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Abstract Enzymes constitute a major monetary cost in the
bioconversion of holocellulose to ethanol. Identifying en-
zyme inhibitors and moderating their effects is one approach
that may help to overcome this issue. Most inhibitors that
reduce the hydrolysis activity of holocellulases are released
as the holocellulosic biomass is broken down in the pre-
treatment and hydrolysis steps. Recent reports in the litera-
ture have shown that the major inhibitors or deactivators of
cellulases are phenols and xylooligosaccharides. The bio-
conversion of hemicelluloses by hemicellulases also has
important practical applications in various agro-industrial
processes in addition to the conversion of hemicellulosic
biomass to fuels and chemicals. Hemicellulases, such as 3-
xylosidases, may also help alleviate the inhibitory effect of
xylooligosaccharides to cellulases. However, compared to
cellulases, less is known about the inhibition or deactivation
of hemicellulases and pectinases, especially for inhibitors
that are generated during pre-treatment and the hydrolysis of
lignocellulosic substrates. Considering the importance of
such enzymes for the complete degradation of lignocellu-
losic substrates, this review provides a broad view of the
effect of inhibitors of holocellulases (cellulases, hemicellu-
lases, and pectinases).
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Introduction

Vast amounts of lignocellulosic materials are available for
exploitation as sources of food, fuel, and chemical feed-
stock. The complexity of lignocellulose structures is
reflected in the battery of enzyme systems required for their
breakdown. Knowledge of these enzyme’s modes of action
is crucial to overcoming the recalcitrance of lignocellulose
structures to digestion and metabolism. After the removal of
lignin from lignocelluloses, the total carbohydrate content
obtained is the holocellulose, and it is composed of hemi-
celluloses, cellulose, and pectin [2].

The structure of holocellulose is dependent upon the
species, tissue, and growth conditions of the plant. The
hydrolysis of the holocellulosic components of the plant
cell-wall structure involves the concerted action of endohy-
drolases and exohydrolases, which release a wide range of
products, including short and long oligosaccharides and
monosaccharide units. The term holocellulases refers to
those enzymes that are specific to the breakdown of the
holocellulosic structure and includes cellulases, hemicellu-
lases, and pectinases. As holocelluloses comprise a variety
of structures, the complete hydrolysis requires the synergis-
tic actions of main-chain and side-chain cleaving enzymes
[2].

The role of each enzyme in the breakdown of the holo-
cellulosic structure is defined by their mechanisms of action,
i.e., the hydrolysis of the terminal glycosidic linkage bonds
or internal specific linkage-bond positions. Due to the het-
erogeneity of holocellulose, the presence of holocellulases
with different specificities that release different hydrolysis
products is essential. Moreover, considerable information on
the enzymatic mechanisms of action can be obtained by
characterizing the products of hydrolysis and their kinetic
parameters with and without inhibitors. The role of
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inhibitors of holocellulases (cellulases, hemicellulases, and
pectinases), especially those derived from the biomass, such
as phenols and sugars, will be discussed in this review. We
hope to stimulate continued efforts to understand the mo-
lecular mechanisms of enzymatic holocellulose breakdown.

An Overview of Holocellulose Hydrolysis

The hydrolysis of holocellulose is complex because of the
heterogeneous nature of the substrate. Endo- and exogluca-
nases, 3-glucosidases, [3-xylanases, 3-xylosidases, [3-
mannanases, and polygalacturonases are important enzymes
that catalyze the release of short- and long-chain oligosac-
charides. In addition, enzymes such as acetyl and ferulic
acid esterases and arabinofuranosidases remove side chain
groups from holocellulose, especially when the fragments of
cleaved holocellulose have a high proportion of branched
substituents [16, 45, 51]. The hydrolysis of holocellulose is
carried out on the surface of the solid substrate (primary
hydrolysis) and in the liquid phase (secondary hydrolysis).
The primary hydrolysis is the rate-limiting step for the
whole holocellulose hydrolysis process.

