggests that the
catalytically inactive mutant threads a cellulose chain and then neither disengages nor reacts. We
discuss the enigmatic W40A mutant results in the next section.
Recognition of a reducing end of a cellulose chain via the catalytic domain and initial
threading of a cellodextrin chain. Koivula et al. (95) examined cellulose recognition by the
CDs of cellulases. With Cel6A, they found that mutating the tryptophan at the entrance to the
CD tunnel (W272) reduced its ability to deconstruct crystalline cellulose, but the conversion
rate for amorphous cellulose was unaltered. A later study mentioned that the same is true for
Cel7A, presumably mutation of W40 at the CD tunnel entrance (96). The recent HS-AFM study
by Igarashi et al. (127) examined the W40A mutant, which digested phosphoric acid swollen
cellulose (PASC) at a rate equivalent to the WT Cel7A and crystalline cellulose at a rate roughly
equivalent to the Cel7A CD alone. However, in the HS-AFM experiments, W40A was observed
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to bind but not translate on the surface of cellulose. Furthermore, its binding time was observed to
be less than that of the catalytically inactive mutant. This suggests again that this enzyme cannot
recognize and thread a signiﬁcant portion of a crystalline cellulose chain because the aromatic
group at the entrance of the tunnel has been removed. The W40A mutant likely does not translate
on the surface but does conduct some hydrolysis because it engages as a nonprocessive cellulase.
In other words, the binding free energy to the cellodextrin chain may not be high enough to
stabilize the chain being fed into the CD tunnel, and thus the enzyme can disengage easily from
the cellulose surface. This hypothesis can be tested with free energy calculations in which the
W40A mutation is made in silico. Measuring the relative ﬂexibility in a cellodextrin chain and the
free energy change upon mutation will quantify this effect.
The catalytic steps: hydrolysis, product expulsion, and processivity. Once the processive
cellulase has recognized a free chain end, it threads the chain into the tunnel to form a CAC.
Because cellulose decrystallization in water is free-energetically unfavorable, the tunnels or clefts
of cellulase CDs contain hydrophobic and polar residues that form favorable contacts with a
cellulose chain (102, 104, 107). A favorable ligand-binding free energy thus allows cellulases to
form CACs despite the thermodynamic barrier to removal of a cellulose chain from the crystal.
Several studies have mutated hydrophobic residues in the CD tunnels of cellulases and chitinases
(chitinases are structurally similar to cellulases), and have demonstrated that hydrophobic residues
need to be present in the CD tunnels for digestion of crystalline cellulose to occur (95, 127–130).
Additionally, Horn et al. (129) and Vuong & Wilson (128) both have shown that removal of
hydrophobic residues in cellulase and chitinase tunnels can increase processivity rates on more
accessible polymers.
Once a cellulase forms a CAC with a cellodextrin chain, the hydrolysis reaction occurs usually via a retaining (Cel7A) or inverting (Cel6A) mechanism, depending on the directionality of
the enzyme. After the reaction occurs, the product must be expelled and another CAC formed
by threading another cellobiose unit into the CD. The mechanism for these steps is unknown,
although they are under intense investigation via simulation and experimental approaches. At the
nanometer scale, it is likely that the cellulose polymorph (e.g., IIII versus Iβ ) and chain location
in the crystal determines the work that a processive cellulase must do to decrystallize a cellobiose
unit from the polymer crystal. As cellulose is insoluble, the ligand-binding free energy in a cellulase tunnel or cleft must be favorable to extract and process a cellulose chain from the crystal
to the enzyme. For the reaction mechanism in Cel6A, Koivula et al. (97) used experimental and
theoretical techniques to ascertain the catalytic residues and then conﬁrmed the catalytic acid site
originally hypothesized from the reported crystal structure (102). A recent study from Barnett
et al. (98) probed the conformation of the pyranose ring in the active site of T. reesei Cel7A. Using
density functional theory free energy calculations along a pucker coordinate, they elucidated the
stabilized conformations in the CAC. As hydrolysis is likely the rate-limiting step overall, signiﬁcant challenges still remain in elucidating the formation of the CAC and the elementary steps in
the chemical reaction. Altering the crystalline structure of cellulose is thought to help overcome
the rate-limiting step of enzymatic hydrolysis, but this theory has yet to be proven conclusively.
A hybrid quantum-mechanics/molecular-mechanics (QM/MM) approach likely will be necessary
to elucidate the reaction mechanism (131). For product expulsion, absolute ligand-binding free
energy calculations (132) can measure the ligand-binding free energy of cellulases, which has signiﬁcant relevance to product inhibition and the design of cellulase cocktails (133). Furthermore,
several sets of simulations can help quantify the threading of a cellobiose unit including rare event
simulations of threading, both in the presence of a cellulose crystal and on a cellulose chain in
solution (134).
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Role of the linker in catalysis. The role of the linker and CBM in catalysis has yet to be
elucidated deﬁnitively. Until recently, Srisodsuk et al. (110) had conducted the only biochemical
study of the T. reesei Cel7A linker. The authors denoted the linker region nearest the CD as the
ﬂexible region and the region closest to the CBM as the stiff region because it contains signiﬁcant
O-glycosylation. They showed that removal of the ﬂexible region does not change the activity,
but the binding afﬁnity was lowered at higher loadings. The authors were not able to explain their
observations in terms of their original assessment of the stiff and ﬂexible regions of the linker. We
recently applied replica-exchange molecular dynamics simulations of the Cel7A linker domain
with the experimentally determined glycosylation pattern (105) to illustrate that the linker is a
disordered, ﬂexible tether between the CBM and CD (135). Thus, in the limit of signiﬁcant linker
ﬂexibility (135), these results (110) can be explained by reduction of the surface concentration
of cellulases because of molecular crowding via a shortened, but still ﬂexible, tether between the
CBM and CD. The Igarashi et al. (127) study revealed the speed of the CD and intact Cel7A
translating on the cellulose surface to be similar. Together, these results lend support to the linker
functioning primarily as a ﬂexible molecular tether between the CBM and CD.
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Kinetic Models of Cellulase Action
Many kinetic models of cellulose digestion via enzyme cocktails have been developed (18, 99,
136–139). A crucial limitation of the models developed to date is that we still lack a comprehensive understanding of how a given cellulase cocktail, much less a single cellulase enzyme, works
mechanistically. Thus we stress the importance of understanding the thermodynamics and kinetics of each elementary step of cellulase action in order for models to be predictive outside of the
ranges in which parameters are ﬁt. As cellulases undergo multiple steps to deconstruct cellulose,
a systematic approach to probe each of these elementary steps with thermodynamic, kinetic, and
biochemical measurements and molecular simulations will yield the insights necessary to improve
models of cellulose deconstruction by cellulase cocktails.
Recently, Levine et al. (99) published an interesting cellulase kinetic model that highlights
the incomplete molecular picture of cellulase action. The authors treated the adsorption to cellulose explicitly and separately from the formation of a CAC, a procedure that essentially accounts
for cellulase surface diffusion as the induction time between the adsorption and CAC formation.
This treatment is an improvement on previous models. The leveling off of the conversion rate
as a function of time could be corrected by reducing the half-lives of Cel7A and the modeled
endoglucanase II (EG-II) by an order of magnitude and by increasing the product inhibition
constant signiﬁcantly. The authors did not include a deactivation term in their model, which potentially could have made their model agree quantitatively with the available experimental data
without the need to modify two parameters that experimental data indicate are different. Jalak &
Väljamäe (140) treated the concept of deactivation in rate expressions for T. reesei Cel7A acting
on cellulose. They developed a technique to measure an observed rate constant by measuring
the concentration of processive cellulases with a cellulose chain in the tunnel via a small molecule
inhibitor. This technique was applied over a range of model and real substrates and over a
large enzyme loading range. They found a rapid decrease in the observed rate as a function
of time on all substrates. From these results, the authors developed a model in which the slow
kinetics arises from deactivation of processive cellulases upon reaching steric obstacles along a
cellulose chain. Thus the rate of reactivation of a given cellulase that has become immobilized is
related, as discussed above, to the ligand-binding free energy, which is emerging as a key variable
in cellulase engineering.
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Outlook for Cellulase Improvements
There is signiﬁcant ﬁnancial impetus for improving cellulase activity for biomass conversion
processes, and thus several groups have examined strategies for improving the activity of enzyme
cocktails (89, 91, 141). Several strategies exist, categorized as follows:
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directed evolution;
rational design and engineering; and
addition of hemicellulases, accessory enzymes, and other helper proteins.

