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PREFACE

INDUSTRIAL ENZYMES IN THE 21st CENTURY

Man’s use of enzymes dates back to the earliest times of civilization. Important
human activities in primitive communities such as the production of certain types
of foods and beverages, and the tanning of hides and skins to produce leather
for garments, involved the application of enzyme activities, albeit unknowingly.
However, not until the 19th century with the development of biochemistry and the
pioneering work of a number of eminent scientists did the nature of enzymes and
how they work begin to be clarified. In France Anselme Payen and Jean-Francois
Persoz described the isolation of an amylolytic substance from germinating barley
(1833). Shortly afterwards the Swedish chemist Jons Jacob Berzelius coined the term
catalysis (1835) to describe the property of certain substances to accelerate chemical
reactions. In Germany the physiologist Theodor Schwann discovered the digestive
enzyme pepsin (1836), Wilhelm Kiihne proposed the term ‘enzyme’ (1877), and
the brothers Hans and Eduard Buchner demonstrated that the transformation of
glucose into ethanol could be carried out by chemical substances (enzymes) present
in cell-free extracts of yeast (1897). In the 1870’s the Danish chemist Christian
Hansen succeeded in obtaining pure rennet from calves’ stomachs, the use of which
in cheese-making resulted in considerable improvements in both product quantity
and quality. Shortly thereafter he industrialised the production of rennet thus setting
in motion the first enzyme production industry.

During the 20th century the recognition that enzymes are proteins along with
the design of techniques for their purification and analysis, principally the work of
James B. Sumner and Kaj Linderstrgm-Lang, paved the way for the development of
procedures for their industrial production and use. The nineteen-sixties witnessed
two major breakthroughs that had a major impact on the enzyme industry: the
commercialisation of glucoamylase which catalyses the production of glucose from
starch with much greater efficiency than that of the chemical procedure of acid
hydrolysis, and the launch of the first enzyme-containing detergents. The devel-
opment of genetic engineering in the eighties provided the tools necessary for the
production and commercialisation of new enzymes thus seeding a second explosive
expansion to the current billion dollar enzyme industry. Recent advances in X-ray
crystallography and other analytical methods in the field of protein chemistry along
with the ever increasing amounts of biological information available from genomics

ix
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programs and molecular techniques such as directed evolution and gene and genome
shuffling, are bringing powerful means to bear on the study and manipulation of
enzyme structure and function. The search for improvements in existing enzyme-
catalysed procedures, the need to develop new technologies and the increasing
concern for responsible use and reuse of raw materials can be expected to stimulate
not only the rational modification of enzymes to match specific requirements but
also the design of new enzymes with totally novel properties.

The aim of this book is to provide in a single volume an updated revision of
the most important types of industrial enzymes based on consideration of their
physicochemical and catalytic properties, three-dimensional structure, and the range
of current and foreseeable applications. The first section of this volume is dedicated
to the carbohydrate active enzymes which are extensively used not only in many
food industry applications (baking, beverage production, starch processing, etc.)
but also in the industrial production of textiles, detergents, paper, ethanol, etc.
The second section, on peptidases, begins with an introductory chapter about the
MEROPS database which constitutes the current classification of reference for this
important group of enzymes, and subsequent chapters review the most industrially
relevant types of peptidases. The section on lipases places special emphasis on
the increasing application of these enzymes in synthetic processes. Nucleic acid
modifying activities are considered in the fourth section. Whilst the nature of the
applications and scale of use of the latter are not yet comparable to those of the
enzymes considered in the preceding sections, they are of growing in importance
given the indispensability of some in highly specialised fields including basic and
applied research, medicine, pharmaceuticals, agronomy and forensics. The final
section considers a number of important enzymes that cannot be classified into any
of the other sections.

We wish to thank everyone involved in making this book possible and hope that
it will become a tool equally useful to researchers, industrialists and students.

Julio Polaina
Andrew P. MacCabe
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SECTION A
CARBOHYDRATE ACTIVE ENZYMES



CHAPTER 1

AMYLOLYTIC ENZYMES: TYPES, STRUCTURES
AND SPECIFICITIES

MARTIN MACHOVIC! AND STEFAN JANECEK!2*

Unstitute of Molecular Biology, Slovak Academy of Sciences, Bratislava, Slovakia and

2Department of Biotechnologies, Faculty of Natural Sciences, University of St. Cyril and Methodius,
Trnava, Slovakia

*stefan.janecek @ savba.sk

1. INTRODUCTION

Cellulose and starch are the most abundant polymers on Earth. They both consist
of glucose monomer units which are, however, differently bound to form polymer
chains: starch contains the glucose linked up by the a-glucosidic bonds, while the
glucose in cellulose is bound by the B-glucosidic linkages. Therefore these two
important sources of energy for animals, plants and micro-organisms are biochemi-
cally hydrolysed by two different groups of enzymes: starch by a-glycoside hydro-
lases, and cellulose by B-glycoside hydrolases. Starch (amylon in Greek) consists
of two distinct fractions: amylose — linear «-1,4-linked glucans, and amylopectin —
linear o-1,4-linked glucans branched with a-1.6 linkages : Mouille
et al., ), therefore the enzymes responsible for its hydrolysis are called
amylolytic enzymes or — simply — amylases. Amylolytic enzymes form a large
group of enzymes among which the most common and best known are a-amylases,
[B-amylases and glucoamylases.
Since starch (like the structurally related glycogen) is an essential source of
energy., amylolytlc enzymes are produced by a great variety of living organisms
,[1989). Although the different amylases mediate the same
reaction — they all catalyse the cleavage of the a-glucosidic bonds in the same
substrate — structurally and mechanistically they are quite different (MacGregor
et al., ). Both a-amylase and B-amylase adopt the structure of a TIM-barrel
fold (for a review see [Pujadas and Palad, [1999), i.e. their catalytic domain consists
of a (B/a)g-barrel formed by 8 parallel B-strands surrounded by 8 «-helices

3
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4 MACHOVIC AND JANECEK

(IM.a];suma_eLaLl, [1984: IMikami ez all, |1293) The barrels are, however, not similar in
their details (W, @I) Glucoamylase on the other hand possesses the
structure of an (a/a)4-barrel, consisting of an inner barrel composed of 6 a-helices
which is surrounded by 6 more (Aleshin er al), [1992). Strands and helices of the
(B/o)g-barrel domain as well as the helices of the (a/a)4-barrel are connected by
loop regions of various lengths.

Based on the similarities and differences in their primary structures, amylolytic
enzymes have been classified into families of glycoside hydrolases (GH)
m, @) (i) a-amylases — family GHI3; (ii) B-amylases — family
GH14; and (iii) glucoamylases — family GH15. This classification, available on-
line at the CAZy (Carbohydrate-Active enZymes) internet site (Coutinho and
Henrissat, h&%q), reflects the differences in the reaction mechanisms and catalytic
machinery employed by the three types of amylase (Davies and Henrissat, [1993).
Due to the enormous accumulation of new sequence data in recent years, a-amylase
family GH13 has expanded so that it now contains almost 30 different enzymes
and proteins (e.g. pullulanase, isoamylase, neopullulanase efc.) exhibiting sequence
relatedness to a-amylases (MacGregor ez al),2001)). At present all these enzymes are
classified into families GH13, GH70 and GH77 which together constitute glycoside
hydrolase clan GH-H dQluﬁ_nhsLan_d_H_Qnrjss_a.ﬂ, l]_&%‘j) Moreover, families GH31
and GHS57 contain a few amylolytic specificities with no sequence similarity to
family GH13 (Henrissat and BairocH, [199d).

The present review focuses on structural characteristics of the GH families of
amylases. Its main goal is to provide a brief overview of the best-known glycoside
hydrolases families GH13, GH14, GH15, GH31, GH57 GH70 and GH77. Emphasis
is placed on the description of their: (i) specificities with regard to the EC numbers;
(ii) three-dimensional structures; and (iii) catalytic domain architecture.

2. CLAN GH-H: FAMILIES GH13, GH70 AND GH77

A recent list of members of clan GH-H is shown in Table [ There are not only
hydrolases (EC 3) but also transferases and isomerases from enzyme classes 2 and 5,
respectively (Fig. D). The GH13, GH70 and GH77 families constitute the members
of the GH-H clan — the so-called the a-amylase family %ﬂﬂ, 2001)).
This clan now covers about 30 different enzyme specificities ,M). All
GH-H clan members share several characteristics: (i) the catalytic domain is formed
by the (B/a)¢-barrel fold (i.e. TIM-barrel) with a longer loop connecting strand (33
to helix a3 known as domain B; (ii) a common catalytic mechanism in which the
B4-strand aspartate acts as a base (nucleophile) and the B5-strand glutamate acts as
a proton donor (acid/base catalyst) with the help of the third residue, the B7-strand
aspartate, essential for substrate binding (transition state stabiliser); (iii) they employ
the retaining mechanism for the cleavage of the a-glycosidic bonds (Matsuura
et al., ; ; ;

Besides the requirements for classification, it is practically impossible to study
the a-amylase family without taking into account the conserved sequence regions
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Table 1. a-Amylase family (clan GH-H)

Enzyma class Enzyme EC GH family
Hydrolases o-Amylase 32.1.1 13
Oligo-1,6-glucosidase 3.2.1.10 13
a-Glucosidase 3.2.1.20 13
Pullulanase 3.2.1.41 13
Amylopullulanase 3.2.1.1/41 13
Cyclomaltodextrinase 3.2.1.54 13
Maltotetraohydrolase 3.2.1.60 13
Isoamylase 3.2.1.68 13
Dextranglucosidase 3.2.1.70 13
Trehalose-6-phosphate hydrolase 3.2.1.93 13
Maltohexaohydrolase 3.2.1.98 13
Maltotriohydrolase 3.2.1.116 13
Maltogenic a-amylase 3.2.1.133 13
Maltogenic amylase 3.2.1.133 13
Neopullulanase 3.2.1.135 13
Maltooligosyltrehalose hydrolase 3.2.1.141 13
Maltopentaohydrolase 32.1.- 13
Transferases Amylosucrase 24.14 13
Glucosyltransferase 24.1.5 70
Sucrosea phosphorylase 24.1.7 13
Glucan branching enzyme 24.1.18 13
Cyclodextrin glucanotransferase 24.1.19 13
4-a-Glucanotransferase 2.4.1.25 13, 77
Glucan debranching enzyme 2.4.1.25/3.2.1.33 13
Alternansucrasee 2.4.1.140 70
Maltosyltransferase 24.1.- 13
Isomerases Isomaltulose synthase 5.4.99.11 13
Trehalose synthase 5.4.99.15 13
Maltooligosyltrehalose synthase 5.4.99.16 13

m, M). It has been known for some time that the sequence similarity is
extremely low (about 10%) even for the a-amylases alone (i.e. for EC 3.2.1.1). This
was described for ai-amylases from different micro-organisms, plants, and animals
(Nakajima ez af), [1986). With subsequent expansion of the family, i.e. when many
sequences from various sources and with different enzyme specificities became
available, the number of identical residues among the a-amylase family enzymes
had decreased to 8-10 amino acids by 1994 (I.l_anf&dd, hﬂ%l; |Sy_enssgﬂ, 11_99A)
The conserved sequence regions of those a-amylase family members whose three-
dimensional structures have already been solved are shown in Fig.[2l The regions of
the GH70 glucan-synthesising glucosyltransferase are based on the prediction study
by MacGregor ez all, (199€) and site-directed mutagenesis (Devulapalle ez afl,[1997)
since no three-dimensional structure is currently available for a GH70 member. It is
clear that the GH-H clan contains the invariant catalytic triad consisting of two aspar-
tates (in strands (34 and 37) and one glutamate (in strand 35). The two functionally
important histidines (in strands 83 and B7) — although strongly conserved and
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Figure 1. Evolutionary tree of the a-amylase family, i.e. clan GH-H. For the sake of simplicity, the
tree is based on the alignment of conserved sequence regions (see Fig. ), i.e. it does not reflect the
complete amino acid sequences

apparently essential for several specificities (MacGregor ez all, R001l) — are not

present in GH13 maltosyltransferase (both His are missing) nor in the members
of both GH70 and GH77 families (the B3 His is missing) (Fig. B)). The histidines
have nevertheless been demonstrated to be critical in transition-state stabilisation
(Segaard er all,11993). The fourth invariant residue of the a-amylase family seemed
to be the arginine in the position i —2 with respect to the catalytic (34-strand
aspartate . However, this is no longer sustainable (Machovi¢ and
Janecek, ) because the sequences of the GH77 4-a-glucanotransferase from
Borrelia burgdorferi and Borrelia garinii have the arginine substituted by a lysine
(Fig. B). This substitution is not a general feature characteristic of GH77 since it
was not possible to detect more examples with such Arg/Lys substitution in the
sequence databases. Moreover, the two putative Borrelia 4-o-glucanotransferases
exhibit several additional remarkable sequence features that distinguish them from
the rest of the GH77 enzymes. These are (Fig. [B): Pro/Ala in region VI (B2),
Asp/Asn in region I (B3), Ile(Leu)/Trp and Leu-Gly/Phe-GIn(Glu) in region III
(B5), and His/Gly in region IV (7). With regard to protein function, catalytic
activity and enzyme specificity of the two Borrelia 4-a-glucanotransferases, it
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1
batad

HEEEH
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Figure 2. Conserved sequence regions in the a-amylase family. One representative for each enzyme
specificity is presented. For those with three-dimensional structures already determined, the year when
the structure was solved is shown in the first column. The important residues are highlighted in black;
the catalytic triad is identified by asterisks. The other residues are coloured grey if conserved in at least
50% of the sequences. Figure adapted from

Amylomaltases (GHT7) betaZ beta3
vI I

8 aquaticus
domonas rein

213 BMPIFV

297_BMPIYV

1 EFRIDHFRG

IDHFRG

' GRDFLLINR
38 _GOSLWQILR
YVLVHR
LWOVLE 303 BMPIYV
DFIGINR 384 _DLAVNS
374_PLAVEGA
191 DLEPFYP
424_DLAVGT

_AVRIDHIIG
_EFRIDHFRG

372_BLAVGY MVEGELLG
215 PMPIYV _NITAEDLG
381_DLAVGY 451 _ALRVDHVMG _VVIGEDLG
407 BLAVGY 477 ALRIDHVLG 525 _SVEGEDEG

3§ DLAVGF 406 GIRIDHILG 456 IVEGEDEG
DLAVGY 449 ALRIDHVMA 497 MVIGEDEG

138 campestris
Yersinia pestis

Figure 3. Selected conserved sequence regions in representative GH77 4-a-glucanotransferases. The
regions L, II, III, IV and VI correspond to the strands 33, B4, 5, B7 and B2, respectively, of the catalytic
(B/a)g-barrel domain. The members shown above the two Borrelia representatives are confirmed
4-a-glucanotransferases, whereas the members shown below are putative proteins only with GH77-like
sequences. The invariant catalytic triad of the GH-H clan is identified by asterisks and bold characters.
The important substituted residues in the two Borrelia 4-o-glucanotransferases are highlighted in black,
the most interesting mutation (Arg/Lys) being emphasized by an arrow
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is worth mentioning that these amino acid sequences were deduced from the
nucleotide sequence of the Lyme disease spirochete and related genomes (Fraser
et al., [1997; IGlockner et all, |20£M|), i.e. they are only translated ORFs. The 4-a-
glucanotransferase specificities in both cases were thus assigned only by virtue of
sequence similarities with other GH77 4-a-glucanotransferases/amylomaltases. The
conserved catalytic triad, however, supports the possibility that the functions have
been maintained. For example, the Arg/Lys mutant of Bacillus stearothermophilus
a-amylase had 12% of the specific activity of the parental enzyme (Vihinen
et al., ) and the same mutant of the maize branching enzyme retained also
some residual activity (Libessart and Preisd, [1998). The possibility of a sequencing
error (Arg/Lys exchange) can be disregarded because the Borrelia burgdorferi
4-a-glucanotransferase was recently cloned, expressed in Escherichia coli and
sequenced (Godany er all, 2009). All the substitutions highlighted in Fig. B have
been experimentally confirmed.

3. FAMILY GH13

GH13 ranks among the largest GH families with almost 30 enzyme specificities and

more than 2,000 sequences i lenrissat, 1999; IMaQG]:s:gQI_QLcLLJ 2oofl;
[Pujadas and Palad, 2001]; M) It is the principal and most

important family of the entire GH-H clan. In addition to a-amylase (EC 3.2.1.1),
it contains (Table [0 cyclodextrin glucanotransferase (CGTase), a-glucosidase,
amylopullulanase, neopullulanase, amylosucrase, efc. ,2001)). 1t
seems reasonable to group the very closely related GH13 members into subfamilies,
e.g. the oligo-1.6-glucosidase-like and neopullulanase-like members (Oslancova and
Janecek, 2002 [OH, 2003).

Not all GH13 enzymes attack the glucosidic bonds in starch. However they do
have a number of features in common ; Kuriki and
Imanaka, ; ): (i) sequence similarities (the so-called conserved
sequence regions) covering the equivalent elements of their secondary structure
(especially the B-strands); (ii) catalytic machinery (Asp, Glu and Asp residues
in B-strands B4, B5 and B7, respectively); (iii) retaining reaction mechanism (the
resulting hydroxyl group retains the a-configuration); (iv) the three-dimensional
fold (TIM-barrel). The first three-dimensional structure of an a-amylase to be solved
was that of Taka-amylase A, i.e. the a-amylase from Aspergillus oryzae (Matsuura
et al. m) (Fig.dh). The enzyme adopts the so-called TIM-barrel fold which was
first identified in the structure of triosephosphate isomer?%w and
now found in about 50 different enzymes and proteins
Uaneek and Batemarl, [1996; [Pujadas and Palau, [1999). The (B/a)s-barrel motif
consists of eight parallel (3-strands forming the inner 3-barrel which is surrounded
by the outer cylinder composed of eight a-helices so that the individual -strands
and a-helices alternate and are connected by loops. Although all the members of
the a-amylase family (Table [[)) should share the characteristics given above, some

have been classified into the new GH families (Coutinho and Henrissaf, [1999). Thus
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(a) \ : (b) Subdomain B2
y y.. Domain B -
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L 7/ Domain € L g \

Subdomain B3

Figure 4. Three-dimensional structures of (¢) GH13 a-amylase from Aspergillus oryzae (PDB code:
2TAA; Matsuura ez al. I@) and (b) GH77 amylomaltase from Thermus aquaticus (1CWY; Przylas
et al., )

the sucrose-utilising glucosyltransferases (EC 2.4.1.5) have been placed in family
GH70 because their catalytic domain was predicted to contain a circularly permuted

version of the a-amylase type (8/a)g-barrel (MacGregor er all, [1996). This is also

the case for one of the very recent members of the a-amylase family, alternansucrase
(Argiiello-Morales et all, [200d). Furthermore, some amylomaltases (EC 2.4.1.25),
whose sequences exhibit low similarities with the most representative members of
the a-amylase family, have been grouped into the new GH77 family (Coutinho and
Henrissat, ). However, the three-dimensional structure of amylomaltase from
Thermus aquaticus (Przylas er all, [2000) confirmed that this enzyme also possesses
the regular (B/a)g-barrel structure (Fig. Mb) with the arrangement of the catalytic
side-chains (two Asp residues and one Glu residue) being similar to that found in
the a-amylase family.
With regard to quaternary structure, many members are able to form oligomers
, ). The most remarkable examples are cyclomaltodextrinases (for

details, see [Lee er af]. 2005d; Turner er all. 2003).

4. FAMILIES GH14 AND GH15
There are two other amylolytic GH families in CAZy (Coutinho and Henrissad,[1999),

GH14 and GH15, covering B-amylases and glucoamylases, respectively. They both
employ the inverting mechanism for cleaving the a-glucosidic bonds, i.e. the products
of their reactions are [3-anomers W,M;M,M;MWU,M).
From an evolutionary point of view, B-amylases seem to be a ’solitary’ GH family
since they do not exhibit an obvious structural similarity to other glycoside hydrolases
(Pujadas et all, [1996; [Coutinho and Henrissal, [1999). By _contrast, glucoamy-
lases from GH15 form clan GH-L together with family GH65 (IEngﬁf_ar_alJ, |2£Kll|)
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As regards sequence, these two types of amylase do not contain any of the
conserved regions characteristic of the a-amylase family (Fig.2). Although they are
both exo-amylases their amino acid sequences and three-dimensional structures are
different (Aleshin e afl,[1992; Mikami e afl,[1993). Structurally, B-amylase (Fig.Bh)
ranks along with a-amylase among the large family of parallel (/a)g-barrel
proteins (Pujadas and Palad, 11999), while glucoamylase (Fig. Bb) belongs
to a smaller family of proteins adopting the (t/at),-barrel fold (Aleshin ez all,[1992).

Family GH14 includes B-amylases (EC 3.2.1.2) and hypothetical proteins with
sequence similarity to 3-amylases. Half of the family members are experimentally
verified enzymes having [3-amylase activity. 3-Amylases are especially produced
by plants: Arabidopsis thaliana, Oryza sativa, Triticum aestivum and Solanum
tuberosum. Family GH15 includes glucoamylases (EC 3.2.1.3), two glucodex-
tranases (EC 3.2.1.70) and hypothetical proteins with sequence similarity to GH15.
Again, about 50% of the family members are experimentally verified enzymes
having glucoamylase or glucodextranase activities.

The first determined three-dimensional structure of a [B-amylase was that of
soybean (Mikami er all, [1993). At present, the structures of B-amylases from
sweet p(m, , barle (IMj_kamLeLaLl, U_QQQH) and Bacillus
cereus ,@; ,) are also known. The core of

the B-amylase structure is formed by the catalytic (8/a)q-barrel domain (Fig. Bh)
followed by the C-terminal loop region. Although this loop surrounds the N-terminal
side of the (3/a)g-barrel and may stabilise the whole (3-amylase molecule, it is
not involved in catalysis (m, M) As has been pointed out above, the
B-amylase (B/a)g-barrel differs from that of a-amylase and all other enzymes
of clan GH-H, resembling more the single-domain structure of triosephosphate
isomerase ,M) The two amino acid residues responsible for catalysis are
the two glutamates, Glu186 and Glu380 (soybean 3-amylase numbering), positioned

(b) B @
i D)

(w/a)s-Barrel

Figure 5. Three-dimensional structures of (@) GHI14 B-amylase from soybean ?IBYA'; Mikami
et al., @) and (b) GHI15 glucoamylase from Aspergillus awamori (1AGM; R )
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near the C-terminus of strands 4 and B7 of the (B/a)g-barrel domain, respec-
tively (Mikami et all, [1994). [Totsuka and Fukazawd (199€) described further the
indispensable roles for Asp101 and Leu383 in addition to the two catalytic gluta-
mates. Analyses of the (3/a)¢-barrel fold of B-amylases from both the evolutionary

and structural points of view are available (Puiadas er g/l [1994: Pujadas and
Palau, [1997).

Glucoamylase structures have been solved for two fungal enzymes: Aspergillus
awamori g!?]gsbm ¢r @/).11992) and the yeast Saccharomycopsis fibuligera (Sevcik
et al., ), and one bacterial enzyme from Thermoanaerobacterium thermosac-
charolyticum dA]_cs_hm_et_alJ,lZDQﬂ) The glucoamylase catalytic domain is composed
of 12 a-helices that form the so-called (a/a)¢-barrel fold (Fig. Bb). It consists of
an inner core of six mutually parallel a-helices that are connected to each other
through a per1pheral set of six a-helices which are parallel to each other but approx-

et al), 1992). This
] ] kd. [1990: Janetek
1ja alau d), however, the (o/a)g- barrel has also
been found in d1fferent protems and enzymes for example in the enzymes from
families GH8 and GH9 (luy et all, [1992; |Alzari er all,11996). Some glucoamylases,
like some a-amylases (and related enzymes from the clan GH-H) and 3-amylases,
contain starch-binding domains (Svensson er all, [1989; lanetek and Sevcil, [1999)
which can be of various types (for a review, see [Rodriguez-Sanoja et g M)
The starch-binding domain may be evolutionarily 1ndependent from the catalytic
domain (Lanetek ez all, 2003). It should also be possible to add a starch-binding
domain artificially to an amylase (or eventually to any other protein) to improve its

amylolytic and raw starch-binding and degradation abilities JJi
et al.W 0004: [Levy o7 il 2004 [Kambort ¢ a1l 2003: Latorre-
Garcia et al ). Recently, it seems evident that some amylases may contain

starch-binding activity without a specific structural module (Hostinova et all, [2003;
(Cranier et all, 2003).

Based on the analysis of glucoamylase amino acid sequences, Coutinho and
Reilly 1|| §§ ﬂ) described seven subfamilies taxonomically corresponding to bacterial
(1), archaeal (1), yeast (3) and fungal (2) origins. As evidenced by the crystal
structures of the glucoamylases from Aspergillus awamori (Harris er all, [1993;
[Aleshin er all, 1994, 1994 [Stoffer er all, h_‘l‘lj) and Saccharomycopsis fibuligera
(Sevcik er all, 11998), the two glutamates, Glul79 and Glu400 (Aspergillus
enzyme numbering), act as the key catalytic residues. The next most well-studied

glucoamylase is that from Aspergillus niger dghnmwm;_ﬁandsen

et al., l]_&%) which is highly similar to the Aspergillus awamori counterpart.

5. FAMILY GH31

There are some glucoamylases that have been classified into family GH31 together

with o¢-§lucosidases= a-xylosidases and glucan lyases g]Xu et al], ||229; Lee
et al., ; ). These enzymes act through a retaining mechanism like the
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Domain B / Q_}

r'_‘—‘--..‘ '!"

Domain C - :E’/J’/I

(proximal) \h" i 4‘4 Domain C
/ _ (distal)

Figure 6. Three-dimensional structure of GH31 «-xylosidase from Escherichia coli (1XSI;

,200d)

members of clan GH-H (IChihaJ,hM;NakaL&mlJ, |21)_Qﬂ) GH31 was considered to
be a member of clan GH-H because of remote sequence homologies between GH31
and GHI13 enzymes (@, M) This assumption has recently been supported
by the resolution of the three-dimensional structure of a GH31 a-xylosidase from
Escherichia coli i ,2009) and a-glucosidase from Sulfolobus solfa-
taricus , ) showing the expected (P/o)g-barrel catalytic domain
(Fig. [B). Interestingly, the domain arrangement of the GH31 members strongly
resembles that of GH13 enzymes (Fig. ), especially regarding domain B protruding
out of the (B/a)g-barrel in the place of loop 3 (Lovering er all, [2009).

6. FAMILY GHS57

For a long time GHS57 has been one of the most popular GH families, attracting
much scientific interest. More than 15 years ago the sequence of a heat-stable
a-amylase from the thermophilic bacterium Dictyoglomus thermophilum was
published (Fukusumi er all,[1988). Despite the fact that this sequence encoded an a-
amylase, its analysis did not reveal any detectable similarity with GH13 a-amylases.
Later, a similar sequence encoding the a-amylase from the hyperthermophilic
archaeon, Pyrococcus furiosus, was determined (ILa_dm;man_aLa_lJ, h_‘z‘zj) These two

sequences became the basis for the new amylolytic family, GH57, established in

1996 (IHQnm_ss_a.t_an_d_B_aLmd:i hﬂ&d) In the last few years, when entire genomes
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of many micro-organisms have been sequenced, family GH57 has expanded. Its
members are all prokaryotic enzymes, most of them from hyperthermophilic archaea

2 . At present the GH57 family consists of about 100 members
( al, [1999) and five enzyme (lanctel], 2003; Murakami er afl,
) o- amylase (EC 3.2.1.1), a-galactosidase (EC 3.2.1.22), amylopullulanase
(EC 3.2.1.1/41), branching enzyme (EC 2.4.1.18) and 4-a-glucanotransferase (EC
2.4.1.25). Only about 10% of the family sequence entries are enzymes; all others are
hypothetical proteins without known activity (Zona ez all, 2004). GH57 sequences
are highly heterogeneous: some of them have less than 400 residues whereas others
have more than 1,500 residues , M)

Structural information for GH57 members is scarce. To date, only the structures
of the 4-a-glucanotransferase from Thermococcus litoralis (Imamura ez afl, 2003)
and AmyC enzyme from Thermotoga maritima (Dickmanns et al., 2006) have been
determined. They both revealed a (B/a),-barrel fold (Fig. [)), i.e. an incomplete
TIM-barrel. Glu123 and Asp214 (7. litoralis enzyme numbering) which define the

Domain IT

Figure 7. Three-dimensional structure of GH57 4-o-glucanotransferance from Thermococcus litoralis
(1K 1W; [mamura er 7], P0o03)
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m@ﬁmwmtﬁmcmqmqmmmmgdﬁadWmmdkwmm7Aﬂmmmm
et al., ), thus confirming that GHS57 also employs a retaining mechanism for
a-glycosidic bond cleavage.

New information about GH57 has arisen from a bioinformatic study focused on
the conserved sequences containing the pair of catalytic residues m, M)
In addition to T. litoralis 4-a-glucanotransferase, both catalytic residues were
experimentally identified in two amylopullulanases from Thermococcus hydrother-
malis m M) and Pyrococcus furiosus (|Kang—_aml,|, M) The catalytic
nucleophile was found also in the a-galactosidase from Pyrococcus furiosus (Van
Lieshout et al., ). Biochemical analysis indicates that family GH57 enzymes
may lack a genuine a-amylase specificity M, ).
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1. INTRODUCTION

Starch, the main component of many agricultural products, e.g. corn (maize),
potatoes, rice and wheat, is deposited in plant cells as reserve material for the
organism in the form of granules which are insoluble in cold water. This carbo-
hydrate is the main constituent of food products such as bread and other bakery
goods or is added to many foods for its functionality as a thickener, water binder,
emulsion stabilizer, gelling agent and fat substitute. Starch granules consist of two
types of molecules composed of a-D-glucose units called amylose and amylopectin.
In amylose almost all the glucose residues are linked by a-1,4-glycosidic bonds,
whereas in amylopectin about 5 % of the carbohydrate units are also joined by a-1,6-
linkages forming branch points. The relative contents of amylose and amylopectin
depend on the plant species. For example, wheat starch contains about 25% amylose
while waxy corn starch is more than 97-99% amylopectin. Starch origin also makes
differences to the size, shape and structure of the polysaccharide granules, their
swelling power, gelatinisation temperature, extent of esterification with phosphoric
acid, and the amounts of lipids and other compounds which are retained inside the
hydrophobic inner surface of the amylose helices.

Expanding starch functionality can be achieved through chemical or enzymatic
modifications. The most important methods of enzymatic starch processing (Fig. [))
are the production of cyclodextrins and the hydrolysis of starch into a mixture of
simpler carbohydrates for the production of syrups having different compositions
and properties. These products are used in a wide variety of foodstuffs: soft drinks,
confectionery, meats, packed products, ice cream, sauces, baby food, canned fruit,
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Figure 1. Starch degrading enzymes

preserves, etc. Furthermore, glucose produced during starch hydrolysis can be
converted to fuel alcohol and other bio—products by yeast or bacterial fermentation,
or isomerised to fructose in a reaction catalysed by glucose isomerase. High fructose
syrup is used as a sweetener in different food products and is more suitable for
diabetics than ordinary household sugar.

2. ENZYMES USED FOR STARCH HYDROLYSIS
2.1. a-Amylases

The industrial degradation of starch is usually initiated by a-amylases (a-1,4-
glucanohydrolases) a very common enzyme in micro-organisms. Together with
other starch-degrading enzymes (eg. pullulanases), a-amylases are included in
family 13 of glycosyl hydrolases (Henrissat and Bairoch, [199€) characterized by
a (a/B)g-barrel conformation (Fig. DJA). The structural and functional aspects of

o-amylases have been reviewed by [Nj and MacGregor
et al. ). The enzyme contains a characteristic substrate binding cleft (Fig. 2IB)

that can accommodate between four to ten glucose units of the substrate molecule.
Each binding site has affinity to only one glucose unit of the carbohydrate chain.
However, the interactions of oligosaccharides with several binding sites creates
a multipoint linkage which results in the correct arrangement of long substrate
molecules towards the catalytic site. Differences in the number of substrate binding
sites and the location of catalytic regions determine substrate specificity, the length
of the oligosaccharide fragments released after hydrolysis and the carbohydrate
profile of the final product. Substrate binding is not sufficient for catalysis when
all the glucose residues of the engaged oligosaccharide chain fall outside the
catalytic region (Fig. PIC). This phenomenon occurs only in cases of advanced
hydrolysis producing oligosaccharide molecules which are too short to occupy all
the substrate binding sites. The probability of inappropriate binding contributes to
a rapid decrease in the reaction rate during the final stages of reaction and also
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Figure 2. Structure of a-amylases. A: Overal structure of porcine pancreatic a-amylase, a representative
member of family 13 glycosyl hydrolases. B: Visualization of the inhibitory oligosaccharide V-1532
bound to the catalytic cleft of the same enzyme W, @) C: Schematic representation of
the catalytic cleft. G represents the glucose units of the substrate
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explains differences in the carbohydrate profiles of the final products generated
by a-amylases originating from various sources. Other domains in the o-amylase
molecule maintain the structure of the protein. One of these called “the starch-
binding domain” has affinity for starch granules in those enzymes which can
degrade starch without the necessity for its gelatinisation. All structural differ-
ences result in a great diversity in enzyme activity, stability, reaction conditions
and substrate specificity, which vary both in preference for chain length and the
ability to cleave the a-1,4-bonds close to the a-1,6-branch point in amylopectin
molecules. For example, the temperature-activity optima of microbial a-amylases
range from approximately 25°C to 95°C. Calcium ions play a significant role in
maintaining the structural integrity of the catalytic and/or substrate binding sites
in a-amylases, amylopullulanases and several other glycosyl hydrolases. Thus the
addition of calcium salts to the reaction mixture essentially improves enzyme
activity and stability. Nevertheless, excessive amounts of Ca®" induce inhibitory
effects and decrease the reaction yield.

o-Amylases catalyse cleavage of a-1,4-glycosidic bonds in the inner region of
the molecule hence causing a rapid decrease in substrate molecular weight and
viscosity. These endo-acting enzymes can be divided into liquefying or saccha-
ryfying a-amylases which preferentially degrade substrates containing more than
fifteen or four glucose units, respectively. Prolonged hydrolysis of amylose leads to
carbohydrate conversion into maltose, maltotriose and oligosaccharides of varying
chain lengths, sometimes followed by a second stage in the reaction releasing
glucose from maltotriose. However, the reaction rate is diminished when the
enzyme acts on small oligosaccharide molecules. Some a-amylases, e.g. that from
Pyrococcus furiosus, cannot release glucose because maltopentaose is the smallest
substrate hydrolysed by this enzyme m, @) Hydrolysis of amylopectin
or glycogen also yields glucose, maltose and maltooligosaccharides in addition to
a series of branched “o-limit dextrins” containing four or more glucose residues
in the neighbourhood of an a-1,6-glycosidic bond originating from branch points
in the polysaccharide molecule. During the hydrolysis catalysed by these enzymes
the hydroxyl groups formed during cleavage of the glycosidic bonds retain the
a-configuration while B-amylase and glucoamylase, belonging to other enzyme
families, cause inversion to the anomeric 3-configuration (ﬁ@, @).

a-Amylases are used in a number of industrial processes which take place under
diverse physical and chemical conditions. Thus, for each individual application the
enzyme which best meets the particular demands of the process is desirable. High
thermostability is sometimes desired because elevated temperatures improve starch
gelatinisation, decrease media viscosity, accelerate catalytic reactions and decrease
the risks of bacterial contamination. An additional benefit of high-temperature
catalysis is the inactivation of enzymes originating from food materials which give
rise to undesirable reactions during processing. The most thermostable a-amylase
currently used in biotechnological processes is produced byBacillus licheniformis.
It remains active for several hours at temperatures over 90°C under conditions
of industrial starch hydrolysis. A potential source of a-amylases functioning at
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even higher temperatures are hyperthermophilic archaea. The extracellular enzyme
of Pyrococcus woesei is active between 40°C and 130°C with an optimum at
100°C and pH 5.5 (Koch er all, [1991). The intracellular a-amylase from a related
species, Pyrococcus furiosus, exhibits maximal activity at the same temperature but
the optimum pH is 6.5-7.5 (Ladermann e al},[1993). To inactivate the enzyme from
Pyrococcus woesei completely, autoclaving at 120 °C for 6 h is necessary. However,
for industrial starch processing o-amylases retaining high activity at pH around 4.0
are desired. None of the most thermostable a-amylases have high stability at this
pH, therefore protein engineering studies concerning improvement of this property
have been initiated. By contrast, the thermolabile a-amylases are usually used for
starch saccharification at moderate temperatures, e.g. in the brewing industry, the
preparation of fermentation broth in alcohol distilleries, in dough conditioning or
as a detergent additive.

2.2. Debranching Enzymes

There are two main groups of endo-acting debranching enzymes which can cleave
the a-1,6-glycosidic linkages existing at the branch points of amylose, glycogen,
pullulan and related oligosaccharides. The first group are pullulanases that specifically
attack a-1,6- linkages, liberating linear oligosaccharides of glucose residues linked
by a-1,4- bonds. The second group of debranching enzymes are neopullulanases
and amylopullulanases, which are active toward both «-1,6- and a-1,4- linkages.

Pullulanases are generally produced by plants, e.g. rice, barley, oat and bean, as well
as by mesophilic micro-organisms such as: Klebsiella, Escherichia, Streptococcus,
Bacillus and Streptomyces. These enzymes are rather heat-sensitive, and commercially
available preparations obtained from Klebsiella pneumoniae or Bacillus acidopul-
lulyticus should be used at temperatures not exceeding 50—-60°C. Nevertheless, the
search for efficient sources of thermostable debranching enzymes is underway because
the enzymatic conversion of starch is usually carried out at elevated temperatures.
Pullulanases are seldom produced by thermophiles. However, a recent study shows
that a good source of heat-resistant pullulanase is the aerobic, thermophilic bacterium
Thermus caldophilus which syntheses an enzyme that is optimally active at 75 °C and
pH 5.5 and retains activity up to 90 °C m, @).

Most of the heat-resistant debranching enzymes belong to the group of amylopul-
lulanases which are widely distributed among thermophilic bacteria and archaea, and
have been isolated from cultures of Bacillus subtilis, Thermoanaerobium brockii,
Clostridium thermosulphuricum and Thermus aquaticus (M @) The
enzyme from Pyrococcus woesei which displays maximal activity at 105°C and
pH 6.0 is the most thermostable amylopullulanase known and has been purified
and expressed in Eschericha coli (Leuschner and Antranikian, [1999). Thermostable
amylopullulanases should be valuable components of laundry and dishwashing
detergents since they catalyse both debranching as well as liquefying reactions.
However, their applications are limited because amylopullulanases of bacterial
origin are seldom active at alkaline pH.
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2.3. Exo-acting Amylases

Two types of exo-acting hydrolases are commonly used for starch saccharification:
B-amylases (EC 3.2.1.2) and glucoamylases (EC 3.2.1.3). Both act on glyco-
sidic linkages at the non-reducing ends of amylose, amylopectin and glycogen
molecules, producing low-molecular weight carbohydrates in the 3-anomeric form.
The main end-product of hydrolysis catalysed by [-amylases is maltose, while
glucoamylase (amyloglucosidase) generates glucose. Structurally, 3-amylases and
glucoamylases are included in families 14 and 15 of the classification of Henrissat
and Bairoch 1|l§§a), respectively. Whereas B-amylases present an (o/B)g fold
similar to a-amylases, glucoamylases are characterized by an (a/a), structure.

All B-amylases are unable to cleave a-1,6-linkages and the final product consists
of maltose and “B-limit dextrin”. Thus degradation of amylopectin is incomplete,
resulting in only 50-60 % conversion to maltose. Even in the case of amylose, the
maximum degree of hydrolysis is 75-90 % because this polysaccharide also has a
slightly branched structure. Accumulation of “B-limit dextrin” is undesirable because
it increases the viscosity of maltose syrups. 3-Amylases occur in higher plants, such
as barley, wheat, sweet potatoes and soybeans and have also been discovered in strains
of Pseudomonas, Bacillus, Streptococcus and some other micro-organisms. These
enzymes are rare among thermophiles, and currently produced (3-amylases are not
stable at temperatures above 60 °C. Application of more heat-resistant enzymes which
are active in slightly acidic environments will reduce saccharification time and can
limit the risk of unwanted browning reactions at alkaline or neutral pH values. Shen
and co-workers (]] §§§) reported that 3-amylase from Clostridium thermosulfurigenes
is an option, since it displayed maximal activity at 75 °C and exhibits broad pH stability
over the range 4.0 to 7.0.

Glucoamylases cleave preferentially a-1,4-linkages and can also cleave
a-1,6-glycosidiclinkages, although atamuchlowerrate. Asaconsequence, glucoamy-
lases have the ability to carry out almost complete degradation of starch into glucose.
At concentrations of glucose in reaction media exceeding 30-35 % the glucoamy-
lases can catalyse the reverse reactions forming maltose, isomaltose and other by-
products thereby decreasing the final yield of the process. Glucoamylases are widely
distributed among plants, animals and mesophilic micro-organisms, such as Saccha-
romyces, Endomycopsis, Aspergillus, Penicillium, Mucor and Clostridium. Generally,
the enzymes from these sources exhibit the highest activity at temperatures ranging
from 45°C to 60°C and at pH 4.5 to 5.0. Like B-amylases, glucoamylases are rare
among thermophiles.

