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a b s t r a c t

The chemical industry has come under increasing pressure to make chemical production more eco-
friendly and independent to fossil resources. The development of industrial processes based on micro-
organisms can especially help to eliminate the use or the generation of hazardous substances and can
support the transition from dependence on fossil resources towards real sustainable and eco-safety
industrial processes. The biocatalysts are the best solution given by nature that can be used to improve
some biotechnological applications. In this research review, we report some peculiar properties of bio-
catalysts, implicated in a range of metabolic pathways and biotechnological tools.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Catalysis is a process that increases the speed with which a
reaction reaches equilibrium. Since the reaction rate depends on
the free energy of activation, a catalyst causes the decrease of the
energy barrier and accelerates the catalytic stage [1]. Enzymes
are molecules which can reduce the activation energy of reaction
and thus accelerate the biochemical reactions that take place in
the cell. Therefore, the functionality of a cell, its reproduction re-
quires that all reactions occur in coordinated and controlled syn-
ergy. The enzymes are thus key players in life [2].
2. Biocatalysts: activity assay and classification

2.1. Enzymatic activity

The catalytic activity of an enzyme is measured by determining
the increase in the reaction rate under defined conditions, the
difference between the turnover of the catalyzed reaction and
uncatalyzed reaction in a specific time interval. Normally, reaction
rates are expressed as the change in product concentration per unit
of time. Since the enzymatic activity is independent of the volume,
the unit used for enzymes is usually turnover per unit time,
expressed in katal (kat, mol s�1). However, the international unit
U is still more commonly used (lmol turnover min�1; 1 U =
16.7 nkat).
ll rights reserved.
2.2. Enzyme classes

More than 2000 enzymes are currently known. A system of clas-
sification has been developed that takes into account both their
reaction and substrate specificity. Each enzyme is entered in the
enzyme catalog with a four-digit enzyme commission number
(EC number). The first digit indicates membership of one of the
six major classes. The next two indicate subclasses and subsub-
classes. The last digit indicates where the enzyme belongs in the
subsubclass. For example, lactate dehydrogenase has the EC num-
ber 1.1.1.27 (class 1, oxidoreductases; subclass 1.1, CHOH group as
electron donor; subsubclass 1.1.1, NAD (P+) as electron acceptor).
Enzymes with similar reaction specificities are grouped into each
of the six major classes: (1) the oxidoreductases catalyze the trans-
fer of reducing equivalents from one redox system to another; (2)
the transferases catalyze the transfer of other groups from one
molecule to another. Oxidoreductases and transferases generally
require coenzymes; (3) the hydrolases are also involved in group
transfer, but the acceptor is always a water molecule; (4) the
Lyases (also named as ‘‘synthases’’) catalyze reactions involving
either the cleavage or formation of chemical bonds, with double
bonds either arising or disappearing; (5) the isomerases move
groups within a molecule, without changing the gross composition
of the substrate and (6) the ligases (also named synthetases) are
energy-dependent and are therefore always coupled to the hydro-
lysis of nucleoside triphosphates. They catalyze the ligation
reactions.

The enzymes thus have characteristics that make them vital
molecules within the living world. Indeed, two closely related
properties make powerful enzymes: specificity of substrate
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binding associated with the optimal arrangement of their catalytic
site. The optimal arrangement of the provision of liaison groups
and catalytic groups is the result of centuries of evolution. Those
biocatalysts operate on a variety of mechanisms that fall into six
categories [2]: (1) acid–base catalysis; (2) covalent catalysis; (3)
metal ion catalysis; (4) electrostatic catalysis; (5) catalysis by prox-
imity effect and orientation and (6) catalysis by preferential bind-
ing to the complex of the transition state.
3. The cellulose hydrolysis requires a multienzymatic system:
cellulases