For activity improvements, directed evolution is difﬁcult to apply to cellulase activity because
the sequence space is vast, the expression systems are complex because fungal cellulases often do not
express well in other hosts, and the screens are confounded by the need to measure speciﬁc activity
on crystalline cellulose as part of an enzyme cocktail (89). However, improving the thermal stability
of fungal cellulases via high-throughput screening is the most popular strategy to improve cellulase
performance. Heinzelman et al. (91, 100) used a computational screening approach to recombine
segments of a Family 6 cellulase from several WT sequences into a new Family 6 cellulase with
an improvement in Tm of 7 to 15◦ C. The modiﬁed Cel6A enzymes had superior activity on
amorphous cellulose; however, the engineered enzymes were not tested on crystalline cellulose.
This approach to producing Cel6A mutants is interesting and will likely ﬁnd application to the
entire cocktail. Lantz et al. (90) recently used a high-throughput engineering approach to improve
the thermal tolerance of T. reesei Cel7A by 14◦ C and Cel6A by 7◦ C. They screened enzymes on
pretreated corn stover in an enzyme cocktail at process-relevant conditions. Future computational
approaches may utilize, for example, Rosetta for in silico screening of more thermostable mutants
before producing them experimentally (142).
To date, rational engineering of cellulases has yet to provide a signiﬁcant speciﬁc activity
improvement in fungal enzymes. Minor successes have come from improving the binding afﬁnity
of the CBM (101), but otherwise few processive and nonprocessive cellulases have been improved
via a rational approach (89).
Another issue in cellulase improvement is glycosylation. We have shown that changes to glycosylation owing to expression in nonnative hosts usually leads to activity reductions (103, 111).
Because nonnative hosts are often warranted for ease of puriﬁcation for enzyme studies (91),
particular attention should be paid to the role of O- and N-glycosylation of cellulases. Protease
resistance and secretion have been attributed to cellulase glycosylation, and the glycans may be
trimmed back after secretion, but a systematic study to probe this has not yet been conducted.
Additionally, large glycosylated portions of a given CD or linker on a cellulase may interfere with
or promote interactions with cellulose during hydrolysis, but again, this has not yet been studied.
With more advanced techniques to quantify the extents and chemistries of glycosylation under development (143), we anticipate that characterization of cellulase glycosylation will enable the use of
industrial expression hosts designed to secrete enzymes with the optimal amount of glycosylation
for protein stability and speciﬁc activity. See Supplemental Information 1 for more information
on the role of hemicellulases and other accessory enzymes in improving cellulolytic activity.