Specifically for cellulases, the primary hydrolysis is car-
ried out by endo- and exoglucanases, while the secondary
hydrolysis involves the hydrolysis of cellobiose to glucose
by (3-glucosidases [67, 72]. The synergistic action of hol-
ocellulases changes the holocellulose topography over time.
The holocellulose structure affords the synergistic actions of
a variety of main- and side-chain cleaving enzymes [16].
Homeosynergy is defined as cooperativity between two
main-chain cleaving enzymes (for example, [3-xylanase
and [3-xylosidase) or two side-chain cleaving enzymes (for
example, x-arabinofuranosidase and acetylxylan esterase).
Heterosynergy is the synergistic interaction between side-
chain and a main-chain cleaving enzymes (for example,
«-galactosidase and [3-mannanase). The lack of f3-
mannosidase activity in the enzyme preparation significant-
ly influenced glucose release from pretreated Douglas fir
[21]. Qing and Wyman [50] reported that the supplementa-
tion of cellulase preparations with hemicellulases ({3-xyla-
nase and [3-xylosidase) improved the enzymatic hydrolysis
of cellulose and hemicellulose in solids after ammonia fiber
expansion and dilute acid pretreatment of corn stover. Thus,
the enzymatic removal of xylan from lignocellulosic residue
seems to be an efficient method of enhancing cellulase
effectiveness.

The substituents in the holocellulose, such as the side
branches, act as spatial obstacles that prevent the formation
of enzyme—substrate complexes during catalysis, thus limit-
ing the action of the enzymes [2]. For instance, some hol-
ocellulases are not able to cleave oligomers containing
branch points, indicating that the holocellulosic linkages

are protected by the substituents. By contrast, other holo-
cellulases cleave the backbone linkages only at or near
branch points. Certain holocellulases have their highest
activities against long-chain oligosaccharides or polysac-
charides, while other types of holocellulases hydrolyze
branch points in addition to cleaving main chain linkages
[16]. Another group of holocellulases (for instance, (3-
glucosidases and (-xylosidases) are believed to relieve
end product inhibition of other holocellulase enzymes. Sub-
strate cross-specificity or relaxed specificity is a character-
istic of many holocellulases, such as cellulases and
hemicellulases [54]. Substrate specificity can range from
absolute, such as for only one polysaccharide, to an equal
affinity for multiple polysaccharides. In addition, holocellu-
lases can be active against a variety of oligosaccharides
sizes and affect the formation of oligosaccharides by trans-
ferase activity. Different oligomers can be formed by hol-
ocellulosic components, such as xylan and cellulose,
interacting with different binding subsites of a particular
enzyme, which are formed due to structural differences
between these substrates. The catalytic cores of various
holocellulases behave as independent entities, showing cat-
alytic activity and defined specificities toward soluble mod-
el substrates. To organize the different enzymes, they are
ordered into families by substrate specificities and modes of
action (http://www.cazy.org/Glycoside-Hydrolases.html).

Inhibition of Holocellulases by Biomass-Derived
Compounds

The primary cell wall structure is composed of approximate-
ly 10% protein and 90% holocellulose [40]. Lignin, a three-
dimensional network of p-hydroxyphenylpropane units, has
a key role in restricting the breakdown of holocellulose
structure by hydrolases [54]. The matrix of holocellulose
presents a great structural diversity in the plant cell walls
with the cellulose/hemicellulose network embedded in a
jelly-like matrix of pectin [38]. Each molecule may contain
different sugar residues with the same or different bonds,
which are branched to varying degrees and conformations.
Within this context of macromolecule interactions, phenyl-
propanoid compounds, such as lignins, suberins, and phe-
nolic acids, are important structural components of the plant
cell wall [10].

In the plant cell wall environment, lignin is physically
entangled with or chemically linked to holocellulose com-
ponents [54, 58]. In this context, several factors are respon-
sible for biomass resistance to enzymatic hydrolysis,
including lignocelluloses particle size, cellulose crystalliza-
tion, an accessible surface area, protection by lignin, cellu-
lose sheathing by hemicelluloses, mass transfer limitation
affecting the transport to and from insoluble substrates, and
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the presence of phenolic compounds, fat, and proteins
[37, 46].

The pretreatment of lignocellulosic biomass is crucial
before the enzymatic hydrolysis of the holocellulose struc-
ture of the plant cell wall. Chemical, physical, and morpho-
logical lignocellulose features are changed during pre-
treatment and generally make the biomass more accessible
to enzymatic saccharification [30, 33, 34, 42]. Various pre-
treatment options are available to fractionate, solubilize,
hydrolyze, and separate cellulose, hemicellulose, and lignin
components [52]. Figure 1 shows the lignocellulosic bio-
mass treatment for enzyme saccharification and the genera-
tion of enzyme inhibitors. Lignocellulosic pretreatments,
such as liquid hot water, steam explosion, and dilute acid,
lead to the formation of soluble inhibitors that hamper the
enzymatic hydrolysis of holocellulose [28, 29, 33, 70, 71].
These inhibitory compounds will vary according to the
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pretreatment and can include soluble sugars, furan deriva-
tives, organic acids, and phenolic compounds. The amounts
of these soluble inhibitors and their distribution depend on
the type and severity of pretreatment, the concentration of
lignocellulosic solids during pretreatment hydrolysis, and
the type of biomass [33]. In the following sections, we will
discuss the inhibitory effects of the biomass derived com-
pounds on holocellulases, with a special emphasis on phe-
nolic compounds and sugars.