Cellulose represents the most abundant carbohydrate substance
in nature. It is a bio-polymer of glucose units related by b1, 4 glu-
cosidic linkages [3]. Its degradation requires a multi-enzymatic
system composed of three enzymes: the endoglucanases which
randomly attack cellulose in amorphous zones releasing celloolig-
omers; the cellobiohydrolases which liberate cellobiose from
reducing and none reducing ends and finally the b-glucosidases
which hydrolyze cellobiose and other cellooligosaccharides into
glucose units. b-glucosidases (BGL) are present in all living organ-
isms (bacteria, archaea, and eukarya) and perform wide range of
functions [4]. In bacteria and fungi, b-glucosidases play an impor-
tant role in cellulose degradation, that is, cellobiohydrolases and
endoglucanases catalyze the cellulose hydrolysis to produce cello-
biose and short cellooligosaccharides, which are ultimately hydro-
lyzed to glucose by b-glucosidase [4,5]. In the process of
saccharification of lignocellulosic biomass, cellooligosaccharides
and cellobiose are often produced by the limited hydrolysis of cel-
lulose, leading to inefficient ethanol fermentation. The hydrolytic
product, glucose, is the best substrate for ethanol production.

In addition, b-glucosidases have potential roles in various fields
such as food industries, pharmacology, cosmetic, and valorisation
of some products, owing the properties of this enzyme to convert
and to synthesize bio-molecules of high added value [4].

Therefore, many trials have been carried to produce highly effi-
cient BGL and more precisely ‘‘cellobiase’’. Most BGLs have a lower
affinity and conversion efficiency for cellobiose [6]. In vivo, the last
one represents the physiological substrate of the most b-glucosi-
dases. However, in vitro, this ability becomes a non apparent crite-
rion; the ability of b-glucosidase to split cellobiose gives him the
denomination of cellobiase, if not, it is named aryl/alkyl b-glucosi-
dase [6].

The cellulasic systems are generally inducible and repressible.
Cellulose and their derivatives (CMC, HEC) represent their most
inductors. In addition, there are other inductors like disaccharides
(sophorose, gentiobiose, lactose) and monosaccharides (xylose).
However, glucose constitutes the most popular repressor of hydro-
lases, especially cellulases [5].

Like various biocatalysts, the inhibition of b-glucosidases has
been the subject of several studies [7]. We mentioned the role
played by the hydroxyl groups of glucose in b-glucosidase inhibi-
tion. We have demonstrated the importance of the distribution
of these hydroxyls, not only in the inhibition efficiency but also
in the inhibition severity. The type, the nature of the linkage and
the state of cyclization of the sugar influence the presence and
the levels of inhibition of those biocatalysts [7].

According to the thermodynamics of inhibitor binding, the in-
creased affinity for the transition state over the ground state by
an enzyme is primarily derived from enthalpy. Therefore, it could
be argued that inhibitors which truly mimic the transition state
should also bind with large enthalpic contributions. Measurements
were made using various strategies and methods such as ITC,
which gives a direct read-out on the affinity of the inhibitor, stoi-
chiometry of binding between inhibitor and enzyme and the
enthalpic contribution to binding, from which the Gibbs free en-
ergy and entropy can be calculated. All of the inhibitors examined
in this case displayed a negative and therefore favorable enthalpic
contribution to binding [1].
4. The cellobiose dehydrogenases (CDH)

CDH is an extracellular redox enzyme produced by various
wood degrading fungi and ascomycetes fungi. It catalyzes the oxi-
dation of cellobiose, higher water soluble cellodextrins, lactose and
mannobiose to their corresponding lactones. Efficient and com-
plete degradation of woody plant cell walls is generally ascribed
to certain basidiomycetes collectively referred to as white rot fungi
[8]. Commonly associated with woody debris and forest litter,
these fungi can depolymerize, degrade, and fully mineralize all cell
wall polymers, including cellulose, hemicelluloses and the nor-
mally rather recalcitrant polymer lignin. Such plant cell wall
deconstruction requires complex extracellular oxidative and
hydrolytic systems. Mechanistic aspects of the degradative pro-
cesses remain uncertain, but the field has attracted interest be-
cause woody feedstocks are increasingly viewed as potential
sources for high-value low-molecular-weight products. The
involvement of low-molecular-weight, diffusible oxidants, espe-
cially hydroxyl radicals, has long been suspected.