CONVERSION OF SUGARS TO FUELS
Pretreatment and enzymatic hydrolysis offer near-term routes to overcoming recalcitrance. The
product streams from these two steps are C5 and C6 sugars and lignin. The second challenge in
biomass conversion to fuels is then conducting reduction chemistry to remove oxygen from the
intermediates to increase the fuel value. Overall, the capability of pretreatment and enzymatic
hydrolysis to yield these streams offers the potential to use many reduction chemistry processes
in a plug-and-play type fashion. Perhaps the best-developed reduction chemistry option is the
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cofermentation of C5 and C6 sugars in yeast/bacteria or the consolidated bioprocessing option
in which cellulosomal bacteria, such as Clostridium thermocellum, are used to digest cellulose and
produce ethanol simultaneously (87, 144). Two of the major challenges for efﬁciently fermenting
the sugar hydrolysates are the presence of small molecule inhibitors (e.g., furans, phenolics) formed
during pretreatment and the lack of suitable nutrients to support microbial growth (53, 145).
Pretreatments, except for AFEX (146), strip essential nutrients (e.g., proteins, minerals) from the
cell wall, which makes it necessary to supplement additional exogenously added nutrients, which
negatively impacts process economics. Future research must examine the integration of on-site
enzyme production (i.e., using pretreated biomass), pretreatment, hydrolysis, and fermentation
to co-optimize the entire process rather than individual unit operations. In addition, coupling
ecosystem-inclusive life-cycle analysis to technoeconomic analysis of bioreﬁneries will help assess
the true impact of cellulosic biofuels (see Supplemental Information 1 for more information on
farm-to-wheel life cycle analysis and the impending food versus fuel dilemma).
Beyond fermentation and CBP, several new processing options exist; these are generally separated into biological and chemical routes. Biological reduction strategies include applications
of synthetic biology to engineering nonnative metabolic pathways into bacteria for production
of small molecules from sugars or other intermediates from biomass (147). A popular catalytic
route from recent years is aqueous phase reforming, in which sugars are dehydrated to hydroxymethylfurfural (HMF) in the aqueous phase and separated via an immiscible organic phase (148).
HMF is an attractive intermediate from biomass for the production of alkanes (11). This selective conversion and separation was ﬁrst demonstrated for fructose, and many research groups are
now attempting to demonstrate similar chemistry for glucose. It is anticipated that new routes for
removing oxygen from monomeric carbohydrates or small-molecule intermediates will be developed in coming years, as there is great impetus to use continuous catalytic processes to upgrade
biomass intermediates to fuels.
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CONCLUSION
Here, we have outlined the fundamental scientiﬁc and engineering challenges associated with
overcoming the recalcitrance of plant cell walls to biochemical conversion. Several key challenges
limit lignocellulose utilization in the current petrochemical-dominated industry, namely: limited
feedstock availability, rudimentary supply-chain logistics, high oxygen-to-carbon content, slow
enzyme kinetics for catalysis of insoluble biomass to sugars, and lack of robust microbial catalysts.
Many fundamental processes familiar to chemical engineers and physical chemists, such as heat
and mass transfer, interfacial physics and chemistry, and catalyst design, are crucial to understanding and improving biomass deconstruction. Development of novel biochemical deconstruction
processes along with multiscale, holistic modeling can address the recalcitrance and reduction
issues facing lignocellulosic biomass utilization.