Phenolic Compounds

As was already noted by Mandels and Reese [39], com-
pounds with the ability to inhibit enzyme activity occur in a
wide variety of plants. These authors also considered these
inhibitors to be universal, varying only in amounts and
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Fig. 1 Lignocellulosic biomass treatment for enzyme saccharification
Kim et al. [33], McMillan [42], Mosier et al. [46], Siqueira et al. [54]
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degree, and they found that the naturally occurring enzyme
inhibitors belonged chiefly to the phenolic, tannin, or leu-
koanthocyanin chemical families.

Phenols in higher plants range from simple low molecu-
lar weight phenolic glycosides to polymeric compounds [68,
69]. The molecular formula of major enzyme inhibitors are
C10H1004 (feruhc acid), C11H1205 (sinapic acid), C9H1005
(syringic acid), C;4Hs,04¢ (tannic acid), and CgHgO,4
(vanillic acid). As a first line of defense, these phenylpro-
panoid compounds act as a barrier to many different micro-
organisms to which plants are exposed. During enzyme
hydrolysis of pretreated lignocellulosic materials, modifica-
tions of lignin structures occur, leading to the generation of
exposed phenolic moieties and the formation of simple
oligomeric phenolics [22, 23, 55, 58]. As a consequence
of this formation, lignin-derivable phenolic compounds
have an inhibitory effect on the enzymatic conversion of
the holocellulosic biomass to useful chemicals. Thus, a
crucial point for the enzymatic hydrolysis of holocellulose
is to reduce the inhibition and deactivation effects on
enzymes to enhance hydrolysis and reduce enzyme loading.
Table 1 shows examples of phenolic compound’s effects on
cellulase and hemicellulase activities.

The physicochemical processes of lignocellulosic biomass
pretreatment modify the lignin structure and promote phenol
solubilization. Many simple phenolic compounds have been
identified in the solution phase of the pretreated biomass, and
they often inhibit fermentative fungi or bacteria that convert
glucose, xylose, or other carbohydrates into ethanol. In addi-
tion to simple monomeric phenolics, oligomeric phenolics,
such as tannin, may inhibit or deactivate lignocellulose-
hydrolyzing enzymes [69]. The effective concentration range
for tannic acid’s inhibition was studied on Avicel, filter paper,
cellobiose, and p-nitrophenyl-3-D-glucopyranoside hydrolysis

Table 1 Inhibitory effect of phenolic compounds on holocellulases

with a cellulase mix. Tannic acid became inhibitory at con-
centrations higher than 0.05 mM [58, 69].

The experiments developed by Jing et al. [29] showed
that the action of the lignocellulose degradation products
from corn stover on industrial cellulase (Spezyme CP) dur-
ing cellulose hydrolysis strongly inhibited enzyme activity,
and the order of the inhibitory strength by the lignocellulose
degradation products on cellulase was lignin derivatives >
furan derivatives > organic acids > ethanol. The inhibition
ability of phenolic compounds on cellulases was also tested
in the presence of birdsfoot trefoil polyphenols (condensed
tannins) and sunflower polyphenols (chlorogenic, ferulic,
caffeic, and sinapic acids) [4, 41, 53]. The degree of inhibi-
tion of endoglucanases from Neocallimastix frontalis RE1,
Neocallimastix patriciarum 27, Piromyces communis 22,
and Orpinomyces joyonii 19-2 was nearly complete at
300 pg condensed tannins/mL. With respect to sunflower
polyphenols, the inhibitory effects were not cumulative
because in the presence of phenolic compounds (chloro-
genic, ferulic, caffeic, and sinapic acids), the avicelase
retained 75-85% of its activity. The deactivation effects of
polymeric and monomeric phenols were also determined on
the cellulase activities from Trichoderma reesei and Asper-
gillus niger [69] fungal species. Within the groups of phe-
nolic compounds tested, tannic acid showed the most
damaging effect, causing deactivation and reversible loss
on all of the enzymes activities tested. On the other hand,
[3-glucosidase from A. niger was the enzyme that was most
resistant to inhibition and deactivation.