3. ENZYMATIC PROCESSING OF STARCH
AND STARCH-CONTAINING FOOD
3.1. Products Obtained During Starch Hydrolysis

Starch hydrolases are important industrial enzymes which are used as additives
in detergents, for the removal of starch sizing from textiles, the liquefaction of
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starch and the proper formation of dextrins in baking. They are also added to break
down the starch that accompanies saccharose in sugar cane juice and interferes with
filtration. The discovery and application of enzymes exhibiting different activities
and substrate specificities isolated from a variety of microbial sources or obtained
by gene cloning or protein engineering has resulted in the development of many
starch products of diverse carbohydrate profiles and functional properties. The
hydrolysis products obtained are usually divided in two main groups characterized
by low- or high-degrees of starch conversion. In the first group are those maltodex-
trins prepared by limited hydrolysis (DE 10-20) of gelatinised starch in reactions
commonly catalysed by heat-resistant a-amylases, without subsequent saccharifi-
cation. Maltodextrins provided for some applications are additionally processed by
debranching enzymes to remove the side chains of amylopectin molecules thus
producing linear oligosaccharides. The main components of these products, found
in amounts ranging 75-96 % of dry weight, are oligosaccharides containing more
than four glucose residues. Maltodextrins have useful functional properties, e.g.
low hygroscopicity, high solution viscosity, low sweetness as well as the ability
to retard ice crystal growth in ice-cream and other frozen foods. These attributes
make them suitable for the formulation of different coatings, improvement of the
chewiness and binding properties of food products, and for moisture retention in soft
or hard candies. Maltodextrins also have applications as binders for encapsulated
pharmaceuticals, the protection of encapsulated flavours from oxidation, or as lipid
substitutes in low-fat food products. For these purposes starch syrups with higher
degrees of hydrolysis (DE 20-70) and containing 40-78 % of oligosaccharides
larger than maltotetraose can also be used. These hydrolysates are available in the
form of viscous solutions and increase the resistance of starch gels to retrogradation
and prevent the crystallization of sucrose. They are often exploited as thickeners in
many food products.

Advanced starch hydrolysis which leads to products including significant amounts
of maltose and glucose can be achieved during prolonged (48-96 h) times of saccha-
rification. Maltose is the main component of the hydrolysates called high-maltose-,
extremely high-maltose- and high-conversion syrups, containing on a dry basis
35-40 %, 70-85 % and 30—47 % of this carbohydrate, respectively. High-conversion
syrups also contain large amounts of glucose, ranging from 35 % up to 45 % on
a dry basis. Hydrolysates containing maltose are usually exploited as sweeteners,
flavour and taste enhancers, moisture conditioners, stabilizers to protect against the
crystallization of sucrose in confectioneries as well as a cryoprotectant controlling
ice crystal formation in frozen food. The high-maltose syrups have low viscosity
and hygroscopy, mild sweetness and reduced browning capacity during heating.
These products are also used to replace sucrose in foods for diabetics and for the
synthesis of maltulose or maltitol which are utilized as low-calorie sweeteners. Other
recently developed applications for maltose syrups or maltooligosaccharide solutions
obtained during starch processing are the production of trehalose and cyclodextrins.

A characteristic property of high-glucose syrups is their participation and intensi-
fication of Maillard reactions, developing the desired flavours and brown colour of
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fried or baked goods. Besides applications as food additives, glucose syrups are also
converted into fructose. The isomerisation efficiency depends on the glucose content
of the substrate. Theoretically, glucoamylase can completely hydrolyse amylose to
glucose but a limited level of glucose in the final product is caused by maltulose
(4-a-D-glucopyranosyl-D-fructose) synthesis and by reverse reactions which lead
to the formation of maltose, isomaltose and a-1,6-oligosaccharides. Maltulose is
accumulated in the product because glucoamylases do not cleave the glycosidic
bonds between glucose and fructose residues. Undesirable maltulose synthesis can
be eliminated when saccharification is catalysed at pH below 6.0.

3.2 Production of starch hydrolysates

There are two basic steps in the enzymatic conversion of starch (see Fig. B)): lique-
faction and saccharification. During liquefaction the concentrated slurry of starch
granules (3040 %, w/v) is gelatinised at an elevated temperature (90-110°C).
The addition of thermostable endoamylase (EC 3.2.1.1) at this stage of the
process protects against a rapid increase in starch solution viscosity caused by the
release of amylose from swelling starch granules (Guzman-Maldonato and Paredes-
Lopez, ). Enzymatic hydrolysis of amylose by a-amylase proceed until the
chain lengths of the reaction products are about 10-20 glucose units. At this point the
starch fragments fail to bind well to the enzyme. Hydrolysis of amylopectin results
not only in the production of a mixture of linear maltooligosaccharides, as does
amylose hydrolysis, but also fragments that contain the «-1,6- bond which cannot
be cleaved by a-amylase. Studies have been done on the immobilization of -
amylase on different supports (Synowiecki er all, [1982; [Lai er all, [1998). However,
the reaction rate was found to be strongly influenced by diffusion limitations caused
by the high molecular weight of the substrate and high solution viscosity. Other
glucosyl hydrolases that do not act on starch but yield improvements in starch
processing are xylanases and cellulases. Both are involved in the cleavage of the 3-
1,4-glycosidic bonds linking residues of D-glucose or D-xylopyranose in cellulose
and xylans, respectively. Xylanases reduce the viscosity of wheat starch slurry by
degrading arabinoxylans and other xylans, whereas cellulases positively affect the
filterability of the final products of starch hydrolysis in the case of its contamination
by cellulose fibres.

The saccharification step is carried out at a lower temperature and leads to the
hydrolysis of the oligosaccharides obtained into glucose or maltose in reactions
catalysed by glucoamylase (EC 3.2.1.3) or B-amylase (EC 3.2.1.2), respectively.
The yield of starch hydrolysis may be enhanced by using glucoamylase or 3-amylase
in combination with pullulanase (EC 3.2.1.41) or other debranching enzymes. In
general the_use of pullulanase increases the glucose vield up to 94 % (Crabb and
Mitchinson, h&ﬂ).

Since the gelatinisation of starch granules is completed near 100°C in the majority
of industrial processes, thermostable a-amylases are used. These enzymes are
widespread among thermophilic bacteria and archea, and the genes encoding a few
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Figure 3. Flowsheet for glucose or maltose syrup production

of them have been cloned and expressed in mesophilic hosts (IEﬁllinggs_at_alJ,lZmﬂ;
[Grzybowska er all, [2004). Termamyl originates from Bacillus licheniformis, and
other a-amylase preparations used for starch liquefaction usually show highest
activity at temperatures above 90°C and at pH 5.5 to 6.0. These conditions are
not however compatible with those of the glucoamylases or 3-amylases used in the
next step which are more sensitive to heat and are inactivated above 60 °C. Limited
enzyme thermostability implies that rapid cooling of the substrate is required before
further processing can proceed but this leads to an increase in the viscosity of the
reaction mixture and a decrease in the final yield of the process. Since the natural
pH of starch slurry is approximately 4.5 it should be adjusted to the value desirable
for maximal enzyme activity during substrate liquefaction and then reduced to 4.5
prior to the saccharification step. The necessity for temperature and pH adjustments
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increases the costs of the process and requires additional ion-exchange refinement
of the final product for removal of the NaCl synthesised.

An important development would be to carry out starch degradation in a single
step. This can be achieved using more heat-resistant a-amylases which can operate
at lower pH values than the enzyme from Bacillus licheniformis and do not
require calcium salts for activity. Improved thermostability avoids the need for
further addition of a-amylase during liquefaction to replace that destroyed by high-
temperature treatment. a-Amylases from different thermophiles show promising
properties, but none has yet been produced on a commercial scale. For further
oligosaccharide depolymerisation enzymes catalysing saccharification under condi-
tions compatible with those used for a-amylase activity are necessary. This would
make possible the application of all the enzymes together without the need for
temperature and pH adjustments before liquefaction and saccharification. Recent
investigations show that the oligosaccharides released during prolonged a-amylase
action on starch can be hydrolysed by thermostable a-glucosidases (EC 3.2.1.20).
These enzymes act on terminal non-reducing a-1,4- and to a lesser extent, a-1,6-
glucosidic linkages, forming glucose as an end-product. Most of the a-glucosidases
obtained from thermophiles and mesophiles showed greatest activity towards
maltose and isomaltose (Kelly and Fogartyl, [1983). However, significant activity
against maltooligosaccharides makes these enzymes suitable for use in the last step
of starch degradation instead of the more heat sensitive glucoamylases. Especially
suitable are those a-glucosidases with increased ability to hydrolyse the a-1,6-
glucosidic bonds occurring at the branch points of the amylopectin molecule. Legin
and co—workers_(@) demonstrated the feasibility of glucose syrup production
using thermostable a-glucosidase from Thermococcus hydrothermalis in cooper-
ation with a-amylases and pullulanases. We have reported that an alternative source
of thermostable enzyme having a-glucosidase activity is the halotolerant, non-
sporulating bacterium Thermus thermophilus from marine and terrestrial hot springs
(Zdzieblo and Synowieckd, [2002). The half-life of this enzyme incubated at 85°C
is about 2h, and at 95°C no measurable activity remains after 30 min. The appli-
cation of “thermozymes” for starch saccharification increases the conversion yield,
enhances solubility and decreases the viscosity of the substrate solution. Moreover,
the low levels of activity of thermostable enzymes at reduced temperatures facil-
itate the termination of the reaction simply by cooling. An alternative to starch
processing using thermostable a-amylase is the application of endo-glucanase which
has activity towards native starch granules, as for example glucoamylase from

Rhizopus sp. (lames and Led, [1997).

3.3. Glucose Isomerisation

The isomerisation of starch-derived glucose to fructose leads to greater sweetness
of the obtained syrup which is commonly used in many food and beverage products,
e.g. as a sweetener and an enhancer of citrus flavour. Fructose is the sweetest tasting
of all the carbohydrates and is suitable for the formulation of low-calorie products
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having reduced sucrose content, or as a sweetener for diabetics because it can be
metabolised without insulin. The use of fructose syrup as an additive to some baked
products results in desirable browning developed as a result of Maillard reactions. In
addition, fructose acts as a crystallization inhibitor which keeps sucrose in solution
thus producing a cookie that retains its soft texture during storage.

Fructose syrups are usually made in a continuous process catalysed by immobi-
lized glucose (xylose) isomerase (EC 5.3.1.5) at temperatures of 55-60°C. Under
these conditions only 40-42 % of the glucose is converted to fructose. The process
yield can be enhanced at higher temperatures which shifts the equilibrium of the
isomerisation towards increased fructose concentrations. However, this limits the
half-life of the enzyme obtained from mesophilic sources and increases the amount
of by-products created by the Maillard reactions that occur at the slightly alkaline
pH values necessary for maximum activity of glucose isomerase. In order to produce
the syrup containing the standard concentration (55 %) of fructose, cation-exchange
fractionation of carbohydrates is used (Crabb and Mitchinsor, [1997). During this
step fructose is retained on the chromatographic matrix while glucose and higher
saccharides pass through the column and are returned to the isomerisation unit. The
adsorbed fructose is then released by elution with water and the eluate contains more
than 90 % fructose on a dry basis. The product is then mixed with 42 % fructose
syrup to the final concentration required for many applications. This chromato-
graphic step can be omitted when glucose conversion is catalysed by more efficient
thermostable glucose isomerase having increased activity at the acidic pH values
necessary for reducing undesirable side reactions. Since glucose isomerases active
at elevated temperatures are synthesised by various species of Thermus and some
other thermophilic micro-organisms, future industrial application of these enzymes

will lead to significant reductions in production costs (Vieille and Zeikud, 2001l).

34. Trehalose Production

Starch or maltose syrups can be successfully processed into trehalose in reactions
catalysed by enzymes isolated from mesophilic or thermophilic micro-organisms.
Trehalose (a-D-glucopyranosyl a-D-glucopyranoside) is a stable, non-reducing
disaccharide containing 1,1 glycosidic linkages between the glucose moieties. This
carbohydrate is involved in protection of biological structures during freezing, desic-
cation or heating (Richards ez all, [2002). Amorphous glass trehalose holds trapped
biological molecules without introducing changes in their native structure and
consequently limits the damage inflicted on biological materials during desiccation.
Furthermore, this non-hygroscopic glass is permeable to water but impermeable
to hydrophobic, aromatic esters. It minimizes the undesirable loss of hydrophobic
flavour compounds and thus facilitates the production of dried foods retaining the
aroma similar to the fresh product. Trehalose can be used in the food, cosmetics,
medical and biotechnological industries, and as stabilizer of vaccines, enzymes,
antibodies, pharmaceutical preparations and organs for transplantation. The mild
sweetness of trehalose, its low cariogenicity, good solubility in water, stability under
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low pH conditions, reduction of water activity, low hygroscopicity, depression of
freezing point, high glass transition temperature and protein protection properties
make it a valuable food ingredient. This compound does not caramelise and does
not undergo Maillard reactions, it is safe for human consumption and has been
accepted by the European regulatory system de_Qh_aLds_at_alJ, |2£)Q2). Trehalose
may be used in wide range of products including beverages, chocolate and sugar
confectionery, bakery, dairy and fruit products and as a cryoprotectant for surimi
and other frozen foods.

Trehalose can be produced from starch by using two novel enzymes derived
from certain mesophiles, e.g. Arthrobacter, Brevibacterium, Micrococcus and
Rhizobium, as well as from the hyperthermophilic archaeon Sulfolobus shibatae
(Lama et all, [1990; [Nakada et a1],11996; IDi Lernia ef all, [1998). These enzymes are
designated as maltooligosyl-trehalose synthase and maltooligosyl-trehalose trehalo-
hydrolase. The former converts the terminal «-1,4-linkage at the reducing end of
the maltooligosaccharide molecule to the o, a-1,1-bond existing in trehalose; the
latter releases trehalose during hydrolysis of a-1,4-linkage between the second and
third glucose units, and this reaction repeats until the remaining oligosaccharide
consists of no more than two or three glucose units. The maltooligosaccharides
used as substrates for these reactions are produced by treatment of liquified starch
slurry by debranching enzymes.

Other sources of enzymes for trehalose synthesis are micro-organisms containing
trehalose synthase (EC 5.4.99.16). This enzyme catalyses intramolecular transglu-
cosylation and leads to conversion of the a-1,4- glucosidic linkage of maltose into
o, a-1,1-bonds (le_shiQO_zLaLl, 112%). As a result, maltose is converted into
trehalose, producing a small amount of glucose as a by-product. A conversion yield
reaching 80 % or more indicates the suitability of trehalose synthase for the indus-
trial production of trehalose from maltose syrup in a one-step process. Trehalose
synthase is produced by Pimelobacter sp. and a few other mesophiles. However,
the thermostable enzyme, e.g. from Thermus caldophilus with optimum activity
at 65°C, seems to be more suitable because the higher conversion temperature
prevents contamination of the reaction mixture by micro-organisms.

3.5. Cyclodextrin Synthesis

Starch degrading enzymes are also used for the production of cyclodextrins. In
the first stage of this process both a-amylases and pullulanases are involved in
creating unbranched oligosaccharides. Subsequently, the resulting linear molecules
are cleaved by cyclomaltodextrin glucanotransferase, and enzyme first isolated from
Bacillus macerans, to yield oligosaccharides of 6-8 units. As a consequence of the
helical structure of these oligosaccharides, the two ends of each molecule are in close
proximity to each other, therefore they are easily joined together to form the ring
structure characteristic of cyclodextrins. The final product is a mixture of a-, 3- and
y-cyclodextrins, composed of six, seven or eight a-1,4-linked glucose residues.
The proportion of each type can be controlled through enzyme selectivity as well
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as by the temperature and pH of the reaction media. In some production methods,
the selectivity of the process is improved when the substrate solution contains
an appropriate organic solvent which directs the reaction to produce only one
type of cyclodextrin (Guzman-Maldonado and Paredes-Loped, [1999). The product
precipitates in the form of an insoluble complex, decanol or cyclooctane being
used for the preparation of a- or B-cyclodextrins respectively, and it is separated
by centrifugation or filtration. Cyclodextrin production without the application of
solvents may lead to microbial contamination but this problem can be prevented
by raising the reaction temperature. Recently, a heat-resistant cyclomaltodextrin
glucanotransferase was found in Thermococcus species (Viele and Zeikud, [2001).
This enzyme is very stable at temperatures up to 100°C and also possesses o-
amylase activity. This property allows the production of cyclodextrins without the
need for addition of a-amylase for preliminary starch liquefaction.

The hydroxyl groups of a cyclodextrin molecule are located on the surface
of the oligosaccharide ring, whereas its interior is apolar and can easily form
inclusion complexes with hydrophobic compounds of adequate size and structure.
This property makes cyclodextrins suitable for many applications in the food,
cosmetics and pharmaceutical industries, since they can capture undesirable tastes
or odours, stabilize volatile compounds and increase the solubility of hydrophobic
substances in water. For example, cyclodextrins are used for the debittering of citrus
juices, protecting lipids against oxidation or for the removal of cholesterol from

eggs (Shaw er all, [1984; [Szejtli, [1982).

3.6. Significance of Amylolytic Enzymes in Food Processing

Starch hydrolysing enzymes play a significant role in the processing of some raw
food materials, especially in the baking and brewing industries as well as in the
production of soft and alcoholic drinks. The enzymes necessary for these purposes
are often natural components of raw food materials, e.g. o- and B-amylases in flour,
or are sourced from malt or other preparations obtained from higher plants and
micro-organisms.

In the baking industry, the a- and B-amylases of the cereal grain play an
essential role. However, their content in flour depends on the climatic conditions
during ripening and harvesting. When the weather is very humid the grain starts
to germinate and the content of amylolytic enzymes is too high for the preparation
of good quality bakery goods. In contrast, the flour obtained from cereals culti-
vated in a hot and dry climate often has a very low a-amylase content and its
deficit needs to be supplemented. The a- and B-amylases have different but comple-
mentary functions during the bread making process (Martin and Hoseney, [1991]).
The a-amylases break down starch into low-molecular weight dextrins. 3-amylase
converts these oligosaccharides into maltose which is necessary for yeast growth.
Insufficient amounts of fermentable sugars diminish the secretion of carbon dioxide
leading to limited dough rise and decreased crumb volume.
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Appropriate levels of amylolytic enzymes are especially important during bread
making for the formation of dextrins which contribute to the browning of the crust,
add flavour to the bread as well as influencing the degree of staling retardation.
Staling is mainly caused by starch retrogradation leading to limited water holding
capacity and reduced crumb elasticity. The mechanism of starch retrogradation is
still not well understood. However, it is known that susceptibility to retrogradation
depends on the amount of linear amylose present in starch and can be diminished
when the side chains of branched amylopectin molecules are shortened by the action
of maltogenic a-amylases (Christophersen and Otzen, [1998). Excessive levels of
dextrin formation, often causing collapse of the bread after baking, leads to a final
product with an unacceptable gummy and sticky structure. Thus dextrin should be
formed only at the beginning of baking when the dough is placed in the oven,
the enzyme efficiency steadily increasing with the rise in temperature until its
thermal inactivation. Most a-amylases, e.g. that from barley malt and the commonly
used enzyme from Aspergillus niger, have limited anti-staling effects due to their
inactivation prior to starch gelatinization. This inconvenience can be avoided by
the use of heat-resistant substitutes of mesophilic a-amylases, e.g. from Thermus
sp. (Shaw ez all, [1999). Moreover, their application is beneficial because such
enzymes do not effect dough’s rheological properties due to their low activity at
moderate temperatures. However, overdosing with thermostable a-amylases leads
to undesirably excessive levels of dextrins caused by delayed inactivation during
baking. Long operating times for enzymes at baking temperatures is desirable during
the production of pumpernickel. That type of bread, prepared from rye flour, has a
sweet taste caused by the sugars accumulated during prolonged baking up to 20-24 h
at a temperature that does not result in inactivation of the amylolytic enzymes.

In the baking industry glucoamylases are also used to assist the conversion of
starch into fermentable sugars. They are especially necessary to improve bread
crust colour which is the result of Maillard reactions and intensified by released
glucose. Glucoamylases are also added in combination with fungal a-amylases to
chilled or frozen dough because they ensure the presence of sufficient quantities of
fermentable sugars for yeast when it is time for baking.

Amylolytic enzymes are also used for the formation of the low-molecular weight
carbohydrates utilized by yeast growing on starch-containing materials during
brewing or the production of alcoholic drinks. In the traditional brewing processes
the a- and (3-amylases as well as proteinases originate from barley grains germi-
nated for a period of about seven days. This is followed by a process of kilning
in which the grain is heated in order to develop colour and flavour. During the
mashing stage the enzymes degrade the starch and proteins present in the malt and
the additives prepared from crushed starchy cereals such as maize, sorghum, rice
or barley. The mixture is then filtered and the clear liquid is boiled in order to
inactivate the enzymes. The products of the enzymatic degradation of the malt and
additives i.e. simple sugars, amino acids and oligopeptides are utilized by yeast,
e.g. Saccharomyces cerevisiae for the production of alcohol and carbon dioxide,
new yeast cells and flavouring components.
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Considerable savings can be achieved by replacing some of the malt by unmalted
cereals and commercial a-amylases, 3-amylases, glucoamylases, 3-glucanases and
proteinases. This enables better control of the process because the content and
activity of the enzymes in the malt are highly variable. Native starch from cereals
is resistant to enzyme action and needs to be gelatinized at an elevated temperature.
However, gelatinized cereals are very viscous and difficult to handle. Application of
thermostable ac-amylase at this stage of the process prevents an undesirable increase
in viscosity.

Immobilized glucoamylases are used in the modern technologies of low-calorie
beer production. Under traditional brewing conditions a large amount of starch
is converted into non-fermentable dextrins which are carried through to the final
product. Passing the fermenting beer through a reactor containing immobilized
glucosidase leads to the break-down of these dextrins to glucose which is then almost
completely transformed into alcohol. Additionally, none of enzyme contaminates
the final product.
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1. INTRODUCTION

A primary goal of the National Energy Policy is to increase United States energy
supplies using a more diverse mix of domestic resources and to reduce our depen-
dence on imported oil. In 2002, fossil fuels, which are finite and non-renewable,
supplied 86% of the energy consumed in this country. Even more alarming is that
the United States imports over half (62%) of its petroleum, and dependency is
increasing. In particular, gasoline and diesel constituted 98% of domestic trans-
portation motor fuels in 2004. The United States gasoline consumption alone was
about 138 billion gal/year in 2004. Corn ethanol supplies most of the remaining
2%. Bioethanol from cornstarch provides around 3 to 4 billion gallons of oxygenate
that is splash-blended with gasoline to produce the common “gasohol.” An Oak
Ridge National Laboratory study, published in April 2005, indicated a potentially
renewable feedstock base in the United States of over a billion tons per year that
could generate 30% of current petroleum consumption. The feedstocks included
forest thinnings, crop residues, bioenergy crops and wastes. Achieving this increase
will require substantial RandD in feedstock production, harvesting, and land use.
In order to efficiently utilize these lignocellulosic feedstocks, powerful new plant
cell wall degrading enzymes will be required, especially cellulases.

Feedstock costs will be a major component of the commodity end-product
price. Therefore, yield of lignocellulose-derived sugars is perhaps of highest
priority. Another impact on feedstock yield is associated with cellulases and
other polysaccharide-degrading enzymes. These enzyme preparations must work
efficiently to convert the dominant polysaccharides to monomers. Currently, high
loadings of cellulases are needed to reach 95% conversion of cellulose in pretreated
biomass in 3-5 days in a simultaneous saccharification and fermentation (SSF)
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experiment i.e. 2.2 1b (1kg) of cellulase for 1101b (50kg) of cellulose (Grohmann
et al.,[1991)). Cellulase preparations are expensive in the biorefinery context for two
reasons: (1) the enzyme source, usually Trichoderma reesei, is costly to grow and
induce and has limited cellulase productivity; and (2) specific enzyme performance
or activity has not been improved by discovery or protein engineering in 30 years
of research. A consequence of recent work announced by Genencor International
was the significant breakthrough in reducing the cost to produce 7. reesei cellulases

from about $5/gal of ethanol to around $0.20/gal (Mitchinson er all, 2009).

The biomass feedstocks most commonly considered for conversion are agricul-
tural wastes, energy crops (perennial grasses and trees), and forest waste. The
fermentable fractions of these feedstocks include cellulose (B-1,4-linked glucose)
and hemicellulose, a substantial heterogeneous fraction composed of xylose and
minor five- and six-carbon sugars. Although it is an abundant biopolymer, cellulose
is unique because it is highly crystalline, water insoluble, and highly resistant to
depolymerization. The definitive enzymatic degradation of cellulose to glucose,
probably the most desirable fermentation feedstock, is generally accomplished by
the synergistic action of three distinct classes of enzymes:

i) The “endo-1, 4-B-glucanases” or 1,4-B-D-glucan 4-glucanohydrolases (EC
3.2.1.4), which act randomly on soluble and insoluble 1,4-B-glucan substrates
and are commonly measured by detecting the reducing groups released from
carboxymethylcellulose (CMC

ii) The “exo-1,4-B-D-glucanases,” including both the 1,4-3-D-glucan glucohy-
drolases (EC 3.2.1.74), which liberate D-glucose from 1,4-B-D-glucans and
hydrolyze D-cellobiose slowly, and 1,4-B-D-glucan cellobiohydrolase (EC
3.2.1.91), which liberates D-cellobiose from 1,4-3-glucans.

iii) The “B-D-glucosidases” or B-D-glucoside glucohydrolases (EC 3.2.1.21), which
act to release D-glucose units from cellobiose and soluble cellodextrins, as well
as an array of glycosides.

2. HISTORICAL MODELS FOR CELLULASE ACTION

From the published work of de Bary in the 18th Century (@, @), scien-
tists were aware that an enzyme (from fungal extracts) degraded plant cell-wall
polysaccharides. In 1890, [Brown and Morrid (1890) concluded that the cellulose-
dissolving power in Barley extracts is due to a special enzyme and that this
enzyme is not diastase (the name for starch degrading enzymes at the time).
Newcombd (1899) showed conclusively that the cellulose-degrading enzyme
(named cytase or cytohydrolyst) in Barley malt was distinct from starch degrading
enzymes. Interestingly, the German literature at the time referred to cellulose
degrading enzymes as “celluloselosendes enzyms”, or cellulose-loosening enzymes
m, ). From our review of the literature, the first reference to “cellu-
lases” as enzymes that degrade cellulose was made by [Pringsheiml (1912). By the
1920s, evidence was mounting that these enzymes were actually proteins and that
proteins were discrete chemical entities. However, the answer to this question
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had to wait for sufficiently sophisticated protein purification techniques to be
developed.

The search for biological causes of cellulose hydrolysis did not begin in earnest
until World War II. The U.S. Army mounted a basic research program to understand
the causes of deterioration of military clothing and equipment in the jungles of the
South Pacific — problem that was wreaking havoc with cargo shipments during the
war. Out of this effort to screen thousands of samples collected from the jungle
came the identification of what has become one of the most important organisms in
the development of cellulase enzymes — Trichoderma viride (eventually renamed
Trichoderma reesei). In 1973, the army was beginning to look at cellulases
as a means of converting solid waste into food and energy products (Brandt
et al.m). By 1979, genetic enhancement of 7. reesei had already produced
mutant strains with up to 20 times the productivity of the original organisms isolated
from New Guinea (Mandels et gll, [1971); Montenecourt and Eveleigh, [1979). For
roughly 20 years, cellulases made from submerged culture fungal fermentations
have been commercially available. In another ironic twist, the most lucrative market
for cellulases today is in the textile industry where “partial system” preparations
displaying minimal cellulose degradation are employed.

In many ways, however, our understanding of cellulases is in its infancy compared
to other enzymes. There are some good reasons for this. Cellulase—cellulose systems
involve soluble enzymes working on insoluble substrates. The jump in complexity
from homogeneous enzyme-substrate systems is tremendous. It became clear fairly
quickly that the enzyme known as “cellulase” was really a complex system of
enzymes that work together synergistically to attack native cellulose. Early views
of cellulase action considered the system to embody a C, activity, which acts in an
unspecified way to disrupt the crystalline structure of cellulose, and the C, activity,
which encompasses all 3-1,4-glucanase action, including the exoglucanases and the
endoglucanases (Reese er all, [1950). Thus, the picture of the cellulase system from
the view of the late 1960s was limited by proposition of the as-yet-uncharacterized
C, factor (King and Vessal, [1969). During the next decade, the fungal cellulase
system was interpreted largely in terms of substantial biochemical and molecular
biological developments in the Trichoderma reesei system. In many ways, this
system was the developmental archetype cellulase system. Many reviews have
adequately described the 20-plus years of systematic research conducted at the

Army Natick Laboratory on this subject (Mandels and Reesd, [1964).

3. NON-CELLULOSOMAL CELLULASES (THE FUNGAL MODEL)

The cellulase field moved ahead dramatically in the late 1980s when Abuja and
co-workers reported the tertiary structure of 7. reesei CBH I and CBH II (Abuja
et al. m,b). This structure, determined by small-angle X-ray scattering (SAXS)
data, depicted these proteins as two domain proteins whose form resembles tadpoles.
This now-familiar structure is composed of a large core (catalytic) domain; a small
cellulose-binding domain (CBD); and a linker, or hinge, peptide connecting the
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two. In the case of T. reesei CBH II, the core protein itself has been shown to
cause disruption in cellulose microfibril structure (Woodward er g/, [1992). The core
domains of T. reesei CBH I and CBH II have now been shown to possess seven
and four active site glucopyranoside “subsites,” respectively (Teeri er all, [1994).
Furthermore, CBH I produces hydrolysis products with a retained stereochemistry at
the anomeric carbon, while CBH II causes an inversion of the anomeric hydroxyl to
the a-form. The cartoon shown in Fig.[[ldepicts an idealized cellulase enzyme, based
on the general shapes and orientation of the catalytic and cellulose binding domains.
In the T. reesei enzymes (and in many other cellulases), the linker peptide is a
highly glycosylated region unusually rich in serine, threonine, and proline amino
acid residues. This linker region is also the site of proteolytic cleavage accomplished
by several general serine proteases. Interestingly, there appears to be a considerable
level of conservation in nature for this general structure, as evidenced by homologies
in the linker peptide found for an Aspergillus niger protease, an a-amylase from
Hordeum vulgare, and a a-amylase from Saccharomyces diastaticus (Claeyssens
et al., [1990).

Elucidation of the structure of the 36 amino acid peptide Type 1 CBD from
T. reesei CBH 1 by C'> NMR in 1989 revealed the presence of a strongly
hydrophobic peptide “face” (Kraulis er all, [1989). Today, most workers in the field
conclude that the CBM (the CBD was renamed, carbohydrate binding module)
plays a role in stabilizing cellulase attachment to the cellulosic surface. The cartoon
shown in Fig. [2] represents the surface-binding configuration of a cellobiohy-
drolase, a general mechanism for CBM/cellulose interaction suggested by Rouvinen
and coworkers Ed) These results strongly support the idea of well-ordered

hydrophobic interaction with the surface of the cellulose at the CBM.

Figure 1. The proposed structure of T. reesei CBH I showing the cellulose binding domain (CBM), a
26-amino acid linker peptide, and catalytic domain. The catalytic domain of CBH I contains a 10 subsite
active site tunnel from which cellobiose is released as the end product
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Figure 2. Depiction of a type I CBM from T. reesei interacting with the 1,0,0 or planar face of cellulose.
This family of CBMs is distinguished by small domains all containing three tyr residues placed in nearly
a co-linear pattern on the cellulose interaction surface

4. CELLULASE SYNERGISM

An early work by [Gilligan and Reesd (1954) showed that the amount of reducing

sugar released from cellulose by the combined fractions of fungal culture filtrate
was greater than the sum of the amounts released by the individual fractions.
Since that time, many investigators have used a variety of fungal preparations to
demonstrate a synergistic interaction between homologous exo- and endo-acting

cellulase components ;_w_ﬁz ; : Halliwell and
Riaz, ; d McCrad. 11979; |Eriksson. [1973; |Petterson. 11973; McHale

and Coughlan, ). Cross-synergism between endo- and exo-acting enzymes

from filtrates of different aerobic fungi has also been demonstrated several times

(Selby, [1969; Wood, [1969; [Wood and McRad, [1977; [Coughlan et all, [1987).
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Figure 3. Concept of endo-exo and exo-exo cellulase synergism thought to play a key role in the
function of both fungal and bacterigl cellulases. In general, the endoglucanases produce “nicks” in the
cellulose sfrands and these free endq are targeted by the exoglucanases (cellobiohydrolases in fungi)

Figerstam and Pettersson (1980) first reported exo-exo synergism in 1980.
The concepts of exo-endo and exo-exo synergism are shown diagrammatically in
Fig. Bl As shown in this drawing, exo-endo synergism is explained best in terms
of providing new sites of attack for the exoglucanases. These enzymes normally
find available cellodextrin “ends” at the reducing and non-reducing termini of
cellulose microfibrils. Random internal cleavage of surface cellulose chains by
endoglucanases provides numerous additional sites for attack by cellobiohydro-
lases. Therefore, each hydrolytic event by an endoglucanase yields both a new
reducing and a new non-reducing site. Thus, logical consideration of catalyst
efficiency dictates the presence of exoglucanases specific for reducing termini and
non-reducing termini. Indeed, an X-ray crystallography study reported by Teeri
et al. 1| l §§]) confirmed that the reducing terminus of a cellodextrin can be shown in
proximal orientation to the active site tunnel; i.e. reducing end in first, of T. reesei
CBH 1. Earlier kinetic data had already confirmed that 7. reesei CBH II preferred
the non-reducing approach to the cellulose chain (Claeyssens er all, [1989).

Synergism between fungal and bacterial exo- and endo-acting components was
first proposed by m(@) and reported b ). These observa-
tions have most recently been extended by ) and in the authors’
laboratory (Baker ez all, [1998). This principle of interspecific interchangeability of
cellulase components is now the cornerstone of recombinant cellulase system design
and construction. If indeed cellulase component enzymes are truly generalized in
both structure and function, components may be selected and combined from a wide
array of source organisms to form novel enzyme cocktails. For example, T. reesei
CBH I has been shown to be a powerful element in multi-enzyme mixtures using
either fungal or bacterial endoglucanases.

5. MODERN CLASSIFICATION OF CELLULASES

Today, more than 90 families of glycosyl hydrolases have been identified
(Carbohydrate-Active Enzymes server at URL: http://afmb.cnrs-mrs.fr/CAZY/,

[Coutinho and Henrissat, [1999). This classification system provides a powerful tool

for glycosyl hydrolase enzyme engineering studies, because many enzymes critical
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for industrial processes have not yet been crystallized or subjected to structure
analysis. Glycosyl hydrolase (GH) families harboring enzymes known to play a
role in cellulose degradation are Families 1, 3, 5, 6, 7, 9, 10, 12, 16, 44, 45, 48,
51, 61 and 74. These cellulase enzymes have been grouped using protein sequence
alignment algorithms Hydrophobic Cluster Analysis. The cellulase Families include
members from widely different fold types, i.e. the TIM-barrel, B/a-barrel variant
(a TIM-barrel-like structure that is imperfectly superimposable on the TIM-barrel
template), B-sandwich, and a-helix circular array. This diversity in cellulase fold
structure must be taken into account when considering the transfer and application
of design strategies between different cellulases.

Protein domains are grouped into four general structural categories (all-alpha,
all-beta, alpha + beta, and alpha/beta) (Levitt and Clothid, [197€; [Efimoy, [1994).
Proteins of the all-alpha class are usually comprised of multiple alpha helices
which may be oriented along a common bundle axis or oriented randomly (Harris
et al., ). Proteins of the all-beta class contain beta-strands which can be
oriented either parallel, or antiparallel, or a mixture of the two. The beta 4 alpha and
alpha/beta categories are distinguished by considering that alpha/beta proteins have
alternating beta-strand and alpha-helical segments, whereas alpha + beta proteins
tend to contain_regions definable as “mostly alpha” and “mostly beta” (Orengo
and Thornton, ). A common example of the alpha/beta class is the TIM-
barrel, named after the archetype of this fold, triose phosphate isomerase. In
TIM-barrel proteins, the internal barrel is comprised of 8 parallel beta-strands,
while the outer shell contains 8 alpha helices oriented with a cant relative to the
axis of the barrel. Some protein domains do not fall into one of these categories
and are grouped as irregular folds. Proteins representative of these domain (or
fold) classes are myoglobin (all-alpha helix), immunoglobulin (all-beta strand),
cytochrome_b35 (alpha + beta), and triose phosphate isomerase (alpha/beta) (Levitt
and Clothia, [1976). It is inferred that all proteins, which have recognizable sequence
similarity, will have the same fold type. In many cases, the fold will be unique
to that single family of proteins and such folds are known as structural singlets

,11993. In other cases, a domain structures (fold) may be
shared by two or more proteins that appear unrelated by sequence and function.
Such folds have been termed superfolds

Cellulases are generally defined as enzymes which hydrolyze the B-1,4-glucosidic
bonds within the chains that comprise the cellulose polymer. A narrower definition
of “true cellulase” has also been used, which are enzymes can act alone on insoluble
cellulose. Tables [ and B show the major families of cellulases described in the
Carbohydrate-Active Enzymes (CAZy) server (http://afmb.cnrs-mrs.fr/CAZY/). As it
is indicated in Table Plthere are two major catalytic mechanisms which lead to either
retention or inversion of the configuration of the anomeric hydroxyl. In all cases,
the proton donor and nucleophile/base are Glu or Asp. Most cellulase families are
distributed among bacteria, fungi, and plants. Interestingly, GH7 and GH61 are found
only in fungi, whereas family GH44 is found only in bacteria. The GH7 (cellobio-
hydrolase) is the most active exoglucanase known, and is widely believed to act
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E.C. # Reaction Other Names Family
E.C32.14 Endohydrolysis of Endoglucanase. 5,6,7,
Cellulase 1,4-beta-D-glucosidic Endo-1,4-beta-glucanase. 8, 10,

linkages in cellulose, Carboxymethyl cellulase. 12, 44,

lichenin and cereal Endo-1,4-beta-D-glucanase. 45, 48,

beta-D-glucans. Beta-1,4-glucanase. 51, 61,

Beta-1,4-endoglucan hydrolase. 74
Celludextrinase. Avicelase.

E.C3.2.1.6 Endohydrolysis of 1,3- Endo-1,4-beta-glucanase. 16
Endo-1,3(4)-beta-  or 1,4-linkages in Endo-1,3-beta-glucanase.
glucanase. beta-D-glucans when the Laminarinase.

glucose residue whose

reducing group is involved

in the linkage to be

hydrolyzed is itself

substituted at C-3.
E.C.3.2.1.21 Hydrolysis of terminal, Gentobiase. Cellobiase. 1,3,9
Beta-glucosidase. non-reducing Amygdalase.

beta-D-glucose residues

with release of

beta-D-glucose.
E.C3.2.191 Hydrolysis of Exoglucanase. 5,6,7,
Cellulose 1,4-beta-D-glucosidic Exocellobiohydrolase. 9, 10,
1,4-beta- linkages in cellulose and 1,4-beta-cellobiohydrolase. 48,
cellobiosidase cellotetraose, releasing

cellobiose from the
non-reducing ends of the
chains.

processively on a single cellulose chain. As is the case for the GH7 family, GH6
contains both endo- and exo-glucanases, however, the exoglucanases in GH6 are
found both in bacteria and fungi. GH6 and GH7 exoglucanases act from the non-
reducing and reducing termini, respectively. Bacterial exoglucanases are also resident
in GH9, GH48 and GH74 and these enzymes are thought to act non-precessively.

6. CELLULOSOMAL CELLULASES

The cellulosome shown in Fig. [ is an extracellular, multi-protein complex that
is produced by a wide range of cellulolytic micro-organisms. It is believed to
have the feature of “collecting” and “positioning” cellulose degrading enzymes
onto a substrate (Baver er all, [1994). The functional unit of the cellulosome is
the “scaffoldin,” which is a non-catalytic protein containing repetitive domains
(cohesins) for specific interaction with other protein domains, called dockerins.
Cellulosomal enzymes contain both a catalytic domain and a binding domain
(dockerin). The cellulosome then self-assembles by type-specific recognition of
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Table 2. Cellulase Families, Structure, Activity, and Distribution

GH Structure Activity Catalytic Nucleophile Proton Bacteria Fungi Plant
Mechanism  /Base Donor

1 (B/a)g B—glucosidase Retaining Glu Glu + + +

3 B—glucosidase Retaining Asp Glu + + +

5 (Bl/a)g Endoglucanase, Retaining Glu Glu + + +

6 Endoglucanase, Inverting Asp Asp + +
cellobiohydrolase

7 B—jelly roll Endoglucanase, Retaining Glu Glu +
cellobiohydrolase

9 (/)¢ Endoglucanase, Inverting Asp Glu + + +
cellobiohydrolase

10 (B/a)g Cellobiohydrolase Retaining Glu Glu + + +

12 B—jelly roll Endoglucanase Retaining Glu Glu + +

16 B—jelly roll Endo-1,3(4)-B- Retaining Glu Glu + + +
glucanase

44 Endoglucanase Inverting N/A N/A +

45 Endoglucanase Inverting Asp Asp + +

48 (a/a)g Endoglucanase, Inverting N/A Glu + +
cellobiohydrolase

51 (Bl Endoglucanase Retaining Glu Glu + + +

61 N/A Endoglucanase N/A N/A N/A +

74 7-fold Endoglucanase, Inverting Asp Asp + +

B-propeller  cellobiohydrolase

cohesin/dockerin pairs. The scaffoldins can also contain the carbohydrate-binding
module (CBM) which serves as an attachment device for harnessing the cellulosome
to the cell surface and/or for its targeting to substrate.

6.1. Non-Catalytic Subunit: Scaffoldin

The cellulosome is one of the best-studied protein complexes known to form self-
assembled extracellular scaffolds (Bayer ez all, 2004). The molecular mass of the
cellulosome complex was determined to be several MDa. Two types of subunits
have been identified from the bacterial cellulosome complex. Non-catalytic subunits,
called “scaffoldins”, serve to position and organize the enzymatic subunits and to
attach the cellulosome to the cell surface and/or to the substrate — i.e. plant cell
wall polysaccharides.