DISCLOSURE STATEMENT
The authors are not aware of any afﬁliations, memberships, funding, or ﬁnancial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS
S.P.S.C. and B.E.D. thank the DOE Great Lakes Bioenergy Research Center (DOE BER
Ofﬁce of Science DE-FC02-07ER64494) for funding. G.T.B. and M.E.H. thank the DOE Ofﬁce
6.18

Chundawat et al.

Changes may still occur before final publication online and in print

CH02CH06-Chundawat

ARI

27 January 2011

20:20

of the Biomass Program, the DOE Ofﬁce of Science, Ofﬁce of the Biological and Environmental Research through the BioEnergy Science Center (BESC), and the DOE Ofﬁce of Science
ASCR SciDAC program for funding. G.T.B. also acknowledges partial funding for this work
from the National Advanced Biofuels Consortium (NABC), which is funded by DOE’s Ofﬁce
of the Biomass Program through recovery act funds. We thank Yannick Bomble for the cellulosome ﬁgure and other colleagues for fruitful discussions that contributed to this work. The
ﬁrst two images in Figure 1 are courtesy of DOE (http://genomics.energy.gov) and NREL
(http://www.nrel.gov).

Annu. Rev. Chem. Biomol. Eng. 2011.2. Downloaded from www.annualreviews.org
by Oak Ridge National Lab on 02/17/11. For personal use only.