The combination of solka-floc, which is a lignin-free
cellulose, with phenolic compounds released during liquid
maple-pretreatment decreased the rate and extent of cellu-
lose hydrolysis due to both deactivation of the cellulase
activity and protein precipitation [33]. In another article, it

Compound Inhibitory effect Reference
Vanillic acid, syringic acid, acetosyringone, No significant effect on cellulase and p-glucosidase activities, [47]
syringaldehyde strong inhibition on xylanase activity
Ferulic acid Deactivation effect on B-glucosidases [69]
Pectinase activity of F. oxysporum was repressed by ferulic [66]
acid at a low concentration (200 mg/L)
Substituted phenols (chlorophenols, saligenin, Moderately active against certain fungal cellulases [39]
orthiphenyl phenol, and chlorophenyl)
Tannic acid, gallic, hydroxy-cinnamic, Caused 20-80% deactivation of cellulases and/or -glucosidases [69]
4-hydroxybenzoic acids, and vanillin after 24 h of pre-incubation while enzymes pre-incubated in
buffer alone retained all of their activity
Tannic acid caused significant inhibition of the hydrolysis by [58, 68]
cellulase preparation from Novozymes, leading to ~70-80%
decrease in the final hydrolysis extent and initial hydrolysate
Sinapic acid Strong inhibition of commercial cellulase (celluclast 1.5 L) [53]
Condensed tannins Inhibitory to endoglucanase and avicelase activities [4, 41]
Lignin derivatives Strong inhibition of commercial cellulase (Spezyme CP) [29]
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was observed that oligomeric phenolics were more inhibi-
tory on cellulase than simple phenolics and could inactivate
cellulases by reversibly forming complexes with them,
while simple and oligomeric phenolics could inhibit cellu-
lase by adsorbing onto cellulose [58]. According to this
article, polyethylene glycol is believed to prevent tannin
adsorption onto cellulose or disrupt active cellulase—tannin
complexes by “coating” the surface of insoluble lignocellu-
loses. Furthermore, polyethylene glycol may be involved in
the formation of micelles that separate enzymes from their
inhibitors. Gustavson [27] found that the formation of a
precipitate between (3-glucosidase and tannic acid was de-
pendent on pH, ionic strength, and the concentrations of
both proteins and tannins. By adding different amounts of
tannic acid to the cellulose enzyme in a phosphate buffer
(0.1 M, pH 7.0), it was found that 1 mg of 3-glucosidase in
1 mL was completely precipitated by 0.75 mg of tannic acid,
i.e., no enzyme activity was measurable in the supernatant.
An independent assay on the amount of tannic acid in the
supernatant showed that 0.460 mg of the acid was bound to
the enzyme and that this amount remained constant when up
to 5 mg of tannic acid was used [24].

The inhibition of xylanases and pectinases by phenolic
compounds has also been reported in the literature. Significant
inhibition of xylanase activity by vanillic acid, syringic acid,
acetosyringone, and syringaldehyde has been observed [47].
El Modafar and El Boustani [19] tested the effects of cell wall-
bound phenols, such as p-hydroxybenzoic, p-coumaric,
ferulic, and sinapic acids, on the cell wall-degrading enzyme
(CWDE) production by Fusarium oxysporum f. sp. Albedinis.
In the presence of 2.5 pumol cm > of sinapic acid, the produc-
tion of the different pectinolytic enzymes (pectin methylester-
ase, polygalacturonase, and polygalacturonase transeliminase)
was completely inhibited, and the production of cellulase was
strongly reduced (by approximately 90%). The production of
cellulases was completely inhibited in the presence of
3 umol cm > of sinapic acid. In the presence of 3 pmol cm >
of ferulic acid, the production of pectinases was completely
inhibited, and the production of the cellulases was reduced to
74%. However, p-coumaric acid and p-hydroxybenzoic acid
did not induce a total inhibition of the CWDE at the concen-
trations tested. The effect of an artificially applied allele chem-
ical, ferulic acid, on in vitro F. oxysporum revealed that
pectinase activity was repressed by ferulic acid at a low
concentration (200 mg/L), while it was stimulated at high
concentrations (400-1,600 mg/L), as shown by an activity
increase of 12.3%. The activity of pectinase was stimulated
at high concentrations of ferulic acid (400-1,600 mg/L) in
liquid culture, while it was depressed at a low concentration
(200 mg/L). The activity was 0.091+0.007 U/mL/min at the
highest concentration of 1,600 mg/L [66]. Boukari et al. [11]
reported the noncompetitive multi-site inhibition mechanism
of phenolic compounds, including cinnamic acid, p-coumaric
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acid, caffeic acid, ferulic acid, and 3,4,5-trimethoxy-cinnamic
acid, on the enzyme activity of a purified GH11 endoxylanase
(Tx-Xyl) from Thermobacillus xylanilyticus. According to the
authors, the inhibitory effects of phenolic compounds on Tx-
Xyl activity do not involve a direct interaction with the en-
zyme active site. These interactions are likely to involve
residues located at the surface of Tx-Xyl.