The scaffoldins contain multiple copies of cohesins, which interact with dockerin
domains of the enzymatic subunits to form the cellulosome assembly. The cohesins
are about 140 amino acids in length and highly conserved in sequence and domain
structure. The dockerin domains comprise about 70 amino acids and contain two
22-amino acid duplicated regions, each of which includes an “F-hand” modifi-
cation of the EF-hand calcium-binding motif. To date, several hundred cohesin and
dockerin sequences have been found, mostly from anaerobic bacteria. More than
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Figure 4. Schematic structure (not scaled) of an example cellulosome complex from Clostridium thermo-
cellum. The cellulosome complex are composed of two groups of proteins. One group is non-catalytic
proteins (scaffoldin) including CipA, SdbA, Orf2p, OlpA, and OlpB, each of these scaffoldins contain
various number of function domains, i.e. cohesin domain interacts with same type of dockerin domain
(Type-1 cohesin-dockerin pair are showing in black and Type-1I pair in grey); carbohydrate-binding
module (CBM) recognizes polysaccharide substrate; S-layer homologous (SLH) binds to cell surface; and
linker between these domains. Another group is catalytic proteins (enzymes), each cellulosomal enzyme
contains a Type-I dockerin domain recognizing Type-I cohesin of scaffoldin proteins. In Clostridium
thermocellum, more than twenty enzymes with various catalytic activities have been identified to be
involved in cellulosome complex

a dozen different specificities are currently known which will enable the design and
production of numerous types of nano-component systems.

Bacterial cellulosomes are organized by means of a special type of subunit,
the scaffoldin, which is comprised of an array of cohesin modules. The cohesin
interacts selectively and tenaciously with a complementary type of domain, the
dockerin, which is borne by each of the cellulosomal enzyme subunits. The integrity
of the complex is thus maintained by the cohesin-dockerin interaction. The first
scaffoldin was sequenced from Clostridium cellulovorans (Shoseyov ez all, [1992).
The relationship to the duplicated sequences of cellulosomal enzymes (Salamitou
etal., ) was later realized when a second scaffoldin, derived from C. thermo-

cellum, was sequenced (Iﬁemgmss_emﬂ h_‘l‘H) Today, many scaffoldln genes
etal.,), B. cellulosolvens (Xu et a d), A. 1eta ),
and R. flavefaciens (Ding et all, M)

The cellulosome system characterized by multiple scaffoldins includes a primary
scaffoldin, anchoring scaffoldins, and an “adaptor” scaffoldin. The primary scaffoldin
incorporates the enzymatic subunits and usually bears a single CBM domain. The
anchoring scaffoldin bears an SLH module for attaching the cellulosome to the cell
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wall. The adaptor scaffoldin from A. cellulolyticus contains four cohesins and a
dockerin, which effectively multiplies the number of enzymes that can be incor-
porated into the complex. In contrast, the adaptor scaffoldin from R. flavefaciens
contains a single divergent cohesin and alters the specificity of the primary scaffoldin
which expands the repertoire of cellulosomal subunits that can be incorporated
into the complex. Scaffoldins have significant diversity in cellulosome architecture,
as reflected by the number of cohesins in a given scaffodin and their disposition
therein, the presence (or absence) and location of a CBM, and the presence (or
absence) of adockerin and/or SLH module. For example, the R. flavefaciens scaffoldin
lack an identifiable CBM and SLH, although the cellulosome binds cellulose and
is cell associated, an enzyme-bearing CBM might mediate this important function
(Rincon ez all, ROO1); the scaffoldin (scaD) from A. cellulolyticus plays a dual
role, both as a primary scaffoldin —capable of direct incorporation of a single
dockerin-borne enzyme and as a secondary scaffoldin — one that anchors the major
primary scaffoldin, ScaA, and its complement of enzymes to the cell surface (Xu
etal., ). In the case of mesophilic Clostridia, their sacffoldins lack dockerins and
conventional SLH domains. However, a similar type of module contained at the N-
terminus of the C. cellulovorans enzyme family-9 enzyme, EngE, has been implicated
in mediating cell surface attachment of its cellulosome (Kosugi ez afl, 2002).

6.2. The Cohesin-dockerin Interaction

The first biochemical analyses of the cellulosome complex from C. thermocellum
indicated an exceptionally strong interaction that rivaled the affinities of the most

tenacious biochemical bonds (]Lanm_an_cLB_a;Ld,h_%ﬂ;Lamgd_amU, |_L98_3). Subse-

quent analyses substantiated these claims, and the cohesin-dockerin interaction

rates among_the most potent protein-protein interactions known in nature (Fierobe
et al., ; | , ). The interaction between the two components

can be viewed as a kind of plug-and-socket arrangement, whereby the dockerin

domain plugs into the cohesin module (Bayer et all, 2004).

6.3. Carbohydrate-Binding Modules

Glycosyl hydrolases attach to polysaccharides relatively inefficiently, as their target
glycosidic bonds are often inaccessible to the active site of the appropriate enzymes.
In order to overcome these problems, many of the glycosyl hydrolases, primarily
the noncellulosomal cellulases and related “free” enzymes that hydrolyze insoluble
substrates, are modular and comprise catalytic modules appended to one or more
non-catalytic CBMs (carbohydrate-binding modules). CBMs primarily promote the
association of the enzyme with the substrate (Boraston et all, :Bayer ez al],[2004).

CBMs are divided into families based on amino acid sequence similarity. There
are currently 43 defined families and these displayed substantial variation in
ligand specificity (see http://afmb.cnrs-mrs.fr/CAZY/CBM.html). Thus there are
characterized CBMs that recognize crystalline cellulose, non-crystalline cellulose,
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chitin, B-1,3-glucans and B-(1,3)-(1,4) mixed linkage glucans, xylan, mannan,
galactan, and starch. Some CBMs display “lectin-like” specificity and bind to

a variety of cell-surface glycans ,2004; [Sorimachi ez a1, 11996, 11997;
[Williamson e al,[1997;[Si j ,@) Based on structural and functional

similarities, CBMs are been grouped into three types:

6.3.1. Type A Surface

Binding CBMs This class of CBMs binds to insoluble, highly crystalline cellulose
and/or chitin. The aromatic amino acid residues play key role in the binding sites.
The planar architecture of the binding sites is thought to be complementary to
the flat surfaces presented by cellulose or chitin crystals (Bayer er all, [1999).
The substrate binding site comprises the “hydrophobic” face of cellulose (Bayer
et al. ,—@). Upon binding to the substrate, the cellulosome is thought to undergo
a supramolecular rearrangement so that the components redistribute to interact with
the different target substrate. For this purpose, the various cellulosomal enzymes
include different types of CBMs from different families that exhibit appropriate
specificities that complement the action of the parent enzyme (Bayer er all, 2004).

6.3.2. Type B Polysaccharide-Chain-Binding CBMs

This class of CBMs binds to individual glycan chains. As with type A CBMs,
aromatic residues play a pivotal role in ligand binding, and the orientation of these
amino acids are key determinants of specificity. The binding sites often described as
grooves or clefts, and comprise several sub-sites able to accommodate the individual
sugar units of the polymeric ligand (Simpson et all, 200d). In sharp contrast with
the Type A CBMs, direct hydrogen bonds also play a key role in the defining
the affinity and ligand specificity of Type B glycan chain binders (Notenboom

etal., ZIX)JJ&J.L&L@UM)

6.3.3. Type C Small-Sugar-Binding CBMs

This class of CBMs has the lectin-like property of binding optimally to mono-,
di-, or tri-saccharides and thus lacks the extended binding-site grooves of type B
CBMs. The distinction between Type B CBMs and Type C CBMs can be subtle

(Boraston er all, [2003).

6.3.4. Type D CBMs

This class of CBMs is always found in close spatial proximity with the catalytic
domains of their respective proteins. Examples include the cellulase family 9

enzymes from T. fusca (Sakon et all, [1997).

7. OUTLOOK FOR CELLULASE RESEARCH

It is now clear that cutting-edge and efficient biochemical technologies must be
used to reduce the cost of cellulase activities delivered to the SSCF bioethanol
process. The current estimate for NREL Proven Technologies and Best of Industry
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Technologies yields cellulase costs to the bioethanol process of $0.32 and $0.18 per
gallon ethanol produced, respectively. These costs must be reduced to less than $0.05
per gallon ethanol by 2020 and this requires further increases in specific activity
or production efficiency or some combination thereof (Wooley and Ruth, [1999).
It is most likely that the needed further improvements in cellulase performance
will come via continued research aimed at understanding the basic principles by
which these enzymes function on microcrystalline cellulose surfaces. Specifically,
the mode of action of the “processive” enzymes, such as T. reesei CBH I and
CBH II, must be more deeply understood before further improvement in activity
via enzyme engineering tools can be realized.
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1. INTRODUCTION

Cellulases are widely used in the textile industry for the manufacture and finishing
of cellulose-containing materials. These enzymes are tools for improving basic
processing steps in textile manufacture and creating new types of fabric. Their
application in textile processing began in the 1980s with denim finishing, creating
a fashionable stonewashed appearance in a process called biostoning (Kochavi
et al., ; , ). In addition to biostoning, current commercial appli-
cations include biofinishing of cotton and other cellulose-based fibres and their
use in detergents. In the detergent industry cellulases are used to provide cleaning
and fabric-care benefits such as the brightening of colour in faded garments by
removing fuzz m, @). The use of cellulases — and enzymes in general —
in the textile industry confers a variety of advantages: enzymes are easy to use
and treatments can be adapted to run on existing equipment and at different stages
of textile wet processes; mild treatment conditions (i.e. temperature and pH) can be
employed; enzymes are completely biodegradable and will not accumulate in the
environment; enzymes are an economical option as they save chemicals and energy
and can reduce processing times. Gene technology is widely used in the development
of novel enzymes, the engineering of existing enzymes and for improvements
in production efficiency. Apart from the conventional cellulase mixtures, cellulase
products of tailored composition (e.g. enriched cellulase mixtures and monocom-
ponent cellulases) are commercially available. Thus, by selecting different cellulase
combinations a wide variety of effects on cellulose-containing materials can be
achieved. In addition the performance of cellulases can be enhanced via product
formulation by the incorporation of auxiliaries (e.g. surfactants) into the treatment
liquor and by appropriate mechanical processing.
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Cellulases account for approximately 14% of the world’s industrial enzyme
market and the current value of which is approximately 190 million US $
(Galante er all, [1998; INierstrasz and Warmoeskerken, [2003). Approximately half
of the enzymes marketed for textiles are cellulases : Nierstrasz
and Warmoeskerken, ). In addition to the textile and detergent sectors, cellu-
lases are also applied in the food, feed, and pulp and paper industries. A wide
variety of bacteria and fungi produce cellulolytic enzymes of varying character-
istics. Cellulases are hydrolytic enzymes and catalyse the breakdown of cellulose to
smaller oligosaccharides and finally glucose. Cellulase activity refers to a multicom-
ponent enzyme system consisting of three types of cellulases: (i) endoglucanases
(EG: 1,4-B-D-glucan glucanohydrolase; EC 3.2.1.4), ii) cellobiohydrolases (also
called exoglucanases, CBH: 1,4-B-D-glucan cellobiohydrolase; EC 3.2.1.91) and
iii) B-glucosidases (BGL: cellobiase or B-D-glucoside glucohydrolase, EC 3.2.1.21).
Endoglucanases cleave bonds along the length of the cellulose chains in the middle
of the amorphous regions, resulting in a decrease in the degree of polymeri-
sation (DP) of the substrate (reviewed in [Teeri and Koivuld, [1993; [Teerd, [1997).
Cellobiohydrolases are progressive enzymes, initiating their action from the ends
of the cellulose chains. They attack the crystalline parts of the substrate, producing
primarily cellobiose, and decrease the DP of the substrate very slowly. Cellobio-
hydrolases act synergistically with each other and with endoglucanases, thus
mixtures of endoglucanases and cellobiohydrolases have greater activity than the
sum of the activities of the individual enzymes acting alone. In the final cellulose
hydrolysis step B-glucosidases hydrolyse the soluble oligosaccharides and cellobiose
to glucose. Many of the fungal cellulases are modular proteins consisting of a
catalytic domain, a carbohydrate-binding module (CBM) and a connecting linker.
The role of the CBM is to mediate binding of the enzyme to the insoluble cellulose
substrate.

Controlled hydrolysis by cellulases is used in textile processing to improve the
surface properties and texture of cellulose-based fabrics. Advanced hydrolysis is not
desired since this could cause too great a loss in fabric strength and weight. Using
modern biotechnological tools different cellulase products having diverse cellulase
profiles can be produced. Furthermore, novel techniques can improve the charac-
teristics of enzymes, e.g. thermostability of cellulases (Voutilainen er afl, 2004).
By selecting a suitable cellulase product improved performance on different
types of substrates can be achieved compared to that obtained with naturally
occurring cellulases.

2. DENIM FINISHING

Denim is a cotton fabric woven with a dyed warp and raw white weft. Traditional
blue denim jeans are dyed with indigo blue, and the stone-washed finish which
gives a faded or worn appearance is achieved traditionally with pumice-stones. In
large measure cellulases now replace the pumice stones to achieve a washed-out or

aged appearance (IQ_I.sgn_an.d_S_Lale)], ll&%]) This process is called biostoning and is
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currently the principle process used in the denim finishing industry. Approximately
1.8 thousand million pairs of jeans are produced annually and about 80% of these
are finished using cellulases (Buchert and Heikinheimd, [1998). Denim washing
efficiency is described as being ‘high abrasion’ due to the ability of cellulase to
remove indigo from the material. In denim the indigo dye is attached to the surface
of the yarn. In the biostoning process desized (removal of the starch coating)
denim is treated with cellulases in a washing machine. The cellulases partially
hydrolyse the surface of the fibre where the dye is bound. Since mechanical action
is needed to remove the dye biostoning is usually carried out in jet or rotating drum
washers. Typical treatment conditions are: temperature between 40-65°C, pH 4.5-7,
treatment time 15-60 min, liquid ratio 1:3—1:15. The use of cellulases instead of
stones has several advantages: (i) it prevents damage both to the washing machine
and the garments; (ii) it eliminates the need for disposal of used stones; (iii) waste-
water quality is improved; (iv) it eliminates the need for labour-intensive removal
of dust from the finished garments, and (v) it permits increasing the garment load
by 50% since no stones need to be added to the washing machine.

The cellulases used in denim finishing come from variety of sources (Table [I)).
Most are of fungal origin but bacterial and actinomycete cellulases have also been

studied in relation to denim treatment (van Beckhoven er g/). [199€: Farrington
et al.mw, ). Cellulases for denim washing have tradi-

tionally been classified by the pH optimum of the enzyme: neutral cellulases operate
in the pH range 6-8. and acid cellulases in the range of pH 4.5-6 (Videbaek
etal., ; , ; , ) Acid cellulases commer-
cially used in biostoning mainly originate from the fungus Trichoderma reesei. One
reason for the wide use of T. reesei cellulases is their low price. Acid cellulases also
act aggressively on denim and result in abrasion over short washing times. Neutral
cellulases by comparison are generally characterized by less aggressive action on
cotton_and the need for longer washing times g]K]ath; et gll. 11994: Solovjeva
et al., ). The pH range of the currently used neutral cellulases is generally
broader than that of the acid cellulases hence there is less need to control the pH
of the treatment liquor when using neutral cellulases.

In addition to its source, the composition of a cellulase preparation affects

denim-washing performance (Iﬁus.amLalJ (1994, 2000; [Heikinheimo ez all, 200d;

Table [[)). Whilst endoglucanases are needed for good abrasion, no direct correlation
has been shown between abrasion level and any specific cellulase activity (Gusakov
et al., ). Several compositions have been proposed for obtaining good denim
washing effects (Table [I). For example, of the principle cellulases of T. reesei,
endoglucanase II has been shown to be the most effective at removing colour from
denim (Heikinheimo er afl, [1998). By increasing the relative amount of endoglu-
canase II in a cellulase mixture processing times can be shortened resulting in
more time- and cost-effective procedures (Miettinen-Qinonen and Suominen, [2002).
Besides cost-effective treatments processes that preserve strength properties are
essential in denim washing. Since cellulases hydrolyse cellulose the application

of cellulases in denim wash or biofinishing (see below) often results in textile
strength and weight losses. Much research has been directed to find out the
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Table 1. Cellulases studied and used in denim finishing and their special performance

Source Cellulase* Application pH  Special performance  Reference
Trichoderma No or low 4.5-5.5 Low strength loss Clarkson et al.,
reesei CBHI 1992a, b
EG:CBH, 5:1 Low strength loss Clarkson et al.,
1992¢ 1994
Enriched CBHI Low strength loss Clarkson et al.,
1993
EGII (purified) Low hydrolysis level ~ Heikinheimo and
Buchert,
2001
EGII + Decreased Fowler et al.,
truncated EG backstaining 2001
and CBH
Thielavia EG 5 Almost bleached Schiilein et al.,
terrestris appearance, good 1996, 1998
abrasion
Chrysosporium Whole 5 High abrasion, Sinitsyn et al.,
lucknowense cellulase, EG prevention of 2001
backstaining
Penicillium 5.5 Belghith et al.,
occitanis 2001
Melanocarpus EG, EG:CBH 5-7 High abrasion, Miettinen-Oinonen
albomyces low backstaining et al., 2004;
Haakana et al.,
2004
Streptomyces EG 5-10 van Solingen et al.,
sp. 2001
Myceliophthora EG, EGI 6 Low strength Schiilein et al.,
thermophila variants loss, high 1996, 1998;
abrasion, Osten and Schiilein,
enhanced activity 1999
in alkaline pH
Humicola EGI, V, 6-7 Good abrasion, Schiilein et al.,
insolens EGI+V low strength loss, 1998; Lund,
streak- reducing 1997
Acremonium EG 7 Low temperature, Schiilein et al.,
sp. high abrasion 1996, 1998
Fusarium EGI n.r. Low strength Schiilein et al.,
oxysporium loss, little 1998
abrasion
Macrophomina EGV n.r. Good abrasion Schiilein et al.,
phaseolina 1998
Crinipellis EGV n.r. Good abrasion Schiilein et al.,
scabela 1998

n.r. = not reported

*EG = endoglucanase, CBH = cellobiohydrolase. The Roman numeral in front of EG or CBH refers to

the individual endoglucanase or cellobiohydrolase.
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choice of cellulase or cellulase mixtures and other process parameters that produce
optimal results whilst retaining the strength of the fabric (Table [[l Lenting and
Warmoeskerken, ). A number of commercial cellulase products are currently
available on the market each having its specific properties and yielding different
results in denim washing.

During cellulase washing the released indigo dye tends to redeposit on the surface
of the denim fabric resulting in colouring of the weft and re-colouring of the warp.
This phenomenon is termed backstaining. Backstaining is an undesired property
because the contrast between the blue and white yarn is reduced. Backstaining of
the dye onto the pocket parts of a denim garment is a specific particular problem.
Many studies have been undertaken to elucidate the mechanism of backstaining
and prevent it. In early reports backstaining was claimed to be dependent on
pH (Kochavi er all, [1990). Further experiments indicated that the nature of the
enzyme used in washing has an impact on backstaining. In general, neutral cellu-
lases tend to result in less backstaining whereas T. reesei cellulases (acidic) are
associated with high backstaining (Klahorst ez all, h&%l) Indigo-cellulase affinities
and enzyme adsorption to the white yarn of denim fabric have been suggested to
cause backstainin ; ; Campos
etal, ). Inhibition of backstaining can be achieved by the following procedures:
(i) the use of cellulases with less specific activity on indigo or denim; (ii) tailoring
the composition of the cellulase preparation to achieve reduced backstaining with
efficient abrasion; (iii) using cellulases which do not contain a CBM (cellulose-
binding motif, formerly CBD for cellulose-binding domain) or where the CBMs
have been removed; (iv) the addition of protease during rinsing or at the end of the
cellulase washing step; (v) addition of anti-redeposition chemicals or mild bleaching
agent during the enzyme washing or rlnsmg steps, and (vi) the presence of lipase

3. BIOFINISHING

Cellulases can also be exploited in fabric and garment finishing to produce higher
value products. Cellulase treatment for finishing of cellulose-containing textile
materials such as cotton, linen, hemp, lyocell, rayon and viscose materials is called
biofinishing or biopolishing (Videbaek and Anderser, [1993). The most important
parameters affecting successful biofinishing are the type of cellulases present in the
enzyme preparation, the type of fibre being processed and the machinery used.

3.1. Cotton Finishing

In the biofinishing of cotton cellulases carry out a controlled surface hydrolysis.
The fibre ends (microfibres) protruding from the fabric surface are weakened by
cellulase action and are subsequently separated from the material with the aid of
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Table 2. The benefits of biofinishing of yarn, fabric and garments

Performance Reference

Cleared surface structure by reduced fuzz Tyndall 1992; Pedersen et al., 1992
Permanent decrease in pilling propensity Pedersen et al., 1992

Decreased hairiness Pere et al., 2001

Increased evenness of yarn Pere et al., 2001

Improved textile softness Tyndall 1992; Pedersen et al., 1992
Improved drapeability Pedersen et al., 1992; Kumar et al., 1997
Brighter colours of the textile Kumar et al., 1997

Improved dimensional stability Cavaco-Paulo 2001; Cortez et al., 2002
Fashionable wash-down effects Kumar et al., 1997

mechanical action. The benefits of cellulase treatment of yarn, fabric and garment
are listed in Table 2l In most cases the treatments are carried out on garments and
fabrics. Treatment of yarn for pilling control may be advantageous in overcoming
the dust problems often encountered with biofinishing of knitted fabrics. Biofin-
ishing can be carried out after any textile wet processing step, that preferred
being after bleaching of the fabric (Fig. [}). Partial removal of the dye occurs if
cellulase treatment is done after dyeing, and the colour of the fabric can change

(Nierstrasz and Warmoeskerker, [2003). If biofinishing is carried out before dyeing
slightly deeper shades can sometimes be observed (Cavaco-Paulo and Giibita, [2003).

The combination of biofinishing and dyeing by adding a cellulase enzyme at the
beginning of a dye cycle has also been reported , M) In this system
cellulases acting at neutral pH are preferred and the performance of the enzyme in
the dye bath depends on the dye.

The successfulness of cotton biofinishing is influenced by a number of param-
eters: pH, temperature, liquor ratio, enzyme concentration, time, mechanical
agitation and machine type, fabric and fibre type, product quality, desired effect

and Ce%mmwﬁwmwmmwrmen
et al., | ). Improved performance is usually obtained when non-ionic surfac-
tants and disgersinE afents are present durini the process (Traore and Buschle-
Diller, ;INd , ); hard water, high ionic strength

buffers and ionic surfactants have negative effects on cellulase performance
(Cavaco-Paulo and Giibit4, 2003). Cellulases need to be inactivated after the
treatment by raising the temperature and/or pH, washing the fabric with detergents
or performing bleaching of the fabric in order to avoid undesirable strength and
weight losses.

Desizing | — | Scouring | — | Bleaching |—>| Dyeing |—| Finishing

Figure 1. General stages of cotton wet processing
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Commercial cellulases for biofinishing mainly originate from the fungi 7. reesei

P 7 PSS TETTPA ST s e
et al.,|2£)£)ﬂ; - libita, ). Several studies have been conducted

to evaluate the best cellulase component or cellulase mixture for high perfor-
mance in biofinishing with minimal effects on the weight and strength properties
of the fabric. In this regard, endoglucanases are the key enzymes in biofin-
ishing. However, certain endoglucanases are known to negatively affect fabric
strength. Results with individual 7. reesei cellulases have shown that purified
EGI and II caused greater loss of strength than purified CBHI but also had
positive effects on the bending behaviour and pilling properties of cotton fabrics

(Heikinheimo ez all, [1998). Furthermore EGII was good in pilling removal at

low levels of hydrolysis and EGII-based cellulase mixtures gave positive depilling
effects (Heikinheimo and Bucherd, 2001; [Miettinen-Oinonen et all, 2001)). Whole
cellulase mixture was the best composition for cotton when considerable surface
cleaning was required. However, endo-enriched cellulase resulted in reduced
strength loss (Kumar ez gfl, [1997). Cellulase mixtures free of CBHI or CBHI-rich
mixtures led to decreased strength loss compared to the whole mixtures (Clarkson
etal, a-c, ). Strength loss can be minimized by using a monocomponent
endoglucanase along with sufficient levels of mechanical action M IM
[Lenting and Warmoeskerker, 2001]). Furthermore, monocomponent endoglucanase
has been shown to achieve high depillin 1th less weight loss compared to tradi-
tional whole acid cellulases (ﬁﬁl

Sufficient mechanical agitation (shear force and mixing) is essential for successful
biofinishing (Liu et all, 200d; ICortez er ail, [2001; ICavaco-Paulo and Giibit, [2003).
Biofinishing has been introduced in industry in batch mode but not in continuous
processes due to the lack of sufficient mechanical action (m, M). Increasing
mechanical agitation, e.g. using a jet-dyeing machine instead of a winch-dyer,
has been shown to favour the attack of certain cellulase compositions (EG-
rich cellulase products) compared to other types of composition (CBH-rich
or whole mixtures), indicating that in addition to the nature of the cellulase
composition biofinishing result is also dependent on the machine-type used

(Cavaco-Paulo et all, [199§; ICortez et all, R0OT).

3.2 Finishing of Man-made Cellulose Fibres

Biofinishing can also be used for processing man-made cellulose fibres such as

viscose and the Eolgnosic fibre lﬁocell (Kumar and Harnden. [1999: Ciechariska
et al., , ). Lyocell is a relatively new fibre invented in

the earl 199OS and is produced from wood pulp in a solvent spinning process
m @) Lyocell has high strength in both wet and dry states and is
characterized by its tendency to fibrillate in the wet state as a result of abrasion.
Cellulases have an essential role to play in removing this fibrillation. If the fibrils
are not removed the surface of finished garments tends to exhibit high pilling and
colour changes. The fibrillation of lyocell can also be used to engineer a variety




58 MIETTINEN-OINONEN

of surface finishes and optical effects such as “peach skin” and “mill-was” (Kumar
and Hmndenm, [2002). To obtain the “peach skin” appearance
cellulases are used to remove those fibrils formed during the primary fibrillation
step which is performed at high temperature in alkaline solution. In the secondary
fibrillation step after enzyme cleaning a peach skin appearance, in which the surface
of the fabric consists of relatively short fibrils, is generated by washing or by dyeing.
Conventionally the peach skin effect has been obtained using a three step batchwise
process. Recently a novel method involving fibrillation, dyeing and enzyme cleaning
in a single bath has been developed resulting in savings in treatment time (Gandhi
etal., |2m)_ﬂ)

Cellulase products containing the whole range of cellulases and endo-enriched
compositions have reported to be the optimal cellulases for defibrillation of lyocell
(Achld, [2004; [Auterinen er all, 2004). Since lyocell is a strong fibre it retains its
strength in cellulase treatments much better than other fibres (Im M)
Mechanical action and its intensity also have a significant impact on the defibril-

lation of lyocell (Kumar and Harnderl, [1994; [Aehld, 2004).

4. OTHER APPLICATIONS

Apart from the well-established use of cellulases in the finishing of cellulose-based
fibres their application in other areas of the textile industry such as in the preparatory
processes of cotton and in the modification of bast fibres has also been studied.
Cellulases have also been found to increase the alkaline solubility of treated pulp,
and alkali soluble cellulose has been obtained using specific cellulase compositions
(hLQhﬁlﬁj_n_en_aLalJ, |_L9_%; |RahkamgLaLalJ, hﬁ%) The cellulose thus obtained can
be utilized in developing new environmentally friendly processes for manufacturing
cellulosic articles such as films, sponges and fibres.

4.1. Cotton Scouring

The purpose of cotton preparation (desizing, scouring and bleaching, Fig. [)) is to
remove impurities, e.g. pectins, proteins and waxes, and prepare fabric for dyeing
and any other wet processing treatments that follow. Scouring as a preparative
step aims to produce absorbent fibre for uniform dyeing and finishing and is tradi-
tionally carried out by alkaline boiling. Pectinases, proteases, cellulases, xylanases
and lipases have been studied for their potential application in enzymatic scouring
and improved wettability has been obtained (reviewed in [Achid, M). Whilst
enzymatic treatment of cotton with cellulases results in an absorbent fibre, weight
and strength loss are incurred m, @). Cellulase promotes the efficiency of
cotton scouring with pectinase, lipase and protease but cannot function indepen-
dently (Li_and Hardid, [1998; [Sangwatanaroj er all, [2003). Recently a commercial
enzymatic scouring (bioscouring) treatment utilizing alkaline pectate lyase with a
subsequent hot rinse in the presence of surfactants and chelators has been introduced
to the market.
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Seed-coat fragments derive from the outer layer of the cotton seed and need to
be eliminated or bleached during the preparation of cotton. Seed coats are dark in
colour and appear as dark spots in the fabric if still present during dyeing. Higher
concentrations of chemicals are needed for the removal of seed coat fragments during
scouring compared to other impurities. Cellulases have been shown to have potential
for the removal of seed coat fragments during this process. Penetration of the alkaline
solution and the degradation of seed coat fragments were increased after cellulase
treatment (Csiszar et all, [1998). Additionally, cellulases were also found to degrade
the small fibres attaching the seed coat fragments to fabrics thus reducing the amount
of seed coat in the fabric. When treated with cellulases and other hydrolases seed
coat fragments were hydrolysed faster than the cotton fabric suggesting that direct
enzymatic removal of seed coat fragments might be possible (Csiszdr ez all,2001).

4.2. Processing of Bast Fibres

Cellulases can also be used for the biofinishing of linen and other bast fibres.
Trichoderma endoglucanases improve the p1111ng properties of linen fabric and the
bending of flax fibres (Buschle-Diller er afl, [1994; [Pere ez all, [200d). The chemical
and structural properties of linen, such as the crystallinity of cellulose, are different
from those in cotton. That the mode of action of cellulases is dependent on substrate,
the effects obtained with linen can thus be different from those of cotton (Pere
et al.,[2000). Greater weight and strength losses occur at lower cellulase dosages in
linen treatments compared to cotton treatments. Thus the optimisation of cellulase
treatments of linen, as regards cellulase composition, dosage and treatment time
needs to be done with great care.

Retting of flax or other bast plants is a process where fibres are separated from
the non-fibre tissues. Retting has been a major limitation for efficient flax fibre
production. Water retting was the principal method but currently dew retting is that
most utilised. The use of enzymes in retting has been studied for many years in order
to obtain a more controlled way of isolating fibres and reducing effluents. Several
enzyme products comprising mixtures of different enzymes such as pectinases,
hemicellulases and cellulases have been tested in enzymatic retting (reviewed in

). Removal of pectin as the binder between cells is important in
retting, hence pectinases have been the most effective enzymes in retting processes

(IAdams_Qn_aLaL], M) The use of cellulases has been studied in up-grading of
bast fibres for helping in further processing (Cavaco-Paulo and Giibit, [2003).

Good quality fibres have been obtained by enzymatic retting but so far this has not
replaced commercial dew retting, one reason being the high cost M,M)
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1. INTRODUCTION

The plant cell wall is a highly organized network of lignocellulose, made up of
cellulose and cross-linked glycans embedded in a gel matrix of pectic substances
and reinforced with structural proteins and aromatic compounds. Cellulose and
hemicelluloses are the major components of cell wall polysaccharides, with hemicel-
luloses re&resenting up to 20-35% of the total lignocellulosic biomass (de Vries and
Visser, ). The major hemicellulose in cereals and hardwoods is xylan, while
the main hemicellulose in softwoods is galactoglucomannan. Other less abundant
hemicelluloses include glucomannan, xyloglucan, arabinogalactan and arabinan,
the latter Eolymers often being found as side chains of pectins (de Vries and
Visser, ). The degradation of hemicelluloses is mostly carried out by micro-
organisms that can be found either free in nature or as a part of the digestive tract
of higher animals. The hydrolytic enzymes produced by these micro-organisms are
the key components for the degradation of plant biomass and carbon flow in nature
,2003).

Xylan is a major structural component of plant cell walls and, after cellulose, is
the second most abundant renewable polysaccharide in nature (Collins e all, [2009).
It is the main hemicellulose in hardwoods from angiosperms and is less abundant in
softwoods from gymnosperms, accounting for approximately 15-30% and 7-12%
of their total dry weights, respectively (Wong er al., [1988). In woody tissues

xylan is located mainly in the secondary cell wall where, together with lignin,
it forms an amorphous matrix that includes and embeds cellulose microfibrils.
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Xylan interacts with lignin and cellulose via covalent and non-covalent linkages,
these interactions being of importance for both protecting the cellulose microfibrils
against biodegradation and maintaining the structural integrity of cell walls.
Xylan is a complex polysaccharide composed of a backbone of -1,4-linked
xylopyranosyl residues that, depending on the plant source, can be variably
substituted by side chains of arabinosyl, glucuronosyl, methylglucuronosyl, acetyl,
feruloyl and p-coumaroyl residues. Although homoxylans have been found in
some plants and seaweeds, in the latter case also containing xylose 3-1,3 linkages,
xylans containing exclusively xylose residues are not widespread in nature (Beg
et al., ). Xylan from most plant sources occurs as a heteropolysaccharide
and the terms glucuronoxylan and glucuronoarabinoxylan are commonly used to
describe xylan from hardwoods and softwoods, respectively. These two types of
xylan have 4-O-methyl a-D-glucuronic acid residues attached to C-2 of the xylose
backbone units. Hardwoods have this substitution on approximately 10% of the
xylose residues, while in softwoods around 20% of xylose residues are branched
with glucuronic acid. Softwood xylan is also substituted with a-L-arabinofuranose
on C-3 of approximately 13% of the xylose backbone residues (Coughlan and
Hazlewood, |_1293]) The degree of polymerization is variable among xylans, being
greater in hardwoods (150—200) than in softwoods (70—130) (Kulkarni e g/}, [1999).
While xylan from softwoods is not acetylated, xylan from hardwoods is highly acety-
lated, this substitution occurring on around 70% of the xylose units at C-2, C-3 or
both (Coughlan and Hazlewood, [1993). The presence of acetyl groups makes xylan
significantly more soluble in water (@, ). Xylan from grasses is usually
referred to as arabinoxylan because of its large content in arabinosyl residues, which
are linked to xylose at C-2 or C-3 or both. This xylan is acetylated and also has
glucuronic acid present, albeit at a lower content compared to hardwoods. Feruloyl
and coumaroyl residues ester-linked to C-5 of arabinose side chains are found in
xylans from different sources, and may be involved in the covalent cross-linking
of xylan molecules with lignin or with other xylan molecules. As a consequence of
all these features, xylans constitute a very heterogeneous group of polysaccharides
showing microheterogeneity with respect to the degree and nature of branching in
each category. Xylans containing rhamnose and galactose residues have also been

described from different plant sources (Wong ez al., |_]_98_8)

2. ENZYMATIC DEGRADATION OF XYLAN

Due its heterogeneity and complex nature, the complete breakdown of xylan requires
the action of a large variety of hydrolytic enzymes W [1083: Coughlan and
Hazlewood, [1993). These enzymes can be classified into two main groups: those
acting on the xylose backbone, and those cleaving the side chains. Degradation of
the xylose backbone depends on xylanases, that cleave bonds within the polymer,
and PB-xylosidases that release xylose units from xylobiose and xylooligomers.
Removal of xylan side chains is catalysed by a-L-arabinofuranosidases, o-D-
glucuronidases, acetyl xylan esterases, ferulic acid esterases and p-coumaric acid
esterases (Fig. ). Xylan degradation is quite widespread among saprophytic
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Figure 1. Structure of xylan and the sites of attack by xylanolytic enzymes. The backbone of xylan
chains is composed of 3-1,4-linked xylopyranose residues. This backbone can be variously substituted by
side chains of arabinosyl, glucuronosyl, methylglucuronosyl, acetyl, feruloyl and p-coumaroyl residues.
Hydrolysis of the xylan backbone is carried out by xylanases that hydrolyse internal linkages in xylan,
and B-xylosidases that release xylose units from xylobiose and xylooligomers, while removal of xylan
side chains is catalysed by a-L-arabinofuranosidases, a-D-glucuronidases, acetyl xylan esterases, ferulic
acid esterases and p-coumaric acid esterases

micro-organisms, including bacteria and fungi, as well as in the rumen micro-
biota, that possess complete xylanolytic enzyme systems MSunna
and Antranikian, ; , ). Synergism between xylan degrading
enzymes has been extensively studied and found to frequently occur between
xylanases and side chain cleaving enzymes, between xylanases and [3-xylosidases,
and also between different xylanases (Coughlan er afl, [1993; lde Vries er afl, [200d).
In this way, xylan degradation can proceed despite that the access of xylanases to
their targets in the xylan backbone may be obstructed by side chain substituents
and that these substituents may be more readily released from xylan fragments than
from the polymeric substrate.

3. XYLANASES
3.1. Function, Expression and Multiplicity

Xylanases (endo-B-1,4-xylanases, EC 3.2.1.8) cleave the xylan backbone into
smaller oligosaccharides. They are the key enzymes for xylan degradation and
differ in their specificities toward the xylan polymer. Many cleave only at unsub-
stituted regions whereas others have a requirement for side chains in the vicinity
of the cleaved bonds (Coughlan and Hazlewood, [1993). Most xylanases are also
active on xylooligomers of degree of polymerization greater than 2, showing
increasing affinity for xylooligomers of increasing length. Xylanases are endo
type enzymes that hydrolyse internal linkages in xylan and act by a random
attack mechanism yielding a mixture of xylooligosaccharides from the polymer.
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Nevertheless, characterization of Aeromonas xylanases which produce only one
oligosaccharide type as a reaction product from xylan suggested an alternative
mode of hydrolysis: an exo type mechanism from one end of the polymer
(Kubata et all, [1993) similar to the processive mode of action of exocellulases in
cellulose degradation (Lynd ez all, [2002). However, as this type of mechanism
would first require depletion of the side chains from xylan, the occurrence of true
exoxylanases for xylan degradation seems unlikely.

As xylan is a large polymer that cannot penetrate into cells, xylanases have to
be secreted to the extracellular environment to reach and hydrolyse it. Generally,
xylanases are induced in most micro-organisms during their growth on substrates
containing xylan. Small soluble oligosaccharides released from xylan by the action
of low levels of constitutively produced enzymes are transported inside cells where
they induce xylanase expression (Kulkarni ez af),[1999). In the fungus Cryptococcus
albidus, xylobiose is considered to be the natural inducer or the direct precursor of
compounds that induce xylanase expression (m, M). Regulation of xylanase
synthesis is often coordinated with the expression of cellulases, as in the case
of Aspergillus in which several regulatory proteins including the transcriptional
activator XInR and the carbon catabolite repressor CreA have been identified and
characterized (de Vries and Visser, [2001). Although most xylanases are extra-
cellular enzymes, usually secreted by the Sec-dependent pathway, periplasmic
xylanases have been described in some rumen bacteria and in Cellvibrio mixtus
(Eontes er all, 200d). These periplasmic xylanases are probably involved in the
breakdown of large xylooligosaccharides and protected in this location from extra-
cellular proteases. Recently, a cytoplasmic xylanase that may represent a new type of
enzymes involved in xylan degradation has been characterized from Paenibacillus
barcinonensis (Gallardo ez all, 2003). In common with three other xylanases charac-
terized from Bacillus and Aeromonas, the P. barcinonensis enzyme lacks a signal
peptide for export outside the cytoplasm. These four enzymes constitute a group
of highly homologous xylanases whose proposed role is the hydrolysis of the short
oligosaccharides resulting from extracellular xylan hydrolysis once they have been
transported inside cells.

Many xylan degrading micro-organisms produce a multiplicity of xylanases with

different but overlapping specificities (Wong and Saddleil, [198§). This has been

evidenced for important xylanase producers like Aspergillus, Trichoderma, Strepto-

myces and Bacillus amongst others (Beg et all,2001]; [Sunna and Antranikian, [1997).

Multiplicity of xylanases can arise from different post-translational processing of
the same gene product (Ruiz-Arribas et all, [1999), though very often several
xylanase-encoding genes have been isolated from a defined microbial strain. In this
regard, at least 4 xylanase genes have been isolated from Fibrobacter succinogenes

M) and 6 have been characterized in Cellvibrio japonicus (formerly
Pseudomonas cellulosa) (Emami ez all, 2002). The production of a multienzyme
system of xylanases, in which each enzyme has a specific function, represents a
strategy to achieve efficient hydrolysis of xylan.
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Cellulosomes are secreted multienzyme complexes found in anaerobic bacteria
that mediate the attachment between cells and cellulose particles to enhance the
efficiency of cellulose and hemicellulose degradation (Bayer ez all, 2004). They
contain numerous enzymes, most of them cellulases, kept together through interac-
tions between pairs of dockerin and cohesin domains located on the enzymes and on
a non-catalytic scaffolding protein. Xylanases are also found among the component
enzymes of most known cellulosomes. Xylan degradation can be essential in making
cellulose available for enzymatic hydrolysis, since cellulose is present in close
proximity with xylan in the plant cell wall matrix. By analogy, the term xylanosome
has been proposed for extracellular protein aggregates predominantly composed of
xylanases reported in several bacteria, though these have not been as well charac-

terized as cellulosomes dB_g_aLaLl 2001l; |J_i_an,g_aLaL|, M)

3.2. Molecular Architecture and Classification

According to their molecular architecture, xylanases, like cellulases and other
carbohydratases, can be classified into two types: single domain and multidomain
enzymes. Xylanases of the first type contain a single catalytic domain, whereas
multidomaim xylanases have a modular structure that comprises, in addition
to a catalytic domain, several ancillary domains joined by linker sequences
@M&mﬂhﬂﬂbﬂmndﬂazlﬂmdhﬂj) These domains may fold and
function independently and can mediate binding to cellulose (cellulose binding
domains, CBD), xylan (xylan binding domains), or to cellulosome scaffolding proteins
(dockerin domains); or they may have functions that are not yet fully identified such

as Fn3 domains (Kataeva et al],[2002) or SLH domains , ).