LITERATURE CITED
1. Himmel M, Ding S, Johnson D, Adney W, Nimlos M, et al. 2007. Biomass recalcitrance: engineering
plants and enzymes for biofuels production. Science 315:804–7
2. Solomon BD. 2010. Biofuels and sustainability. Ann. N. Y. Acad. Sci. 1185:119–34
3. Aden A, Foust T. 2009. Technoeconomic analysis of the dilute sulfuric acid and enzymatic hydrolysis
process for the conversion of corn stover to ethanol. Cellulose 16:535–45
4. Richard TL. 2010. Challenges in scaling up biofuels infrastructure. Science 329:793–96
5. Laser M, Larson E, Dale B, Wang M, Greene N, Lynd LR. 2009. Comparative analysis of efﬁciency,
environmental impact, and process economics for mature biomass reﬁning scenarios. Biofuels Bioprod.
Bioreﬁning 3:247–70
6. Mosier N, Wyman C, Dale B, Elander R, Lee YY, et al. 2005. Features of promising technologies for
pretreatment of lignocellulosic biomass. Bioresour. Technol. 96:673–86
7. da Costa Sousa L, Chundawat SPS, Balan V, Dale BE. 2009. “Cradle-to-grave” assessment of existing
lignocellulose pretreatment technologies. Curr. Opin. Biotechnol. 20:339–47
8. Jeoh T, Ishizawa CI, Davis MF, Himmel ME, Adney WS, Johnson DK. 2007. Cellulase digestibility of
pretreated biomass is limited by cellulose accessibility. Biotechnol. Bioeng. 98:112–22
9. Atsumi S, Cann AF, Connor MR, Shen CR, Smith KM, et al. 2008. Metabolic engineering of Escherichia
coli for 1-butanol production. Metab. Eng. 10:305–11
10. Steen EJ, Kang YS, Bokinsky G, Hu ZH, Schirmer A, et al. 2010. Microbial production of fatty-acidderived fuels and chemicals from plant biomass. Nature 463:559–62
11. Huber GW, Chheda JN, Barrett CJ, Dumesic JA. 2005. Production of liquid alkanes by aqueous-phase
processing of biomass-derived carbohydrates. Science 308:1446–50
12. Bond JQ, Alonso DM, Wang D, West RM, Dumesic JA. 2010. Integrated catalytic conversion of
γ-valerolactone to liquid alkenes for transportation fuels. Science 327:1110–14
13. Cosgrove DJ. 2005. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6:850–61
14. Pauly M, Keegstra K. 2008. Cell wall carbohydrates and their modiﬁcations as a resource for biofuels.
Plant J. 54:559–68
15. O’Sullivan AC. 1997. Cellulose: the structure slowly unravels. Cellulose 4:173–207
16. Somerville C, Bauer S, Brininstool G, Facette M, Hamann T, et al. 2004. Toward a systems approach
to understanding plant cell walls. Science 306:2206–11
17. Nishiyama Y, Kim U-J, Kim D-Y, Katsumata KS, May RP, Langan P. 2003. Periodic disorder along
ramie cellulose microﬁbrils. Biomacromolecules 4:1013–17
18. Zhou W, Hao ZQ, Xu Y, Schuttler HB. 2009. Cellulose hydrolysis in evolving substrate morphologies
II: numerical results and analysis. Biotechnol. Bioeng. 104:275–89
19. Nishiyama Y, Langan P, Chanzy H. 2002. Crystal structure and hydrogen-bonding system in cellulose
Iβ from synchrotron X-ray and neutron ﬁber diffraction. J. Am. Chem. Soc. 124:9074–82
20. Wada M, Ike M, Tokuyasu K. 2010. Enzymatic hydrolysis of cellulose I is greatly accelerated via its
conversion to the cellulose II hydrate form. Polym. Degrad. Stab. 95:543–48
21. Wada M, Chanzy H, Nishiyama Y, Langan P. 2004. Cellulose IIII crystal structure and hydrogen bonding
by synchrotron X-ray and neutron ﬁber diffraction. Macromolecules 37:8548–55
22. Igarashi K, Wada M, Samejima M. 2007. Activation of crystalline cellulose to cellulose IIII results in
efﬁcient hydrolysis by cellobiohydrolase. FEBS J. 274:1785–92
www.annualreviews.org • Biochemical Conversion of Biomass