Ximenes et al. [69] suggested alternative strategies to
improve enzyme activity and especially to alleviate the
effects of phenolic compounds on such enzymes. They
suggested carrying out enzyme hydrolysis over shorter peri-
ods of time to decrease the time-dependent deactivation or
removing phenolics prior to enzyme hydrolysis by separa-
tion methods. Separation methods could include washing
the solids or using microbial, enzymatic, or chemical meth-
ods for converting the phenolics to inactive forms.

In addition to the inhibitory effect of phenolic com-
pounds, nonspecific adsorption of holocellulases onto insol-
uble lignin decreases enzyme reactivity [2]. The use of
additives, such as Tween, polyethylene glycol (PEG), and
bovine serum albumin (BSA), has shown promise in en-
hancing lignocellulose hydrolysis [9, 35]. These additives
adsorb to lignin surfaces, preventing non-productive bind-
ing of holocellulases onto lignin. The competitive adsorp-
tion of Tween 80 onto the hydrophobic lignin surface
decreased the adsorption of cellulase onto CEL-SELP, a
commercial cellulase onto steam-exploded (SELP) lodge-
pole pine cellulolytic enzyme lignin (CEL), by 60% [60].
Eriksson et al. [20] found that the non-ionic surfactant
(Tween 20) was the most effective at improving the conver-
sion of steam-pretreated spruce, as it was able to lower the
enzyme load by 50% and, at the same time, retain cellulose
conversion. They concluded that the addition of surfactant
to prevent enzymes from binding to the residual lignin
increased the possibility of recycling enzymes after com-
plete cellulose hydrolysis. The surfactants Tween-80, dode-
cylbenzene sulfonic acid, and polyethylene glycol 4000
were also effective in increasing lignin removal during the
pretreatment of corn stover and reduced the non-productive
binding of enzymes on the biomass surface. In addition,
surfactant pretreatment improved lignin solubility [48].

The addition of NaCl in the concentration range of 0-0.4 M
showed that ionic strength also has a considerable effect on
cellulase adsorption to CEL-SELP lignin by altering enzyme
adsorption. According to Can and Guner [13], the salt ions
could either compete against the protein for binding sites or
change the configuration of the protein, thereby resulting in a
decrease in hydrophobic interactions between the protein and
the solid surface. In contrast, the hydrophobic adsorption of
enzymes to lignin induces the denaturation of enzymes on the
lignin surface. It has also been demonstrated that temperature
has significant effects on enzyme adsorption onto different
lignocellulosic substrates [60]. Borjesson et al. [9] showed that
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the addition of PEG during the enzyme conversion of ligno-
cellulose at 50°C hinders the deactivation of enzymes by
excluding them from lignin surfaces. The effect of PEG addi-
tion on the enzyme conversion of lignocellulose increased with
higher temperatures due to the increased adsorption of PEG on
lignin, thereby resulting in a higher surface density of PEG on
the lignin surface. A higher level of cellulase adsorption onto
isolated lignin occurred at 45°C rather than at 4°C or 25°C.

Proteins such as BSA were also reported to prevent the
non-productive adsorption of cellulase onto lignin. The
results obtained by Yang and Wyman [70] suggest that the
addition of BSA to dilute acid pretreated corn stover prior to
enzyme addition reduces the adsorption of cellulase, partic-
ularly {3-glucosidase, onto lignin. These authors reported
that BSA may act as a competitive lignin blocker and may
irreversibly attach to the lignin structure and reduce unpro-
ductive cellulase binding onto lignin.

Inhibition of Holocellulases by Sugars

Studies on the inhibitory effect of sugars on holocellulases
(especially xylan, xylooligomers, and xylose) are instrumental
to obtaining a better understanding of the loss of cellulase
accessibility and enzyme effectiveness during the conversion
of cellulose [33, 49, 50, 62]. However, the mechanism of
inhibition of cellulase and other holocellulose-degrading
enzymes is still unclear and is matter of intense research.

Table 2 Inhibitory effect of sugars and hydrolysates on holocellulases

One mechanism of inhibition is through the release of sugars
and oligomer from hemicellulose during the enzymatic hydro-
lysis of holocellulose. Table 2 shows the effect of sugars on
cellulase and hemicellulase activities.