Repression and inhibition of biocatalysts can be affected by
other factors. In this case, we demonstrated that production of b-
glucosidase (bglG) is negatively affected by CDH. Indeed, on cello-
biose-based medium, bglG time course production decreases dras-
tically. This effect is the consequence of the release in the culture
medium of a secondary metabolite (D-gluconolactone) that is
known for its inhibitory effect on b-glucosidase activity. So we
can say that inhibition of b-glucosidases and enzymes in general
may be influenced by the presence of an enzyme or a metabolite
secreted during kinetics production.
5. Bifunctionality’s concept of some enzymes: evolutive aspect
and necessity to modulate metabolic pathways

5.1. Fructose-1,6-bisphosphate aldolase/phosphatase

Some enzymes are referred to as being bifunctional; they con-
sist of either two distinct catalytic domains or a single domain that
displays promiscuous substrate specificity. Thus, one enzyme ac-
tive site is generally responsible for one biochemical reaction. In
contrast to this conventional concept, archaeal fructose-1,6-bis-
phosphate (FBP) aldolase/phosphatase (FBPA/P) consists of a single
catalytic domain, but catalyzes two chemically distinct reactions of
gluconeogenesis: (1) the reversible aldol condensation of dihy-
droxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate
(GA3P) to FBP; (2) the dephosphorylation of FBP to fructose-6-
phosphate (F6P). Thus, FBPA/P is fundamentally different from or-
dinary enzymes whose active sites are responsible for a specific
reaction. However, the molecular mechanism by which FBPA/P
achieves its unusual bifunctionality remains unknown. Here we re-
port the crystal structure of FBPA/P at 1.5-A�resolution in the aldol-
ase form, where a critical lysine residue forms a Schiff base with
DHAP. A structural comparison of the aldolase form with a previ-
ously determined phosphatase form revealed a dramatic confor-
mational change in the active site, demonstrating that FBPA/P
metamorphoses its active-site architecture to exhibit dual activi-
ties. Thus, these results expand the conventional concept that
one enzyme catalyzes one biochemical reaction [9].

This concept of bifunctionality observed with some enzymes is
also implicated with the hemicellulases such as xylanases. These
categories of enzymes follow various bifunctionality aspects.
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5.2. Bifunctional xylanase–arabinosidase

Xylanases are extracellular enzymes that hydrolyze the internal
b-1,4-xylosidic linkages of the xylan backbone structure. Xylanase
action is restricted by the presence of side chains. Removal of side-
chain substituents requires additional enzymatic activities of arab-
inofuranosidase, uronidase, glucosidase, mannosidase, and acetyl
esterase. The xylanase gene of Streptomyces halstedii was used to
isolate a DNA fragment from a gene library of Streptomyces chatta-
noogensis. Nucleotide sequence analysis revealed a gene encoding a
bifunctional biocatalyst bearing two independent xylanase and a-
L-arabinofuranosidase domains separated by a Ser/Gly-rich linker.
The N terminus of the predicted protein showed high homology
to family F xylanases. The C terminus was homologous to amino
acid sequences found in a-L-arabinofuranosidase from Streptomy-
ces lividans. To our knowledge, this is the only report that described
xylanase and arabinofuranosidase domains in the same open read-
ing frame.

5.3. Bifunctional xylanase–deacetylase

Pseudobutyrivibrio xylanivorans has a potent xylanolytic enzyme
system. Xyl 11A isolated from this bacterium belongs to the glyco-
syl hydrolase family 11. The gene encoding for Xyl 11A contains N-
terminal carbohydrate binding type-6a domain, which exhibits
xylanolytic activity and C-terminal domain coding for putative
polysaccharide deacylase implicated in removing acetyl groups
from acetylated xylan, and thus it is probably capable of hydrolyz-
ing acetylated xylan debranching in the xylan backbone. Cytophaga
hutchinsonii is reported to produce bifunctional xylanase/esterase
encoded by CHU-1239 gene CHU-1240, where xylanase belongs
to glycoside hydrolase family 8 proteins and esterase belong to car-
bohydrate esterase family 4 proteins. Furthermore, CHU-1239 gene
is responsible for bifunctional acetylxylan esterase/xylanase en-
zyme, where xylanase belongs to glycoside hydrolase family 10
protein and carbohydrate esterase family 6 one [10].