Changes may still occur before final publication online and in print

6.19

ARI

27 January 2011

20:20

23. Gardiner ES, Sarko A. 1985. Packing analysis of carbohydrates and polysaccharides. 16. The crystal
structures of celluloses IVI and IVII . Can. J. Chem. 63:173–80
24. Chundawat S. 2009. Ultrastructural and physicochemical modiﬁcations within ammonia treated lignocellulosic
cell walls and their inﬂuence on enzymatic digestibility. Ph.D. thesis. Michigan State Univ., East Lansing
25. Schulze E. 1891. Zur Kenntnis der chemischen Zusammensetzung der pﬂanzlichen Zellmem. Ber. Dtsch.
Chem. Ges. 24:2277–87
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383:144–54
107. Kleywegt GJ, Zou JY, Divne C, Davies GJ, Sinning I, et al. 1997. The crystal structure of the catalytic
core domain of endoglucanase I from Trichoderma reesei at 3.6 angstrom resolution, and a comparison
with related enzymes. J. Mol. Biol. 272:383–97
108. Kraulis PJ, Clore GM, Nilges M, Jones TA, Pettersson G, et al. 1989. Determination of the threedimensional solution structure of the C-terminal domain of cellobiohydrolase I from Trichoderma reesei.
A study using nuclear magnetic resonance and hybrid distance geometry-dynamical simulated annealing.
Biochemistry 28:7241–57
109. Linder M, Teeri TT. 1996. The cellulose-binding domain of the major cellobiohydrolase of Trichoderma
reesei exhibits true reversibility and a high exchange rate on crystalline cellulose. Proc. Natl. Acad. Sci.
USA 93:12251–55
110. Srisodsuk M, Reinikainen T, Penttila M, Teeri TT. 1993. Role of the interdomain linker peptide of
Trichoderma reesei cellobiohydrolase I in its interaction with crystalline cellulose. J. Biol. Chem. 268:20756–
61
111. Jeoh T, Michener W, Himmel ME, Decker SR, Adney WS. 2008. Implications of cellobiohydrolase
glycosylation for use in biomass conversion. Biotechnol. Biofuels 1:10
112. Stals I, Sandra K, Geysens S, Contreras R, Van Beeumen J, Claeyssens M. 2004. Factors inﬂuencing
glycosylation of Trichoderma reesei cellulases. I: Postsecretorial changes of the O- and N-glycosylation
pattern of Cel7A. Glycobiology 14:713–24
113. Santa-Maria M, Jeoh T. 2010. Molecular-scale investigations of cellulose microstructure during enzymatic hydrolysis. Biomacromolecules 11:2000–7
114. Beckham GT, Matthews JF, Bomble YJ, Bu L, Adney WS, et al. 2010. Identiﬁcation of amino acids
responsible for processivity in a Family 1 carbohydrate-binding module from a fungal cellulase. J. Phys.
Chem. B 114:1447–53
115. Bu L, Beckham GT, Crowley MF, Chang CH, Matthews JF, et al. 2009. The energy landscape for
the interaction of the Family 1 carbohydrate-binding module and the cellulose surface is altered by
hydrolyzed glycosidic linkages. J. Phys. Chem. B 113:10994–1002
www.annualreviews.org • Biochemical Conversion of Biomass