In experiments reported by Qing et al. [49], the effect of
xylan, xylose, and xylooligomers derived from xylan upon the
enzymatic hydrolysis of pure cellulose (Avicel) was tested at
low enzyme loadings. It was found that xylooligomers were
more inhibitory to cellulase (Spezyme CP) than was xylan or
xylose in terms of a decreased initial hydrolysis rate compared
to xylan or xylose added at similar concentrations. Xyloo-
ligomer addition also led to a lower final glucose yield. Higher
concentrations of each of these xylose compounds resulted in
reduced initial hydrolysis rates. In addition, mixed DP xyloo-
ligomers showed little, if any, effect on (3-glucosidase activity.
In another study [50], the inhibitory effect of xylan and
xylooligomers on cellulase (Spezyme CP) was reduced after
enzyme supplementation with xylanase and (3-xylosidase ac-
tivity. In this case, the addition of these enzymes increased
glucan conversion by 27% and 8% on corn stover pretreated
with ammonia fiber expansion and dilute acid, respectively.
This finding might suggest that the enzymatic removal of
xylan and xylooligomers before adding cellulase may enhance
cellulase effectiveness.

Ximenes et al. [68] found that oat spelt xylan hydro-
lysates (xylooligosaccharides and xylose) were responsible
for the major inhibition of the activity of commercial cellu-
lase (Spezyme CP) and (-glucosidase (Novozyme 188).

Compound Inhibitory effect Reference
Glucose Notably strong inhibition of for cellulase activities from an enzyme [56]
preparation of 7. reesei QM 9414
Inhibitory for Novo 188 at high concentrations [18]
Inhibitory to cellobiase from 7. viride [25, 36]
Cellobiose Moderate inhibition of cellulase activities [26]
Xylose Inhibitory to a mix of cellulase (Spezyme CP) and B-glucosidase [68]
(Novozyme 188)
Inhibitory to a mix of cellulase (Spezyme CP) and B-glucosidase [18]
(Novozyme 188) hydrolyzing a lignocellulosic substrate and to
B-glucosidase alone (Novozyme 188)
Significantly inhibitory to cellulase activity [67]
Arabinose Arabinose was more inhibitory than xylose or D-glucuronic acid to [68]
the hydrolysis of cellobiose by both 7. reesei and A. niger B-glucosidases
Mannose Significant inhibitory effect on cellulase activity [67]
Galactose Significant inhibitory effect on cellulase activity [67]
Hydrolysis products of oat spelt xylan Moderate inhibition of a mix of cellulase (Spezyme CP) and B-glucosidase [68]
(Novo 188) hydrolyzing a lignocellulosic substrate
Hydrolysis products of starch Slight inhibition of a mix of cellulase (Spezyme CP) and B-glucosidase [68]
(Novo 188) hydrolyzing a lignocellulosic substrate
Xylan, xylooligomers, and xylose Xylose, xylooligomers, and xylan strongly inhibited cellulase. [49]

Xylooligomers were more inhibitory to cellulase than were either
xylan or xylose with an equivalent amount of xylose at the

concentration studied
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Pectin and starch also inhibit glucan hydrolysis. 3-
Glucosidase from 7. reesei was more sensitive to inhibition
by starch, pectin, and their hydrolysis products than f3-
glucosidase from A4. niger. To demonstrate that the sugar
produced from the hydrolysate inhibits hydrolysis of ligno-
cellulosic substrates, Xiao et al. [67] removed all of the
produced sugar from the hydrolysate through ultrafiltration.
Significant increases in the hydrolysis rate were observed
after the sugar removal at both 24 and 48 h of incubation.
Takagi [56] demonstrated that glucose strongly inhibited the
cellulase activity from an enzyme preparation of 7. reesei
QM 9414, in which concentrations of 2.5% glucose
inhibited 50% of the reaction. Ladisch et al. [36] and Gong
et al. [25] showed that Trichoderma {3-glucosidase activity
was inhibited by 50% in the presence of 0.2-0.4 g/L glucose
(i.e., K;=1.0-2 mM), which is a ratio of enzyme activity to
initial substrate of approximately 40 CBU/g cellobiose.
Cellobiose that is produced during cellulolysis is inhibitory
to both exo- and endocellulases, thereby retarding saccharifi-
cation [18]. Cellobiose is considered to be a powerful inhibitor
of cellulases and inhibits this enzyme 14 times more than
glucose. This type of inhibition has been classified in many
different ways. Misunderstandings regarding this inhibition