Cellulose binding domains, the most abundant non-catalytic domains in
xylanases; have been characterized and grouped into several families (Tomme
et al., ). They promote binding to different forms of crystalline or amorphous
cellulose and may disrupt cellulose microfibrils to facilitate degradation by cellu-
lases (Linder and Teerd, [1997). Modules that mediate binding to xylans have
also been characterized ,@). They include previously designated
thermostabilizing domains, found in some thermophilic m, ) and also
in mesophilic xylanases (Blanco ez all, ‘ﬁlt have subsequently been shown
to promote binding to xylan (M,‘ ). Identification of domains that
promote binding to other carbohydrates such as chitin and starch has prompted the
term carbohydrate binding module to group all domains that mediate binding to

carbohydrates dB_Q];as_mn_aLaﬂ DQM)

The heterogeneity and complex nature of xylan has resulted in a diversity of
xylanases with varying specificities, sequences and folds. [Wong er af. (1988)
classified xylanases into two types according to their physicochemical properties: a
group of low molecular weight (<30kDa) and basic pl, and a second group of high
molecular weight (>30kDa) and acidic pl. Although many xylanases fit in these
groups, the number of xylanases described since then has increased enormously,
and at present many xylanases of intermediate properties have been identified that
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do not fit either of these categories. A more complete classification system was
introduced in 1991 for the glycoside hydrolases (EC 3.2.1.x), a group of enzymes
in which xylanases are included, which is based on primary structure comparison
of catalytic domains and the grouping of enzymes in families of related sequences
m, [1991]). From the 35 families identified in 1991, the classification has
been updated regularly with newly sequenced enzymes and comprises over 100
families (GH1 to GH106) at present on_u_Lin.hg_an_d_H_Qn.tiss_ai, (1999 Carbohydrate
Active enZYmes CAZY server at http://afmb.cnrs-mrs.fr/CAZY/). Most families
comprise enzymes with the same substrate specificity, though several families are
polyspecific and include enzymes active on different carbohydrates. The finding of
related structures in different families has resulted in the introduction of a higher
hierarchical level of classification known as the superfamily or clan. A clan is a
group of families that are believed to share a common ancestor and show related
tertiary structures together with conservation of the catalytic residues and catalytic
mechanism (Henrissat and BairocH, [1996).

Xylanases are usually classified into glycoside hydrolase families 10 (formerly F)
and 11 (formerly G). These two families include, respectively, xylanases of the
high MW/low pl and low MW/high pl groups previously mentioned, but each
of the families includes many other xylanases with physicochemical properties

widelf different from these two groups (Sunna and Antranikjan. 11997 Beg
etal., ). Family 10 includes cellobiohydrolases (exocellulases) and endo-B-1,3-

xylanases besides xylanases (endo-B-1,4-xylanases), while family 11 is monospe-
cific, comprising solely xylanases. A small number of recently characterized
xylanases do not show sequence similarity to families 10 or 11. Instead, these
xylanases exhibit homology to enzymes belonging to glycoside hydrolase families
5,7, 8 and 43. Accordingly, the group of families containing xylanases should be

expanded to include these new enzymes (Collins er all, 2003).

3.3. Structure

The three dimensional structures of many bacterial and fungal xylanases from
families 10 and 11 have been reported. In addition, crystal structures from new
xylanases belonging to families 5 and 8 have been solved within the last few years.

Glycoside hydrolase families 5 and 10 are members of clan GH-A which includes
17 glycoside hydrolase families. Despite large differences in size and sequence,
members of this clan possess a catalytic domain of 250-450 amino acids which
shares a common (a/B)s TIM-barrel fold and a remarkable conservation of the
3D structure of the active site (Fig. Bh). Many family 10 enzymes are modular,
containing a carbohydrate binding module connected to the catalytic domain by a
flexible linker. To date, the only crystal structures of full length xylanases known
for this family are those of Xynl0A from Streptomyces olivaceoviridis (Fujimoto
et al. ,-M) which displays a small substrate binding domain linked by a Gly/Pro-
rich region, and Xyn10C from Cellvibrio japonicus which bears a family 15 carbo-
hydrate binding module (M, ). In both cases the linker is not visible
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Figure 2. Three-dimensional structure of xylanases and their complexes with xylooligosaccharides.
a) Structure of the catalytic domain of GH10 Cellvibrio japonicus (formerly Pseudomonas fluorescens)
xylanase A in complex with xylopentaose showing the typical (a/B)g-barrel fold. The oligosaccharide
chain is occupying subsites —1 to +4 within the active site cleft ,). b) Structure
of GHS5 xylanase A from Erwinia chrysanthemi showing the (a/B)¢-barrel catalytic domain and a small
[39-barrel domain, probably a xylan binding module m, m) ¢) Structure of the E94A
mutant of the GHI11 xylanase from Bacillus agaradhaerens in complex with xylotriose. The typical
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in the electron density maps. Attempts to crystallize other family 10 xylanases in
their intact multidomain forms have been unsuccessful so far, possibly due to the
mobility of these enzymes allowed by the flexibility of the linkers that connect the
domains.

The three dimensional structure of the family 5 xylanase XynA from Erwinia
chrysanthemi has been reported (Larson er afl, [2003). This enzyme contains a short
module of 100 residues located at the C-terminus, that is similar to carbohydrate
binding modules of family 20 and attributed to promote xylan binding (Fig. Bb).
Comparison of XynA to the known catalytic domains of families 5 and 10 shows
that XynA is no more structurally equivalent to family 5 than it is to family 10
xylanases (Larson et all, 2003).

Family 11 xylanases usually have catalytic domains of 180-200 residues that
fold into a B-sheet motif known as the B jelly-roll fold (Fig. Bk) and shared with
family 12 cellulases, both members of clan GH-C. Interestingly, enzymes of family
11 are more specific for xylan and they usually do not contain additional domains,
though some examples of this family such as TfxA from Thermobifida fusca show
domains for substrate binding (m, @)

Finally, the structures of two family 8 enzymes, a xylanase from Pseudoal-

teromonas haloplanktis (Van Petegem er all, [2003) and BH2105 enzyme from

Bacillus halodurans that hydrolyses xylooligosaccharides but is not active on xylan
(Honda and Kitaokd, [2004), have been reported. They fold into an (a/at)4-barrel,
common among other inverting glycosidases: family 9 endoglucanases, family 15
glucoamylases and family 48 cellobiohydrolases (Fig. BH).

The active site of xylanases is an extended open cleft consistent with their
endo mode of action. It usually displays between four and seven subsites for
binding the xylopyranose rings in the vicinity of the catalytic site. The binding sites
are numbered in either direction from the catalytic site and are assigned positive
numbers in the direction of the reducing end of the substrate, which constitutes
the leaving group (the aglycone), and negative numbers in the direction of the
non-reducing end, which remains bound to the catalytic site in the intermediate
complex state (Fig. Bk). The crystal structures of family 10 and family 11 xylanases
in complex with oligosaccharides and inhibitors have revealed detailed information
on how the xylan backbone binds to these enzymes WMSabini
et al. ,—M). The data show that residues forming subsites —2 and —1 are conserved
in each family, while the aglycone moiety can be located in variable sites.

.

<«

Figure 2. (Continued) fold of the family is a B-sheet motif known as the 3 jelly-roll. The xylose chain
spans subsites —3 to —1 , ). d) Structure of the GH8 xylanase from Pseudomonas
haloplanktis in complex with xylose, that occupies putative subsite +4. The polypeptide chain of this
family folds into an (a/a)4-barrel common to other inverting glycoside hydrolases (Van Petegem
et al., M). e) Molecular surface of the inactive xylanase 10B E262S mutant from Cellvibrio mixtus
showing a close-up view of the active site tunnel. A xylotriose moiety is occupying subsites —3 to —1,
while xylotriose at subsites +1 to 4-3 is decorated with 4-O-methyl glucuronic acid ,M)
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Comparisons of the catalytic properties of the xylanases in the two major families,
10 and 11, show that family 10 xylanases exhibit greater catalytic versatility or lower
substrate specificity than enzymes in family 11, and can also exhibit activity on some
cellulosic substrates such as aryl cellobiosides (Biely er all, [1997). Furthermore,
family 10 xylanases show greater activity on short xylooligosaccharides than family
11 enzymes, indicating the existence of smaller binding sites. In agreement with this,
enzymes from family 10 yield smaller hydrolysis products from glucuronoxylan and
rhodymenan (-1,3-B-1,4-xylan), further hydrolysing the oligosaccharides which
are released from these polysaccharides by family 11 xylanases, and usually cleave
xylans to a greater extent (Kolenova er all, [2009).

Substituents in the xylan chain seem to affect xylanases differently and appear
to constitute a more serious steric hindrance for family 11 members. Indeed, one
of the differences between the two major families of xylanases is that family
11 enzymes hydrolyse unsubstituted regions of xylan, whereas the corresponding
family 10 xylanases are able to attack decorated regions of the polysaccharide.
Recent studies on XynlOB from Cellvibrio mixtus in complex with decorated
xylooligosaccharides revealed that the two major decorations of xylan, arabinose
and 4-O-methylglucuronic acid, can be accommodated in selected glycone and
aglycone subsites of family 10 enzymes (M, M) (Fig.2k). A more recent
crystal structure of a family 10 xylanase from Thermoascus aurantiacus in complex
with an arabinofuranosyl-ferulate substrate has shown extensive interaction of the
arabinose with the enzyme, thus suggesting a role for the xylan side chains as

determinants of specificity for this family of xylanases (Vardakou ez afl, [2003).

34. Catalytic Mechanism

Glycoside hydrolases act by two major mechanisms which result in a net retention
or inversion of the anomeric configuration W_M_Collms
et al., |20£13) Xylanases from families 10 and 11 catalyse hydrolysis by a
double displacement mechanism with retention of the anomeric configuration. Two
conserved glutamate residues suitably located in the active site (approximately
5.5 A apart) are the catalytically active residues. One of the glutamate residues acts
as a general acid catalyst that protonates the glycosidic oxygen, while the second
performs a nucleophilic attack resulting in the departure of the leaving group and the
formation of an a-glycosyl/enzyme intermediate. In a second step, the first catalytic
residue now functions as a general base, abstracting a proton from a water molecule
that attacks the anomeric carbon and hydrolyses the glycosyl/enzyme intermediate.
This second substitution at the anomeric carbon generates a product with the same
stereochemistry as the substrate, thus retaining the anomeric configuration (Collins
et al., ). A similar catalytic mechanism is found in family 5 enzymes. By
contrast, family 8 glycoside hydrolases operate with inversion of the anomeric
configuration. Glutamate and aspartate are believed to be the catalytic residues. One
acts as a general acid catalyst while the other acts as a general base catalyst, and are
typically separated in the active centre by a distance of around 9.5 A to allow the
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accommodation of a water molecule between the anomeric carbon and the general
base. As a consequence of the single displacement mechanism, the configuration
of the anomeric centre is inverted.

4. B-XYLOSIDASES AND DEBRANCHING ENZYMES
4.1. B-xylosidases

As mentioned above, efficient degradation of xylans requires not only the action
of xylanases but also the cooperation of other enzymes such as 3-xylosidases and
chain degrading enzymes. B-xylosidases (3-1,4-xylosidases, EC 3.2.1.37) hydrolyse
xylobiose and short chain xylooligosaccharides generated by the action of xylanases,
releasing xylose from the non-reducing end. The affinity of -xylosidases for
oligosaccharides decreases with the increasing degree of polymerisation of the latter.
These enzymes do not usually hydrolyse xylan but they can hydrolyse artificial
substrates such as p-nitrophenyl-3-p-xylopyranoside which is frequently used as a
substrate for routine colourimetric assays of (3-xylosidase activity (Coughlan and
Hazlewood, [1993). B-xylosidases are grouped into glycoside hydrolase families 3,
39, 43 and 52, including enzymes with inverting and retaining catalytic mecha-
nisms (Shallom and Shohan, 2003). Many B-xylosidases also show transxylosidase
activity, allowing the formation of products of higher molecular weight than the
starting substrates and hence the production of novel xylose-containing substances
under appropriate conditions. This suggests a possible application of these enzymes

in the synthesis of specific oligosaccharides (de Vries and Visser, [2001]). As regards

the location of 3-xylosidases, they appear to be mainly cell-associated, though many

extracellular B-xylosidases have also been reported (IC&ugh_l.an_zLalJ, h_QQj)

4.2. «-L-arabinofuranosidases

a-L-arabinofuranosidases (EC 3.2.1.55) are exo-acting enzymes that catalyse the
cleavage of terminal arabinose residues from the side chains of xylan and other
arabinose-containing polysaccharides (@, M) They have been classified
into families 43, 51, 54 and 62 of the glycoside hydrolases and are usually
assayed colourimetrically by monitoring the hydrolysis of p-nitrophenyl-o-L-
arabinofuranoside (Coughlan er all, [1993). The apparent release of arabinose by
some xylanases gave rise to a classification of xylanases into debranching and non-
debranching enzymes depending on whether or not they produced free arabinose
in addition to cleaving the xylan backbone (Matte and Forsberg, [1992). However,
it seems that the reported release of arabinose by xylanases may have been due to
contamination of these enzymes by trace amounts of arabinofuranosidases. Indeed,
synergistic activity between xylanases and arabinofuranosidases makes it possible
that a small amount of contaminant may yield detectable amounts of free arabinose

(Coughlan er all, [1993).
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4.3. a-D-glucuronidases

These enzymes (EC 3.2.1.131) hydrolyse the linkages between 4-O- methylglu-
curonic/glucuronic acid and xylose residues in glucuronoxylan, and are found
exclusively in glycoside hydrolase family 67. Despite their role in the biodegra-
dation of xylan, there are not many examples of these enzymes. Some show activity
only on short xylooligomers or small model molecules, while others can release
glucuronic acid from polymeric xylan (m, @)

4.4. Acetyl Xylan Esterases

Acetyl xylan esterases (EC 3.1.1.72) remove the acetyl groups from acetylated
xylan. These enzymes are a late discovery due to the lack of appropriate substrates.
Although xylans can be highly acetylated, most of the substrates used to study
enzymatic degradation were obtained by alkali extraction, a method that tends to
strip the acetyl groups from xylan (Sunna and Antranikiad, [1997). Acetyl xylan
esterases play an important role in the hydrolysis of xylan since acetyl groups can
hinder the approach of enzymes that cleave the xylan backbone, hence the removal

of these substituents facilitates the action of xylanases (Ingh]_an_aLalJ, |_L293)

4.5. Hydroxycinnamic Acid Esterases

Ferulic acid and p-coumaric acid esterases cleave the ester bonds between arabinose
side chains and feruloyl or p-coumaroyl residues, respectively (Williamson
et al., ). These residues can cross-link xylan molecules to each other or to
lignin. The high yield of ferulic and p-coumaric esterases produced by the fungus
Neocallimastix and other rumen anaerobic fungi seems to provide these micro-
organisms with an advantage over bacteria by conferring on them the ability to

degrade and utilise phenolic ester-linked arabinoxylans (Ian.Qman_eLalJ, hﬂj)

S. APPLICATIONS OF XYLANASES

Microbial hemicellulases, especially xylanases, have important applications in
industry due to their enormous potential to modify and transform the lignocellulose
and cell wall materials abundant in vegetal biomass which is used in a wide variety
of industrial processes. The biotechnological application of xylanases began in the
1980s in the preparation of animal feed, and later expanded to the food, textile and
paper industries. Since then the biotechnological use of these enzymes has increased
dramatically, covering a wide range of industrial sectors. At present, xylanases
together with cellulases and pectinases account for 20% of the global industrial

enzyme market (Polizeli et all, 2003).
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Xylan is present in large amounts in wastes from the agricultural and food indus-
tries. Xylanases are thus of increasing importance for the bioconversion of ligno-
cellulosic biomass, including urban solid residues, to xylose and other fermentable
sugars for the production of biological fuels (ethanol) (@, @). Bioconversion
of xylan to the low calorie sweetener xylitol is a promising field where xylanases
can also play a key role (Palizeli ef all, 2003). Other less well documented potential
applications of xylanases include their use as additives in detergents, in the prepa-
ration of plant protoplasts, the production of pharmacologically active oligosaccha-
rides as antioxidants, and the use of xylanases possessing transxylosidase activity
for the synthesis of new surfactants (IB_h.a.i, [2000; [Collins er all, |20£13)

Xylanases are used as additives in animal feeds for monogastric animals, together
with cellulases, pectinases and many other depolymerizing enzymes. Enzyme degra-
dation of arabinoxylans, commonly found as ingredients of feeds, reduces the
viscosity of the raw materials thus facilitating better mobility and absorption of
other components of the feed and improving nutritional value (Palizeli er afl, 2003).
The incorporation of xylanase into the rye- or wheat-based diets of broiler chickens
resulted in an improvement in weight gain of chicks and their feed conversion
efficiency (Bedford and Classen, [1992). Similar improvements can be obtained for
pigs fed on a wheat-based diet supplemented with xylanases and phospholipases
(Diebold er atl, 200).

The application of xylanases along with pectinases in the juice and wine industries
facilitates the extraction and clarification of the final products (Im M) These
enzymes can also increase the stability of fruit pulp and release aroma precursors. As
regards the latter, a recombinant yeast strain expressing a fungal xylanase produced
a wine with increased fruity aroma (Ganga er g/}, [1999). Xylanases can be also used
in brewing to reduce beer’s haze and viscosity, and to increase wort filterability
(t&ﬂizﬂi_eud.l, [2003). As baking additives, xylanases degrade flour hemicelluloses
resulting in a redistribution of water from pentosans to gluten, thus giving rise to
an increase in bread volume and crumb quality, and an antistaling effect (Linko
etal., ). This can be further enhanced when amylases are used in combination
with xylanases (Monfort et afl, [1996).

The major current industrial application of xylanases is in the pulp and paper
industry where xylanase pretreatment facilitates chemical bleaching of pulps,
resulting in important economic and environmental advantages over the non-
enzymatic process (Viikari er afl, [1994; [Bajpai, 2004). Xylanases do not remove
lignin-based chromophores directly but instead degrade the xylan network that traps
the residual lignin. Degradation of xylan in xylan-lignin complexes or reprecipi-
tated on the surface of fibres after kraft cooking, allows a more efficient extraction
of lignin by the bleaching chemicals. Microscopic analysis of pulps shows that
xylanase treatment opens up fibre surface which exhibits detached material, in
contrast to the smooth surface of untreated fibres (Fig. ) (Rancero er all, [200d).
Xylanase-boosted bleaching results in up to 20-25% savings on chlorine-based
chemicals and a reduction of 15-20% in the generation of pollutant organic
chlorine compounds from lignin degradation (adsorbable organic halogens, AOX)
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(Viikari er all, [1994; [Bajpai, [2004). The reduction in the amount of chemical
bleaching agents required to obtain a target paper brightness has contributed to
the replacement of elemental chlorine by the less polluting chlorine dioxide in
elemental chlorine free (ECF) bleaching sequences, or to the total replacement of
chlorine compounds by alternative bleaching agents such as hydrogen peroxide and
ozone in total chlorine free (TCF) bleaching sequences.

The bleaching efficiency of different fungal and bacterial xylanases has been
analysed. Although many of the enzymes tested are highly efficient as bleaching
aids, notable differences can appear depending on the family and traits of each
particular enzyme (Elegir er all, [1993; [Clarke er al],[1997). The response to enzyme-
aided bleaching can also be affected by the bleaching sequence, wood species
concerned and the pulping method (ISJ.mmakkLeLaLl h&% |N.eJ.s.0meLaL|, UM;
[Christov ez all, 200d). At present, many microbial xylanases are available on the
market and are successfully used in pulp mills m, M).

In relation to the bleaching process, xylanase treatment can modify pulp-refining
properties. In some cases, enzymatically treated pulps require greater beating, while
the strength properties of the paper are not affected or only slightly modified

,2003; [Vicuiia er all, [1993). A decrease in xylan content by enzyme
treatment has been reported to modify the ageing and brightness reversion of pulps
and paper, which can show increased stability and less yellowing tendency after
enzyme treatment (Buchert er all, [1997).

Besides xylanases, other hemicellulases have also been tested as bleaching aids
with various results. Among them, [3-mannanases have been shown to facilitate
bleaching, eliminating residual lignin and increasing paper brightness, though the
effect of mannanases is usually less pronounced than that of xylanases (Montiel
etal., ; , ). Advances in understanding lignin degradation has resulted
in the proposal of a different strategy for bleaching, involving the direct removal of
lignin by lignin depolymerizing enzymes (laccases and peroxidases). Laccases from
several fungi and from Streptomyces have been successfully assayed (Bourbonnais
et al., ; ISig ; 1) whereas few examples of
brightness improvement with manganese peroxidases have been reported to date.

The application of xylanases in the pulp and paper industry is not restricted to
bleaching. The good results obtained in this field have stimulated the evaluation
of the use of xylanases in other stages of pulp and paper manufacture. Application
of xylanases in mechanical pulping, pulp drainage or the deinking of recycled
fibres is currently being evaluated, and the promising results obtained are leading
to an expanding use of xylanases in this industry and an increasing importance for
xylanases in the world enzyme market.

.

<«

Figure 3. SEM analysis of cellulose fibres. Scanning electron micrographs of fully unbleached (A) and
(C), or oxygen delignified (B) and (D) Eucalyptus kraft pulps before or after xylanase treatment. (A)
and (B) untreated pulps showing fibres with smooth surfaces; (C) and (D) xylanase treated pulps
showing flakes and filaments of material detached from the fibre surface. Courtesy of Dr. T. Vidal

,ood)
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1. INTRODUCTION

The plant cell wall represents the most abundant reservoir of organic carbon in
the biosphere with 10!! tons synthesized annually. The degradation of this macro-
molecular structure by microbial enzymes is a key biological process that is central
to the carbon cycle, herbivore nutrition and host invasion by phytopathogenic
fungi and bacteria. The plant cell wall also represents an important industrial
substrate and microbial enzymes that attack this composite structure are widely
used in the food, beverage, paper and pulp, and detergent sectors, while the
potential utility of these enzymes in the energy industry (the estimated energy
content of sugars released annually from plant cell wall degradation is equiv-
alent to 640 billion barrels of oil) is significant. Xylan is one of the building
blocks of the plant cell wall and is the major constituent of hemicellulose. After
cellulose it is the most abundant renewable polysaccharide in nature. Xylan,
a heterogeneous polymer and highly variable in its structure, is composed of
D-xylopyranosyl units linked by B-1,4-glycosidic bonds (Fig. [)). In hardwoods,
the xylan backbone is decorated with side chains, including acetic acid that ester-
ifies the xylose units at the C-2 or C-3 positions and 4-O-methyl-D-glucuronic
acid linked to the xylose units via o-1,2-glycosidic bonds. In non-acetylated
softwood xylans, in addition to uronic acids, there are L-arabinofuranose residues
attached to the main chain by «-1,2 and/or a-1,3-glycosidic linkages. In cereals and
grasses hydroxycinnamic acids esterify the arabinofuranoses. The most abundant
hydroxycinnamic acid is trans-ferulic acid, (E)-4-hydroxy-3-methoxycinnamic
acid, which is usually esterified at position C-5 or C-2 to a-L-arabinofuranosyl
side chains in arabinoxylans and at position C-4 to a-D-xylopyranosyl residues
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Figure 1. The basic structural components found in xylan and the hemicellulases responsible for their
degradation

in xyloglucans. Chains of arabinoxylans are strengthened by cross-linking ferulic
acid dimers which are ester linked to the arabinose sugars. Thus enzymes such as
a-L-arabinofuranosidases (EC 3.2.1.55), a-glucuronidases (EC 3.2.1.139), acetyl
xylan esterases (EC 3.1.1.72), and feruloyl esterases (EC 3.1.1.73) that remove side
chain substituents from the xylan backbone are required in addition to endo-3-1,4-
xylanases (EC 3.2.1.8) and B-xylosidases (EC 3.2.1.37) for the complete degradation
of xylan (Fig. ). This battery of enzymes includes two types of microbial carbohy-
drate esterases (EC 3.1.1.1): acetyl xylan esterases (AcXEs) and feruloyl esterases
(FAEs), less well known than related lipases and other esterases.

2. ACETYL XYLAN ESTERASE

The existence of acetyl xylan esterase (AcXE, EC 3.1.1.72) was first reported
in fungal cultures of Schizophyllum commune (Biely [1989; Biely er all, [1986).
AcXE catalyses the hydrolysis of the acetyl side groups in glucuronoxylan, which
is the main component of hardwood hemicellulose. Glucuronoxylan (O-acetyl-4-
O-methylglucuronoxylan) is composed of 3-1,4-linked D-xylopyranoside residues.
Approximately every 10th xylose unit carries a 4-O-methylglucuronic acid side
chain attached to the 2-position of xylose, and 7 out of 10 xylose residues contain
an O-acetyl side group at the C-2 or C-3 position or both.

AcXEs fall into seven of the fourteen carbohydrate esterase (CE) families estab-

lished bylCoutinho and Henrissat (1999), indicating that these enzymes show consid-

erable sequence divergence. Family 1 includes fungal AcXEs from Aspergillus mger

(Ideﬁ.l:a.aftzml] U&Qﬂ) Asperglllus oryzae (Kose
] ; ] ] . Koseki
etal., ), S. commune m et al., 1994 [Biely et ail, [198 d), Penicillium

purpurogenum AcXE 1 d et al. @) and bacterial enzymes such as a Ferulic
Acid Esterase (FAE) from Cellvibrio japonicus which contains a cellulose-binding
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domain (CBD) (Eerreira er all, [1993), and the catalytic domains of the bifunc-
tional enzymes of anaerobic bacteria (Eontes er all, [1993). Family 2 includes
AcXEs from the fungus Neocallimastix patriciarum (Dalrymple er all, ) and the
anaerobic bacterium Clostridium thermocellum (Hall et al),11988). Family 3 includes
AcXEs from the fungus N. patriciarum (Dalrymple et all, @), and the anaerobic
rumen bacteria C. thermocellum (Hall ez all, [1988) and Ruminococcus flavefa-
ciens (Zhang et all, 1994). Family 4 includes AcXEs from Streptomyces lividans
(contains a xylan-binding domain (XBD) (Dupont er all, [1996)), Streptomyces
thermoviolaceus ((Lsujibo ez all, [1997), bifunctional enzymes (having two catalytic
domains alonﬁ with both CB and XB domains (Laurie ¢ gf). [1997%: Millward-
Sadler et al., )) from the aerobic bacteria Cellvibrio japonicus, Cellvibrio
mixtus and Cellulomonas fimi, and an endoxylanase-AcXE protein from Clostridium
cellulovorans (Kosugi et all, [2004). Family 5 includes fungal esterases from
Hypocrea jecorina (formerly known as Trichoderma reesei) (Hakulinen et all,2000)

and P. purpurogenum (Ghosh et all, |2£)Q1|) Family 6 includes fungal esterases from

the anaerobe N. patriciarum , ). Enzymes in carbohydrate
esterase family 7 are unusual in that they display activity towards both acetylated
xylooligosaccharides and the antibiotic cephalosporin C. Members of this family
include AcXEs from Thermoanaerobacterium sp. (M, @ , Thermotoga
maritima (IN_eJ.sQn_eLaLl, ll_‘z%i), Bacillus pumilus, W, m and
the cephalosporin-C deacetylase from Bacillus subtilis (m, . ). It
has been suggested that the AcXE and cephalosporin C deacetylase (EC 3.1.1.41)
enzymes of the CE-7 family represent a single class of proteins with a multifunc-
tional deacetylase activity against a range of small substrates (hﬁ.n.QQn.LaLalJ, |2£K13)
Three-dimensional structures are known for AcXEs belonging to families 5 and 7.
This is the case for the family 5 enzymes AXE1 of T. reesei (Hakulinen er afl, 2000)
and AXEIl of P. purpurogenum m,'@b These two enzymes belong to the
superfamily of the a/3 hydrolase fold, the core domain of which has an o/B/a sandwich
fold and a catalytic triad (Ser-His-Asp). Known 3-D structures of carbohydrate family
7 include B. subtilis cephalosporin-C deacetylase (CAH), (Vincent ez g/l, [2003) and
T. maritima AXE (mlj M) These enzymes are hexameric o/ hydrolases
with a narrow entrance tunnel which leads to the centre of the molecule where the six
active-centre catalytic triads point towards the tunnel interior and thus are sequestered
away from the cytoplasmic content. By analogy to self-compartmentalising proteases,
the tunnel entrance may function to hinder access of large substrates such as acetylated
xylan to the poly-specific active centre. This also would explain the observation that
the enzyme is active on a variety of small, acetylated molecules. The activity against
cephalosporin-C suggests a possible pharmaceutical application for family 7 AcXEs
in the production of semi-synthetic antibiotics.

3. FERULIC ACID ESTERASE

Ferulic Acid Esterase (FAE, EC 3.1.1.73) comprises a very diverse set of enzymes,
with few sequence and physical characteristics in common. Many FAEs have
been purified and characterized showing differences in physical properties such
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as molecular weight, isoelectric point and optimal reaction conditions (Table [).
Multiple alignments of sequences or domains demonstrating FAE activity, as well
as related sequences, have been used to construct a neighbour-joining phylogenetic
tree (Crepin er all, 2004d). The result of this genetic comparison, supported also by
substrate specificity data, allows FAEs to be sub-classified into 4 types: A, B, C and
D. Due to the increasing number of FAEs being isolated, a system of nomenclature
has been proposed using the letters of the producer micro-organism followed by
Fae to designate that it is an enzyme with feruloyl esterase activity and then
a letter to designate the proposed sub-class based on the specificity data of the
enzyme (Klr_epin_aLaLJ, |21)1)A_d) For example, the type-A FAE produced by Fusarium
oxysporum would be termed FoFaeA. Previously reported FAEs do not follow this
nomenclature. Although FAEs appear to have some common roots according to the
phylogenetic tree constructed by ICrepin e all (2004d), they show greater sequence
homology with a variety of other enzymes such as lipases, AcXEs and xylanases.

It is extremely common for esterases to act on a broad range of substrates.
Esterases acting on plant cell walls catalyse similar chemical reactions but they
exhibit different specificities for the aromatic moiety of hydrocinnamates or the
linkage to the primary sugar in feruloylated oligosaccharides and variation in their
ability to release dehydrodimeric forms of ferulic acid from plant cell wall material.
The catalytic specificity shown by FAEs, as defined by the rate of catalysis divided
by the Michaelis constant (k. /K, ) which gives the best indication of ‘preferred’
substrates, is a result of the complexity of the plant cell wall material. Type A FAEs
show preference for the phenolic moiety of the substrate that contains methoxy
substitutions, especially at meta- position(s) as occurs in ferulic and sinapinic acids,
while type B FAEs show complementary activity to type A esterases, showing
preference for substrates containing one or two hydroxyl substitutions as found in
p-coumaric or caffeic acid. In contrast to type B esterases, type A FAEs appear to
prefer hydrophobic substrates with bulky substituents on the benzene ring (Kroon
et al.m). The high level of sequence identity of AnFacA
with the lipases from Thermomyces lanuginosus TLL (30% sequence identity)
and Rhizomucor miehei (37% sequence identity) seems to justify the hydrophobic
substrate preference of the esterase. Furthermore, type A and D FAEs in contrast to
type B and C are also able to release small amounts of dehydrodimeric ferulic acid.
Type C and D FAEs show broad specificity against synthetic hydroxycinnamic
acids (ferulic, p-coumaric, caffeic and sinapinic acid) showing differences only
in their_ability to release 5-5° dehydroferulic_acid (Crepin er gll. [2004d: Crepin
et al. M)

Sufficient specificity studies have been conducted in order to demonstrate the
ability of FAEs in releasing ferulic acid from model substrates synthesized by
chemoenzymatic synthesis m, M) or from naturally occurring feruloy-
lated oligosaccharides obtained by controlled enzymatic digestion of plant cell
wall material. It seems that there is a correspondence between the FAE classifi-
cation and the affinity of these enzymes for the position of a-L-arabinofuranose

feruloylation. Type A esterases such as AnFaeA (Williamson er all, llﬂﬂ), TsFaeA
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(Garcia-Conesa et all,2004) and FoFaeA (Topakas er ail, 2003H) (Table[) are active

only on substrates containing ferulic acid ester linked to the C-5 and not on substrates
containing ferulic acid ester linked to the C- 2 linkages of L-arabinofuranose. In

contrast, type B FAEs such as AnFaeB Lgﬁﬂmm&oon
et all,12003). TsFaeB (Garcia-Conesa

etal., FAE from A. pullulans
et al., ), FoFaeB ) and StFaeB (| , 2004)

(Table[) are active on substrates containing ferulic acid ester linked to C-5 or C-2 of
L-arabinofuranose, with different preferences depending on the esterase studied. The
inability of type A FAE to hydrolyse the C-2 linkage between ferulic acid and the
L-arabinofuranose residue could be a new criterion for use in the classification of this
subclass of esterases. Type C and D FAEs such as StFaeC ,20054),

TsFaeC (Garcia-Conesa er al], 2004) and CjXYLD [1993) are able to
hydrolyse both linkages. The active sites of FAEs from mesophilic and thermophilic
sources_have been Erobed usinﬁ methyl esters of phenylalkanoic acids (Kroon
etal., R R ). The thermophilic esterases from S. thermophile
(StFaeB and StFaeC) showed k,,, values for phenylalkanoic and cinnamoyl methyl
esters lower than those of the mesophilic esterases from F. oxysporum (FoFaeA and
FoFaeB). A similar observation was made comparing the k., values for the methyl
esters of hydroxycinnamic acids for StFaeB and FoFaeB. Lengthening or shortening
the aliphatic side chain of phenylalkanoate substrates while maintaining the same
aromatic substitutions of the substrates completely abolished FAE activity, showing
that the distance between the aromatic group and the ester bond is critical for

enzyme catalysis . However, Tarbouriech
et al. ) reported that substrates with short aliphatic chains (vanillate and

syringate which contain only one carbon atom in the aliphatic chain) also bind to
the active site of XynY FAE indicating that the length between the phenyl group
and methyl ester in these molecules is not crucial, even if it may contribute to the
correct orientation for catalysis.

Recently, the number of reported FAE activities has increased, especially with
the acquisition of related protein sequences in genomic databases (Table ). Many
of these enzymes are modular, comprising a catalyt1c domain covalently fused

to a non-catalytic carbohydrate binding module . Ferreira
et al., |l§§3, Eé;;; EZ EZ], |ES !S )d, aurie et gl ). There have also been reports

of FAEs being present in large multidomain structures such as cellulosomes (Blum

et al., ). A chimeric enzyme composed of feruloyl esterase A (FAEA) from
A. niger and a dockerin from C. thermocellum was produced in A. niger (Levasseur
etal., ). This is the first reported example of a functional fungal enzyme joined

to a bacterial dockerin.
Unlike AcXEs which are distributed across seven different families (CE families
1 to 7), the majority of the FAEs such as the type B esterases of N. crassa

(Crepin er afl, 2003d) an%ﬂgﬂ, [2000) shown in Table [I
are classified in family 1 @) The crystal structures of
FAE, AnFaeA/FAE-III from A. niger 2004 IMcAuley er all,

[Eau].ds_aLalJ 2009) and FAE domains, XynY (I (_ m Tarbourlech
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Table 2_| FAE genes and their accession numbers known to date

Micro onlganisrn Gene Data bank Reference

Vries de et al., 1997
Aspergillus niger faeA Y09330 Juge et al., 2001*
Record et al., 2003
Levasseur ef al., 2004%*

Aspergillus awamori AwfaeA AB032760 Koseki et al., 2005¢
Aspergillus niger faeB AJ309807 Vries de et al., 2002
Aspergillus tubingensis faeA Y09331 Vries de et al., 1997
Butyripiljrio fibrisolvents cinl orcinA U44893 Dalrymple et al., 1996
Butyripilirio fibrisolvents cinll orcinB U64802 Dalrymple and Swadling, 1997
Cellviprip japonicus xynD X58956 Ferreira et al., 1993
Clostridium thermocellum XynY X83269 Blum et al., 2000
Clostridiyum thermocellum XynZ M22624 Blum et al., 2000
Neurofpdra crassa Fae-1 AJ293029 Crepin et al., 2003a*
Neurokpgra crassa faeD-3.544 - Crepin et al., 2004b
Penicyligm funiculosum faeB AJ291496 Kroon et al., 2000
Piromlyc¢s equi estA AF164516 Fillingham et al., 1999
Talardmyces stipitatus faeC AJ505939 Crepin et al., 2003b*

* Hetdrdlogous expression of the FAE in the methylotrophic yeast Pichia pastoris.
#% Chfmeric protein associating FAEA from A. niger and a dockerin domain from C. thermocellum.

et al. -EE) and XynZ (Schubot ez a/l, 2001)) of the cellulosomal enzymes included
in the cellulosome complex from C. thermocellum, have been determined. These
FAEs have a common o/f hydrolase fold and a catalytic triad (Ser-His-Asp)
also present in lipases. For example, the structure of AnFaeA displays an o/
hydrolase fold very similar to that of the fungal lipases from 7. lanuginosus
(Lawson ez all, [1994) and R. miehei (Derewenda ez all, [1992) but lacks lipase
activity (Mi ). The active site cavity is confined by a lid, similar
to that of lipases, and by a loop that confers plasticity to the substrate binding
site. The lid presents a high ratio of polar residues, which, in addition to a unique
N-glycosylation site, stabilizes the lid in an open conformation conferring the
esterase character to this enzyme (Hermoso et all, 2004). The structure and the
sequence homology of AnFaeA are different from that reported for the cellulosomal
enzymes XynY and XynZ from C. thermocellum, although the catalytic triads can be
superimposed allowing direct extrapolation of the position of the oxyanion pocket.
Co-crystallization studies of the inactive forms of Xan and AnFaeA with ferulic
acid (]Emt_es_aLaLl 2001); : or XynZ and AnFaeA with feruloyl
ohgosaccharldes ) were conducted in order
to identify the residues 1nvolved in substrate blndlng and reveal the hydrolytic
mechanism of FAEs. Furthermore, the structures of XynY FAE Ser-Ala mutant
complexes with syringate, sinapinate and vanillate methyl esters were reported by
[Tarbouriech ez all (IZQQS) indicating the importance of the meta-methyl group of
the ferulic ring for binding. [Faulds er afl (2009) solved the crystal structure of
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an inactive mutant of AnFaeA (S133A) in complex with O-{5-O-[(E)-feruloyl]-a-
L-arabinofuranosyl}-(1—3)-O-B-D-xylopyranosyl-(1—4)-D-xylopyranose (FAX,)
and observed that the ferulic acid moiety of the substrate was visible in the electron
density map showing interactions through its OH and OCH; groups with the
hydroxyl groups of Tyr80. However, the remaining groups of the substrate (i.e. the
arabinose and the two xylose units) were not visible. Accordingly, in the structure
of the XynZ FAE in complex with FAX, determined by [Schubot er afl 2001]), the
ferulic moiety was clearly visible in the active site while the carbohydrate parts
of the substrate were not, suggesting that tight binding of the carbohydrate is not
required for catalysis. These results are in agreement with the synthetic ability of
StFaeC in non-conventional media where the esterase seems to be able to esterify
a broad sEectrum of sugars showing specificity only to the ferulic moiety (Vafiadi
etal., ). In contrast to FAEs, determination of the crystal structure of a family
10 xylanase from Thermoascus aurantiacus complexed with xylobiose containing
an arabinofuranosyl-ferulate side-chain, revealed that the distal glycone subsite of
the enzyme makes extensive direct and indirect interactions with the arabinose

side-chain, while the ferulate moiety is solvent-exposed (Vardakou er afl, 2003).

4. USE OF ACETYL XYLAN ESTERASES AND FERULIC ACID
ESTERASES AS BIOSYNTHETIC TOOLS

There is an increasing demand for “green” (environmentally friendly) production
processes for biodegradable polymers with modified hydrophobic and rheological
characteristics. Enzymatic acylation of oligo- and polysaccharides is more environ-
mentally friendly than classical chemical synthesis. AcXE from S. commune, a
member of CE family 1 catalyses acetyl group transfer to methyl B-D-xylop-
yranoside and other substrates m’ ). This work was the first published
example of reverse reactions by AcXE.

Various hydroxycinnamic acids (ferulic, p-coumaric, caffeic, sinapinic) have
widespread industrial potential by virtue of their antioxidant properties. Generally,
such natural antioxidants are partially soluble in aqueous media, limiting their
usefulness in oil-based processes and that has been reported to be a serious disad-
vantage if an aqueous phase is also present. The modification of these compounds
via esterification with aliphatic alcohols results in the formation of more lipophilic
derivatives. The direct esterification of natural phenolic acids including the above
mentioned hydroxycinnamic acids with aliphatic alcohols catalysed by various
lipases in organic media has been reported, albeit with low reaction rate and yield.
Several authors have demonstrated that the lipase-inhibiting effect of electron-
donating substituents conjugated to the carboxylic groups in hydroxylated deriva-
tives of cinnamic acids like ferulic, p-coumaric, sinapinic and caffeic acid, is strong
(Figueroa-Espinoza and Villeneuvd, [2009). Esterification can be carried out by
lipases only if the aromatic ring is not para-hydroxylated and the lateral chain is
saturated. Thus, the enzymatic esterification of cinnamoyl substrates can be obtained
using only FAEs as biocatalysts.
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Transesterification of phenolic acids was catalysed by using a type A FAE
from F. oxysporum (FoFaeA) trapped in a n-hexane/1-propanol/water surfactantless
microemulsion ,|2m3_d). Greater synthetic activity was observed in
ternary water-organic mixtures having a lower water content. The synthetic activity
of esterases follows a pattern similar to their hydrolytic activity against various
methyl esters of cinnamic acids. FoFaeA shows a preference for the hydrolysis of
methoxylated substrates (Topakas ez all, 2005H) while conversion to butyl esters
was greater with ferulic and sinapinic acids. Type B esterases from F. oxysporum
(FoFaeB) (Lopakas er all, 2003N) and S. thermophile (StFaeB) showed preference
for the hydrolysis of hydroxylated substrates (Lopakas er gl), 200SH) and the
conversion to butél esters was enhanced with p-coumaric and caffeic acids (Topakas
et al, , ). The type-C FAE StFaeC from S. thermophile demonstrated
maximum hydrolytic activity against methyl ferulate (Lopakas er all, 2005H).
Optimal vields were achieved producing butyl esters with ferulic acid (Topakas
et al., ). Furthermore, it was reported that the same enzyme catalysed the
transfer of the feruloyl group to L-arabinose (Fig. @) in a ternary water-organic
mixture consisting of n-hexane, t-butanol and water system, achieving a conversion
of about 40% of L-arabinose to a feruloylated derivative (Lopakas er all, 20054).
This work was the first example of sugar esterification with unsaturated arylaliphatic
acids, like methoxylated or hydroxylated derivatives of cinnamic acids (such as
ferulic acid). Lipases are not able to catalyse such a reaction due to electronic and/or
steric effects m, M)

Phenolic acid sugar esters have demonstrable antitumoural activity and the
potential to be used to formulate antimicrobial, antiviral and/or anti-inflammatory
agents. As esters based on unsaturated arylaliphatic acids such as cinnamic acid
and its derivatives are known to display anticancer activity, specific FAEs could be
employed in the tailored synthesis of such pharmaceuticals.