Changes may still occur before final publication online and in print

6.23

ARI

27 January 2011

20:20

116. Boraston AB, Bolam DN, Gilbert HJ, Davies GJ. 2004. Carbohydrate-binding modules: ﬁne-tuning
polysaccharide recognition. Biochem. J. 382:769–81
117. Lehtio J, Sugiyama J, Gustavsson M, Fransson L, Linder M, Teeri TT. 2003. The binding speciﬁcity
and afﬁnity determinants of family 1 and family 3 cellulose binding modules. Proc. Natl. Acad. Sci. USA
100:484–89
118. Nishiyama Y, Sugiyama J, Chanzy H, Langan P. 2003. Crystal structure and hydrogen bonding system
in cellulose 1α from synchrotron X-ray and neutron ﬁber diffraction. J. Am. Chem. Soc. 125:14300–6
119. Creagh AL, Ong E, Jervis E, Kilburn DG, Haynes CA. 1996. Binding of the cellulose-binding domain
of exoglucanase Cex from Cellulomonas ﬁmi to insoluble microcrystalline cellulose is entropically driven.
Proc. Natl. Acad. Sci. USA 93:12229–34
120. Takashima S, Ohno M, Hidaka M, Nakamura A, Masaki H. 2007. Correlation between cellulose binding
and activity of cellulose-binding domain mutants of Humicola grisea cellobiohydrolase 1. FEBS Lett.
581:5891–96
121. Carrard G, Koivula A, Soderlund H, Beguin P. 2000. Cellulose-binding domains promote hydrolysis of
different sites on crystalline cellulose. Proc. Natl. Acad. Sci. USA 97:10342–47
122. Kim ES, Lee HJ, Bang WG, Choi IG, Kim KH. 2009. Functional characterization of a bacterial expansin
from Bacillus subtilis for enhanced enzymatic hydrolysis of cellulose. Biotechnol. Bioeng. 102:1342–53
123. Saloheimo M, Paloheimo M, Hakola S, Pere J, Swanson B, et al. 2002. Swollenin, a Trichoderma reesei
protein with sequence similarity to the plant expansins, exhibits disruption activity on cellulosic materials.
Eur. J. Biochem. 269:4202–11
124. Din N, Gilkes NR, Tekant B, Miller RC Jr, Warren RAJ, Kilburn DG. 1991. Non-hydrolytic disruption
of cellulose ﬁbres by the binding domain of a bacterial cellulase. Nat. Biotechnol. 9:1096–99
125. Vaaje-Kolstad G, Horn SJ, van Aalten DMF, Synstad B, Eijsink VGH. 2005. The non-catalytic chitinbinding protein CBP21 from Serratia marcescens is essential for chitin degradation. J. Biol. Chem.
280:28492–97
126. Nimlos MR, Matthews JF, Crowley MF, Walker RC, Chukkapalli G, et al. 2007. Molecular modeling
suggests induced ﬁt of Family I carbohydrate-binding modules with a broken-chain cellulose surface.
Prot. Eng. Des. Select. 20:179–87
127. Igarashi K, Koivula A, Wada M, Kimura S, Penttila M, Samejima M. 2009. High speed atomic force microscopy visualizes processive movement of Trichoderma reesei cellobiohydrolase I on crystalline cellulose.
J. Biol. Chem. 284:36186–90
128. Vuong TV, Wilson DB. 2009. Processivity, synergism, and substrate speciﬁcity of Thermobiﬁda fusca
Cel6B. Appl. Environ. Microbiol. 75:6655–61
129. Horn SJ, Sikorski P, Cederkvist JB, Vaaje-Kolstad G, Sorlie M, et al. 2006. Costs and beneﬁts of processivity in enzymatic degradation of recalcitrant polysaccharides. Proc. Natl. Acad. Sci. USA 103:18089–94
130. Zakariassen H, Aam BB, Horn SJ, Varum KM, Sorlie M, Eijsink VGH. 2009. Aromatic residues in the
catalytic center of chitinase A from Serratia marcescens affect processivity, enzyme activity, and biomass
converting efﬁciency. J. Biol. Chem. 284:10610–17
131. Gao J, Ma S, Major DT, Nam K, Pu J, Truhlar DG. 2006. Mechanisms and free energies of enzymatic
reactions. Chem. Rev. 106:3188–209
132. Deng Y, Roux B. 2009. Computations of standard binding free energies with molecular dynamics simulations. J. Phys. Chem. B 113:2234–46
133. Gruno M, Valjamae P, Pettersson G, Johansson G. 2004. Inhibition of the Trichoderma reesei cellulases
by cellobiose is strongly dependent on the nature of the substrate. Biotechnol. Bioeng. 86:503–11
134. Peters B, Beckham GT, Trout BL. 2007. Extensions to the likelihood maximization approach for ﬁnding
reaction coordinates. J. Chem. Phys. 127:034109
135. Beckham GT, Bomble YJ, Matthews JF, Resch MG, Yarbrough JM, et al. 2010. The O-glycosylated linker
from the Trichoderma reesei Family 7 cellulase is a ﬂexible, disordered protein. Biophys. J. 99(11):3773–81
136. Zhang YHP, Lynd LR. 2004. Toward an aggregated understanding of enzymatic hydrolysis of cellulose:
noncomplexed cellulase systems. Biotechnol. Bioeng. 88:797–824
137. Movagarnejad K, Sohrabi M, Kaghazchi T, Vahabzadeh F. 2000. A model for the rate of enzymatic
hydrolysis of cellulose in heterogeneous solid-liquid systems. Biochem. Eng. J. 4:197–206