result from the difficulty of conducting conclusive experiments
that show the type of inhibition involved in a heterogeneous
reaction environment (cellulose is an insoluble substrate) and
the assumption that the cellulolytic system consists of a single
enzyme [8]. Additionally, the conversion of cellobiose to eth-
anol can reduce the inhibition of cellulases by a factor of 16 [7].
Cellobiose inhibition of Cel 7A from 7. reesei, which acts on
low molecular weight chromogenic substrates, such as para-
nitrophenyl cellobioside, has been well studied and reveals a
strong competitive inhibition with an inhibition constant of
approximately 20 uM [26]. Such a strong product inhibition
is a drawback from a biological activity point of view, as it
limits the level of soluble sugars that can be produced. How-
ever, it has been shown that the hydrolysis of natural, cellulosic
substrates are more resistant to inhibition, and product inhibi-
tion is not responsible for the gradual decrease in the hydroly-
sis rate at the early stage of the process [26, 61].

Other Important Inhibitors of Holocellulases

Some other important inhibitors of holocellulases are listed
in Table 3 and include inhibitors not derived from the

Table 3 Inhibitory effect of other compounds biomass or not derived on holocellulases

Compound Inhibitory effect Reference
Acetic acid Inhibitory for cellulase activities from 7. reesei QM 9414 [56]
Butyric acid Inhibitory for cellulase activities from 7. reesei QM 9414 [56]
Citric acid None [56]
Formic acid Strong inhibition for cellulase and xylanase activities. [47]
Furoic acid Inhibitory for xylanase activity. [47]
Succinic acid Inhibitory for cellulase activities (7. reesei QM 9414). [56]
Guaicol None [47]
Ethanol Strong inhibition for cellulase activities from 7. reesei QM 9414 [56]
Weak inhibition on exoglucanase activity from 7. reesei Cel 7A [7]
Butanol Strong inhibition for cellulase activities (7. reesei QM 9414) [56]
Butanediol Strong inhibition for cellulase activities (7. reesei QM 9414) [56]
Acetone Strong inhibition for cellulase activities (7. reesei QM 9414) [56]
Sodium gluconate Strong inhibition for cellulase activities (7. reesei QM 9414) [56]
Itaconic acid Inhibitory for cellulase activities (7. reesei QM 9414) [53]
a-Ketoglutaric acid None [56]
Lactic acid Inhibitory for cellulase activities from 7. reesei QM 9414 [56]
Propionic acid Strong inhibition for cellulase activities from 7. reesei QM 9414 [56]
Hg*" Xylanases from Streptomyces T7 were completely inhibited [31]
Xylanases from 7. koningii were completely inhibited [32]
Xylanases from 4. awamori were completely inhibited [57]
Co”", Fe’", and Ca*" Inhibitory for mannanase and xylanase activities from C. thermocellum [63]
Cu?", Ca®", Fe*", A", Mn?", and Zn** Inhibited pectinase from A. nainiana [14]
Mn?*, Co*" Inhibited polygalacturonase from 7. harzianum [43]
Mn?*, Co**, Mg*", Fe**, and Zn>" Inhibited pectinase from M. circinelloides ITCC 6025 [56]
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biomass. Among these inhibitors, formic acid, acetone, 2,3-
butanediol, and propionic acid have been shown to be strong
inhibitors of holocellulase [47, 56]. The holocellulase activ-
ity is deeply affected by ions; however, the effects of these
ions are most important on the environment characterization
surrounding the enzyme [42, 43]. Metal ions can be in-
volved in enzyme catalysis in a variety of ways: accepting
or donating electrons, acting as electrophiles themselves,
masking nucleophiles to prevent unwanted side reactions,
bringing together enzyme and substrate by coordinate
bonds, holding the reacting groups in the required 3D ori-
entation, and simply stabilizing a catalytically active con-
formation of the enzyme [44]. Among the numerous studies
in the literature involving metal ions, the properties men-
tioned above are highlighted particularly by salts of chlo-
ride, nitrate, and sulfate.

In addition, cellulases are inhibited by mercury, silver,
copper, chromium, lead, and zinc salts at concentrations of
approximately 107> M. Cellulases are also inhibited by large
organic molecules, such as acid or basic dyes, quaternary
ammonium salts, or other detergents. The cellulase enzy-
matic reaction being reviewed involves ionic binding, and it
is strongly affected by the pH of the reaction mixture. Acid
dyes and anionic detergents inhibit at low pH levels, while
basic dyes and cationic detergents become inhibitory at high
pHs. Halogens and compounds that release reactive halo-
gens, such as hypochlorite, dichloramine-B, N-chlorosucci-
nimide, N-bromosuccinimide, chloromelamine, and
tetraglycine potassium periodide, may be active at a con-
centration of 10~* M [39].