The potential use of FAEs for the synthesis of feruloylated oligomers or polymers
using feruloyl esterases opens the door for the design of modified biopolymers with
new properties and bioactivities.

H4CO, o}
HO H OH
0
O
7 g o StFaeC A on

HO H OH > =

*t o ~- + CH30H
A 81 n-hexane/t-butanol/water
ocH, 53.4/43.4/3.2(VIVIv)
35°C
OH HG OCHj

Figure 2. Transesterification of methyl ferulate with L-arabinose by StFaeC
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1. INTRODUCTION

Pectin and other pectic substances are complex polysaccharides, which contribute
firmness and structure to plant tissues as a part of the middle lamella. The
basic unit in pectic substances is galacturonan (a-D-galacturonic acid). Pectic
substances are classified into two types; homogalacturonan and heterogalacturonan
(rhamnogalacturonan). In homogalacturonan, the main polymer chain consists
of a-D-galacturonate units linked by (1 — 4) glycosidic bonds, whereas in
rhamnogalacturonan, the primary chain consist of (1 — 4) linked a-D-glacturonates
and with about 2-4% L-rhamnose units that are (1 — 2) and (1 — 4) linked to
D-galacturonate units m, M) The side chains of rhamnogalacturonans
usually consist of L-arabinose or D-galacturonic acid units. In plant tissues, about
60-70% of the galacturonate units are esterified with methanol and occasionally
with ethanol. Based on the degree of esterification, pectic substances are classified
into protopectin, pectinic acid, pectin and polygalacturonic acid (Table[T]). Molecular
size, degree of esterification and weight distribution of polygalacturonic acid
residues are important factors that contribute to heterogeneity in pectic substances.
Relative molecular masses of pectic substances isolated from various sources such
as citrus fruits, apple and plums, range from 25 to 350 kDa.

Pectinases are a complex and diverse group of enzymes involved in the
degradation of pectic substances. The diversity of forms of pectic substances in plant
cells probably accounts for the existence of various forms of these enzymes. Pecti-
nases are classified depending on their substrate and mode of enzymatic reaction
(Fig. [). Pectinases act as carbon recycling agents in nature by degrading pectic
substances to saturated and unsaturated galacturonans, which are further catabolized
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Table 1. Different types of pectic substances®

Pectic substances Structural description Properties

Protopectin Galacturonate units linked by «-1,4-glycosidic Insoluble in water.
linkages. The carboxyl groups are highly esterified Degree of esterification
with methanol. Polymer is highly cross-linked with > 90%
Ca®" or with other polysaccharides

Pectin Galacturonate units linked by «-1,4-glycosidic Soluble in water. Degree
linkages. The carboxyl groups are esterified with of esterification at least
methanol 75%

Pectinic acid Galacturonate units linked by «-1,4-glycosidic Soluble in water. Degree
linkages. The carboxyl groups are slightly esterified of esterification varies
with methanol between 0 and 75%

Pectic acid Galacturonate units linked by «-1,4-glycosidic Soluble in water. Degree
linkages. of esterification 0

Rhamnogalacturonan ~ Galacturonate units linked by «-1,4-glycosidic Soluble in water.
linkages with rhamnose units lined by -1,2 and
B-1,4 linkages. The side chains are homogeneous
polymers of galacturonic acid and arabinose

?Apart from those mentioned in the table, oligomers of galacturonate and methyl galacturonate are
present.

to 5-keto-4-deoxy-uronate and finally to pyruvate and 3-phosphoglyceraldehyde
(Vincent-Sealy er all, [1999). Pectinases from phytopathogenic fungi such as

Aspergillus flavus, Fusarium oxysporum and Botrytis cinerea are also known to play
a vital role in plant pathogenicity or virulence by degrading pectic compounds

present in ce %WWMMM&MM‘MTCH
Have et al., | ). Pectinases, especially polygalacturonase, is known to play a
major role in pectin breakdown during the final stages of fruit ripening (Sozzi-
Quiroga and Fraschinam ). Polymethylgalacturonase (PMG),
polygalacturonase (PG), pectin lyase (PL), polygalacturonate lyase (PGL) and
pectinesterase (PME) are industrially important pectinases discussed in this chapter.

2. BIOCHEMICAL CHARACTERISTICS OF PECTINASES
2.1. Polymethylgalacturonase

PMG activity can be determined by measuring the reducing sugars formed due to
the hydrolysis of glycosidic bond or by measuring the reduction in viscosity of the
substrate. Highly esterified pectin is the best substrate for PMG whereas pectic acid
and pectate derivatives do not react with PMG. Few reports are available on the
biochemical characteristics of the enzyme due to following reasons: (a) the enzyme
has not been purified to homogeneity and characterized and (b) the activity of this
enzyme has not been demonstrated in the absence of other pectic enzymes and in
the presence of 100% methylated pectin. Hence, researchers need to be very careful
in reporting the activity of PMG. Aspergillus was found to be a major producer
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Act on pectin ?Eitdm polygalacturanic Act on rhamnogalacturonan
1. Folvrrethyigalacturongse: hydralysis 1. Folvgalacturonase (PG hydrolysis 1. Rhamnogaiacturonase (RG):
Endo PG (EC 3.2.1.15) hydralysis
2. Pectin Iyase (PL) : transelimination Exo PG1 (EC 3.2.1.67)
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Exo PGL (EC 4.2.2.9)

Figure 1. Classification of different pectinases based on their reaction with different pectic substances

of PMG followed by species belonging to Penicillium, Botrytis and Sclerotium.
PMG from A. niger showed optimum pH between 4 and 7 and highly esterified
pectin (95%) was the best substrate (Koller and Neukon, [1967). The analysis of
hydrolyzed products suggests Aspergillus produced only endo-PMG. Exo PMG has
not been reported so far. A highly acidic pectinase (optimum pH 2.3) from A. niger
has also been reported (Naidu and Pandd, [1998H). The isolation of PMG and its
biochemical characteristics need to be explored further for industrial applications.

2.2, Polygalacturonases

PG hydrolyzes the glycosidic linkages of polygalacturonates (pectates) by both
exo and endo splitting mechanisms. Endo PGs act on the homogalacturonan
backbone and break it into oligogalacturonates whereas exo-PGs break down
polygalacturonates to di- and mono—galacturonates. PG activity can be determined
by measuring the reducing sugars formed due to hydrolysis or by viscosity reduction
method. However, the viscosity reduction method is less sensitive for exo PGs as
the decrease in viscosity is relatively low. Cup plate method can also be used for
estimating PG activity by viewing the clearing zones after staining with ruthenium
red (Dingle er all, [1953; [Truong er atl, R001). Endo PGs are widely distributed
among fungi, bacteria and yeast. Endo PGs often occur in different forms having
molecular weights in the range of 30-80kDa and pl ranging between 3.8 and 7.6.
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Most endo PGs have their optimum pH in the acidic range of 2.5-6.0 and an
optimum temperature of 30°C-50°C (Singh and Rad, 2002; [Takao ez ail, 2001).
The K, values of endo PGs are in the range of 0.14-2.7 mg/ml for pectate. PG
shows no activity on highly methylated pectin. Exo PGs are widely distributed in
A. niger, Erwinia sp. and in some plants such as carrots, peaches, citrus and apples
, 11973; [Pathak and Sanwal, U&Qﬂ) The molecular weight of

exo PGs vary between 30-50kDa and their pl ranges between 4.0 and 6.0.
Biochemical properties of pectinases in plants are crucial for food processing
industries. The depolymerization of pectin by PG and other pectinases lead to a
decrease in viscosity, which in turn, negatively affects the quality of tomato-based
products. This can be prevented by selectively inactivating PG in the tomato by
hydrostatic pressure, microwave heating or by ultrasound techniques. Recent studies
of inactivation of PG by high pressure show promising results. PG I and PG II in
tomatoes differ substantially in their thermal stability, PG II being more thermostable
than PG T (Lopez er all, [1997). In another study, it has been reported that PG
I is more thermostable than PG II (Anthon er gl 2002). The effect of temper-
ature and pressure on the activity of purified tomato PG in the presence of pectins
with various degrees of esterification was studied. The results showed a decrease
in activity with an increase in pressure, at all temperatures. It has been reported
that application of high pressure at ambient temperature caused approximately 70%
decrease in PG activity. However, increasing the pressure from 300 to 700 MPa
had no significant additional effect demonstrating the pressure resistance of PG
(Krebbers ez a1},2003). The residual PG activity was abolished at 90 °C and 700 MPa.

2.3. Pectin Lyases

Endo-PL degrades pectic substances in a random fashion yielding 4:5 unsaturated
oligomethylgalacturonates and exo-PL has not been identified so far. Albersheim
and coworkers first demonstrated transeliminative pectin depolymerization using
pectin lyase from A. niger (Albersheim, ll_%ﬂ) Unsaturated oligogalacturonates
can be estimated using spectrophotometeric method by measuring the increase
in absorbance at 235 (molar extinction coefficient: 5.5 x 1073 M~'cm™!) or using
reducing sugar method or using thiobarbituric acid method (Nedjma ez afl, [2001).
The measurement of viscosity reduction can also be used to measure the activity
of PL but is predominantly used to determine whether the enzyme is endo or
exo-splitting. Pectin lyases do not show absolute requirement of calcium for its
activity except for Fusarium PL. However, it has been reported that PL activity
can be stimulated in the presence of calcium. The molecular mass of PL lie in the
range of 30 to 40kDa (Soriano ez all, 2003; [Hayashi er all, [1997) except in the
case of PL from Aureobasidium pullulans and Pichia pinus (~90kDa). In general
PL has been found to be active in acidic pH range of 4.0-7.0 although some
reports_show PL activity even in alkaline conditions i : Silva
et al., ). Isoelectric point has been found to be in the range of 3.5 for PL.
The K, values for PL are in the range between 0.1 mg/ml and 5 mg/ml respectively
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depending on the substrate used (Sakiyama ez all, [2001]; [Moharib er a1}, 200d). The
thermal deactivation of PL from A. niger was modeled by first-order kinetics and
found that _the deactivation rate constant is minimum at pH 3.9 and 29°C (Naidu
and Panda, ). The effect of reaction and physical parameters on degradation
of pectic substances was studied. The optimal amount of substrate and enzyme
are 3.1 mg pectin and 1.67 U of PL, respectively, while the optimum pH and

temperature are 4.8 and 35°C, respectively (Naidu and Pandal, [19994d). A substrate

to enzyme ratio of 4 was the best for depolymerization of pectin by PL (Naidu and

Panda, [L9991).

2.4. Polygalacturonate Lyase

Endo-PGL and exo-PGL are reported to degrade pectate by trans-elimination
mechanism yielding 4,5 unsaturated oligogalacturonates, which can be quantified
by methods described for PL. PGLs are found only in micro-organisms and they
have an absolute requirement of calcium ions for activity. PGLs have an optimum
pH near alkaline region (6—10), which is much higher than other pectinases (Singh
et al.,—@; ,ILuQng_eLalJ, |2£)D_1|;‘ ixi ,|2m)£||). PGL are primarily produced
by pathogenic bacteria belonging to Erwinia, Bacillus and certain other fungi
like Colletotrichum magna, Colletotrichum gloeosporiodes, Amylocota sp. The
molecular weight of PGL varies between 30-50 kDa except in the case of PGL from
Bacteroides_and_Pseudoalteromonas (~75kDa) (McCarthv er gl). [1983: Truong
et al.,2001). The optimum pH lies between 8.0 and 10.0 although PGL from Erwinia
and Bacillus licheniformis were active even at pH 6.0 and 11.0 respectively. In
general, the optimum temperature for PGL activity is between 30—40°C. However,
certain PGL from thermophiles have an optimum temperature between 50—75°C.
Pectates are good substrates for both endo and exo-PGL whereas chelating agents
are inhibitors of PGL. Endo-PGL activity decreased with decrease in chain length of
substrates and the rates are very slow when bi and trigalacturonates were substrates.
However, exo-PGs do not show preference for size of substrate. In addition, there
exists another class of enzymes called oligogalacturonate lyases (EC 4.2.2.6),
which break down the oligogalacturonates and unsaturated oligogalacturonates by
trans-elimination mechanism to remove unsaturated monomers from the reducing
end of the substrate. These enzymes are predominantly produced by Erwinia and
Pseudomonas sp. and the optimal pH is around 7.0.

2.5. Pectinesterase or Pectin Methylesterase

PE hydrolyzes the methoxy groups from 6-carboxyl group of galacturonan backbone
of pectin. The product of degradation of pectin by PE is pectic acid, methanol
and a proton from the ionization of newly formed carboxyl group. Pectin esterase
activity can be determined in a pH-stat (m, ) or by titrating manually
with a standard NaOH solution to maintain a constant pH or by observing the initial

rate of decrease in pH from a fixed value (Nakagawa er all, 200d). Other ways
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of determining the pectinesterase activity is by measuring the amount of methanol
released by gas chromatography or by high performance liquid chromatography.
Pectinesterases are primarily produced in plants such as banana, citrus fruits
and tomato and also by bacteria and fungi (Hasunuma er alf, 2003). Tt has been
reported that PE from fungi acts by a multi-chain reaction in which the methyl
groups are removed in random fashion. However plant PE acts at non-reducing end
or next to free carboxyl group and the methyl groups are removed by single-chain
mechanism leading to the formation of blocks of deesterified galacturonate units
). PE is more specific towards highly esterified pectic substances and
shows no activity towards pectates. PE activity increases with increase in degree
of esterification of substrate. The molecular weight of most microbial and plant
PEs varies between 30-50kDa (Hadj-Taieb ez all, [2002; [Christensen ez afl, [2002).
The optimum pH for activity varies between 4.0 and 7.0 except for PE from
Erwinia whose optimum pH is in alkaline region. Most PE has optimum temper-
ature in the range 40—60°C and a pl varying between 4.0 and 8.0. The values
of K, varies between 0.1-0.5 mg/ml. Industrially PE can be used to maintain
the texture and firmness of processed fruit products and in clarification of fruit
juices.

3. STRUCTURE AND FUNCTION OF PECTINASES

Three-dimensional structures of pectinases enable understanding of the molecular
basis of enzyme mechanism, the role of individual amino acids in the active
sites and also provide a rationale for structural differences between the enzymes
that lead to very specific recognition of unique oligosaccharide sequences from
a heterogeneous mixture in the plant cell wall. The information thus obtained
allow for efforts to influence the functionality of these enzymes by ratio-
nally engineering novel or enhanced properties like faster processing and more
specific cleavage patterns giving greater control of the structure of the processed
pectins. Crystal structures of pectinases include members of all the major classes
and the structure-function relationship studies of a few available complexes of
pectinases with substrate/analogs could be considered as prototypes for related
family members.

The first crystal structure of a pectinase was that of Erwinia chrysanthemi
pectate lyase C (PelC) (Yoder er all, [1993). The same structural fold has subse-

quently been observed in other members of the pectinase family (Fig. :%i) These
include additional pectate lyases, E. chrysanthemi PelA (| R mﬂj)

PelE (Li ,11994) and Pel9A (lenkins et all, R0Q1); Bacillus subtilis Pel

@) and high alkaline pectate lyase (Akita ez afl, 200d); two
pectin 1vases from Aspergillus niger, PLA m and PLB (Vitali
etal.] alacturonases, Erwinia carotovora polygalacturonase (Pickersgill
et al., ), A. niger endopolygalacturonase I and II ,@;
&am&anmnﬁaﬂ, |_LQ9_§) Aspergillus aculeatus polygalacturonase ,M),
S__h.]}l_[;izuj__ﬂ_all, ) and Fusarium

Stereum purpureum endopolygalacturonase I (
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Figure 2. Examples of plant cell wall degradative enzymes that fold into a parallel B-helix motif. (a) E.
chrysanthemi pectate lyase C. (b) Carrot pectin methylesterase (c) F. moniliforme endopolygalacturonase
(d) A. niger pectin lyase A (e) A. aculeatus thamnogalacturonase A. All structures are shown in an
identical orientation with the N-terminal end at the bottom and the C-terminal end at the top. The three
sets of B-sheets, PB1, PB2 and PB3 making up the fold are shaded differently, in increasing order of
darkness of shade

, 2001)); pectin methylesterases
Lycopersicon esculentum (Di Matteo

moniliforme endopolygalacturonase (Eederici

from Daucus carota (M D002

et al.,[2003) and PemA from E. chrysanthemi (lenkins ez all, 12001)) and Aspergillus
aculeatus thamnogalaturonase A (Peterson ef all, @)

Each structure consists of a single domain of parallel (-strands folded into
a large right-handed cylinder. The domain fold, termed the parallel -helix, is
compatible with all accepted structural rules, albeit in a unique manner. The central
cylinder consists of seven to nine complete helical turns and is prism shaped due
to the unique arrangement of three parallel (3-strands in each turn of the helix.
The strands of consecutive turns line up to form three parallel (-sheets called
PB1, PB2 and PB3. PB1 and PB2 form an antiparallel 3 sandwich, while PB3 lies
approximately perpendicular to PB2. Although the mechanism of pectic cleavage
differs for the esterases, hydrolases and lyases, the substrate binding sites as deduced
from _structures, sequence similarity and site directed mutagenesis studies (Kita
etal., ), are all found in a similar location within a cleft formed on the exterior
of the parallel B-helix between one side of PB1 and the protruding loops (Fig. [).
The structural differences in the loops are believed to be related to subtle differences
in the enzymatic and maceration properties.

The next sections will discuss the structure-function relationships identified from
structural studies of four industrially important pectinases, namely, PG, PGL, PL
and PE. There is presently no structure of a representative from the PMG family.

3.1. Polygalacturonases

The endoPGs are inverting glycosidases that invert the anomeric configuration of
the products during the reaction. In this mechanism, the hydrolysis proceeds by
a general acid catalyst donating a proton to the glycosidic oxygen and a catalytic
base guiding the nucleophilic attack of a water molecule on the anomeric carbon



106 GUMMADI ET AL.

Figure 3. E. chrysanthemi pectate lyase C in complex with a cell wall fragment. The ordered tetraGalpA
fragment is shown in stick representation while the four Ca2+ ions are shown as spheres. The entire
protein backbone is shown. The substrate binding site is made up a large cleft formed by one of the
parallel B-sheet, PB1, and the loops of both sides of PB1. (See Fig. Bllegend)

of the galacturonate moiety bound at the —1 subsite. The crystal structures of
native S. purpureum endo PG I and that of the ternary product complexes with
two molecules of galacturonate provided experimental evidence of the substrate
binding mechanism, active site architecture as well as the reaction mechanism
(Shimizu ez all, 2002). The interactions with bound uronates identified as B-D-
galactopyranuronic acid (GalpA) and B-D-galactofuranuronic acid (GalfA) of the
ternary complex are shown in Fig. Bh and b, respectively. The GalpA binding
site is believed to be the +1 subsite, because its location is at the reducing end
side of a proposed catalytic residue Aspl73 whereas the binding site for GalfA is
at the proposed —1 subsite, because it is located on the opposite side of the +1
subsite. In site-directed mutagenesis studies of A. niger endoPG II, the replacement
of charged residues His195, Arg226, Lys228, and Tyr262 led to 10-fold or greater
increases in the K, value (Armand er afl, [2000; [Pages ef a1, [200) thus confirming
the importance of the carboxy group recognition in subsite +1 for productive
substrate binding. In contrast, the replacement of Aspl73 caused only a 2-fold
increase in the K, value, but greatly decreased the K, value (Armand et all, [200d).
Aspl73 is expected to serve as a general acid catalyst that donates a proton to the
glycosidic oxygen. Thus, the tight binding of the substrate to subsite +1 is due
to the electrostatic interactions between the carboxy group and the basic residues
and the precise recognition of the galactose epimer. In the case of GalfA binding
in the ternary complex, the carboxy group is recognized by a conserved structural
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Figure 4. (a) and (b). Schematic representation of the interactions between Stereum purpureum endoPG
I and two galacturonates in the ternary complex. The dotted lines show hydrogen bonds and electrostatic
interactions, and their distances are indicated in angstroms

motif. In both the —1 and +1 subsites, binding of the carboxy group is considered
an important mechanism of substrate recognition. This probably accounts for the
fact that endo PGs are able to cleave only free polygalacturonate and not the

methylesterified substrate (Shimizu e afl, 2002).

3.2 Polygalacturonate Lyase

All proteins in the PGL family are believed to share a similar enzymatic mechanism.
The enzyme randomly cleaves pectates by a B-elimination mechanism, generating
primarily a trimer end-product with a 4,5-unsaturated bond in the galacturonosyl
residue at the non-reducing end (Preston et afl, [1992). The B-elimination reaction
in pectolytic cleavage involves three steps: neutralization of the carboxyl group
adjacent to the scissile glycosidic bond, abstraction of the C5 proton, and transfer
of the proton to the glycosidic oxygen. Among the structures of members of the
PGL superfamily, the Michaelis complex of a catalytically inactive R218K PGL
mutant, PelC from E. chrysanthemi and a plant cell wall fragment (a penta GalpA

substrate) reveals important details regarding the enzymatic mechanism (Scavetta
et al., |I§)9-§)

Structural studies of PelC at various pH and Ca*" concentrations have shown
that Ca®" binding is essential to the in vitro activity of PelC and that the Ca*"
ion has multiple functions (tBi_dgm:sgil]_ele, |_L9_%|; IHQtLQn_eLaL], DDLH) As shown

in Fig. @ four well-ordered GalpA units interact with PelC in a groove where
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the reducing end GalpA is located at the protein—solvent border, and the non-
reducing end, GalpA, lies near a Ca*". Electrostatic interactions dominate, with the
negatively charged uronic acid moieties primarily interacting with the four Ca®"
ions found in the R218K complex with penta GalpA. The Ca*" ions link not only
the oligosaccharide to the protein but also adjacent uronic acid moieties within
a single pectate strand. The observed Ca”*" positions are very different from the
interstrand Ca®" ions postulated to link PGA helices together (Walkinshaw and
Arnott,-E‘l&Ld,b). The carboxyl oxygens of GalpA2, GalpA3 and GalpA4 interact
with Arg245, Lys190 and Lys172 respectively. Lys172 and Lys190 are highly
conserved in PGL, but PL that binds a neutral methylated form of pectate, lack both
amino acids thus providing a probable structural basis for differences in substrate
specificities between PL and PGL.

Since PelC and subfamily members are reported to yield a trimer as the primary
unsaturated end-product and all interactions of GalpA3 and GalpA4 with PelC
involve highly conserved and invariant amino acids within the PGL family, it has
been Q‘ostulated that the scissile bond occurs between GalpA3 and GalpA4 (Scavetta
et al., ). Although it is highly unusual for an arginine to act as a general base
during catalysis, Arg218 has been proposed to be the group responsible for proton
abstraction and transfer based on its orientation and interactions in native PelC and
other data including impairment of catalysis in the R218K mutant and sequence
conservation among the PGL superfamily (Scavetta er all, [1999). A review on
the structure and function of PelC discusses the pathogenesis mechanism at the
molecular level (Herron ez all, 2000).

Structural studies of PGLs have also revealed that they do not always adopt
the characteristic parallel B-helix fold. The structures of a PGL (PelA) from
Azospirillum irakense (Novoa De Armas et all, 2004) and that of the catalytic
module of the Cellvibrio japonicus PGL (Pell0Acm) (Brown ez all, 2001l) adopt
a predominantly a-helical structure with irregular coils and short (3-strands. They
show two ‘domains’ with the interface between them being a wide-open central
groove in which the active site is located. Both belong to different families
of polysaccharide lyases in the carbohydrate-active enzymes (CAZY) classifi-
cation dQle_nhg_a_n_d_Hmnss_a_]I (19949, http://afmb.cnrs-mrs.fr/CAZY/). However,
comparison of the structures of Pell0Acm GalA3/Ca®" complex with the
E. chrysanthemi inactive mutant R218K PelC complex with GalA4/Ca’*, reveals
an essentially identical disposition of six active site groups despite no topological
similarity between these enzymes. Identification of common coordination of the
—1 and +1 subsite saccharide carboxylate groups by a protein-liganded Ca®"
ion, the positioning of an arginine catalytic base in close proximity to the o-
carbon hydrogen, numerous other conserved enzyme-substrate interactions and
mutagenesis data suggest a common polysaccharide anti-B-elimination mechanism
for both families (Brown er afl, R001l). The absence of sequence homology
between distinct families of pectate lyases suggests that such catalytically similar
enzymes have evolved independently and may reflect their different functions
in nature.
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3.3. Pectin Lyase

Enzymatic cleavage in PL occurs via the same (3-elimination reaction as seen for
PGLs. However, in contrast to PGL, PL are specific for highly methylated forms
of the substrate and do not require Ca”" for activity. Crystal structures available
for the apo- forms of pectin lyase A (Mayans ez all, [1997) and pectin lyase B
(Vitali er all, [1998) from A. niger show that both adopt the parallel B-helix fold
(Fig. BH) and are structurally almost identical. Comparison of structures of PGL
and PL show that although they share many structural features, there appears to
be remarkable divergence in the substrate binding clefts and catalytic machinery
reflecting differences in their substrate specificities.

The divergence in substrate specificity comes from two factors. Firstly, the
loops making the active side cleft in PL is much longer and of a more complex
conformation that encompasses two [3-strands forming an antiparallel [3-sheet
(Figs. Bh and PH). Secondly, the putative active site of PL exhibits a cleft that
is predominantly aromatic comprising of four tryptophans and three tyrosines that
contribute to the architecture of the active site. In contrast, as discussed earlier, PGL
presents a binding cleft rich in charged amino acids with no aromatic residues and
uses Ca’" in catalysis as an aid for the activation of the C5 proton. A conserved
Argl76 in PL is proposed to play a similar catalytic role like that of Ca®' in
PGL. The comparison of PL and PGL structures also reveal that in PL, regions of
strong negative electrostatic potential envelops the aromatic substrate binding cleft
thus contributing to repulsion of negative charged pectate which is not a substrate
whereas in PGL, the electrostatic field around the substrate binding site is a ribbon
of positive potential that attracts the demethylated pectate substrate. Thus, substrate
specificity is a consequence of hydrophobicity of the binding cleft and long-range
electrostatic effects. In conclusion, although these enzymes share a common fold
and related mechanisms, their strategies for substrate recognition and binding are

completely different (Mayans ez atl, [1997).

34. Pectin Methylesterase

PEs catalyze pectin deesterification by hydrolysis of the ester bond of methylated
a-(1-4)-linked D-galacturonosyl units, producing a negatively charged polymer and
methanol. Among the PE structures are those of E. chrysanthemi PemA and a
PE from carrot. They both have similar structures and belong to the family of
parallel B-helix proteins with major differences in loops making up the substrate
binding cleft (Fig. Bb). The putative active site of PE was deduced from mapping
of sequence conservation among PEs onto the structure. The substrate binding cleft
is located in a location similar to that of the active site and substrate binding cleft
of PGL and PL. The central part of the cleft is lined by several conserved aromatic
amino acids, especially on the exposed side of PB1. The active site of PE is located
in the long shallow cleft lined by two absolutely conserved aspartic acid residues in
the center, Asp136 and Asp157 in carrot PE. The following mechanism of action
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has been suggested for carrot PE. Asp157 acts as the nucleophile for the primary
attack on the carboxymethyl carbonyl carbon while Aspl136 may act as an acid in
the first cleavage step, where methanol is leaving. Asp136 could then act as a base,
in the next step extracting a hydrogen from an incoming water molecule to cleave
the covalent bond between the substrate and Asp157 to restore the active site.

4. APPLICATIONS OF PECTINASES

Industrial apphcatlons of pectinases have been rev1ewed by different authors

d&aﬂ% ! ’ 1: Gummadi
and Panda ;| i 1l, ) Pectlnases from microbial and

plant sources have thus recelved a lot of attention. From an industrial point of
view, pectinases are classified into two types, acidic and alkaline pectinases. The
acidic pectinases have extensive applications in extraction and clarification of both

Table 2. Industrial applications of pectinases

Application Purpose Reference

Cloud stabilization To precipitate hydrocolloid matter Rebeck, 1990;
present in fruit juices Grassin and

Fauquembergue, 1996

Fruit juice clarification Degradation of cloud forming pectic Rombouts and
substances. Hence, the juice can be Pilnik, 1986; Alkorta
easily filtered and processed et al., 1998

Extraction of juice and oil To overcome the difficulty in pressing Kilara, 1982; Pilnik and
fruit pulp to yield juice and oil Voragen, 1993

Maceration To break down the vegetable and fruit Fogarty and Kelly, 1983

tissues to yield pulpy products used as
base material for juices, nectar as in the
case of baby foods, pudding and yogurt

Liquefaction To break down fermentable plant carbo- Beldman et al., 1984
hydrates to simple sugars by enzymes

Gelation To use in gelling low-sugar fruit products Spiers et al., 1985

Wood preservation To prevent the wood from infection Fogarty and Ward, 1973
by increasing the permeability of wood
preservative

Retting of fiber crops To release fiber from the crops by Henriksson et al., 1999

fermenting with micro-organisms, which
degrade pectin

Degumming of fiber crops To remove the ramie gum of ramie fiber Gurucharanam and
Deshpande, 1986; Zheng
et al., 2001
Waste water treatment To degrade pectic substances in waster Peterson, 2001;
water from citrus processing industries Tanabe et al., 1987

Coffee and tea fermentation To remove the mucilage coat in coffee Carr, 1985;
bean. To enhance the tea fermentation Godfrey, 1985
and foam forming property of tea




STRUCTURAL AND BIOCHEMICAL PROPERTIES OF PECTINASES 111

sparkling clear juice (apple, pear, grapes and wine) and cloudy (lemon, orange,
pineapple and mango) juices and maceration of plant tissues (Table D). Additionally,
acidic pectinases are useful in the isolation of protoplasts (Takebe er afl, [1968)
and saccharification of biomass (Beldman et all, [1984). Alkaline pectinases have
potential applications in cotton scouring, degumming of plant fibers to improve the
quality of fiber, coffee and tea fermentation, paper industry and for purification of

plant viruses (Salazar and Jayasingh, [1999).
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1. INTRODUCTION
polysaccharides (Mutter

L-Rhamnose is a component of plant cell wall pectic
et al.mmx glycoproteins ) and
secondary metabolites such as anthocyanins Renault ef gl @), flavonoids

(Bar-Peled ez all, [1991)) and triterpenoids man and McDona ). It has
also been found in bacterial heteropolysaccharides (m,, @),
rhamnolipids (Qchsner er afl, [1994) and in the repeating units of the O-antigen
structure of the lipopolysaccharide component of bacterial outer membranes (Chua
et al.,[1999). Some rhamnosides are important bioactive compounds, e.g. cytotoxic
saponins ,llﬂ%i; |Iu_eLalJ, |ZDQ2), antifungal plant glycoalkaloids
, ) and bacterial virulence factors (mi—LL;Ll, ). In plants
L-rhamnose-containing terpenyl glycosides are important aroma precursors (Giinata
et al., h&&j) and may also play a protective role against the toxicity of free
aglycons; L-rhamnose-containing flavonoid glycosides have antioxidant and anti-
inflammatory activities (Benavente-Garcia ez all, [1997).
a-L-rhamnosidases (EC 3.2.1.40) and B-L-rhamnosidases (EC 3.2.1.43) catalyse
the hydrolysis of terminal, non-reducing L-rhamnose residues in o«- and
B-L-rhamnosides respectively. In contrast, endorhamnosidases (EC 3.2.1.-) act by
cleaving specific linkages between internal rhamnose residues in rhamnosides.
a-L-rhamnosidases have been found in many micro-organisms and in some plant
and animal tissues (see below), whereas 3-L-rhamnosidase has only been described
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in Klebsiella aerogenes (Barker er all, [1969). Endorhamnosidases seem to be
restricted to bacteriophages , 11994 IChua ez all, [1999). This
chapter will mainly focus on the a-L-rhamnosidases («RHAs) as a group of
hydrolytic enzymes having crucial biological functions and important potential
biotechnological applications.

In 1991 a classification of glycoside hydrolases based on amino acid
sequence similarities was introduced (m: ). This classification, which
is regularly updated, now comprises more than 100 sequence-based families
(URL://http://afmb.cnrs-mrs.fr/CAZY/). The aRHAs, with the exception of that of
Sphingomonas paucimobilis that has recently been assigned to family 106, belong to
family 78 (Coutinho and Henrissaf, [1999). Currently, 61 different putative aRHAs
from bacteria, yeasts and moulds are known. Genome-sequencing projects, partic-
ularly those focussing on bacterial, fungal and plant genomes, are beginning to
generate large numbers of potential tRHA sequences, and a very recent search of
the NCBI database (http://www.ncbi.nlm.nih.gov) yielded more than 100 entries
for putative aRHA encoding genes. Endorhamnosidases, with the exception of that
of bacteriophage Sf6 which has not been classified, are placed in family 90.

aRHAs are inverting glycoside hydrolases. Enzymatic hydrolysis of the glyco-
sidic bond takes place via general acid catalysis that requires two critical residues:
a proton donor and a nucleophile/base (Davies and Henrissaf, [1999). These residues
are as yet unidentified in «RHAs. In general, inverting glycosyl hydrolases (GH)
typically employ two side chain carboxylates (supplied by Asp or Glu) in the active
site to effect catalysis.

oaRHAs have recently been the focus of several research initiatives because of
their key roles in fundamental biological processes (e.g. detoxification mechanisms,
symbiosis) and utility in biotechnological applications (e.g. elucidation of the struc-
tures of biologically important glycosides, biomass conversion, beverage quality
enhancement and the manufacture of hydrolysis products from natural glycosides).

2. BIOCHEMICAL PROPERTIES AND STRUCTURE
2.1. Sources and Biochemical Characteristics of a-L-Rhamnosidases

Although micro-organisms are the main sources of «RHAs, these enzymes have
also been found in animal tissues such as the liver of the marine gastropod

Turbo cornutus (Kurosawa ez all, [1973) and pig (Qian ez all, 2009), and plants
such as Rhamnus daurica and Fagopyrum esculentum (Bourbouze
et al., ). Given the sparseness of reports on animal and plant aRHAs, data

presented hereafter are mainly focused on microbial enzymes.

aRHAs seem to be common in filamentous fungi as revealed by recent screenings
that have identified different strains of Acremonium, Aspergillus, Circinella,
Eurotium, Fusarium, Mortierella, Mucor, Penicillium, Rhizopus, Talaromyces and

Trichoderma as oRHA producers (Scaroni er afl, 2002; Monti er all, 2004).

The presence of aRHA activity in phytopathogenic fungi was first described
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in Corticium rolfstz and more recently in Stagonospora
avenae, a cereal pathogen , 2004). In
addition, highly specific aRHAs from Abszdza sp |2£)DA|) and

Plectosphaerella cucumerina (M M) which are able to degrade different
saponins have been purified and characterized. Nevertheless, biochemical charac-
terization of fungal aRHAs has been carried out mainly on enzymes purified from
culture filtrates and on commercial enzyme preparations from Aspergillus species

such as A. terreusI%j&gg_a_aLl : 2001), A. mdul% 11999;
) A nlger 1997)

and A. aculetaus (Mutter et all Manz.anams.aLalJ 2001, 2003), and also

on commercial preparations of Pemczlllum species (Romero ez gll. [1983: Young
et al., ).

Regarding yeasts, low levels of aRHA activity have been found in screenings
performed on oenological yeast strains (Miklosv and Polod. [1993: McMahon
et al., 11999 , ) and so far one intracellular «aRHA has been
purified and characterized from Pichia angusta (Yanai and Satd, [2000).

aRHA-producing bacteria have been described in human faecal flora belonging

to the genus Bacteroides (Bokkenheuser er all, [1987; lang and Kim, [1996), in a

Bacillus sp. and in S. paucimobilis (originally designated Pseudomonas paucimo-

bilis) strains isolated from soil (Hashimoto ez afl, [1999, 2003; Miake er all, [200d;
[Miyata er ail, 2003), as well as in the thermophilic bacteria Clostridium sterco-
rarium Zyerlov_er all, 2000) and Thermomicrobia sp. (Birgisson et all, 2004).
aRHA activity has also recently been described in wine strains of Oenococcus oeni
(Grimaldi er afl, R00S).

aRHAs from various microbial sources have been purified and some of the
general properties of these enzymes are summarized in Table [[l Data presented for
fungal proteins correspond to aRHAs purified from wild strains whereas the charac-
terizations of Bacillus sp., C. stercorarium and Thermomicrobia sp. enzymes were
carried out on recombinant counterparts. The main difference found between fungal
and bacterial enzymes concerns their optimal pH. With the exception of P. angusta
aRHA, the fungal enzymes show acidic pH optima compared to bacterial aRHAs
for which neutral and alkaline pH optima have been found. This characteristic
suggests different potential applications for fungal and bacterial enzymes, making
fungal «RHAs more suitable for use in processes operating at low pH such as
winemaking (Manzanares er all, 2003) and citrus juice processing m@)
The bacterial enzymes would be useful in processes requiring good activity in basic
solutions, such as the production of L-rhamnose by hesperidin hydrolysis given that
the solubility of this flavonoid glycoside increases at high pH (Scaroni e afl, 2002).
Differences in aRHA cellular location have been also found, suggesting different
in vivo roles for fungal and bacterial «RHAs.

Table2lshows the catalytic properties of some purified microbial tRHAs. Studies
of substrate specificity and the observed inhibition of activity by L-rhamnose clearly
demonstrate the specificity of aRHAs for rhamnopyranoside residues. By contrast,
the type of linkage present at C1 of a-L-rhamnose has only a minor effect on
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Figure 1. Structure of some substrates hydrolysed by aRHAs. A: naringin; B: neohesperidin; C:
hesperidin; D: rutin; E: quercitrin; F: avenacoside A. The arrows indicate the possible linkages hydrolysed
by aRHAs
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activity since aRHAs are able to hydrolyse various substrates. These enzymes are
able to cleave both glycosidic bonds and aglycon-saccharide bonds (Fig. [[)). As
regards glycosidic bonds, aRHAs hydrolyse substrates in which the L-rhamnose
residue is linked to a B-glucosidic residue through either i) an «-1,2 linkage such as
that present in the flavonoids naringin, neohesperidin and poncirin and in ginseng
saponins, ii) an «-1,3 linkage such as that in the gellan disaccharide a-L-rham-
(1-3)-B-D-glc, iii) an a-1,4-linkage such as that in oat saponins, or iv) an a-1,6
linkage, as found in the flavonoids hesperidin and rutin, in the grape glycosides
geranyl- and 2-phenylethyl-rutinosides, and in the saponin gypenoside-5. aRHAs
are also able to hydrolyse substrates in which L-rhamnose is directly linked to
an aglycon, as is the case in the flavonoids quercitrin and robinin, and in the
aryl-rhamnoside p-nitrophenyl-a-L-rhamnopyranoside (pNPR) the model substrate
for assaying rhamnohydrolase activity. The latter has been commonly used for
determining «RHA K, values, which can range from 0.119 to 2.9 mM (see Table[Pl).
K,, values for hesperidin (0.06 mM), rutin (0.13 mM), naringin (0.17 mM) and
quercitrin (0.18 mM) for S. paucimobilis «RHA have also been determined (Miake
etal., ). A K, value of 7.0 mM for naringin has been described for Penicillium
sp. «RHA (Romero ez all, [1983).

Differences in aglycon structure may explain the differences observed in the
hydrolysis of glycosides having the same linkages. For instance the reason why
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rutin and hesperidin (both of which have an «-1,6 linkage) are so differently
hydrolysed by Aspergillus aRHAs may be explained by steric hindrance due to the
attachment of the diglycoside to the aglycon molecule via C7 in hesperidin whereas
the attachment is via C3 in rutin. Differences in the hydrolysis of substrates in
which L-rhamnose is directly linked to the aglycon have also been described, and
in general aRHAs show a clear preference for pNPR in comparison to quercitrin or
robinin. However, «RHAs able to hydrolyse different saponins such as those from
Absidia species (Yw ez all, 2002, [2004) and S. avenae (Hughes ez al), 2004) hardly
hydrolyse pNPR.

2.2. Structure

Compared with the number of «RHAs that have been purified and characterized,
the number of genes known that encode «RHAs is much lower. Cloning has been
performed mainly by two methods: i) construction of a library followed by selection
of clones by screening for aRHA activity using pNPR or 4-methylumbelliferyl-oa-L-
rhamnoside plate assays, and/or ii) the construction of a library followed by selection
of clones by screening for tRHA production with polyclonal antibodies. The first
aRHA encoding gene (ramA), isolated from the thermophilic anaerobic bacterium
C. stercorarium ,|ZD£K]), consists of 873 or 874 codons and codes for a
protein with a predicted molecular mass of 100 kDa and a global secondary structure,
as detected by circular dichroism spectroscopy, consisting of 27% o-helices and
50% [3-sheets. Soon thereafter the genes rhaA and rhaB encoding two A. aculeatus
aRHAs were cloned (Manzanares et al,2001)). Conceptual translation of the cDNAs
corresponding to rhaA and rhaB yields primary structures of 660 and 597 amino
acids (71 and 64 kDa, respectively). However, the N-terminal amino acid sequences
actually determined for RhaA and RhaB correspond to positions 20 and 17, hence
the derived molecular masses of the mature proteins are 69 and 62 kDa.

To date, only eight tRHA genes have been cloned and heterologously expressed:

those_from C. stercorarium and A. aculeatus ( 000; Manzanares
etal., ), two genes (rhaA and rhaB) from Bacillus sp. ( , ),
two genes (rhmA and rhmB) from Thermomicrobia sp. (Birg ,M) and
one gene (rhaM) from S. paucimobilis WI,) ).

The value of genome sequences for the rapid identification of candidate «RHA
genes is obvious. Hypothetical proteins of unknown function found by such
analyses are putative novel aRHAs. For example, two sequences from Lacto-
bacillus acidophilus and Aspergillus fumigatus exhibited sequence similarities with
the enzymes RamA of C. stercorarium and RhaA of A. aculeatus, respectively.