Annu. Rev. Chem. Biomol. Eng. 2011.2. Downloaded from www.annualreviews.org
by Oak Ridge National Lab on 02/17/11. For personal use only.

CH02CH06-Chundawat

6.24

Chundawat et al.

Changes may still occur before final publication online and in print

Annu. Rev. Chem. Biomol. Eng. 2011.2. Downloaded from www.annualreviews.org
by Oak Ridge National Lab on 02/17/11. For personal use only.

CH02CH06-Chundawat

ARI

27 January 2011

20:20

138. Bansal P, Hall M, Realff MJ, Lee JH, Bommarius AS. 2009. Modeling cellulase kinetics on lignocellulosic
substrates. Biotechnol. Adv. 27:833–48
139. Zhang YHP, Lynd LR. 2006. A functionally based model for hydrolysis of cellulose by fungal cellulase.
Biotechnol. Bioeng. 94:888–98
140. Jalak J, Valjamae P. 2010. Mechanism of initial rapid rate retardation in cellobiohydrolase catalyzed
cellulose hydrolysis. Biotechnol. Bioeng. 106:871–83
141. Zhang YHP, Himmel ME, Mielenz JR. 2006. Outlook for cellulase improvement: screening and selection
strategies. Biotechnol. Adv. 24:452–81
142. Korkegian A, Black ME, Baker D, Stoddard BL. 2005. Computational thermostabilization of an enzyme.
Science 308:857–60
143. Prescher JA, Bertozzi CR. 2006. Chemical technologies for probing glycans. Cell 126:851–54
144. Lynd LR, van Zyl WH, McBride JE, Laser M. 2005. Consolidated bioprocessing of cellulosic biomass:
an update. Curr. Opin. Biotechnol. 16:577–83
145. Lau MW, Dale BE. 2009. Cellulosic ethanol production from AFEX-treated corn stover using Saccharomyces cerevisiae 424A(LNH-ST). Proc. Natl. Acad. Sci. USA 106:1368–73
146. Lau M, Gunawan C, Dale B. 2009. The impacts of pretreatment on the fermentability of pretreated
lignocellulosic biomass: a comparative evaluation between ammonia ﬁber expansion and dilute acid
pretreatment. Biotechnol. Biofuels 2:30
147. Atsumi S, Liao JC. 2008. Metabolic engineering for advanced biofuels production from Escherichia coli.
Curr. Opin. Biotechnol. 19:414–19
148. Roman-Leshkov Y, Barrett CJ, Liu ZY, Dumesic JA. 2007. Production of dimethylfuran for liquid fuels
from biomass-derived carbohydrates. Nature 447:982–85
149. Lu YL, Warner R, Sedlak M, Ho N, Mosier NS. 2009. Comparison of glucose/xylose cofermentation
of poplar hydrolysates processed by different pretreatment technologies. Biotechnol. Prog. 25:349–56
150. Zhong L, Matthews JF, Crowley MF, Rignall T, Talon C, et al. 2008. Interactions of the complete
cellobiohydrolase I from Trichodera reesei with microcrystalline cellulose Iβ. Cellulose 15:261–73

RELATED RESOURCES
Great Lakes Bioenergy Research Center: http://www.glbrc.org
BioEnergy Science Center: http://www.bioenergycenter.org
Joint Bioenergy Institute: http://www.jbei.org
MSU Biomass Conversion Research Laboratory: http://www.everythingbiomass.org
Carbohydrate-Active Enzymes Database: http://www.cazy.org
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