Keskar et al. [31] reported the isolation of a high-
xylanase-producing thermotolerant Streptomyces T7 and
observed that the xylanase enzyme was completely inhibited
by Hg2+ at a concentration of 2x 10"° M. Kim et al. [32] also
studied the effects of various reagents on purified xylanase I
from Trichoderma koningii (ATCC 26113) and verified that
at a concentration of 10 mM, Hg*" inhibited this enzyme’s
activity. The authors also demonstrated that xylanase I,
which is inactivated by Hg*", could be completely reacti-
vated by the addition of 10 mM cysteine. Teixeira et al. [57]
verified that purified PXII-1 xylanase from Aspergillus awa-
mori was inhibited 100% by Hg®", probably due to its
interaction with its sulfydryl groups. Vieira et al. [63] eval-
uated the influence of various ions on xylanase and man-
nanase activity of the partially purified enzyme complex
from the thermophilic cellulolytic bacterium Clostridium
thermocellum (ISO 1II). A significant negative effect on
xylanase and mannanase activity was observed with Co”".
Calcium (Ca") did not affect the xylanase activity. Fe>" and
Ca”" inhibited mannanase activity but not xylanase activity.

Recent studies carried out by Thakur et al. [59] with a
purified and characterized polygalacturonase from the sap-
rophytic fungus, Mucor circinelloides (ITCC 6025),

identified inhibition ranging from 5% to 15% of the poly-
lacturonase enzyme activity in the presence of Mn**, Co*",
and Mg”", while Fe*" and Zn®" caused inhibition ranging
from 27% to 31%. In contrast, the activity of the purified
extracellular pectinase produced by the thermotolerant fun-
gus Acrophialophora nainiana was completely inactivated
by Cu®", Ca®", Fe**, AI’*, Mn®", and Zn*" [14].

Within the group of holocellulases, pectinases are the
first cell wall-degrading enzymes that are secreted by micro-
organisms; therefore, they are exposed to inhibitors, which
are mostly proteins [38]. Several plants produce proteins
with inhibitory activity against extracellular holocellulases
of fungal pathogens [1, 6, 15, 17]. The finding of a powerful
glycoprotein inhibitor of pectin methylesterase (PME) in
ripe kiwi was reported by Balestrieri et al. [5]. The glyco-
protein inhibitor was described as having a molecular mass
of 28 kDa and specificity for PME from several sources,
including orange-, tomato-, potato-, apple-, and banana-
producing plants. Furthermore, it was hypothesized to be
involved in the pathogen defense mechanism of plants and
in the control mechanism of the plant’s growth and/or mat-
uration. In addition, a protein from sugar beet roots inhibited
the pectin lyase (PNL) activity of Rhizoctonia solani [12].
This inhibitor was equally effective against the PNL from
Phoma betae and was less effective against the PNL from
Aspergillus japonicus.

Ethanol inhibition is much less potent than cellobiose and
glucose inhibition [56, 65], but the inhibitory effect of
ethanol on cellulase enzymes is of a particular concern in
performing the simultaneous saccharification and fermenta-
tion of biomass because the cellulase enzyme and ethanol
coexist in the same reactor [7, 64]. Ethanol has been found
to inhibit the crude exoglucanase enzyme at a much higher
rate than it inhibits purified Cel 7A, which in fact appears to
be almost not inhibited by ethanol.

Conclusion

The reaction between an enzyme and a complex polymeric
substrate is not simple, nor is it, in this case, fully under-
stood as yet [39, 71]. This problem is even more complicat-
ed when the polymer substrate is insoluble, thereby
requiring the initial enzyme attack on crystalline portions
of the cellulosic fiber [64]. The initial stage of the enzymatic
saccharification of the holocellulose (amorphogenesis) is
closely associated with the enzymatic access to the insoluble
cellulose microfibrils which is limited by lignin and hemi-
celluloses, encasing the microfibrils [3]. Economical pro-
cessing of lignocellulose at high-solid concentrations is
challenging, not only due to mass transfer limitations, low
water activities, and insufficient mixing but also because of
the presence of soluble inhibitors. Soluble inhibitors, such
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as phenolic and xylooligosaccharide compounds, are major
inhibitors that lead to decrease holocellulase activity. In
addition, inhibitors not derived from the biomass, including
ions and ethanol, can deeply affect the holocellulase activity.
The isolation or development of holocellulases with in-
creased resistance to inhibition of sugars, phenols, and
inhibitors not derived from the biomass would enhance
lignocelluloses hydrolysis activity.
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