Whereas electrophoretic and chromatographic detection of «RHAs indicate the
presence of only one or two isoenzymes in a given organism, data from genome
sequencing projects suggest the presence of many different isoforms. We have
previously reported (Qrejas er all, [1999; IManzanares et all, 2000) the production
of an apparently unique extracellular aRHA in A. nidulans with a molecular mass
of 102kDa. However, in silico analysis of the A. nidulans genome reveals the
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presence of 8 ORFs encoding hypothetical «RHAs ranging from 63 to 253 kDa
(family GH 78 in the CAZY database; lde Vries er all, |21)Q3), the functions of which
still have to be demonstrated. The presence of various ‘isoforms’ of «aRHA within
the filamentous fungi was also suggested by [Monti er all (2004) based on inducer
and substrate specificity data.

To date no three-dimensional structure of ®RHA has been published.

2.3. Sequence Comparisons

Some micro-organisms have already been reported that produce two aRHAsS.
Whereas in the case of A. aculeatus the primary structures of RhaA and RhaB are
highly homologous (60% identity) (Manzanares e all, 2001), those produced by
Bacillus sp. strain GL1 and those produced by Thermomicrobia sp. strain PRI-1686
have quite different primary structures (only 23% identity) (Hashimoto ez all, [2003;
[Birgisson er all, 2004).

Using the FASTA program m @) RhaA of Bacillus sp. was found
to exhibit significant homology with RamA of C. stercorarium (41% identity in
848 aa overlap) but no homology with either RhaA or RhaB of A. aculeatus
(Hashimoto ez all, 2003). Despite the observed similarity between Bacillus RhaA
and C. stercorarium RamA, these enzymes are distinct in their quaternary structures
(pentameric versus homodimeric, see Table[I)). By contrast, Bacillus RhaB exhibits
~24% identity with RhaA and RhaB of A. aculeatus (Hashimoto ez afl, 2003) but
differs significantly from the fungal enzymes since the A. aculeatus «RHAs have
considerably lower molecular masses as calculated by conceptual translation of the
ORFs (see above). Using the BLAST program (Altschul er all, [1997) it has been
shown that Thermomicrobia RhmA and RhmB display greatest similarity to the
isozymes RhaA and RhaB of Bacillus sp.: RhmA has 41% identity with RhaA and
RhmB has 50% identity with RhaB.

The Sphingomonas enzyme RhaM has no similarity to other known aRHAs,
and [Miyata er all (IZDQS) have suggested that this protein could be a member of a
new bacterial subfamily within glycoside hydrolase family 78. In BLAST analysis,
RhaM showed 58% identity and 72% homology (in 1113 aa overlaps) with the
hypothetical protein Saro 02001624 of Novosphingobium aromaticivorans. This
hypothetical protein, predicted from complete genome sequence analysis, may thus
also have aRHA activity.

In order to locate putative catalytic sites in aRHAs, an amino acid sequence
alignment using the ClustalW program (Thompson er all, [1994; [Higgings ez all,

) was performed with those members of the GH78 family for which the
corresponding encoding genes have been functionally characterised (Fig. 2)). Since
glycosyl hydrolases require the presence of two or more carboxylic acid moieties
for their function, the aligned sequences were examined for conserved Asp and
Glu residues. Two fully conserved and four well conserved carboxylic amino acid
residues were found in the alignment, all of which are possible candidates for
playing an important role in aRHA catalytic function. Site-directed mutagenesis
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Figure 2. (Continued)
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RhmA-Thermomicrobia 821 RVVVPPNE O IM2GSGREVEVGSGEHVWRYAFEAHRY PPVTLDTPLKE LEDLEAWE

RhaA-Bacillus 827 YEREVIFANAALNY IO ASKANAMES-—————————————————————— QQPIDAREGHS
RamA-C.stercorarium 809 FYFRIPFNE ENIRE) TEVODWKEF ——————=—————————————————— SLNVVNEL
RhmB-Thermomicrobia 923 JFRVERJZOEVELEW )/ PIIE-————————————————————————————————— YELELDERV
RhaB-Bacillus 927 RIEAREDIEVNYTIYIG-————————————————————————————————— EGEVTQUK
RhaA-A.aculeatus 611 HTIETAERNGI¥SICSYEIEGATG QLEESKREQANK
RhaB-A.aculeatus 546 FSHGAFTGHUER EGVRG TLYSTTEQRYQ
RhmA-Thermomicrobia 881 WRHFPEVASMPPRRLERIGTIRDLAASV' ERLERELQALSRERS

RhaA-Bacillus ETAEGL) @T|(RETVK-——————

RamA-C.stercorarium CLKDLTRKCTEQIHQOCEKIIMKMRGQKKL - ——
RhmB-Thermomicrobia 950 ROETQ-———=—————————————————
RhaB-Bacillus = 954 Y ————m—m e e e e e

RhaA-A.aculeatus RGIFOGET[|TLKGL---~~——
GTRSGIRCEKIKLIESAD-——-—

RhaB-A.aculeatus

Figure 2. (Continued) Multiple sequence alignment of some members of glycosyl hydrolase family
GH?78. The alignment was performed using ClustalW (v 1.82) W, @) and shading
was performed with Box-shade. The sequences aligned are listed below followed by their GenBank
accession numbers in parentheses. RamA of C. stercorarium (AJ238748), RhaA (AF284761) and RhaB
(AF284762) from A. aculeatus, RhaA (AB046705) and RhaB (AB046706) from Bacillus sp. GL1, and
RhmA (AY505013) and RhmB (AY505014) from Thermomicrobia sp. PRI-1686. In the case of the
A. aculeatus proteins, the putative signal peptides were not included. Identical residues are depicted on a
black background whereas similar residues are shown on a grey background. Conserved carboxylic
amino acid residues and hydrophobic amino acids are marked with * and : respectively

of putative key residues involved in catalysis will indicate their in vivo relevance
and potentially provide a means to modify enzyme characteristics. A phylogenetic
tree (Fig. @) based on primary sequence homology was also constructed for the
enzymes analysed in Fig. [2] along with RhaM of S. paucimobilis. The pattern
obtained suggests that these enzymes evolved from a common ancestor into at least
3 distinct clusters.

oo———— RhaAacu
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100 li RhaABac
94 RamAClos
RhaMSph
IT|

Figure 3. Phylogenetic analysis of sequence similarities between aRHAs. MEGA 3 software (Kumar
et al., ) was used to carry out the analysis of those aRHAs included in Fig. Blas well as the mature
form of S. paucimobilis RhaM (GenBank accession no. AB080801). Bootstrap values are adjacent to
each internal node, representing the percentages of 1000 bootstrap replicates. The scale represents amino
acid replacements per residue
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3. BIOLOGICAL FUNCTION

Neither the reason for the redundancy of the genes encoding aRHAs nor the in
vivo function of aRHAs are completely understood. Speculation on the biological
role of these enzymes is mainly based on studies of the catalytic properties and
substrate specificities of purified «RHAs (Table 2]). Recently, the design of potent
aRHA inhibitors has been suggested as a tool to investigate the biological function
of the enzyme (M, ).

The low specific activities found on the natural substrates tested and the fact
that most of the aRHAs characterized show a clear preference for pNPR has led
some authors to suggest that the preferred natural substrate for these glycosidases
is still unknown (IZEE].QAL&LG.L' Rood: Ma,nz.a.nams_aLaﬂ, Imml) Nevertheless, and
as described below, several in vivo functions including heteropolysaccharide and
flavonoid metabolism as well as detoxification processes have been described.

It seems clear that at least RhaB from Bacillus sp. GL1 is indispensably
required for the complete metabolism of gellan and gellan-related polysaccharides
(sphingans), heteropolysaccharides produced by different species belonging to the
genera Sphingomonas (Hashimoto ez all, 1999, 2003). Given the co-isolation of
Bacillus sp. GL1 and Sphingomonas sp. R1 from soil samples, it has been suggested
that these micro-organisms could be symbiotic and that due to its gellan degrading
ability Bacillus sp. GL1 would be able to survive in a capsule-like sphingan biofilm
formed by Sphingomonas sp. R1. The capsule would thus function as a barrier to
inhibit diffusion of the low molecular weight depolymerization products necessary
for their growth.

It has also been suggested that «RHA may be involved in flagellum formation
based on results showing that S. paucimobilis a«RHA production is induced by
L-rhamnose and that only in the presence of this sugar does S. paucimobilis form
flagella (Miake ez afl, [1999).

Glycosidases produced by the human intestinal microflora are known to
participate in the degradation of dietary flavonoids dB_okkenh_e_us_QLaLalJ, (1987
ang and Kim, [199d), the first step being hydrolysis to yield the aglycon. This
conversion probably takes place in the lower part of the ileum and the caecum.
The aglycon molecules are then either further bacterially metabolised or absorbed
into the enterohepatic system. Studies on the metabolism of some ginseng glyco-
sides have suggested a key role for tRHAs and 3-glucosidases in the manifestation
of the pharmacological properties of ginseng such as its oestrogenic effect (Bae
et al., ).

The aRHAs of phytopathogenic fungi seem to be involved in overcoming
saponin-mediated plant defences. Plant saponins are glycosylated compounds that
can repress the growth of fungi (m%, @) Successful plant pathogens
avoid the antifungal properties of saponins by modifying their membrane compo-
sition and/or by detoxifying saponins via hydrolytic removal of their sugar
moietie(%@, . The aRHA of S. avenae, a fungus able to infect oat
leaves l, ), is involved in the latter strategy. In response to
pathogen attack, biologically inactive plant avenacosides saponins are converted
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into 26-desglucoavenacosides which possess antifungal activity. These molecules
are comprised of a steroidal backbone linked to a branched sugar chain consisting
of one a-L-rhamnose and two or three 3-D-glucose residues. Isolates of the fungus
that are pathogenic to oats are capable of sequentially hydrolysing these sugar
residues. Degradation is initiated by removal of the L-rhamnose which abolishes
the antifungal activity. A similar function has been described for the aRHAs
of several filamentous fungi (Cladosporium cladosporioides, Penicillium sp. and
Plectosphaerella cucumerina) which are able to grow on potato sprouts despite
the accumulation by the latter of the antifungal a-chaconine m

The hydrolysis of one of the two L-rhamnose residues in a-chaconine seems to be
the first step in the latter’s detoxification.

4. POTENTIAL INDUSTRIAL APPLICATIONS
OF o-L-RHAMNOSIDASES

Nowadays enzyme technology presents an alternative to chemical processes,
reducing both energy and material consumption and minimizing the generation of
wastes and emissions. In this context, «RHAs have been demonstrated to be of
biotechnological utility with possible industrial applications. These applications,
directed to the food, pharmaceutical and chemical industries, are mainly based on
oaRHA hydrolytic activity although some applications based on synthetic activity
have also been described (Table [3)).

4.1. Food Industry

The main use of aRHA in the food industry is for beverage quality enhancement
(debittering, liberation of aromas and bioactive compounds) and the production of
food additives.

Biotechnological approaches for the debittering of citrus juices are focused on
the development of enzymes capable of hydrolysing naringin and limonin, the
two major contributors to bitterness in processed citrus juices. aRHA is involved
together with B-D-glucosidase in the stepwise hydrolysis of naringin (see Fig. [)).
Both activities, collectively termed ‘naringinase’, work sequentially. aRHA splits
naringin into rhamnose and prunin, and B-D-glucosidase splits prunin into glucose
and naringenin. Naringenin bitterness is only one third that of naringin, and prunin
is less bitter than naringenin. In fact, only the first hydrolysing activity, aRHA,
is essential. The feasibility of the enzymatic approach to debittering has been
shown with both soluble and immobilized naringinase (Norouzian er all, [1999;
[Prakash er ai), 2002; [Puri er all, 2009). Active packaging has also been described
as an alternative method to reduce the naringin content of citrus juices during
storage and transport by means of direct interaction with the product. The system
uses an ‘active’ film comprising a cross-linked matrix in which naringinase is
completely immobilized. Various data suggest that the active package developed
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can be successfully used to improve the sensory properties of grapefruit juices.
(Soares and Hotchkisd, [1998; IDel Nobile ef all, 2003).

Since the demonstration that the aromatic components of certain grape varieties
are present in the grape berry both in free form and also bound to sugars in
the form of glycosides, the usefulness of glycosidases for the release of varietal
aromas from precursor compounds during winemaking has been investigated. The
bound aroma fraction comprises glucosides and disaccharide glycosides such as
6-O-a-L-arabinofuranosyl-B-D-glucopyranosides, 6-O-a-L-rhamnopyranosyl-3-D-
glucopyranosides and 6-O-f3-D-apiofuranosyl-3-D-glucopyranosides. Compounds
such as terpenols, terpene diols, 2-phenylethanol, benzyl alcohol and C,; noriso-
prenoids have been shown to be aglycons of such glycosides. Enzymatic hydrolysis
of the aroma precursor compounds requires two sequential reactions: first, an
aRHA, an a-L-arabinofuranosidase, or a 3-D-apiosidase cleaves the a-1,6 glyco-
sidic linkage; subsequently the aroma/flavour compounds are liberated from the
monoglucosides by the action of a 8-D-glucosidase. Since grape and yeast glycosi-
dases seem to be insufficient to process aromatic precursors completely during
winemaking, the addition of exogenous glycosidases during or after the fermentation
is now common practise in wineries. ®RHA is a component of these commercial
enzymatic preparations and its key role in aroma release has been established.
Contrary to that which is described for debittering processes, in order to develop
the aromatic potential of a wine to the full all glycosidase activities are essential
(for a review see , M) Besides exogenous enzyme addition, it is possible
to achieve increases in the content of volatile compounds during vinification by
using recombinant wine yeast strains expressing such hydrolytic activities. A genet-
ically modified industrial wine yeast strain expressing the A. aculeatus rhaA gene
has been constructed and wines produced in microvinifications conducted using a
combination of this strain together with another strain expressing a 3-D-glucosidase

showed increased content mainly of the aromatic compound linalool (Manzanares
et al., ).

Although the use of glycosidases to release flavour compounds from glyco-
sidic precursors was initially examined in wines, fruit juice flavour may also be
enhanced by aRHA application given the ubiquity of flavour glycoconjugates in
fruits m, M)

Since flavonoid glucosides have been reported to be more bioavailable than
their rutinoside (glucose + rhamnose) counterparts (Hollman er all, [1999), both
A. aculeatus oRHAs (RhaA and RhaB) have been used to produce functional
beverages based on potentially increased flavonoid bioavailability (Gonzélez-Barrio
et al., ). Incubation of blackcurrant juice, orange juice and green tea infusion
with either RhaA or RhaB resulted in a decrease in the flavonoid rutinoside content
(anthocyanins in blackcurrant juice, flavanones in orange juice and flavonols in
green tea) and a concomitant increase in flavonoid glucosides.

With respect to the manufacture of food additives, aRHA could be used in the
preparation of versatile food additives from biopolymers and in the production of
sweeteners. Biopolymers contribute to food quality as gelling agents, thickeners,
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stabilizers, lubricants, flocculants and flavour enhancers (IGj_axasj_s_aLalJ, M)
Among the biopolymers, the bacterial exopolysaccharide gellan is principally
composed of a tetrasaccharide repeating unit of one rhamnose, one glucuronic
acid, and two glucose units. Various branching chains are attached to the repeating
unit of the polysaccharide and determine the rheological properties of the polymer
(I.Lan.ssgn_an_d_hn_db_cté h_%j) To date however the application of gellan gum has
largely been limited due to its high viscosity. It has been proposed that enzymatic
treatments, among which aRHA would play a key role, could be used to prepare
low-viscosity and low molecular weight gellans having novel physiological and
food-technological functions (Hashimoto er all, [1999). As regards sweeteners,
another potential application of aRHA is based on its ability to cleave insoluble
hesperidin (see Fig. [[) to thamnose and hesperetin glucoside, the latter being a

precursor in sweetener production (Sdnchez et all, [1987).

4.2, Pharmaceutical Industry

The health-promoting activity of rhamnosides and their derivatives has opened a
broad field for tRHA applications since their biological or pharmacological benefits
have been observed to be inversely related to the amount of sugar residues present
in the rhamnoside (Hollman et all, [1999; [Chen er ail, 2003). Studies investigating
the impact of glycosidase treatments on the enhancement of the biological activities
of rhamnosides are abundant in the literature, and several describe examples where
the action of aRHA activity is crucial.

Extracts from the plant Ruscus aculeatus L. are known to possess various
pharmacological properties including anti-inflammatory (Risvejcovd er all, 2003)
and cytostatic (Mimaki ez all, [1998) activities, and are also used in the treatment
of chronic venous insufficiency (Boyle et all, 2003). The steroid saponins ruscin
and ruscoside and their derivatives desglucoruscin, desglucodesrhamnoruscin and
desglucoruscoside are the compounds that possess these properties. Biotechno-
logical production of desglucoruscin and desglucodesrhamnoruscin (Fig. HA) as

well as new derivatives can be achieved employing an aRHA activity (Di Lazzaro
etal., R 8 ).

Similar studies have been carried out with the triterpenoid saponin ginsenosides

etal., ). The removal of one thamnose residue (Fig.EB) converts gypenoside-5
into ginsenoside Rd that prevents kidney injury by anti-cancer drugs (Yokozawa

and Owada, UM)

Chloropolysporins A, B and C and their partially deglycosylated derivatives,
new members of the glycopeptide antibiotic family, are active against Gram-
positive bacteria, including clinically isolated methicillin-resistant Staphylococci
and anaerobic enterobacteria. Derhamnosyl derivatives showing stronger activities
than the parent compounds have been enzymatically obtained by treatment with

aRHA (Takatsu er all, [19874,b).
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Rha - Ara—0Q

OH OH

Desglucoruscin —_— Desglucodesrhamnoruscin

f
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Gypenoside-5 —_— Ginsenoside Rd

Figure 4. Chemical structures of desglucoruscin (A) and gypenoside-5 (B) and their «RHA conversion
products. Arrows indicate the possible linkages hydrolysed by these enzymes

4.3. Chemical Industry

The application of aRHAs in the chemical industry is related to the design
of low-cost processes for the production of valuable compounds. Among these,
L-rhamnose has gained importance in recent years as both a precursor for the indus-
trial production of aromatic compounds and flavours and as a chiral compound
for chemical synthesis. As L-rhamnose is not biosynthesised as a free monomer it
must be liberated from L-rhamnose-containing glycosides or polysaccharides, but
this option is limited by the availability of suitable raw material. In this context,
an integrated microbial/enzymatic process for the production of rhamnolipids and
L-rhamnose from rapeseed oil has been developed (Crummler ez alf, 2003). The
process is aimed at improving the yield of L-rhamnose rather than rhamnolipids.
This concept combines microbial rhamnolipid production by a Pseudomonas strain,
with simultaneous enzymatic hydrolysis of rhamnolipid products in the same
bioreactor.

Processes for the production of pure anthocyanidin glucosides from blackcurrant
anthocyanidin rutinosides as well as the obtention of an isoquercitrin-enriched
product from rutin by aRHA treatments have been recently patented (Matsumoto
et al., : A ).

Due to the importance of rhamnosides, glycosylation catalysed by «RHAs has
been suggested as a way to produce pure rthamnosides in a single step. In this
sense, a process has been proposed for the enzymatic synthesis of short chain length
alkyl-a-L-rhamnosides using rhamnose or naringin as the glycosylation agents and

water soluble alcohols as acceptors (Martearena ez all, [2003).
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5. FUTURE PERSPECTIVES

In comparison to other glycosidases, knowledge of the molecular and structural
characteristics of «’RHAs as well as an understanding of their biological function
is still scarce. Nevertheless the increasing importance of «RHA is reflected in the
number of studies focused on possible applications. Since the first characterisation
of an aRHA encoding gene in 2000 more «RHA genes are now available, and
the application of DNA recombinant techniques for the overproduction of pure
enzyme preparations and the modification of aRHA stability, selectivity or speci-
ficity are now feasible. These techniques will considerably extend the scope of
potential applications and will convert «RHAs into an important industrial enzyme
in the near future.
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1. INTRODUCTION

It is generally accepted that an oligosaccharide is a carbohydrate consisting of 2—10
monosaccharide residues linked by O-glycosidic bonds (Eggleston and Cotd, 2003;
m, @) The development of efficient and scalable processes for the
synthesis of oligosaccharides is of considerable interest to the food and pharmaceu-
tical industries (Kren and Thien, [1997; [Macmillan and Daines, 2003).

Oligosaccharides are quite complex molecules: 3 different hexopyranose moieties
yield up to 720 trisaccharides. For the preparation of structurally well-defined
oligosaccharides, the stereo- and regio-specificities of enzymes are very attractive
properties compared to chemical processes that require complex protection and de-
protection steps. At present, enzymatic processes are preferred in industry for the
production of most commercial oligosaccharides.

The synthesis of glycosidic bonds in vivo is performed by glycosyltransferases
(EC 2.4.) (Ichikawa er al),[1992). These enzymes catalyse the transfer of a glycosyl
donor to an acceptor molecule forming a new glycosidic bond regio- and stereo-
specifically. According to the nature of the sugar residue being transferred, glyco-
syltransferases are divided into hexosyltransferases (EC 2.4.1.), pentosyltransferases
(EC 2.4.2.), and those transferring other glycosyl groups (EC 2.4.99.). Depending
on the nature of the donor molecule, glycosyltransferases are classified into three
main mechanistic groups: (1) Leloir-type glycosyltransferases, which require sugar
nucleotides (e.g. UDP-glucosyltransferases); (2) non-Leloir glycosyltransferases,
which use sugar-1-phosphates (e.g. phosphorylases); and (3) transglycosidases,
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which employ non-activated sugars such as sucrose, lactose or starch. A distinctive
feature of transglycosidases, compared with Leloir and non-Leloir glycosyltrans-
ferases, is that they also display some hydrolytic activity that can be regarded as a
transfer of a glycosyl group from the donor to water.

In addition to glycosyltransferases, under appropriate conditions glycosidases
(glycoside hydrolases, EC 3.2) can also be used for in vitro synthesis of oligosac-
charides. Glycosidases catalyse the hydrolysis of glycosidic bonds in oligo- and
polysaccharides with a high degree of stereospecificity. It is noteworthy that, in
terms of reaction mechanism, transglycosidases and glycosidases belong to the same
group. In fact, transglycosidases and glycosidases are grouped in the ‘glycoside
hydrolase family (GH family)’ in the Henrissat classification, which is based on
amino acid sequence comparisons (Coutinho and Henrissat, [1999). The GH family
comprises more than 2500 enzymes.

Several reviews on oligosaccharide synthesis by glycosyltransferases of the
Leloir and non-Leloir types have been published recently dD_aj_n_cs_eLalJ, 2004;

,M). The main problems associated with such syntheses are (1) the
requirement for sugar nucleotides or sugar phosphates as substrates, (2) the
inhibitory effect of the nucleotide phosphate released, and (3) the limited avail-
ability of these enzymes. Nevertheless, continuous progress in the study of these
enzymes, the cloning of new variants, and the application of molecular evolution
and site-directed mutagenesis for better performance is improving their potential
for use in oligosaccharide synthesis (Planas and Faijed, 2002). In this chapter we
will focus on the use of transglycosidases and glycosidases for the synthesis of
oligosaccharides because they both employ the same type of substrate and share
the same mechanism of glycosylation (Sanz-Aparicio ef all, [1998).

2. SYNTHESIS OF OLIGOSACCHARIDES BY GLYCOSIDASES

Glycosidases are classified as being either retaining (e.g. B-galactosidase) or
inverting (e.g. trehalase) because enzymatic hydrolysis of glycoside bonds can
proceed with the net retention or net inversion of the anomeric configuration, respec-
tively. Glycosidases are widely employed for oligosaccharide synthesis because,
under appropriate conditions, the normal hydrolytic reaction can be reversed towards
glycosidic bond synthesis (Ajisaka and Yamamotd, 2002; [Scigelova er ail, [1999).
Most glycosidases used for synthetic purposes are retaining glycosidases, and
in particular exo-glycosidases. The glycosyl donor can be a monosaccharide, an
oligosaccharide or an activated glycoside m @) Glycosidase-catalysed
oligosaccharide synthesis can be controlled by thermodynamic and kinetic factors
as explained below.

2.1. Thermodynamic Synthesis (Reverse Hydrolysis)

In thermodynamically controlled synthesis (i.e. the reaction takes place until it
reaches equilibrium), the reaction can proceed between two monosaccharides
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(forming a disaccharide) or between one monosaccharide and an alcohol (yielding
a glycoside). Water is the leaving group. The hydrolysis/synthesis equilibrium
is balanced by approximately 4 kcal/mol towards bond cleavage (Planas and
Faijes, 200). The factors that determine yield in thermodynamically controlled
processes are initial substrate concentration, pH, temperature, ionic strength, solvent
composition, etc.

To shift the equilibrium towards synthesis, one (or various) of the following
strategies has been followed: a) the use of high substrate concentrations; b) the
addition of an organic co-solvent to reduce water activity (a small amount of
water is nevertheless required to maintain enzyme activity and to dissolve the
carbohydrates); c¢) use of the acceptor (an alcohol) as the reaction medium; d)
the use of high temperatures — a number of thermostable glycosidases have been
characterized in recent years, in particular the B-glucosidase from the hyperther-
mophilic archeon Pyrococcus furiosus (Bhatia et all,[2002)-. However, most of these
approaches are compromised by loss of enzyme activity/stability and reduced sugar
solubility.

Reverse hydrolysis is economically feasible and simple because the enzymes
required are readily available and inexpensive (e.g. [B-galactosidases are cheap
enzymes industrially used in the hydrolysis of lactose, and also applicable to galacto-
oligosaccharide synthesis). However, the yields obtained are usually low (< 20%).
Crout and collaborators synthesized a variety of B-D-glucosides (maximum yield
20%) using almond B-D-glucosidase in a medium containing 80-90% (v/v) organic
solvent (acetonitrile or tert-butanol) (M @) Using the acceptor alcohol
as solvent, the thermodynamic equilibrium was shifted towards synthesis (40-60%
yield)_not only by mass action but also by the reduced water activity (Vic and
Crout, ).

Interestingly, the synthetic specificity of many glycosidases may differ substan-
tially from the specificity of hydrolysis (Ajisaka and Yamamotd, [2002). Thus, many
a-glucosidases — the function of which in nature is the hydrolysis of a(l — 4)
bonds— are able to transfer glucose units to the primary (more reactive) 6-OH of
the acceptor, yielding products such as isomaltose, panose, etc. In addition, transfer
to secondary hydroxyl groups (2-OH, 3-OH, 4-OH) usually takes place and, as
a result, a mixture of oligosaccharides consisting of a(l — 2), a(1 — 3) and
a(1 — 4) bonds is obtained (M, M) Fig. [ shows the products formed
upon condensation of glucose catalysed by the a-glucosidase from B. stearother-
mophilus. The main product (51%) of the reverse reaction is isomaltose which has
an (1 — 6) linkage (Mala and Kralovd, 200d).

It has been noted that an enzyme having a poor ability to hydrolyse a tetrasac-
charide is unlikely to be able to synthesize such molecules, as the binding condi-
tions for the enzyme-substrate complex will be the same in both reactions (Mala
et al.,-@). Most of the examples reported using the thermodynamic approach
concern the preparation of disaccharides or glycosides of simple hydrophilic
alcohols using exo-glycosidases (B-galactosidases, a- and [B-glucosidases and
a-mannosidases).
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Figure 1. Gluco-oligosaccharide synthesis by reverse-hydrolysis catalysed by a-glucosidase from
Bacillus stearothermophilus. Conditions: 50% (w/w) glucose solution in 0.1 M phosphate buffer pH 7.5,
10 days. Data derived fromm )

2.2. Kinetic Synthesis (Transglycosylation)

Although reverse hydrolysis has the advantage of simplicity, greater versatility can
be obtained using activated glycosides as glycosyl donors. The transglycosylation
mechanism of retaining glycosidases, also valid for transglycosidases, is represented
in Fig. 2l As a consequence of this mechanism, the anomeric configuration of the
resulting oligosaccharide is identical to that of the original donor. The partitioning
of the glycosyl-enzyme intermediate between hydrolysis and transfer products is
determined by the ratio k, - [H,0]/k5- [Acceptor], as can be inferred from Fig.
The ratio transferase/hydrolase thus depends on two parameters: the concentration
of the acceptor and properties intrinsic to the enzyme i.e. its ability to bind the
sugar acceptor and to exclude H,O.

As the reactant is consumed the concentration of the product increases until it
reaches a maximum. At this point, the rate of synthesis of the product (k;) equals
its rate of hydrolysis (k_;). Subsequently, kinetic control is lost and the reaction
must be stopped quickly before product hydrolysis becomes the major process.
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Figure 2. Mechanism of transglycosylation catalysed by retaining glycosidases and transglycosidases.
The active site contains two carboxylic acid residues, located approximately 5.5 A apart: one acting as
a nucleophile and the other as an acid/base catalyst. The reaction proceeds by a double-displacement
mechanism in which a covalent glycosyl-enzyme intermediate is formed by the attack of the deprotonated
carboxylate on the anomeric centre of the carbohydrate with concomitant breaking of the scissile C-O
glycosidic bond. This step is assisted by the carboxylic residue acting as general acid. The second step
is the attack of a nucleophile (a carbohydrate) on the glycosyl-enzyme intermediate, which is assisted
by the conjugate base of the second carboxyl residue

The existence of this maximum explains why transglycosylation results in higher
yields of condensation products compared with equilibrium-controlled processes.
Synthetic yields using kinetic approaches are usually close to 40% compared
with the 20% yield typically obtained in thermodynamically-controlled processes.
However, reaction time must be carefully controlled as hydrolysis subsequently
predominates (Bruins e afl, 2004).

To reduce the extent of hydrolysis, several approaches can be attempted:
(1) continuous removal of the transglycosylation product by crystallization, selective
adsorption onto different carriers or coupling to another enzymatic process

(Planas and Faijed, [2002); (2) the presence of a suitable glycosyl acceptor that reacts

as a nucleophile faster than water; (3) the use of high concentrations of acceptor
(Cobucci-Ponzano er all, 2003). Another common approach is the use of activated
donors which are rapidly and irreversibly cleaved so that k_, ~ 0 (Fig.2)). Examples
include o- and p-nitrophenyl glycosides, vinyl glycosides, glycosyl fluorides or
glycals (Boons and Isled, ﬁ ). These substrates have the
advantage that the leaving group (fluoride, phenol) is a poor acceptor and will not
compete with the actual acceptor molecule. In addition, the activated sugar is a much
better substrate than the product formed. However, some glycosidases do not accept
activated substrates but only disaccharide or higher oligosaccharide glycosyl donors.
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Figure 3. Mechanism of transglycosylation catalysed by glycosynthases. The donor sugar is an activated
glycosyl donor with an anomeric configuration opposite to that of the normal substrate (i.e. an a-glycosyl
fluoride for a B-glycosynthase), thus mimicking the covalent intermediate glycosyl-enzyme. This is
followed by the attack of a nucleophile on the glycosyl fluoride, yielding a disaccharide. The reaction
is irreversible because the product formed cannot react with the active site as the catalytic nucleophile
is not present in the glycosynthase

2.3. Glycosynthases: A Special Case

As a consequence of the progress made in understanding of the structures and
catalytic mechanisms involved in the enzymatic synthesis of glycosidic bonds,
a group of novel, site-specifically mutated glycosidases called glycosynthases were
developed (]Dayms_aLaLl 2001]). The glycosynthase concept was introduced in 1998
by Withers and collaborators using an exo- glucomd%{_ﬂl, (1994)
and extended shortly thereafter to endo-glycosidases , @

A glycosynthase is a specifically-mutated retaining glycosidase in which substi-
tution of the catalytic carboxyl nucleophile by a non-nucleophilic residue (Ala, Gly
or Ser) results in an enzyme which is hydrolytically inactive but yet able to catalyse
the transglycosylation of activated glycosyl fluoride donors having the opposite
anomeric configuration to that of the normal glycosidase substrate. To convert a
glycosidase into a glycosynthase, it is thus necessary to identify the residue acting as
the catalytic nucleophile. The enzyme-substrate complex in glycosynthases mimics
the glycosyl-enzyme intermediate formed by retaining glycosidases and is able to
react with an acceptor (normally a carbohydrate) in a similar way to the transgly-
cosylation step performed by the retaining glycosidases (Fig. 3. By this means the
desired oligosaccharide accumulates and yields obtained can reach 95-98% in some
cases (Planas and Faijed, [2002). The impressive number of glycosidases available
clearly indicates that the potential biodiversity of glycosynthases is very largely
unexplored, and novel applications of these enzymes will undoubtedly emerge

(IRemngLzLalJ Izmj) Very recently, the first glycosynthase derived from an
inverting glycosidase has been reported Man_d_]ﬁ_mg_ld |2mﬂ)

3. SYNTHESIS OF OLIGOSACCHARIDES
BY TRANSGLYCOSIDASES

Transglycosidases are ideal biocatalysts for oligosaccharide synthesis in vitro since
they do not require specially activated substrates but directly employ the free
energy of cleavage of disaccharides (e.g. sucrose) or polysaccharides (e.g. starch)
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(M, M) Transglycosidases present the same mechanism as retaining
glycosidases (Fig. [J), resulting in the net retention of the anomeric configuration.
Although the normal function of transglycosidases is the transfer of glycosyl
residues, water may also act as the acceptor of the glycosyl-enzyme intermediate. In
fact the assignation of oligosaccharide-producing enzymes as either glycosidases or
transglycosidases still remains controversial. For a particular enzyme to be designed
a transglycosidase it must possess a significant ability to bind the acceptor and
exclude H,O. The most important groups of transglycosidases are transglucosidases
and transfructosidases.

3.1. Transglucosidases

Glucansucrases (EC 2.4.1.5) and cyclodextrin glucosyltransferase (CGTase, EC
2.4.1.19) are the most representative enzymes of the transglucosidase family, the
natural substrates of which are sucrose and starch, respectively.

3.1.1. Glucansucrases

Several bacteria excrete a range of transglucosidases called glucansucrases that
utilise sucrose as the sole energy source to synthesise glucose polymers. Glucan-
sucrases belong to family 70 of the glycoside hydrolase family in the Henrissat
classification. Glucansucrases from streptococci are involved in the formation of
dental caries (Devulapalle et all, 2004). Dextransucrases (sucrose: 1,6-a-D-glucan
6-a-D-glucosyltransferase) are glucansucrases produced by different Leuconostoc
mesenteroides strains that convert sucrose into a(l — 6)-linked glucose polymers
(dextrans), releasing fructose (Monchois ez afl,[1999). However, other short carbohy-
drates may also act as acceptors yielding the so-called acceptor products (Robyt and
Walseth, ). The three reactions catalysed by dextransucrase, (a) polymerisation
of the glucose moiety of sucrose, (b) glucose transfer to acceptors, and (c) sucrose
hydrolysis, are competitive. Some acceptors (e.g. isomaltose) yield a homologous
series of oligosaccharides, presenting an increasing number of glucose moieties
in their structure; others form a unique acceptor-product containing one glucose
residue more than the acceptor m ). The latter is the case for fructose,
which is a major product in all dextransucrase-catalysed reactions. Fructose yields
leucrose (a-D-Glup-(1 — 5)-D-Frup) along with a minor product, isomaltulose
(a-D-Glup-(1 — 6)-D-Frup). The leucrose synthesis process becomes particularly
important in the final stages of dextransucrase-catalysed syntheses because the
fructose concentration is high (Buchholz er all, [1998). Acceptors are classified as
being strong (e.g. maltose), which enhance the reaction rate (measured as fructose
released) and strongly inhibit the synthesis of dextran, or weak (e.g. fructose),
which have an inhibitory effect on glucan formation but yield small amounts of
acceptor-products (Monchois er all, [1999).

The regioselectivity displayed by dextransucrases is highly strain dependent
(Leanes er all, 11954). The dextransucrase from L. mesenteroides NRRL B-512F

synthesises a(1 — 6) linked gluco-oligosaccharides (Robyt and Eklund, [1983).
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With several acceptors such as glucose, methyl 1-O-a-D-glucopyranoside, maltose
or isomaltose a series of isomaltodextrins with a degree of polymerisation ranging
from 2 to 7 is obtained. Isomalto-oligosaccharides constitute an important group
of oligosaccharides used as prebiotics, immunostimulants and anti-caries agents
(Goulas ez all, 2004). Dextransucrase from strain B-1299 is also able to form

a(l — 2) linkages (Dols-Lafargue et all, 2001; MZ% @
which confer particular propertles

[Simmering and Blaut, 2001)). Gluco-oligosaccharides containing a(1 — 2) bonds are
capable of promoting the selective development of beneficial cutaneous flora. Based
on the acceptor reaction with maltose, dextransucrase from L. mesenteroides B-1299

is being exploited to produce 50 Tm/year of non-digestible gluco-oligosaccharides
containing a(1 — 2) bonds for the dermo-cosmetic industry m, @)

3.1.2. CGTases

Cyclodextrin glucanotransferases (CGTases) constitute a group of transglucosi-
dases that belong to family 13 of the glycoside hydrolases (a-amylase family):
This family includes different starch-processing enzymes comprising o-amylases,
o-glucosidases, pullulanases and isoamylases. All members of family 13 contain a
(B/a)g-barrel catalytic domain (Leemhuis and Dijkhuizen, [2003). CGTases catalyse
the formation of cyclodextrins (CDs) from starch by an intramolecular transglu-
cosylation reaction (cyclization) in which part of the a(1 — 4)-amylose chain is
cyclized as a result of the formation of an additional a(1 — 4)-glucosidic bond.
CDs are excellent encapsulating agents and are widely used in the food, pharmaceu-
tical, chemical and cosmetic industries. CGTases usually produce a mixture of a,
B, and y-CDs (containing six, seven and eight a-D-glucose units respectively). For
example, the CGTase from Thermoanaerobacter sp. (commercialised as Toruzyme
by Novozymes A/S) converts a 25% (w/v) starch dispersion into a mixture of «, B
and y-CDs with an overall yield of 30%.

Apart from the cyclization process, CGTases also catalyse intermolecular trans-
glucosylations using a cyclodextrin (coupling reaction) or a linear maltooligosac-
charide (disproportionation reaction) as glucosyl donors (van der Veen ez all,[2000).
In addition, CGTases catalyse the hydrolysis of starch and maltooligosaccharides,
although at a much lower rate (Alcalde er al, [1998). Fig. @ represents the specific
activity of a CGTase from Thermoanaerobacter sp. in the above reactions. As
shown, the greatest activity (approx. 1200 U/mg) corresponds to the transglucosy-
lation between two maltooligosaccharides.

Elucidation of the three-dimensional structure and the biochemical characteri-
zation of site-specific mutants have provided detailed insight into the mechanisms of
the reactions catalysed by CGTases (Leemhuis and Dijkhuizen, 2003). A distinctive
feature of CGTases is the existence of the so-called cyclization axis (generally an
aromatic residue, either Phe or Tyr) which is crucial for cyclodextrin formation.
Two carboxylic residues (the catalytic nucleophile Asp229 and the acid/base catalyst
Glu257) are involved in a combined attack on a glycosidic bond that results in the
release of the reducing end of amylose.
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Figure 4. Specific activity of CGTase from Thermoanaerobacter sp. Cyclization: formation of -, 3- and
v-CD from starch. Coupling: transglucosylation of a- or f-CD to methyl-a-D- glucopyranoside. Dispro-
portionation: transglycosylation of p-nitrophenyl-a-D-maltoheptaoside-4,6-O-ethylidene to maltose.
Hydrolysis: otmgﬁoluble starch as substrate (average degree of polymerization 50). Data derived from
mﬁ )

A feasible explanation for the differences observed in the transferase/hydrolase
ratio within the a-amylase family is the variation in the accessibility of the active
site to water (Leemhuis and Dijkhuizer, [2003). This may be related to the
hydrophobicity of the residues in the vicinity of the catalytic site and, in
particular, near the acid/base catalyst, as mutations in these residues changed the
transferase/hydrolase ratio in a neopullulanase. Recently it has been hypothesized
that the separation between Glu257 (the acid/base catalytic residue) and Asp328
(a fully conserved residue that stabilizes the transition state) may determine the
hydrolysis/transglycosylation specificities of the a-amylase family (Roujeinikova
). This distance is larger in strict transglycosylation enzymes. A third
explanation is that the glycosyl-enzyme intermediate is favourably stabilized in
transferases, which is not necessary in hydrolases, and that a conformational
change in the protein induced by a sugar acceptor is required in the transg-
lycosylation step (Fig. @) (Leemhuis and Dijkhuizen, 2003). In this context,
CGTase has been transformed into a starch hydrolase by directed evolution
(Leemhuis er gfl, 2003). Chemical modification of certain CGTase residues
has also resulted in increased transglycosylation (Alcalde er afl, 2001)) or hydrolysis
(Alcalde er all, [1999) activities.

When an acceptor is present in the reaction mixture it inhibits the formation
of cyclodextrins. The acceptor specificity of CGTase is rather broad. A number
of hydroxyl-containing compounds such as glycosides, sugar alcohols, vitamins,
flavonoids, efc. may act as CGTase acceptors, in many cases with high efficiency (Aga
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(.

et al.,llﬂ&]];l]sim_emﬂ, hﬂﬂ) The trans lucos lation activity of CGTase seems to be
very dependent on enzyme source m . Glucosylation often confers new
stability/solubility properties to an aglycon ). However, the best
acceptors are carbohydrates with an a-D-glucopyranose structure in the chair form
and equatorial hydroxyl groups at C-2, C-3 and C-4 m @) With maltose or
glucose as acceptors and starch as donor, a series of maltooligosaccharides is produced
(Martin ez al), 2001)). The degree of polymerisation of the oligosaccharides formed
can be modulated by varying the starch to acceptor ratio. CGTase has a higher affinity
for disaccharides compared to monosaccharides which suggests that the acceptor
binding site can accommodate at least two glucopyranose moieties ,@).
For example, disaccharides such as isomaltose, gentiobiose, turanose, maltulose,
isomaltulose, cellobiose and sucrose are good CGTase acceptors. A steric factor
possibly plays a major role in diminishing the acceptor capacity of trisaccharides.