5.4. The biocatalysts implicated in proline metabolism

Proline is a proteinogenic amino acid with an exceptional rigid-
ity of conformation, and is essential for primary metabolism. The
metabolism of proline is of interest both to those seeking to better
understand the stress physiology of plants as well as those seeking
to understand the metabolic regulation While in the past, the
metabolism of proline has been studied primarily by those inter-
ested to drought and other abiotic stresses, there is increasing evi-
dence that proline is also relevant for the interactions between
plant pathogens and is involved in programmed cell death and
development [12].

The core of proline metabolism involves two enzymes catalyz-
ing proline synthesis from glutamate in the cytoplasm or chloro-
plast, two enzymes catalyzing proline catabolism back to
glutamate in the mitochondria, as well as an alternative pathway
of proline synthesis via ornithine.

The D1-pyrroline-5-carboxylate synthetase (P5CS) is a key en-
zyme involved in the synthesis of the amino acid proline in both
mammals and plants. Proline level is tightly regulated by its de
novo synthesis and degradation [12]. Glutamate, a precursor of
proline synthesis in the cytosol, is first phosphorylated to gam-
ma-glutamyl phosphate, which is then reduced to glutamate sem-
ialdehyde (GSA) by a bifunctional ATP and NAD(P)H-dependent
P5CS enzyme that consists of two domains, an N-terminal gam-
ma-glutamyl kinase (gamma-GK) domain and a C-terminal GSA
dehydrogenase domain. GSA, spontaneously cyclizes to P5C, which
is finally reduced to proline by the P5C reductase (P5CR). In pro-
karyotes and lower eukaryotes like Saccharomyces, the P5CS activ-
ity is carried out by a complex of distinct gamma-GK and GSA
dehydrogenase enzymes [13]. Besides that proline is essential for
primary metabolism, several other roles have been postulated for
this amino acid in plants. Proline accumulation is a widespread re-
sponse to water stress to which it may play a role as an osmolyte.
Proline may also act as a chaperone to protect macromolecules
from degradation, as a sink for energy and reducing power, as a
transient source of carbon and nitrogen, or as a hydroxyl radical
scavenger. Upon relief from stress, proline is rapidly oxidized by
the sequential action of two mitochondrial enzymes proline dehy-
drogenase and P5C dehydrogenase to produce glutamate [13]. In
this context, development of an accurate, reliable, and simple
method for measuring P5CS activity is of considerable interest.
Several methods have been used to assay P5CS activity. The most
commonly used method involved the incorporation of labeled glu-
tamate into proline [11]. Another method was also reported based
on the P5CS reverse reaction. Indeed GSA reductase activity was
measured by phosphate-dependent reduction of NADP+, using
P5C as the substrate. Here, we describe a new method to measure
the specific P5CS activity based on the quantification of inorganic
phosphate. Indeed, Pi is formed after the phosphorylation of gluta-
mate to -glutamyl phosphate by the gamma-GK activity of P5CS
and its reduction by the GSA dehydrogenase activity. Pi determina-
tion is based on a malachite green colorimetric assay. This method
is sensitive enough, requires small amount of biological material,
and does not use any radio labeled compounds [14].
6. Recent patents involving the importance of biocatalysts as
biotechnological tools

The use of biomass is increasingly seen as a convenient means
for sustainable energy supply and environment of long-term care
throughout the world. Regarding food security, bio-ethanol based
on starch or sugar and petroleum products are very limited for
large-scale production. However, the conversion of lignocellulosic
residues of food crops is a potential alternative. Because of his
reluctance, the process of current biomass is very expensive; we
note that the selection of energy crops is a promising solution. So
to meet the needs, energy crops are defined with high efficiency
for both food and biofuels.

Lignocellulose biomass, a source of fermentable sugar, has not
hitherto been used on an industrial scale. The resistance of the lig-
nocellulose biomass to enzymatic hydrolysis occurs particularly at
the crystalline phase of the cellulose, at the accessible surface, at
the lignin coating and finally at the hemicelluloses screening the
cellulose.

The Patent entitled ‘’Method for producing ethanol by fermen-
tation from lignocellulosic biomass’’ [15] relates to a method of
producing bioethanol by separating lignin from a crushed lignocel-
luloses biomass and obtaining cellulose and, if required, hemicellu-
loses and further processing of the cellulose or mixture of cellulose
and hemicellulose to obtain sugars and subsequently obtain
bioethanol.

The patent ‘‘Compositions and methods for biofuel crops’’ [16]
is based on the use of the natural variation of sweet and grain sor-
ghum to uncover genes that are conserved in rice, sorghum, and
sugarcane, but differently expressed in sweet versus grain sor-
ghum. The present invention relates to compositions and methods
to increase the sugar content and/or decrease the lignocellulose
content in plants such as corn, rice, sorghum, Brachypodium,
Miscanthus and switchgrass. The invention involves identifying
genes responsible for sugar and lignocellulose production and
genetically altering the plants to produce biofuels in non-food
plants as well as the non-food portions of food crop plants to use
as biofuel.
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7. Improvement of the catalytic and thermostability of the
biocatalysts: excellent biotechnological tools

7.1. Immobilization: one of the best tools

The biogenous iron oxide (BIO) from Leptothrix ochracea repre-
sents an excellent example to follow one of the tools used to im-
prove the enzymatic efficiency for biotechnological applications.
Indeed, it was transformed to an organic–inorganic hybrid support
to prepare an excellent immobilized enzyme showing high cata-
lytic performance.

Indeed, living things create fascinating materials with unique
morphologies and nanostructures that cannot be synthesized arti-
ficially. In particular, the extracellular materials produced by the
iron-oxidizing microorganism have attractive characteristics.
Although the biological and morphological aspects of BIO have
been investigated, no studies have been reported that explore the
application of BIO to new functional materials. Because materials
with a specific structure, size, shape, and chemical composition
are the key to the creation of innovative functions. Large amounts
of BIO sediment, which cause problems of pipe clogging and rusty
water, have been considered to be waste. BIO is an environmen-
tally benign, sustainable, and unused natural resource consisting
of ubiquitous elements [17].

7.2. Wheat déhydrine (DHN-5) exerts chaperon molecular role during
enzymatic processes

In other case, improvement of thermoactivity and thermostabil-
ity of GOD, LDH and bglG was proved using an LEA protein, isolated
from wheat (DHN-5) [18]. Brini et al. proved for the first time that
DHN-5 enhances thermoactivity and thermostability of GOD and
bglG at high temperatures. Indeed, the half-life-time of bglG is up-
graded from 15 to 50 min. According to these findings, we reported
the efficiency conferred to the biocatalysts to improve the recov-
ery, during biotechnological processes.

7.3. Directed mutagenesis

Directed mutagenesis represents one of the most efficient tools
used to enhance activity and /or stability of enzymes under de-
scribed conditions (pH and/or temperature). Indeed, L-arabinose
isomerases catalyze the bioconversion of D-galactose into D-taga-
tose. In order to generate an efficient enzyme for the production
of the D-tagatose, various mutants were constructed and character-
ized. The first one was significantly more acidotolerant and more
stable at acidic pH than the wild-type enzyme. The second mutant
has a broad optimal temperature range from 50 to 65 �C to make
the process of production of D-tagatose more effective, they have
generated the double mutant having an optimum pH of 6–7 and
an optimum temperature of around 50–65 �C, at which the enzyme
is stable [19].
8. Peculiar biocatalysts

8.1. The case of ‘‘ribozymes’’

Ribozymes are RNAs that possess the property of catalyzing a
specific chemical reaction. The term ‘‘ribozyme’’ is a chemeric
expression formed from the words ‘‘ribonucleic acid’’ and ‘‘en-
zyme’’. The discovery of these molecules in the 1980s, indepen-
dently by Tom Cech and Sidney Altman, was a surprise because
until then, the proteins were the only biological macromolecules
known to catalyze chemical reactions. The catalytic properties of
ribozymes are linked to the ability of RNA to fold into a compact
structure well defined, which, as in the case of proteins, allows
the formation of cavities forming binding sites for ligands [20].