3.2. Transfructosidases

Many micro-organisms and approx. 12% (4-10* species) of higher plants build
carbohydrate stores based on fructans which are formed by 3-D-fructofuranose units
with a terminal D-glucose. The fructosyl moieties can be B(2 — 6)-linked as is the
case for levan, or (2 — 1)-linked as in inulin. These compounds are synthesized by
transfructosidases called levansucrases and inulosucrases, respectively (Olivares-
Illana et al., ; , ). Both enzymes utilize sucrose as the energy
source for fructan synthesis.

In addition, a group of transfructosidases that are produced by fungi (Aureoba-
sidium pullulans, Aspergillus niger, Aspergillus oryzae, etc.) catalyse the synthesis

of short-chain fructo-olifosaccharides (FOS) (Eernandez ¢z all. 2004 Sangeetha
et al, ; , ). FOS of the inulin-type are fructose oligomers

with a terminal glucose group in which 2—4 fructosyl moieties are linked via
B(2 — 1)-glycosidic bonds (Antosova and Polakovid, 2001). Commercial FOS
are mainly composed of 1-kestose (GF,), nystose (GF;) and 1F-fructofuranosyl-
nystose (GF,). FOS are non-cariogenic and have a sweetness about 40-60% that
of sucrose. They are produced at multi-ton scale given their use as prebiotics.
Prebiotic agents are food ingredients that escape hydrolysis in the upper gastroin-
testinal tract, enter the colon, and produce positive effects on human health because
they are selectively fermented by beneficial colonic flora (Bifidobacterium and
Lactobacillus). As a consequence of the metabolism of these bacteria, short-
chain fatty a01ds (acetate, propionate and butyrate) and L-lactate are produced
with the following implications for health (Gibson
and Ottaway, ): (1) potential protective effects against
colorectal cancer and bowel infectious diseases by inhibiting putrefactive and
pathogen bacteria; (2) improvement of the bioavailability of essential minerals; (3)
enhancement of glucid and lipid metabolism.

FOS-producing enzymes belong to families 32 and 68 of the glycoside hydrolases.
Assignation of FOS-producing enzymes as B-fructofuranosidases (EC 3.2.1.26) or
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transfructosidases —fructosyltransferases- (EC 2.4.1.9) still remains in dispute. The
assignation of a particular enzyme as a B-fructofuranosidase or a transfructosidase
should be based on the transferase to hydrolysis ratio, especially at low substrate
concentrations. In fact, only a few of these enzymes have a transfructosylating activity
significant enough for industrial FOS production. Recently, several FOS-synthesizing
enzymes from Aspergillus species have been purified and characterized (Velasco
and Adrio,lEZ ;Zia) and the first three-dimensional structure of a B-fructofuranosidase,
namely that of Thermotoga maritima, has been reported (IA]_hmaalJ, |20£L4)

Maximal FOS production for any particular enzyme depends on the relative rates
of the_transfructosylation and hydrolysis reactions (Nguven e gll. 200). Ghazi
et al. ), using an immobilized transfructosidase and 630 g/l sucrose, obtained
a maximum FOS production of 61.5% (w/w), referred to the total amount of carbo-
hydrates in the mixture. At the point of maximum FOS concentration, the weight
ratio 1-kestose/nystose/17 -fructofuranosylnystose was 6.2/3.7/0.1. Similar yields of
fructo-oligosaccharides have been reported with other immobilized transfructosi-
dases (Chiang et all, [1997; [Tanriseven and Aslad, 2009).

Levansucrases catalyse the synthesis of levan from sucrose, a polymer with appli-
cations in medicine, pharmacy, agriculture and food (Steinbchel and Rhed, [2003).
In addition to levan formation, levansucrases concomitantly produce FOS of the
inulin-type (Euzenat et all, [1997; [Tambara er all, [1999; [Trujillo er ail, 2001)), and
also catalyse other transfructosylation reactions in the presence of acceptors such as
methanol , M), glycerol (Gonzalez-Munoz er all, [1999) and disaccha-
rides ). Levansucrases are included in glycoside hydrolase (GH)
family 68. The crystal structure of Bacillus subtilis levansucrase was recently solved
by [Meng and Fiittered (2003) at 1.5 A resolution, and shows a rare five-bladed
B-propeller. Site-directed mutations of the three putative catalytic residues of the
Lactobacillus reuteri 121 levansucrase and inulosucrase (the catalytic nucleophile,
the general acid/base catalyst, and the transition state stabilizer) have been obtained
recently (Qzimek ez all, [2004).

Neo-fructo-oligosaccharides (neo-FOS) consist mainly of neokestose (neo-GF2)
and neonystose (neo-GF3), in which a fructosyl unit is (2 — 6) bound to
the glucose_moiety of sucrose or 1-kestose, respectively (Fig. Bl). Grizard and
Barthomeuf (1999) were the first to report the enzymatic synthesis of neo-FOS
using a transfructosylating activity present in a commercial enzyme preparation
from Aspergillus awamori. The neo-FOS yield reached a maximum of 50%
(w/w) based on total weight of carbohydrates in the reaction mixture. Cultures
of the astaxanthin-producing yeast Xanthophyllomyces dendrorhous accumulated
neokestose as a major transfructosylation product when growing on sucrose (Kilian
et al., m) Neokestose also occurs as a minor trans-
fructosylation product of whole cells or enzymes from various plants, yeasts (e.g.
S. cerevisiae) and some filamentous fungi (Hayashi er all, 200d). Investigation
using human faeces as an inoculum in vitro have demonstrated that neokestose has
prebiotic effects that surpass those of commercial FOS dKj_]j_amaLalJ, |2m2).
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Figure 5. Structure of the inulin-type fructo-oligosaccharides, neo-FOS and 6 -type FOS

Short-chain °F-type fructo-oligosaccharides have also received some attention
(Fig. §). Both linear and branched B-(2,6)-linked FOS (the first is 6-kestose) occur
naturally in various food products (Marx et all, [2000). However, the enzymatic
synthesis of ®F-type FOS has barely been studied. [Straathof ef al] (1984) were the
first reporting that the invertase from Saccharomyces cerevisiae formed 6-kestose
at high sucrose concentrations (2.34 M, 800 g/l). [Bekers et al] (2002) determined
the presence of the trisaccharides 1-kestose, neokestose and 6-kestose in the fructan
syrup obtained with a levansucrase from the ethanol-producing bacteria Zymomonas
mobilis.
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1. INTRODUCTION

Peptidases are enzymes that hydrolyse peptide bonds. They are necessary for the
survival of all living creatures, and they are encoded by about 2% of genes in all
kinds of organisms. It has been estimated that 14% of the five hundred human
peptidases are under investigation as drug targets m, M) Peptidases
are important for many biological processes including digestion of food proteins,
recycling of intracellular proteins, the blood coagulation cascade, antigen presen-
tation, and activation of a variety of proteins, including enzymes, peptide hormones,
and neurotransmitters. We calculate that 18% of all proteins in the SwissProt
protein sequence database are annotated as undergoing post-translational proteolytic
processing during maturation.

There are many industrial uses for peptidases, though often mixtures rather
than purified enzymes are used. The earliest were in cheese making, initially
using plant juices to clot milk (according to Homer in The Iliad, fig juice, which
contains ficain, C01.006, was used) and then ‘rennet’, animal stomach contents that
contain chymosin (A01.006). Peptidases are also used to tenderize meat, clarify
beers and enhance the flavours of cheeses and pet foods. Peptidases are used in
the leather industry to remove hair, and make the leather more supple (‘“bating”
and “soaking” the leather); however many of these are proprietary products for
which the sequences and organisms of origin are not public. Peptidases are also
widely used in cleaning materials, such as biological washing powders and contact
lens cleaning fluid. Besides being the targets of drugs, peptidases are used in
medicine to remove gastrointestinal parasites (anthelminthics), removal of dead skin
from burn patients (debridement), determination of blood groups, and for relief
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of back pain by digesting the cartilage content of herniated intervertebral discs
(chemonucleolysis). Peptidases are also widely used as reagents in the laboratory for
limited proteolysis of proteins, and for generating the peptides required for protein
sequencing. A more recent laboratory use for peptidases of restricted specificity
has been in the processing of recombinant fusion proteins. For example, the Nla
endopeptidases from tobacco etch virus (C04.004) processes the viral polyprotein at
a specific site: ENLYFQ+G/S. Introducing a fragment of nucleotide sequence that
encodes such a site in the vector between that coding for the proteins (or between
that coding for polyHis and a protein) enables individual proteins to be separated
from the fusion product by addition of the endopeptidase (Kapust er all, 2%
Examples of uses of peptidases are shown in Table [T} the review by M,,,
provides many more examples m ).

Peptidases are thus an exceptionally important group of enzymes in biology,
medical research and biotechnology. Since the regulation of the activities of pepti-
dases is obviously crucial, the hundreds of proteins that inhibit them are equally
relevant.

In this chapter we will describe some of the terms relevant to peptidases, then
discuss the various classification methods, with particular reference to that employed
by the MEROPS database. In the MEROPS database a unique identifier is given to
each different peptidase, and whenever a peptidase is mentioned in the text, this
identifier will also be given. This will enable the reader to obtain further information
about each peptidase from the MEROPS database.

2. PEPTIDASE

Peptidase is the term recommended in the Enzyme Nomenclature of the Nomen-
clature Committee of the International Union of Biochemistry and Molecular
Biology (NC-IUBMB) and by the Human Gene Nomenclature Committee, as well
as the MEROPS database for any protein that causes the hydrolysis of peptide bonds.
The fact that “peptidase” already forms the root of the names of the many different
sub-types of peptidases: aminopeptidase, carboxypeptidase, and so on (see below),
leads to a very rational and intuitive system of terminology. It is applicable to the
endopeptidases that act on the internal bonds in proteins and large polypeptides
as well as to the oligopeptidases and exopeptidases that act primarily on smaller
substrates. Peptidases are also known colloquially as proteases, proteinases and
proteolytic enzymes.

2.1. Catalytic Type

The catalytic type of a peptidase relates to the chemical groups responsible for its
catalysis of peptide bond hydrolysis. The six specific catalytic types that are recog-
nised are the serine, threonine, cysteine, aspartic, glutamic and metallo- peptidases.
In peptidases of serine, threonine and cysteine type, the catalytic nucleophile is
the reactive group of an amino acid side chain, either a hydroxyl group (serine
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Table 1. Commercial uses of peptidases Peptidases are listed in order of MEROPS identifier (MERID)

MERID Name Commercial uses

A01.001 pepsin A Protein sequencing.

A01.006 chymosin Cheese making.

A01.013 mucorpepsin Cheese making.

A01.017 endothiapepsin Cheese making.

A01.020 phytepsin Contributes to the malting of cereal grains.
Forms from Centauria sp. and Cynara sp. have
been used to coagulate milk in cheese making.

A26.001 omptin An engineered variant of omptin has been
proposed as a specific endopeptidase for the
cleavage of recombinant fusion proteins.

C01.001 papain Used in food processing.

C01.002 chymopapain Contact-lens cleaning fluid. Stem cell isolation.
Treatment of herniated intervertebral disk.

C01.004 glycyl endopeptidase Protein sequencing.

C01.005 stem bromelain Blood group determination.

C01.006 ficain Blood group determination.

C01.026 ananain Burn debridement.

C01.086 aminopeptidase C Cheese making.

C04.001 nuclear-inclusion-A Processing of recombinant fusion proteins.

endopeptidase (plum pox virus)

C04.003 tobacco vein mottling virus-type Processing of recombinant fusion proteins.

NIa endopeptidase

C04.004 tobacco etch virus Nla Processing of recombinant fusion proteins.

endopeptidase

C15.001 pyroglutamyl-peptidase I Removal of pyroglutamyl groups from

(prokaryote) peptides, in protein sequencing. Laboratory use
in identification of group A streptococci and
enterococci.

M09.001 microbial collagenase (Vibrio Several proposed uses, including tissue cell

sp.) dispersion, burn debridement.

M09.002 collagenase colA Many uses, including tissue cell dispersion.

M11.001 gametolysin Use in preparation of Chlamydomonas
protoplasts.

M12.066 flavastacin Specificity is similar to that of an
endopeptidase sold for protein sequencing as
‘endoproteinase Asp-N’.

M12.151 ecarin Laboratory use in haematology.

M12.158 russellysin Laboratory use in haematology.

M20.001 glutamate carboxypeptidase Glutamate carboxypeptidase has been
the subject of considerable research in
experimental prodrug strategies for cancer
therapy including ‘antibody-directed enzyme
prodrug therapy’ (ADEPT).

M22.001 O-sialoglycoprotein Reagent in study of mammalian cell surface

endopeptidase

sialoglycoproteins.

(Continued)
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Table 1. (Continued)

MERID Name Commercial uses

M23.004 lysostaphin An agent for lysis of staphylococcal cell walls in
the laboratory.

M27.002 bontoxilysin As Botox, has therapeutic use for local paralysis
of neuromuscular function, as in strabismus.

M35.002 deuterolysin Taste-forming factor in soy sauce.

M42.001 glutamyl aminopeptidase Contributes to maturation of cheese.

(bacterium)

M72.001 peptidyl-Asp Reagent in protein sequencing.

metalloendopeptidase

M9A.008 tryptophanyl aminopeptidase Use in L-tryptophan manufacture.

M9G.055 Dispase Used in tissue cell dispersion.

S01.001 chymotrypsin A (cattle) Protein sequencing. Removal of allergens from
milk protein hydrolysates.

SO1.151 Trypsin 1 Protein sequencing. Preparation of bacterial media.
Bating leather.

S01.156 enteropeptidase Reagent for cleavage of recombinant fusion
proteins.

S01.176 batroxobin Used as benign defibrinating agent

S01.177 crotalase Used as benign defibrinating agent.

SO01.178 Ancrod Used as benign defibrinating agent.

S01.216 coagulation factor Xa Reagent for cleavage of recombinant fusion
proteins.

S01.217 thrombin Reagent for cleavage of recombinant fusion
proteins.

S01.261 streptogrisin A A component of Pronase.

S01.262 streptogrisin B A component of Pronase.

S01.265 streptogrisin C A component of Pronase.

S01.266 streptogrisin D A component of Pronase.

S01.267 streptogrisin E A component of Pronase.

S01.269 glutamyl endopeptidase I Used in selective hydrolysis of proteins.

S01.280 lysyl endopeptidase (bacteria) Used in amino acid sequencing of proteins.

S08.001 subtilisin Carlsberg Forms of subtilisin are widely used commercially.
Alcalase (from Bacillus licheniformis), Esperase
(from Bacillus) and Maxatase (from Bacillus) are
commercial names for peptidases used in
biological washing powders. Alcalase is also used
in the food industry to process whey and in the
production of pet food.

S08.019 lactocepin 1 Role in digestion of caseins by lactobacilli in
cheese making.

S08.056 cuticle-degrading endopeptidase Cuticle-degrading endopeptidase contributes to the
effectiveness of organisms used in the biocontrol
of insect and nematode pests.

S08.071 furin Proposed for use in processing of recombinant
proteins.

S$10.016 Carboxypeptidase S1 Used to enhance flavours in foods; commercially

available as Flavourzyme.
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and threonine peptidases) or a sulfhydryl group (cysteine peptidases). In aspartic
and metallo- peptidases, the nucleophile is commonly an activated water molecule.
In aspartic peptidases, the water molecule is directly bound by the side chains of
aspartic residues. In metallopeptidases, one or two divalent metal ions hold the
water molecule in place, and charged amino acid side chains are ligands for the
metal ions. The metal is most commonly zinc, but may also be cobalt, manganese
or copper. A single metal ion is usually bound by three amino acid ligands. The
activated water molecule is a fourth metal ligand, and the metal is described as
“tetrahedrally co-ordinated”. Where two metal ions are present, each is tetrahedrally
co-ordinated, so that two activated water molecules are bound, and one amino
acid residue ligates both metals. The glutamic peptidases (all in the small family
G1) were recognised only in 2005 (Kataoka er all, 2003), and much remains to
be learned about their catalytic mechanisms, but they seem to employ a Glu/Gln
catalytic dyad. Just a few peptidases are still of unknown catalytic type.

2.2. Active Site

Crystallographic structures of peptidases show that the active site is commonly
located in a groove on the surface of the molecule between adjacent structural
domains, and the substrate specificity is dictated by the properties of binding sites
arranged along the groove on one or both sides of the catalytic site that is responsible
for hydrolysis of the bond cleaved (the scissile bond). Besides the nucleophile, other
residues are important for catalysis and maintaining the structure of the active site.
The active site residues are very well conserved between all the active peptidases
within a family.

In general terms, cleavage of a peptide bond has been described as an example
of an acid/base reaction, in which the charged nucleophile is the proton donor and
a residue known as the general base is the proton acceptor. In serine and cysteine
peptidases the general base is often a histidine, but can be a lysine (e.g. signal
peptidase I, S26.001 and endopeptidase La, S16.001). When the general base is a
histidine, usually a third residue orientates the imidazolium ring of the histidine and
helps charge one of the nitrogen atoms in the ring. In many serine peptidases this
third member of the catalytic triad is an aspartate, for example in chymotrypsin
(S01.001), subtilisin (S08.001) and carboxypeptidase Y (S10.001). In assemblin
(S21.001) the third residue is a second histidine, and in D-Ala-D-Ala carboxypep-
tidase A (S11.001) it is a second serine. Exceptionally, the serine peptidases omptin
(S18.001) and eukaryote signal peptidase (S26.010) have a Ser/His catalytic dyad
only. In cysteine peptidases the third member of the triad may be asparagine
(e.g. papain, C01.001), aspartate (e.g. deubiquitinating peptidase Yuhl, C12.001)
or glutamate (e.g. adenovirus endopeptidase, C05.001). There are many cysteine
peptidases which have only a Cys/His dyad, however.

In serine and cysteine peptidases, a fourth residue is often important because it
helps stabilize the transitional acyl-intermediate that forms between the peptidase
and the substrate as a first stage of catalysis. A residue forms a hydrogen bond
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with the negatively charged oxygen atom, and this catalytic subsite is known as
the oxyanion hole. In chymotrypsin this fourth important residue is glycine, in
subtilisin it is asparagine and in papain it is glutamine.

Some peptidases appear to have only one catalytic residue, which is the
N-terminal residue. These are known as N-terminal nucleophile (Ntn) hydrolases.
All known threonine peptidases are Ntn-hydrolases, but there are also some serine
peptidases (e.g. penicillin G acylase precursor, S45.001) and cysteine peptidases
(e.g. penicillin V acylase precursor, C59.001), that are autolytic peptidases. In Ntn-
hydrolases, the N-terminal amino group is thought to function as the general base.

Full descriptions of the catalytic mechanisms of serine, cysteine and threonine
peptidases have been provided by [Polgadl (2004) (Polgad, 2004a; [Polgai, 2004h).

No residues other than the aspartates are known to be involved in catalysis by the
aspartic peptidases m, ). In metallopeptidases other residues have been
shown by mutation studies to be essential, but exactly what their roles may be is
controversial (m, M) A glutamate is important for activity in all the metal-
lopeptidases that carry the HEXXH zinc-binding motif (e.g. thermolysin, M04.001),
as well as carboxypeptidase A (M14.001). In metallopeptidases that have two
catalytic metal ions, two residues are essential, often a glutamate and an aspartate
(e.g. glutamate carboxypeptidase, M20.001).

2.3. Terminology of Peptidase Specificity: Schechter and Berger
Nomenclature

The specificity of a peptidase is described by use of a conceptual model in which
each specificity subsite is able to accommodate the side chain of a single amino acid
residue. The sites are numbered from the catalytic site, S1, S2...Sn towards the
N-terminus of the substrate, and S1’, S2’...Sn’ towards the C-terminus. The residues
they accommodate are numbered P1, P2... Pn, and P1’, P2"... Pn/, respectively,
as follows:

Substrate: - P3 - P2 - P1+ P1’ - P2’ - P3' -

Enzyme: - S3 - S2 - S1 * S1” - §2' - S3' -

In this representation the catalytic site of the enzyme is marked * and the scissile
bond is indicated by the symbol +. This system is based on one that was first used

by Schechter and Berger in relation to papain (Schechter and Bergei, [1967).

3. CLASSIFICATION OF PEPTIDASES

A landmark in the development of any field of study is the appearance of a sound
system of nomenclature and classification for the objects with which it deals. The
introduction of the Linnaean system for naming and classifying organisms in the
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eighteenth century and the invention of a system of nomenclature for enzymes in the
1950’s were such key events, and their value has been obvious. Both nomenclature
and classification are vitally important for information-handling, allowing people
to communicate efficiently, knowing that they are talking about the same thing,
and to store and retrieve information unambiguously. A good system also serves
to highlight important questions and thus prompts new discoveries. Three useful
methods of grouping peptidases are currently in use: i) by the chemical mechanism
of catalysis; ii) by the details of the reaction catalysed; iii) by molecular structure
and homology. Each of these is described below in more detail.

3.1. Peptidases Grouped by the Chemical Mechanism of Catalysis

In 1960 the seminal paper of Hartley m, @) initiated a sequence of
developments that has now provided the peptidase community with the very useful
concept of catalytic type. The system of catalytic types (as described above) has
great strengths, but it also has limitations that need to be recognised. It is a strength
that every serine peptidase contains a serine residue that acts as the nucleophile
at the heart of the catalytic site, and as a result many are affected by generic
inhibitors of serine peptidases. But the serine peptidases include many very different
molecular structures and catalytic mechanisms. Moreover, they are by no means all
homologues of each other, so an expression like “the serine peptidase family” has
little meaning.

3.2 Peptidases Grouped by the Kinds of Reaction they Catalyse

In a sense, all peptidases catalyse the same reaction: hydrolysis of a peptide bond.
But they are selective for the position of the peptide bond in the substrate, for
the amino acid residues near the scissile bond, and for other characteristics of
the substrate that are still not understood. The terms used to describe different
specificities are explained below and shown diagrammatically in Fig. [Il

3.2.1. Endopeptidases

An endopeptidase hydrolyses internal, alpha-peptide bonds in a polypeptide chain,
tending to act away from the N-terminus or C-terminus. Examples of endopeptidases
are chymotrypsin (SO1 W, m», pepsin (A01.001; ,m»
and papain (C01.001; ,M)). Some endopeptidases act only on
substrates smaller than proteins, and these are termed oligopeptidases. An example
of an oligopeptidase is thimet oligopeptidase (M03.001; (Barrett er all, [2004)).
Endopeptidases initiate the digestion of food proteins, generating new N- and
C-termini that are substrates for the exopeptidases that complete the process.
Endopeptidases also process proteins by limited proteolysis. Examples are the

removal of signal peptides from secreted proteins (e.g. signal peptidase I, S26.001;
@%)‘z and the maturation of precursor proteins (e.g. enteropeptidase,

, 2004); furin, $08.071, (Creemers er all, R004)). A very few

i)

SO1.156,
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Amnopepise i, @@ = m X MO O Om
(EC 3.4.11) 2 COOH
Dipeptidase NH, -‘—Q COOH
(EC 3.4.12)
Dipeptidyl- . )
peptidase NH, w( O @ O O O O O ol Jm COOH

(EC 3.4.14)
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(EC 3.4.21-24)

Figure 1. Classification of peptidases by reaction catalysed. Peptides are represented as beads on
a string, with each bead representing an amino acid and the string representing the peptide bonds.
N- (“NH,”) and C- (“COOH”) termini are indicated. Black arrows show the first cleavage and white
arrows show subsequent cleavages. For the first cleavage, the amino acid(s) to which specificity is
mainly directed is shown in black and for subsequent cleavages in grey

endopeptidases act at a fixed distance from one terminus of the substrate, an
example being mitochondrial intermediate peptidase (MO03.006; (@, m)),
which releases an N-terminal octapeptide. This octapeptide is the second of two
N-terminal targeting signals of nuclear-encoded proteins that are imported into
the mitochondrion. In the nomenclature of the Nomenclature Committee of the
International Union of Biochemistry and Molecular Biology (NC-IUBMB) endopep-
tidases are allocated to sub-subclasses EC 3.4.21, EC 3.4.22, EC 3.4.23, EC 3.4.24
and EC 3.4.25 for serine-, cysteine-, aspartic-, metallo- and threonine-type endopep-
tidases, respectively (NC-IUBMB, 1992).

3.2.2. Omega-peptidases

The omega-peptidases form the second group of peptidases that have no requirement
for a free N-terminus or C-terminus in the substrate. Despite their lack of
requirement for a charged terminal group, they often act close to one terminus or
the other, and are thus totally distinct from endopeptidases. Some hydrolyse peptide
bonds that are not alpha-bonds; that is, they are isopeptide bonds, in which one
or both of the amino and carboxyl groups are not directly attached to the alpha-
carbon of the parent amino acid. The omega-peptidases are a varied assortment of
enzymes, including ubiquitinyl hydrolases (e.g. ubiquitinyl hydrolase-L.3, C12.003;
m, M)), pyroglutamyl peptidases (C15.010, ,M); MO01.008,
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(w, M)) and gamma-glutamyl hydrolase (C26.001; (Chave ez all, [2004)). The
omega-peptidases are placed in sub-subclass EC 3.4.19 by NC-IUBMB.

3.2.3. Exopeptidases

The exopeptidases require a free N-terminal amino group, C-terminal carboxyl
group or both, and hydrolyse a bond not more than three residues
from the terminus. The exopeptidases are further divided into aminopepti-
dases, carboxypeptidases, dipeptidyl-peptidases, peptidyl-dipeptidases, tripeptidyl-
peptidases and dipeptidases. There are no known exopeptidases that are aspartic or
glumatic peptidases.

Aminopeptidases. An aminopeptidase liberates a single amino acid residue from the
unblocked N-terminus of its substrate: Xaa+ peptide (or Xaa+(Xaa), ). Examples
are aminopeptidase N (M01.001; (M )) and aminopeptidase C (C01.086;
(Chapot-Chartied, 2004)). Aminopeptidases form sub-subclass EC 3.4.11 in the
NC-IUBMB scheme.

Dipeptidases. A dipeptidase hydrolyses a dipeptide, and requires that both termini
be free: Xaa+ Xaa. Examples are dipeptidase A (C69.001; (IDud]_egLand_S_LQe_Ld

,) and membrane dipeptidase (M19.001; m, M)). Dipeptidases form
sub-subclass EC 3.4.13 in the NC-IUBMB scheme.

Dipeptidyl-peptidases. A dipeptidyl-peptidase is so-called because it hydrolyses
a dipeptidyl bond, i.e. it releases an N-terminal dipeptide from its substrate:
dipeptide + peptide (i.e. (Xaa),+(Xaa),), and that being the case, the term
dipeptidyl-peptidase (short for ‘dipeptidyl-peptide hydrolase’) is clearly appropriate.
These enzymes are sometimes erroneously called aminopeptidases or dipeptidases.
Examples are dipeptidyl-peptidase 1 (C01.070; (m,,) m» and dipeptidyl-
peptidase III (M49.001; (Chen et all, 2004)). Dipeptidyl-peptidases, together with
tripeptidyl-peptidases, form sub-subclass EC 3.4.14 in the NC-IUBMB scheme.

Tripeptidyl-peptidases. A tripeptidyl-peptidase hydrolyses a tripeptidyl bond,
releasing a tripeptide from the N-terminus of its substrate: tripeptide + peptide
(i.e. (Xaa); +(Xaa),), and again, this explains the name. Examples are tripeptidyl-
peptidase I (S53.003; (Schar e all, 2004)) and tripeptidyl-peptidase II (S08.090;

(Tomkinson, 2004)). Tripeptidyl peptidases, together with dipeptidyl-peptidases,
form sub-subclass EC 3.4.14 in the NC-IUBMB scheme.

Peptidyl-dipeptidases. A peptidyl-dipeptidase hydrolyses a dipeptide from the C-
terminus of its substrate: peptide + dipeptide (i.e. (Xaa),+(Xaa),), and this explains
the name. An example is peptidyl-dipeptidase A (XM02-001; (Corvol e all, [2004)).
Peptidyl-dipeptidases form sub-subclass EC 3.4.15 in the NC-IUBMB scheme.

Carboxypeptidases. A carboxypeptidase hydrolyses a single residue from the
unblocked C-terminus of its substrate: peptide+Xaa (or more precisely:
(Xaa), + Xaa). Examples are carboxypeptidase Al (M14.001; , M)),
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cathepsin X (C01.013; (Menard ez all, 2004H)) and carboxypeptidase Y (S10.001,
(Mortensen et all, [2004)). Carboxypeptidases form sub-subclasses EC 3.4.16-18 in
the NC-IUBMB scheme, being divided by catalytic type.

Other terms. Several other terms have been introduced for peptidases. The
commonest of these extra terms is tripeptidase. A tripeptidase is a peptidase
that is known only to degrade a tripeptide; however, the known tripeptidases are
specialized aminopeptidases that release an N-terminal amino acid and a dipeptide
and are consequently also known as “aminotripeptidases”. An example is peptidase

T (M20.003; (Miller er ail, 004)).

3.24. Limitations of classification by reaction

There are several limitations to this classification. By far the most important is
that the classification does not reflect evolutionary relationships between the pepti-
dases, because related peptidase can have very different substrate specificities and
unrelated peptidases can have virtually identical substrate specificities, and thus
be included in the same entry in the NC-IUBMB scheme. Endopeptidases are
difficult to classify by this system because it is difficult to describe the reaction
catalysed. For both carboxypeptidases and endopeptidases, catalytic type has been
used to subdivide entries, even though substrate preference has little to do with
catalytic type. This is inconsistent with the other sub-subclasses which also contain
peptidases of different catalytic types.

3.3. Peptidases Grouped by Molecular Structure and Homology

The classification of peptidases by molecular structure and homology is the newest
of the three methods, because it depends on the availability of data for amino acid
sequences and three-dimensional structures in quantities that were realised only
in the early 1990s. In 1993, Rawlings and Barrett described a system in which
individual peptidases were assigned to families, and the families were grouped in
clans (Rawlings er all, [1993). This scheme was developed to provide the structure
of the MEROPS database, and has been extended to include the proteins that
inhibit peptidases (Rawlings et all, 2004). The URL of the MEROPS database is:
http://merops.sanger.ac.uk. The description below relates specifically to the way
the classification of individual peptidases and inhibitors by molecular structure and
homology is implemented in the MEROPS database.

3.3.1. Individual peptidases

Any one peptidase is expected to occur in many species of organisms, and these
are known as species variants. Criteria we use to recognize the species variants of
a single peptidase are as follows:
i) They have similar properties as enzymes, showing the same types and speci-
ficities of catalytic activity, pH optima and sensitivity to inhibitors. Where
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biochemical data are unavailable, there are no differences in the protein
sequences that would be predicted to result in differences in specificity.

ii) They have similar amino acid sequences throughout the length of the
polypeptide encoded by the open reading frame.

iii) An evolutionary tree for the peptidase units shows that the protein sequences
have diverged at the same time as the organisms in which they occur. An earlier
divergence would imply that they are separate enzymes and not orthologues.

A single peptidase may include products of the allelic variants of a single gene
and variants resulting from post-translational modification, and it may be expressed
in different tissues or different stages of an organism’s development. For each
peptidase a single representative form termed the holotype is recognised. It is
analogous to the fype peptidase or type inhibitor at the family and clan levels of
the classification.

Each individual peptidase is given a MEROPS identifier that is formed by concate-
nation of the three-character identifier of the family to which the peptidase belongs,
a point, and a three-figure number. For example, the identifier of chymotrypsin,
the type peptidase in family S1, is SO1.001. A peptidase is considered to merit
the assignment of an identifier when knowledge of it includes one or more amino
acid sequences and information about substrate specificity or biological function.
A satisfactory name is also very helpful. Over 2000 individual peptidases and over
500 inhibitors were recognised in Release 7.2 of the MEROPS database.

There are some peptidases that we have to treat as unsequenced peptidases
because the available amino acid sequence data (if any) are insufficient to allow
us to assign the peptidase to a family. In order to be able to present data for these
peptidases we have created a series of special MEROPS identifiers in which the
family name part of the identifier is replaced by a code that indicates only the
catalytic type and the kind of peptidase activity. The first character of this shows the
catalytic type as in a family identifier, the second character is always 9, and the third
is a letter that indicates the kind of peptidase activity: ‘A’ for aminopeptidase, ‘B’
for dipeptidase, ‘C’ for dipeptidyl-peptidase, ‘D’ for peptidyl-dipeptidase, ‘E’ for
carboxypeptidase, ‘F’ for omega peptidase and ‘G’ for endopeptidase. An example
would be the MEROPS ID M9A.007 for Xaa-Trp aminopeptidase m, ).
As soon as fuller sequence data appear for an unsequenced peptidase we assign it
a normal MEROPS ID.

3.3.2. Unassigned peptidases

In the past a protein was characterized first and the amino acid sequence came later,
but with the advance of methods in sequence determination, especially the ability to
sequence whole genomes, the reverse is now true and determination of a sequence
commonly precedes characterization of the protein. It can be very difficult to
discover the physiological substrates of a peptidase, because some peptidases have
such restricted specificity that only a single protein substrate is cleaved (e.g. renin,
A01.007, which only cleaves angiotensinogen (Suzuki ez all, 2004)). There are now
many peptidase homologues that cannot be assigned to any MEROPS identifier
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because the sequence is too different from that of any holotype. Consequently, we
describe such a protein as an unassigned homologue, and a MEROPS identifier
will be created when the biochemical characterization comes along.

3.3.3. Non-peptidase homologues

For many peptidase families we now know of homologues that are not peptidases,
for example the S1 family includes azurocidin, haptoglobins and protein Z. In all
of these cases at least one residue of the catalytic triad has been replaced. There are
several homologues in family M12 wherein the zinc ligands have been replaced,
and these are unable to bind zinc and are not peptidases. Such a protein is termed
a non-peptidase homologue.

In order to classify every human and mouse non-peptidase homologues we have
used some special MEROPS identifiers for these species. These all have a nine as
the first digit after the dot. Examples are haptoglobin-1 (S01.972), mitochondrial
processing peptidase alpha subunit (M16.971) and proteasome alpha 1 subunit
(T01.976).

There are also some peptidase homologues that possess all the active site
residues and/or metal ligands which are not known to cleave peptide bonds but
are known to catalyse other reactions. An example is acetylornithine deacetylase
which is a non-peptidase homologue in family M20. Another member of M20 from
bacteria, succinyl-diaminopimelate desuccinylase (M20.010), was thought to be a
non-peptidase homologue possessing all components of the active site, including
the metal ligands, but has now been shown to act as a peptidase when the zinc is
replaced by manganese (IBmdgLeLalJ, 2003).

Some non-peptidase homologues are enzymes of other kinds. An example is
dienelactone hydrolase (EC 3.1.1.45), a member of family S9 that has the catalytic
serine replaced by cysteine.

3.3.4. Peptidase unit

The peptidase unit is that part of the protein sequence that is directly responsible
for peptidase activity, as far as it is known to MEROPS. In the simplest case, this is
that part of the sequence that aligns with the smallest mature peptidase molecule in
the family. In structural terms, the peptidase unit consists of two subdomains with
the active site in the cleft between the domains.

Many peptidases and their precursors are chimeric proteins containing
non-peptidase domains at the N- or C-terminus, or even inserted into the middle
of the peptidase unit (in such a circumstance, the peptidase unit is described as
interrupted, and each inserted domain is known as nested). For example, procol-
lagen C-peptidase (M12.005) is a chimeric protein that contains a catalytic domain
related to that of astacin, but also contains segments that are clearly homologous
to non-catalytic parts of the complement components Clr and Cls, which are in
the chymotrypsin family (Rawlings ez all, 11_9911) The procollagen endopeptidase is
placed in the family of astacin (M12), and not in that of chymotrypsin (S1). All
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members of subfamily S41B have interrupted peptidase units, containing a nested
PDZ domain (Ponting ez all, [1999).

In some families even the smallest mature peptidase can be seen to be a
multidomain protein by the presence of a segment that is homologous to a known
non-peptidase domain found in other proteins. An example is family S16, in which
all peptidases have an N-terminal ATPase domain (Vasilyeva et all, 2002). Such
a domain is excluded from the peptidase unit. Since it is the case that for most
peptidases the limits of the peptidase unit are inferred indirectly from a multiple
sequence alignment, they can be refined from time to time as new data become
available. Examples of peptidase units are shown in Fig.

3.3.5. Compound and complex peptidases

The MEROPS classification of peptidases is a classification of peptidase units,
and the great majority of proteins with peptidase activity contain only a single
peptidase unit. But occasionally it happens that a single protein molecule contains
several peptidase units. Such a molecule clearly requires special treatment because
no single location in the classification is right for it. We term such a peptidase
a compound peptidase. There are also multi-subunit peptidase molecules that

Henopexin
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Figure 2. Examples of peptidase units from family M10. The images are proportional to the sequence
length. Domains are shown as rounded rectangles; peptidase units are shown in grey and other domains
in black. Small rectangles show signal peptides and transmembrane domains (black), activation peptides
(dark grey) and cytoplasmic regions (light grey). Features shown on the top edge are cleavage positions
(arrows), structural metal ligands (black squares), carbohydrate attachment sites (black diamonds) and
disulfide bridges (grey lines). Features shown on the bottom edge are catalytic metal ligands (black
squares) and active site residues (black diamonds). The images are aligned to the first active site residue.
Key to images: a) matrilysin (human, M10.008), b) collagenase 1 (human, M10.001), ¢) gelatinase A
(human, M10.003), d) gelatinase B (human, M10.004), e) membrane-type 1 matrix metalloproteinase
(human, M10.014), f) serralysin (Serratia marcescens, M10.051)
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contain more than one peptidase unit in separate polypeptide chains; these we
term complex peptidases. We use a special type of identifier starting in “X”
for the compound and complex peptidases. In addition, a conventional MEROPS
identifier is assigned to each of the individual peptidase units. For example, the
somatic form of peptidyl-dipeptidase A (angiotensin-converting enzyme) is XM02-
001 (Carvol er all, 2004), and its two peptidase units are M02.001 and M02.004.
There is a summary page in the database for XM02-001 in addition to the standard
pages for M02.001 and M02.004. Other examples of compound peptidases are
meprin A complex (XM12-001; (Bertenshaw ez all, [2004)) and carboxypeptidase D
(XM14-001;(|EP®, [1998)). Examples of complex peptidases are the proteasome
XT01-001; , )), AAA endopeptidase complex (XM41-001;

, )), eukaryote signal peptidase (XS26-001; m, m»
and the tricorn complex (XP01-001; (Tamura ez afl, 2004)). The tricorn peptidase
complex is unique in that the components belong to different peptidase families.
Peptidases that are homo-oligomers require no special classification in MEROPS
because a single identifier can encompass all the peptidase units.

3.3.6. Peptidase inhibitors

The MEROPS database also includes the protein inhibitors of peptidases (Rawlings
et al., ). Many inhibitors bind to the peptidase in a substrate-like way, except
that the complex is stable even if hydrolysis occurs. This mechanism is known as
the Laskowski mechanism after the scientist who characterized it (though it is
also known as the standard mechanism (Laskowski er afl, [200)). The residue
that interacts with the nucleophile of the peptidase is known as the reactive site
residue. An example of an inhibitor that uses the Laskowski mechanism is the
turkey ovomucoid third domain (101.003).

A second mechanism is known as a trapping reaction. This kind of reaction
is specific for endopeptidases because it depends upon the cleavage of an internal
bond in the inhibitor that triggers a conformational change which either traps
the enzyme, for example in the case of alpha,-macroglobulin inhibition (139.001;

)), or disrupts the active site of the peptidase, for example alpha,-
peptldase inhibitor (104.001; (Huntington et afl, [200d)). Alpha,-macroglobulin is
able to inhibit a wide range of endopeptidases of every catalytic type because it
contains a long loop containing bonds susceptible to proteolysis known as the bait
region.

Generally, inhibitors are classified in a similar way to peptidases, and the classifi-
cation is one of inhibitor units, an inhibitor unit being that segment of the sequence
that contains a single reactive site (or bait region). There is a similar hierarchical
classification of clan, family and inhibitor.

3.3.7. Compound inhibitor

At least 12 of the families of peptidase inhibitors contain what we term compound
inhibitors; these are families 11, 12, 13, I8, 112, 115, 117, 119, 120, 125, 127 and
131. The compound inhibitors are proteins that contain multiple inhibitor units. The



INTRODUCTION TO PEPTIDASES AND THE MEROPS DATABASE 175

number of inhibitor units ranges from 2-15 (Rawlings ez all,2004). The identifier for
each of these compound inhibitors starts with the letter “L” followed by the name
of the family to which the peptidase units belong, a hyphen, and a serial number.
For example, ovomucoid contains three inhibitor units m, @). These are
101.001, 101.002 and 101.003, and whole protein has the identifier LI01-001. The
summary page for the compound inhibitor LI01-001 contains a diagram that shows
how the individual units are arranged. A few compound inhibitors are known that
contain units from more than one family of inhibitors. These have identifiers that
start “LI90”, and an example is chelonianin (LI90-003), which contains a domain
related to 12 (102.022) and a domain related to 117 (117.004).

3.3.8. Type peptidase, type inhibitor

A type peptidase is nominated for each family and subfamily. All peptidases that
are homologous to the type peptidase are members of this family. Similarly, a rype
inhibitor is nominated for each inhibitor family.

3.3.9. Families

The term family is used to describe a group of peptidases or peptidase inhibitors
each of which can be proved to be homologous to the type example. The homology
is shown by a significant similarity in amino acid sequence either to the type
example itself or to another protein that has been shown to be homologous to the
type example and thus a member of the family. The relationship must exist in the
peptidase unit at least. A family can contain a single peptidase if no homologues
are known, and a single gene product such as a virus polyprotein can contain more
than one peptidase each assigned to a different family.

Some families are divided into subfamilies because there is evidence of a very
ancient divergence within the family. Typically, the divergence corresponds to
more than 150 accepted point mutations per 100 amino acid residues, which would
represent an event 2,500 million years ago for a family with a typical evolutionary
rate of 0.6 substitutions per amino acid site per 1,000 million years. A putative
protein sequence that is very divergent from known peptidases in the family does
not normally found a new subfamily but is described as “unassigned” until more is
known about it.