Today we know a number of natural RNAs or ribozymes that are
proven or probable ribozymes, RNA is still autocatalytic, which are
their own substrate:(1) RNase P involved in tRNA maturation has
demonstrated a catalytic activity. It is a natural ribozyme present
in all cells [20]. It is composed of a catalytic RNA and one or more
accessory proteins. Its function is to catalyze the maturation of
transfer RNA; (2) the ribosome is a ribozyme, which was estab-
lished indirectly but clearly by resolution of its crystallographic
structure. The active site of the ribosome, which catalyzes the syn-
thesis of peptide bonds, is in fact composed by ribosomic RNA [21];
(3) the self-épissables introns, able to specifically cleave in the ab-
sence of protein. Even if they are able to promote their splicing,
they are not catalysts in the strict sense, since it is a single reaction
without catalyst recycling; (4) the riboswitches found in some
mRNAs have an autolytic activity: they cleave themselves when
bound to a ligand activator. This is the case for example of specific
riboswitch glucosamine-6-phosphate; (5) the spliceosome, respon-
sible for the cytoplasmic splicing of introns in eukaryotes is also
probably a ribozyme, although the formal demonstration to do
yet been performed; and (6) the RNA of some viruses contain
structures capable of autocatalytic cleavage activity, as the ribo-
zyme ‘‘hammerhead’’ characterized in the plant infecting viroid
avocado.

According to these data, RNA can both act as a catalyst and sup-
port of genetic information, like DNA, it became possible to imag-
ine a world where prebiotic RNA was the precursor of all biological
functions. This is the so-called RNA world hypothesis or RNA world
[22].
8.2. The concept of ‘‘abzymes’’

An abzyme, also called ‘‘catmab’’ (catalytic monoclonal anti-
body), is monoclonal antibody with catalytic activity. Molecules
which are modified to gain new catalytic activity are called syn-
zymes. Abzymes are usually artificial constructs, but are also found
in normal humans (anti-vasoactive intestinal peptide autoantibod-
ies) and in patients with autoimmune diseases such as systemic lu-
pus erythematosus, where they can bind to and hydrolyze DNA.
Abzymes are potential tools in biotechnology, e.g., to perform spe-
cific actions on DNA. They have a higher specificity relative to the
substrate. Another advantage is that they can be produced to cat-
alyze all sorts of reactions, such as the Diels–Alder reaction. Like
all enzymes, they work by stabilizing the transition state of the
reaction. In practice, they are developed and selected using a mol-
ecule-like state. Currently, research is conducted in the hope of
using abzymes for therapeutic purposes [23].

In 2008 issue of the journal Autoimmunity Reviews, researchers
of the University of ‘‘Texas Medical School at Houston’’ announced
that they have engineered an abzyme that degrades the super anti-
genic region of the gp120 CD4 binding site. This is the one part of
the HIV virus outer coating that does not change, because it is the
attachment point to T lymphocytes, the key cell in cell-mediated
immunity. Once infected by HIV, patients produce antibodies to
the more changeable parts of the viral coat. The antibodies are inef-
fective because of the virus’ ability to change their coats rapidly.
Because this protein gp120 is necessary for HIV to attach, it does
not change across different strains and is a point of vulnerability
across the entire range of the HIV variant population. The abzyme
does more than bind to the site, it destroys it, which makes HIV in-
ert and may be related to other viruses. A single abzyme can de-
stroy thousands of HIV viruses. Human clinical trials will be the
next step in producing treatment and perhaps even preventative
vaccines and microbicide [24].
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8.3. D-Endotoxin plays their insecticide role via b-glucosidase activity

The crystals of Bacillus thuringiensis strain 1.1 consist of D-
endotoxin, which exhibits b-glucosidase activity. When the crys-
tals are reacted with specific antibodies directed either against
the almond b-glucosidase or against the D-endotoxin, and then
considerable reduction of enzymatic activity is observed almost
at the same level with both antibodies. In another hand, the de-
scribed b-glucosidase and the crystal polypeptide share antigenic
similarities; in Western immunoblots, the crystal polypeptide is
recognized by anti-b-glucosidase antibodies and the almond b-glu-
cosidase is recognized by anti-crystal antibodies. The enzymatic
properties of the almond b-glucosidase are similar to those resid-
ing in the crystals of Bacillus thuringiensis. Thus, both enzymes
hydrolyze a wide range of substrates and have an optimum activity
at 40 �C and pH 5. Both enzymes are relatively thermostable and
are resistant to inhibition by glucose. Additionally, they show the
same pattern of inhibition or activation by several chemical com-
pounds. The D-endotoxin and the described b-glucosidase show al-
most equivalent levels of insecticidal activity against Drosophila
melanogaster larvae [25].
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