At the time of writing, there are nearly 200 families of peptidases in MEROPS
(Release 7.2). The naming of the families follows the system introduced by Rawlings
and Barrett (Rawlings e afl, [1993) in which each family is named with a letter
denoting the catalytic type (S, C, T, A, G, M or U, for serine, cysteine, threonine,
aspartic, glutamic, metallo- or unknown), followed by an arbitrarily assigned
number. For example, the caspase family of cysteine peptidases is C14. When a
family disappears, usually because it is merged with another, the family name is
not re-used. For this reason, there are interruptions in the numerical sequences of
families that are of no current significance.

MEROPS (Release 7.2) contains 52 families of peptidase inhibitors. Because a
number of families contain inhibitors of peptidases of more than one catalytic type,
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it is not feasible to name the families of inhibitors according to catalytic types of the
peptidases inhibited. Consequently a single series of inhibitor family names is used,
formed from the letter “I” followed by a serial number. For example, family 14
(the “serpins”) contains serine peptidase inhibitors such as alpha,-antichymotrypsin
(104.002), but also the viral serpin CrmA (104.028), which additionally inhibits the

cysteine peptidase caspase 1 (Komivama ef all, [1994).

3.3.10. Clans

In a clan we include all the modern-day peptidases that we believe to have arisen
from a single evolutionary origin of peptidases, although they commonly have
diverged so far that they now belong in more than one family. The homology of
peptidases in different families in a clan is most clearly shown by their similar
protein folds. The significance of the similarity can often be quantified by use
of the DALI program (Holm ez all, [1997). When structures are not available, the
order of catalytic-site residues in the polypeptide chain and sequence motifs around
them may provide less direct evidence of homology at the clan level. Each clan
is identified with two letters the first of which represents the catalytic type of the
families included in the clan. The letter “P” is used for a clan containing families of
more than one of the catalytic types serine, threonine and cysteine. Some families
cannot yet be assigned to any clan, and when a formal assignment is required, such
a family is described as belonging to clan A-, C-, M-, S-, T- or U-, according to the
catalytic type. Some clans are divided into subclans because there is evidence of
a very ancient divergence within the clan. Clan MA contains subclan MA(E), the
gluzincins, and subclan MA(M), the metzincins. Clan PA is divided into subclan
PA(S), containing families of serine peptidases, and subclan PA(C), containing
families of cysteine peptidases. About 50 clans of peptidases are recognised in
MEROPS (Release 7.2).

The families of proteins that inhibit peptidases are assigned to clans in similar
ways to the families of peptidases. MEROPS (Release 7.2) contains 32 clans of
inhibitors. Identifiers are taken from the ranges IA-IZ and JA-JZ.

3.3.11. Strengths of the MEROPS classification system

Peptidases and their inhibitors represent a hot-spot of scientific research on which
thousands of scientists are working worldwide in academia and industry. The
MEROPS database provides the community with a comprehensive, integrated
resource. The hierarchical system of classification of peptidases and inhibitors
that MEROPS provides is now accepted generally as authoritative. The MEROPS
system allows for the efficient storage and retrieval of information — both within
the database itself and beyond.
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1. INTRODUCTION

Cysteine proteases (CPs) are present in all living organisms. More than twenty
families of cysteine proteases have been described (M, @) many of
which (e.g. papain, bromelain, ficain , animal cathepsins) are of industrial impor-
tance. Recently, cysteine proteases, in particular lysosomal cathepsins, have
attracted the interest of the pharmaceutical industry (ILQung;ang_eLalJ, |21)QZ)
Cathepsins are promising drug targets for many diseases such as osteoporosis,
rheumatoid arthritis, arteriosclerosis, cancer, and inflammatory and autoimmune
diseases. Caspases, another group of CPs, are important elements of the apoptotic

machinery that regulates programmed cell death (Denault and Salvesen, [2002).

Comprehensive information on CPs can be found in many excellent books and
reviews i!Ef%ﬁg gﬁ EHJ ; ; Lecaille
etal, ; ,11999;

2. STRUCTURE AND FUNCTION

2.1. Classification and Evolution

Cysteine proteases (EC.3.4.22) are proteins of molecular mass about 21-30 kDa.
They catalyse the hydrolysis of peptide, amide, ester, thiol ester and thiono ester
bonds. The CP family can be subdivided into exopeptidases (e.g. cathepsin X,
carboxypeptidase B) and endopeptidases (papain, bromelain, ficain, cathepsins).
Exopeptidases cleave the peptide bond proximal to the amino or carboxy termini of
the substrate, whereas endopeptidases cleave peptide bonds distant from the N- or
C-termini. Cysteine proteases are divided into five clans: CA (papain-like enzymes),
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CB (viral chymotrypsin-like CPs), CC (papain-like endopeptidases of RNA viruses),
CD (legumain-type caspases) and CE (containing His, Glu/Asp, Gln, Cys residues in
the catalytic cleft) (Barretd, [1994, [1998; Rawlings er al., this volume). The majority
of CPs that have been characterized are evolutionarily related to papain and share
a common fold. They are synthesized as inactive precursors with a N-terminal
propeptide and a signal peptide. Some peptidases of family C1 have C-terminal
extensions. Activation requires proteolytic cleavage of the N-terminal proregion
that also functions as an inhibitor of the enzyme. Most CPs are inhibited by E-64,

cystatins_and many synthetic inhibitors MWM_Grzonka

et al.,—M).

2.2, Papain

Papain (EC 3.4.22.2) is the best known cysteine protease. It was isolated in 1879 from
the fruits of Carica papaya and was also the first protease for which a crystallographic
structure was determined (Drenth er al),[1968; [Kamphuis et a1}, [1984). The crude dried
latex of papaya fruit contains a mixture of at least four cysteine proteases (papain,
chymopapain, caricain, glycyl endopeptidase) and other enzymes (Baines and Brock-
lehurst, ). Crude papain of the highest quality and activity is found in sunny regions
of constant humidity throughout the year. Methods of purification of papain include
water extraction with reducing and chelating agents, salt precipitation and solvent
extraction. Very pure papain is obtained by affinity chromatography methods. Papain
is composed of 212 amino acids with three internal disulphide bridges, resulting in a
molecular weight of 23.4 kDa. It is relatively basic protein, with a pI of 8.75. Its three-
dimensional structure reveals that the enzyme is composed of two domains of similar
size with the active cleft located between them (Fig.[T).

The general mechanism of cysteine protease action has been very well studied,
with papain as the model enzyme. The enzymatic activity of papain is exerted by
a catalytic dyad formed by Cys* and His'” residues, which in the pH interval
3.5-8.0 form an ion-pair (Fig. B)). Asn'” is important for orientation of the imida-
zolium ring of the histidine in the catalytic cleft. The reactive thiol group of the
enzyme has to be in the reduced form for catalytic activity. Thus, the cysteine
proteases require a rather reducing and acidic environment to be active. The
formation of an intermediate, S-acyl enzyme moiety, is a fundamental step in
hydrolysis. This intermediate is formed via nucleophilic attack of the thiolate group
of the cysteine residue on the carbonyl group of the hydrolysed amide (ester) bond
with the release of the C-terminal fragment of the cleaved product. In the next
step, a water molecule reacts with the intermediate, the N-terminal fragment is
released, and the regenerated free CP molecule can begin a new catalytic cycle
(Storer and Menard, [1994).

The active site residues Cys* and His'> are positioned on opposite sides of
the cleft. A number of structures of papain complexes with ligands and inhibitors
have been elucidated by X-ray crystallography. Following the notation of Schechter
and Berger | , the substrate pocket of papain binds at least seven amino acid

159




CYSTEINE PROTEASES 183

| 7
R 159
H
IN—/ is
SUBSTRATE BINDING S-ACYLATION
H,0
RCO-NHR' R'NI,

C_\'s:5 se

Z NH
: 159
Hg_;‘ His

RCOOH A

DEACYLATION

Figure 2. Enzymatic mechanism of protein hydrolysis by cysteine proteases
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residues in appropriate S, and S,’ subsites (Fig. B). On the basis of kinetic and
structural data [Turk er all (1998) proposed that only five subsites are important
for substrate binding. According to their proposal, the S,, S, and S,’ subsites
are important for both backbone and side-chain binding, whereas the S; and S,’
pockets are crucial only for amino acid side-chain binding. A preference for those
substrates containing a bulky hydrophobic chain (Phe, Leu, Ile efc.) in P, position
was found; the amino acid residue in position P, of the substrate influences substrate
binding to the enzyme to a lesser degree. There is some preference for basic amino
acids (Arg, Lys) in this position but Val is not accepted. The S; binding site of the
enzyme is less constrained; it can accommodate different amino acids side chains.
Generally, papain possesses fairly broad specificity and can cleave various peptide
bonds. The optimal activity of papain occurs at pH 5.8-7.0 and at temperature
50-57° C when casein is used as the substrate. Papain is stable and active for several
months when stored at 4° C. Decreased activity during storage is due to oxidation of
the active site thiol group. This oxidation can be partially reversed by thiol reagents
(cysteine, mercaptoethanol, dimercaptopropanol etc.).

2.3. Bromelain

The name ‘bromelain’ was originally given to the mixture of proteases found in the
juice of the stem and fruit of pineapple (Ananas comosus). Even now, bromelain
is still used as the collective name for enzymes found in various members of
the Bromeliaceae family. The major endopeptidase present in extracts of plant
stem is termed ‘stem bromelain’, whereas the major enzyme fraction found in the
juice of the pineapple fruit is named ‘fruit bromelain’. Some other minor cysteine
endopeptidases (ananain, comosain) are also found in the pineapple stem.

Stem bromelain (EC 3.4.22.32) belongs to the papain family. It is a glycosylated
single-chain protein of molecular weight 24.5 kDa. It contains 212 amino acid
residues, including seven cysteines, one of which is involved in catalysis. The other
six are associated in pairs forming three disulphide bridges. The crystal structure
of stem bromelain has not yet been reported. Stem bromelain can be purified

hydrolyzed
peptide
bond

Figure 3. Interaction of papain with substrate
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from dried pineapple stem powder by cation-exchange or affinity chromatography
methods (Rowan e al],11990). Pure stem bromelain is stable when stored at —20° C.
The pH optimum for bromelain activity is 6—8.5 for most of its substrates, and the
temperature optimum range of this enzyme is 50 to 60° C. Cysteine is commonly
used as an activating compound for bromelain, other thiols being less effective.
Stem bromelain has high proteolytic activity for protein substrates, with a preference
for polar amino acids in the P, and P,’ positions. It has strong preference for
Z-Arg-Arg-NHMec among small molecule substrates. It is scarcely inhibited by
chicken cystatin and very slowly inactivated by E-64.

Fruit bromelain (EC 3.4.22.33), the major endopeptidase present in the juice of the
pineapple fruit, is immunologically distinct from stem bromelain. Fruit bromelain
is a single-chain glycosylated protein of molecular weight 25 kDa. It has much
higher proteolytic activity compared to stem bromelain and a broader specificity
for peptide bonds.

24. Ficain (ficin)

Ficain (EC 3.4.22.3; synonym: ficin) is the name for the cysteine protease isolated
from dried latex of Ficus glabrata. It is also present in other species of Ficus,
e.g. F. carica, F. elastica. Ficain can be purified by gel filtration followed by
covalent chromatography (m, @). The optimum pH range is from 5 to
8, whereas the temperature optimum is from 45 to 55° C. Ficain requires cysteine
or other reducing agents for activation. The enzyme has broad specificity with the
acceptance of hydrophobic amino acid residues (Phe, Leu, Val) in the S, pocket.
Ficain like papain is inhibited by chicken cystatin.

2.5. Cathepsins

Lysosomal cathepsins are an important group of enzymes that are responsible for a
number of physiological processes including cellular protein degradation (Bromme
and Kaleta, ). All cathepsins have mature domains of 214-260 amino acids. The
structure of cathepsins shows an L-domain containing the active cysteine residue
and a conserved a-helix and R-domain with the histidine residue and four to six
B-strands. With the exception of cathepsin S, human cathepsins have acidic pH
optima characteristic of the lysosomal compartment, and they are rapidly inactivated
at neutral pH. Cathepsins have different specificities which are related to their

specific functions in different tissues (Lecaille et afl, [2002).

3. INDUSTRIAL APPLICATIONS OF CYSTEINE PROTEASES

Proteases, which firmly maintain first place in the world enzyme market, play
an important role in biotechnology. The cysteine proteases of plants and animal
cathepsins are of considerable commercial importance due to their strong proteolytic
activity against a broad range of protein substrates. Most industrial applications
of these enzymes are described in excellent books and review articles published
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Table 1. Major industrial applications of cysteine proteases

Application

Enzymes used

Reason (uses)

Biological detergent
Baking industry

Brewing industry
Dairy industry
Photographic industry

Food industry

Waste removing
(effluent)
Chitooligosaccharides
production

Sea food

Cosmetic industry

Parmaceutic industry
and medicine

Textile
Leather industry

Forage (animal‘s food)

Chemical industry
(organic sythesis)

papain, bromelain
bromelain, papain

bromelain, papain
bromelain, papain
ficin

bromelain, papain,
cathepsins

bromelain, papain
crude bromelain,
crude papain
bromelain, papain

bromelain, papain

bromelain, papain

bromelain, papain

papain
bromelain, papain

bromelain, papain

protein stain removing

lowering the protein level of flour in biscuit
manufacturing, dough relaxation, preventing
dough shrinkback, better bread volume,
crumbliness and browning uniformity
removing cloudines during storage of beers,
spliting proteins in the malt

whey hydrolyzates, sweetener, cheese
rippening

dissolving gelatin of the scraped film allowing
to recovery of silver present

tenderizer for meat, make high-level
nutriments, make soluble protein products and
breakfast, cereal and beverage, gelatin
stabilization, health food, dry fermented food
rippening

lowering viscosity of water extract (stick
water), protein and peptides production
chitosan depolymerization to use in pharmacy,
animal food, medicine

surimi production, protein hydrolyzates
peeling effect, tooth whitening, can help to
dispel taches ad pimples, clean face

kill the lymphatic leukemia cells, probacteria,
parasite and bacillus tuberculars, helping
diminish inflammation, normalize the
functioning of the gallbladder, alleviating pain
and promote digestion, soft lens cleaning
used for processing wool, boiling off cocoons
and refining silks

depilatory for tanning the leathers

to increase availability and inversion of
proteins decreasing the cost of forages and
exploiting sources of protein

synthesis of aspartam, antitumor compounds,
bioactive peptides

in rec’erlﬁzzriflfd]m:ﬂjuj’s%:%ﬂ Nﬂhﬂm&s&dﬁ% ;%;

2002 [Clemend, 200d: [achid, 2004 Liu 1 f]. 2004). Tn Table D

some major industrial applications are presented.

3.1. Beer and Alcohol Production

Light and clear beers are preferred by consumers. Different ingredients used during
beer manufacture incorporate proteins which form insoluble complexes that appear
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as a permanent haze. When the beer is chilled the insolubility increases and a more
intense haze, known as chill-haze, is produced. Treatment with a proteolytic enzyme
(usually crude papain or bromelain) results in a beer that remains clear and bright
when chilled. Enzyme serum is also excellent as a wort clarifier M, E%,
m M) Currently papain is not so widely used because of the trend for
additive free beers prevailing in some European countries.

3.2 Baking Industry

Proteases are used in the baking industry because dough may be prepared more
quickly if the gluten it contains has been partially hydrolysed. When high-gluten
varieties of wheat are used the gluten must be extensively degraded for making
biscuits or preventing shrinkage of commercial pie pastry. Bromelain has been
widely used in the baking industry because of its rapid rate of reaction, broad pH and
temperature optima and its lack of amylase or pentosanase side activities. Protease
treatment improves dough relaxing and bread volume, prevents dough shrink back,

and allows faster bakery throughput (Tanabe ez afl, [1996).

3.3. Food Processing

Hydrolysis of animal or vegetable food proteins is carried out for different purposes:
to improve nutritional characteristics, to retard deterioration, the modification of
different functional properties (solubility, foaming, coagulation, and emulsifying
capacities), the prevention of undesired interactions, to change flavours and odours,
and the removal of toxic or inhibitory factors, among others. Enzymatic hydrolysis is
strongly preferred over chemical methods because it yields hydrolysates containing
well-defined peptide mixtures and avoids the destruction of L-amino acids and
the formation of toxic substances. Cysteine proteases, especially papain and
bromelain, are widely used to prepare protein hydrolysates having excellent taste
properties because of the absence of bitterness. Seafood dMilh_dms_sgd, [1997:
|As_pmg_aLaL|, |21)£Li|), eggs (Il@_e_an_dﬁb_cd, ) and vegetable (soya, wheat, rice,
sunflower, sesame and maize - ,@; ,|2£)QZ)
protein hydrolysates not only provide excellent enhanced flavour in a wide range of
foods but also improve protein assimilation (Adler-Nisser, [1986; [Clementd, [200d).

Caseins and whey are some of the important protein substrates available in nature.
Whey proteins generate a significant increase in foam formation and stable foam
structure that can be reduced by proteolysis (Lieske and Konrad, [199€). Hydrolysis
of milk proteins reduce the allergenic properties of dairy products. Milk protein
hydrolysates are also used in health and fortifying sports drinks, in infant and
low-digestible enteral nutrition and dietetic food.

Proteinases are widely applied in the formulation of marinades and tenderising
recipes. Softness and tenderness have been identified as the most important factors
affecting consumer satisfaction and the perception of taste. Tenderisation can be
effected by breaking the cross-links between the fibrous protein of meat (collagen
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and elastin) or by breaking meat into shreds. The traditional enzymes for this are

papain, bromelain or ficin (Godfrey and Wesd, [199d) which are sprayed or dusted

onto meat. However, native meat enzymes — cathepsins and calpains — play a special
role in_tenderising meat by controlled ageing (Sentandreu er gf). 2002: Thomas
et al., ). Meat from older animals remains tough but can be tenderised by
injecting inactive papain into the jugular vein of the live animal shortly before
slaughtering. Upon slaughter, the resultant reducing conditions cause the accumu-
lation of free thiols in the muscle, activating the papain and hence tenderising the
meat. This is a very effective process as only 2-5 ppm of inactive enzyme need
to be injected. Recently, however, it has been found that this destroys the animal’s
heart, liver and kidneys which cannot be sold. Papain activity is difficult to control
and persists into the cooking process. Papain and bromelain as well as endogenous
cysteine proteases are used for accelerated ripening of dry fermented sausages (Diaz
et al., ) and dry-cured ham , ). The activity of endogenous
muscle cysteine proteases (mainly cathepsins) activated during cooking caused
myosin degradation and subsequent loss of texture. In surimi production, too much
cysteine protease activity is also undesirable (IML @), therefore proteinase
inhibitors ( gﬁgggr-égggigﬂ: !! Egér are aiplied to prevent gel weakening (Kang
and Lanier, ; , ). Other applications include: producing

dehydrated beans, baby food, food that can be easily digested by the patients, soft

sweets, food deodorization dSs;hmi_dLaLaLJ, [1994: [Clementd, |21)Qﬂ)

34. Animal Feed

The addition of papain to some mixed forages can greatly increase the availability
of protein, decreasing the cost of the forage and exploiting sources of protein (Wong
et al., ). An important application of proteases in the pet food industry is to
produce a digest which liquefies the raw material and creates an acceptable flavour.
This is then coated onto or mixed into dry pet food to improve its palatability.

3.5. By-product Utilization

Recently, chitosan-related materials have received a considerable amount of
attention because they are useful in the food , M) and agriculture
X @ industries and have various biological activities of interest

, M) Chitosan is a deacylated derivative of chitin which is

an abundant natural polysaccharide found in the exoskeleton of creatures such as
crustaceans and insects, and in fungi. Chitinous material is obtained from the marine
products’ industry as a solid waste product. Chitosan depolymerisation enhances its
water solubility and reduces solution viscosity as well as suppressing gel formation
during storage. Therefore the depolymerisation of chitosan could facilitate the appli-
cation of chitosan-related materials in a variety of fields. Commercial crude papain,
bromelain and ficin are widely used for chitosan depolymerisation ml,) EE@;
[Chang ez all, |ZQQ5) However, the hydrolysis of chitin and chitosan by means of
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stem bromelain was the result of chitinase and chitosanase activities present in the

crude enzyme and not bromelain itself (Hung ez all, 2002).

Plant cysteine proteases are also used to improve the recovery of protein from
slaughterhouse waste (Gémez-Jud and soy processing (Moure
et al., | ). The recovered proteins are subsequently used in both the feed and
food industries owing to their good nutritional value and excellent functional
properties (Silva ez afl, 200d). Nowadays papain and alkaline bacterial proteases
are also_employed for solubilizing fish wastes (Gildberg er afl. 2002: Guerard
et al., ) and to lower the viscosity of expressed fish fluids (stick water) in
fodder manufacture, as well as to extract carotenoproteins from brown shrimps
(Chakrabarti, 2002). Cysteine proteases are also used in skeletal muscle wasting
(bone cleaning) and meat recovery processes. To recover this material, bones are
mashed and incubated at 60° C with neutral or alkaline proteases for up to 4 hours.
The meat slurry produced is used in canned meat and soups and protein-free bones
are used as a source of gelatin.

Photographic films and plates essentially consist of an emulsion on a firm
support of cellulose acetate, or polyester, or glass. The emulsion is composed
of a suspension of minute silver halide crystals in gelatin. Spent films which
have lost their usefulness could be utilized as a source of valuable chemicals
recovered by means of the proteolytic action of papain (i.e. recovery of silver).
Papain and bromelain are also applied to biodegrade polymers (Dupret ez afl, 2000;

[Howard, 2002; IChiellini e ail, [2003).

3.6. Leather Industry

The bating of leather is a technique which takes place before tanning, and is
employed to provide hides and skins with the requisite malleability and softness.
Bating materials, which contain proteases, serve this purpose by breaking down
the proteinaceous material of skins and hides. However, the proteolytic action
should only be allowed to continue to a specific level to avoid destruction of the
basic structure of the leather. In addition, papain also acts as a dehairing agent.
A conventional dehairing process with sodium sulphide and lime is a major source
of the pollution associated with the tanning industry. Several enzymatic (including
protease and amylase activities) and non-enzymatic dehairing methods have evolved
during the last century. Papain together with soluble silicates (water glass) can be
used as a depilatory for tanning leathers, making the products smooth and shiny
and eliminating the formation of chrome bearing leather waste (Saravanabhavan
et al. M)

3.7. Textile Industry

Papain can be used for processing wool, boiling off cocoons and refining silks
(Ereddi ez all, [2003). As a result, the products will not shrink and will be quite soft.
Natural silk and the engulfing gums produced by silk worms are both proteinaceous
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in nature. Since papain can dissolve sericin but is unable to affect silk fibre protein
it can be used for the refinement of the mixture of bombycine and vinegar fibre. In
the past, papain has been widely used to ‘shrink-proof” wool. A successful method
involved the partial hydrolysis of the scale tips. This method also gave wool a
silky lustre and added to its value. The method was abandoned a few years ago for
economic reasons.

3.8. Cosmetic Industry

Enzyme baths containing bacteria and/or enzymes are popular as treatments for
giving a smooth skin. Papain can help dispel blotches and pimples, clean the face
and promote blood circulation making the skin healthier and tender. Papain and
bromelain are used in face-care products to provide gentle peeling effects.

3.9. Organic Chemistry

Papain is used in the synthesis of amino acids i id, [1998), biologically

active Eegtideﬁ, @), anticancer drugs @, ) and polyaspartate
y )'

4. USE OF CYSTEINE PROTEASES IN PHARMACY
AND MEDICINE

Due to their availability, proteases isolated from plants have a special place in these
areas. A wide range of therapeutic benefits are claimed for bromelain, introduced
as a therapeutic compound since 1957. Bromelain’s principle activities include:

the reversible inhibition of platelet aggregation (Morita et all, [1979), fibrinolytic
activity (Maurer er al], 2000), anti-inflammatory action , [1994 , the
s IMunzig e

modulation of cytokines and immunit ser et all, all, ),
skin debridement of burns (Rosenberg et al OOZI|) anti-tumour activity (Batkin
et al., ), enhanced absorption of other drugs (Ti i , 11978),

mucolytic properties (1957 , a digestion aid , W),
enhanced wound healing ‘ ,,ﬁ) and cardiovascular and circulatory
improvement (Lau ) ). In addition to the cysteine protease,
bromelain preparations also contains other biologically active compounds such as
peroxidase, acid phosphatase, several protease inhibitors and organically bound
calcium. It was found that isolation of the proteolytic fraction of bromelain leads
to loss of the many beneficial effects observed in vivo for crude extracts (Taussig
and Nieperm). Results obtained from pharmaceutical and preclinical studies
recommend bromelain as an orally given drug for complementary tumour therapy.
The anti-metastatic activity of bromelain and its ability to inhibit metastasis-
associated platelet aggregation as well as the growth and invasiveness of tumour
cells is especially promising. The anti-invasive effect was found to be independent
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of the proteolytic activity. (For a more comprehensive review of applications and
activities of this complex of cysteine proteases see m, ).

Another enzyme widely used in medical and para-medical practice is papain. This
enzyme is used for wound debridement, the removal of necrotic tissue (Mekkes
et al., llﬂﬂ), the external treatment of hard tissues, wart and scar tissue removal,
acne treatment, depilation, skin cleansing treatments and as a component of tooth-
paste. Papain is used in the preparation of tyrosine derivatives which are used
for the treatment of Parkinsonism, and for the preparation of tetanus vaccines and
immunoglobulin samples for intravenous injections (Brocklehurst er all, ll_%_]])
Chymopapain is applied in the chemonucleolysis of damaged human intervertebral
spinal discs (Watts er gl], [1979).

Although the toxicity of the above mentioned enzymes is rather low, exposure
to the dust or aerosols of their solutions is harmful. Such exposure_may induce
asthma,_rhinitis and aller ; . Novey
et al., ). Papain is used in laboratory practice for artificial induction of

emphysema (Martorana e afl, [1982) and osteoarthritis m @) in exper-

imental animals. Anaphylaxis is one of the complications caused by chymopapain

used in chemonucleolysis (hMa.Lts_aLalJ, [1979; [Ford, [1977; [DiMaid, hﬂ) Others

are subarachnoid haemorrhage nerve injury (Mackinnon
etal., ) and intervertebral disk-space infections , ).

Cysteine proteases have also been recognized as critical enzymes in degener-
ative and autoimmune states. Lysosomal cysteine proteases of the papain family
are involved in different pathological states. Deficiency of enzymatic activity of
this group of enzymes was found to occur in two diseases: pycnodysostosis, a
skeletal bone dysplasia caused by cathepsin K deficiency, and Pappilon-Lefevre
syndrome, a periodontopathia caused by cathepsin C defficiency (Lecaille
et al., 2002). However, the major role of papain-like cysteine proteases in patho-
logical states is not related to their deficiency but the overexpression of such
enzymes or their activity outside their normal site of action. An understanding of
the physiopathological functions of cysteine proteases will permit the design of new
selective therapeutic agents.

Tumour cell invasion and metastasis are associated with the proteolytic activities
of various types of proteases, including lysosomal proteases. Elevated expression
of certain cathepsins and diminished levels of their inhibitors have been observed
in several human cancers, including breast, gastric, glioma and prostate cancers,
and especially in cases of aggressive cells MM_M_OHO and
Schirmeister, [1997).

Cathepsins of the papain family seem to play a cr1t1cal role in rheumatoid

arthritis and atherosclerosis ; Otto and
Schirmeister, i i gg g).

Cysteine proteases of the papain family play an important role in microbial

(viral, bacterial) and parasitic infections (Tong, 2002; [Han er afl, 2003). They

are virulence factors and/or participate in tissue penetration, feeding, replication
and immune evasion. The lack of redundancy of the cysteine proteases in these
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organisms compared to their mammalian hosts makes them attractive targets for
the development of new medically useful compounds.

Intense development of enzyme applications for food and animal feeds, the detergent
and textile industries as well as in medicine mean that the current list of cysteine
protease applications is incomplete. However, variability in the properties of plant
enzymes which depend on weather conditions amongst others may well result in
their dispacement by microbial enzymes. Genetic engineering techniques will be
applicable not only to source valued enzymes in easy-to-grow micro-organisms
but also to modify and tailor enzyme properties to consumer requirements.
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1. INTRODUCTION

Proteolytic enzymes (proteases) are omnipresent in nature (see Rawlings et al.,
Chapter this volume). Subtilisins are a family of serine proteases, i.e. they
possess an essential serine residue at the active site. This serine residue is part of
a catalytic triad of Aspartate, Histidine and Serine that is very similar to that of
mammalian intestinal digestive enzymes, trypsin and chymotrypsin. The subtilisin
family, now known as peptidase family S8, is the second largest serine protease
family. There are over 200 known members of the family, with the complete
amino acid_sequence established for the vast majority of them (Siezen and
Leunissen, [L1997). Proteolytic enzymes that utilize serine in their catalytic triad are
quite ubiquitous. They include a wide range of peptidase activities, such as endopep-
tidases, exopeptidases and oligopeptidases. Over 20 families of serine proteases
have been identified and classified as members of 6 clans on the basis of structural
and functional similarities. Subtilisins are to be found in archaebacteria, eubacteria,
eukaryotes and viruses. The bacterial subtilisins are the subgroup of serine proteases
of greater industrial significance and have been studied extensively, with regard to
improving their catalytic efficiency and stabilities. As detailed later, those subtilisins
produced by selected bacilli have found widespread applications, especially as
detergent additives.

2. GENERAL PROPERTIES OF SUBTILISINS

The serine proteases have a catalytic triad of serine, aspartate and histidine in
common. A specific serine residue acts as a nucleophile and anchors the acyl-
enzyme intermediate during the course of the enzyme’s catalytic action, with
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aspartate as an electrophile, and histidine as a base. It is notable that the geometric
orientation of the catalytic residues is similar between families, despite different
protein folds and the absence of sequence homology. The linear arrangements
of the catalytic residues commonly reflect clan relationships. The catalytic triad
in the chymotrypsin clan is ordered his-ser-asp; but it is ordered asp-his-ser
in the subtilisin clan. Interestingly, bacterial subtilisins and mammalian serine
proteases are paradigms of convergent evolution having independently arrived at
this very similar catalytic triad (Rawlings and Barretf, [1993). Thus, for these serine
proteinases, having unrelated ancestral precursors, convergent evolution has resulted
in a very similar structural arrangement to achieve a particular catalytic mechanism.

All these enzymes catalyze the hydrolysis of peptide and ester bonds through
formation of an acyl-enzyme intermediate (see[Perona and Craild, [1993; [Polgad, 2005
and Rawlings et al., Chapter this volume for detailed reviews). Briefly, after
formation of enzyme-substrate complex, the carbonyl carbon of the scissile bond is
attacked by the active site serine, forming a tetrahedral intermediate. In subtilisins
this transition state is stabilised by hydrogen bonding to the backbone of the serine
221 (the active site nucleophile) and the side chain of asparagine 155. This transition
state decays as a proton is donated from the active site histidine 64 to the amine
group at the cleavage site of the substrate to liberate the first product of the reaction
and simultaneous formation of the covalent acyl-enzyme intermediate. The enzyme
is deacylated by nucleophilic attack by water, followed by the formation of another
tetrahedral intermediate that is also stabilised by hydrogen bonding to the enzyme.
This decays with proton transfer to the active site histidine and release of the second
peptide product. With regard to the third member of the catalytic triad, aspartate
32, there is another characteristic trait of serine proteases, i.e. a resonance between
its carboxylate and histidine 64 mediated by a low-barrier hydrogen bond (LBHB)
influencing the reactivity of histidine 64 in a manner that is generally regarded as
critical for catalysis. LBHBs are such that the hydrogen atom becomes more or less
equally shared between the donor and acceptor atoms. However, the criticality of
this LBHB as an inherent requirement for significant rate enhancement for subtilisin
has been recently called into question (Stratton e aZl, [2001).

Most members of peptidase family S8 are endopeptidases. Most of the family
are active at neutral to, generally, mildly alkaline pH. Many of them are extremely
thermostable, which make them very suited to many applications. Most of them
are non-specific peptidases having high turnover numbers and with a preference
to cleave at the C-terminal side of hydrophobic residues. However, thermophilic
subtilisins are generally less catalytically efficient. Subtilisins accept a broader range
of substrates other than peptides or proteins, so they are also used for reactions
involving unnatural substrates in synthetic reactions (Moree er gfl, [1997). In this
context, subtilisins are more tolerant of changes in the nucleophile than in the
carboxyl group. They are inhibited by the general serine protease inhibitors, such as
nerve gases (e.g. diisopropyl fluorophosphate) and phenylmethanesulfonyl fluoride.
The tertiary structures for several of them have been determined under various
conditions. An S8 protease typically consists of three layers with a 7-stranded
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B-sheet sandwiched between two layers of a-helices (Fig.[)). The structural stability
of these enzymes is illustrated by subtilisin Carlsberg in neat organic solvent,
showing an extremely well organised molecule (Fig. [[l). Another feature of this
family of proteases is the presence of one or more calcium binding sites that
contribute greatly to the thermal stability of many of them.

Subtilisins have another property in common with many secreted proteases, i.e.
their biosynthesis requires participation of an N-terminal pro-domain (see Shinde
and Inouye, ). Such domains act as intra-molecular chaperones to greatly
expedite the folding rate of the mature, stable subtilisin. This, clearly, provides
nature with a clever mechanism of regulating protease activation and it also provides
mankind with an approach to maintaining industrially important subtilisins in

extremely stable states that can be activated at will (Takagi and Takahashi, 2003;
[Subbian et afl, 2003).

The advent of recombinant DNA technology has brought about a revolution in the
development of new enzymes and in our understanding of the structure/function
relationships of proteins, in general. The general features of structure and
function relationships of subtilisins gleaned from earlier studies have been reviewed

(Tarnagin and Ferrari, [1992). They noted that most single mutations in subtilisin

BPN’ do not cause major structural alterations. Even multiple mutations, though

Figure 1. Subtilisin Carlsberg (E.C.3.4.21.62): Enzyme crystal structure in a neat organic solvent
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they may cause local minor perturbations, do not alter overall structure to any large
degree. It had been observed earlier that the subtilisin BPN’ structure is very tolerant
of single mutations, and this tolerance may have been necessary for survival of the
enzyme during the course of evolution. This structural tolerance is not surprising
if one considers that the structure of subtilisin Carlsberg is very similar to that of
subtilisin BPN’ while their protein sequences differ by 31%. Apparently, a signif-
icant amount of sequence variation still allows for overall structural similarities in
the subtilisin family of enzymes. Though the overall structure of subtilisin is not
easily perturbed by single or even multiple mutations, it is also clear that single
mutations can lead to very significant affects on the catalytic efficiency, substrate
preference, and stability.

3. BIOENGINEERING OF SUBTILISINS

Subtilisin has also become a paradigm for protein engineering studies. Protein
engineering of subtilisin commenced in the 1960s, with a view to understanding
their catalytic properties and stabilities (earlier studies comprehensively reviewed
by m, ). Since the advent of gene cloning in the early 1980s there have
been many impressive studies involving genetic manipulation of subtilisins. For
example, by directed evolution, subtilisin E from Bacillus subtilis was converted
into an enzyme functionally equivalent to its thermophilic homologue, thermitase
from Thermoactinomyces vulgaris. Thermitase, also a member of the subtilisin
family, has 47% sequence homology to subtilisin BPN’ , @) Five
generations of random mutagenesis, recombination and screening created subtilisin
E 5-3H5 (Zhao and Arnold, [1999). The optimum temperature of the evolved enzyme
was 17°C higher and its half-life at 65°C was more than 200-fold that of wild
type subtilisin E. In addition, 5-3H5 was more active towards the hydrolysis of a
synthetic substrate, succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, than wild type at all
temperatures from 10 to 90°C. Surprisingly, even though the sequence of thermitase
differs from that of subtilisin E at 157 positions, only eight amino acid substitutions
were required to convert subtilisin E into an enzyme with similar thermostability.
The eight substitutions, which included previously recognised stabilizing mutations
(e.g. asparagine replacing serine at position 218 and aspartate for asparagine at
residue 76), were found distributed over the surface of the enzyme. Impressively,
these experiments showed that directed evolution provides a powerful tool to unveil
mechanisms of thermal adaptation and that it is an effective and efficient approach
to manipulating thermostability without compromising enzyme activity.

A more recent study on the stabilizing mutations in subtilisin BPN’ has also
greatly aided understanding of the structural basis of the thermostability of this
enzyme (Almog ef ¢/],2002). The rationale for this study was based on a requirement
to overcome the loss of calcium due to the presence of water softeners (chelators)
encountered during use of detergents (vide infra). Two new variants of calcium-
independent subtilisin were created, where the high affinity calcium site was deleted,
and then selected for increased thermostability from a panel of random mutants.
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The molecular structures of these two enzymes have been compared with previously
solved structures of subtilisin. Despite the variations in sequence, efc., the overall
structures are similar but not in the N-terminal region adjacent to the deletion. One
of the variants formed a disulfide bond between the new cysteine residues. This
disulfide bond anchors the N- terminus and contributes to the dramatic increase in
thermostability. In addition to the new disulfide bond, other mutations combined to
increase its thermostability 1200-fold under chelating conditions, essentially due to
stabilization of the N-terminus. More recent site directed mutagenesis have vastly
improved the enzymatic half-life of calcium-free subtilisin BPN’, also with potential
usefulness for biotechnological applications (IS_n;aus_thg_gLalJ, |29£H)

Enzymes isolated from psychrophilic organisms (native to cold environments)
generally exhibit higher catalytic efficiency at low temperatures and greater
thermosensitivity than their moderate mesophilic counterparts. In an effort to under-
stand the evolutionary process and the molecular basis of cold adaptation, directed
evolution has also been employed to convert a mesophilic subtilisin-like protease
from Bacillus sphaericus, SSII, into its psychrophilic counterpart. A single round
of random mutagenesis followed by recombination of improved variants yielded a
mutant with a turnover number (k. ), at 10°C, increased 6.6-fold and a catalytic
efficiency (k. /K,) 9.6 times that of wild type. Its half-life at 70°C was found to
be 3.3 times less than wild type. It has been noted that although there is a trend
toward decreasing stability during the progression from mesophilic to psychrophilic
enzymes, there is no strict correlation between decreasing stability and increasing
low temperature activity. Mesophilic subtilisin, SSII, shares 77.4% sequence identity
with the naturally psychrophilic protease subtilisin, S41. Although, these two
subtilisins differ at 85 positions, yet just four amino acid substitutions were suffi-
cient to generate an SSII subtilisin whose low temperature activity is greater than
that of S41 (Wintrode er all, 200d).

The thermostability and activity of the psychrophilic protease subtilisin S41, from
the Antarctic Bacillus TA41, was also investigated with the goal of understanding
the mechanisms by which this enzyme can adapt to different selection pressures.
Mutant libraries were screened to identify enzymes that acquired greater thermosta-
bility without sacrificing low-temperature activity. The half-life of a seven-amino
acid substitution variant, 3-2G7, at 60°C was approximately 500 times that of wild
type and far surpassed those of homologous mesophilic subtilisins. The temper-
ature optimum of the activity of 3-2G7 was shifted upward by approximately
10 degrees C.Unlike natural thermophilic enzymes the activity of 3-2G7 at low
temperatures was not compromised. The catalytic efficiency was enhanced approxi-
mately 3-fold over a wide temperature range (10 to 60°C). The activation energy for
catalysis was nearly identical to wild type and close to half that of its highly similar
mesophilic homologue, subtilisin SSII, indicating that the evolved S41 enzyme
retained its psychrophilic character in spite of its dramatically increased thermosta-
bility. These results clearly demonstrated that it is possible to increase activity at
low temperatures and stability at high temperatures simultaneously. As has been
speculated, the fact that enzymes displaying both properties are not found in nature
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Table 1. Commercial subtilisins used in detergents

Trade name Origin T/PE? Production strain
(and producer)

Alcalase B. lichenformis WT B. lichenformis
(Novozymes)

Savinase B. clausii WT B. clausii
(Novozymes)

Purafect B. lentus WT B. subtilis
(Genencor)

Everlase B. clausii PE B. clausii
(Novozymes)

Purafect OxP B. lentus PE B. subtilis
(Genencor)

Esperase B. halodurans WT B. halodurans
(Novozymes)

Kannase B clausii PE B. clausii
(Novozymes)

Properase B. alkalophilus PE B. alkalophilus
(Genencor)

* WT, wild type; PE, protein engineered.

most likely reflects the effects of evolution, rather than any intrinsic physical-
chemical limitations on proteins (Miyazaki er all, 200d). Interestingly, it has also
been observed that, in natural proteins, serines are statistically less prevalent in
thermophilic enzymes compared to mesophilic ones (Wintrode ez all, 2001l).
Another strategy for engineering a cold-adapted subtilisin has been attempted
, ) through creating a hybrid molecule where a stable mesophilic
subtilisin, savinase (Table [I)), was site-directedly modified to include residues
from the binding region of psychrophilic subtilisin (S39). A 12 amino acid region
(MSLGSSGESSLI) of the binding cleft of S39, from Antarctic Bacillus TA39, was
predicted to be highly flexible and was used to replace corresponding 12 residues
(LSLGSPSPSATL) in savinase. The rationale being that local or global flexibility
seems to be the main adaptive character of psychrophilic enzymes responsible for
the thermodynamic parameters that increase the turnover at low temperature, i.e.
decrease in activation enthalpy and increase in entropy (Lonhienne ez alf, 2000).
In line with predictions, the hybrid enzyme showed the same temperature optimum
and pH profile as savinase; had higher specific activity with synthetic substrates;
had broader substrate specificity at ambient temperature and showed a decrease in
thermostability akin to the psychrophilic enzymes.

4. APPLICATIONS OF SUBTILISIN IN DETERGENTS

The largest industrial application of enzymes is in detergents. Enzymes were first
introduced into detergents early in the early 1930s. Initially the use of enzymes from
animal sources led to few successes, as those enzymes were not suited to prevailing
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washing conditions. A major breakthrough for detergent enzymes occurred in
1963 with the launch of alcalase (subtilisin Carlsberg from Bacillus licheniformis
(Table [), with a low alkaline pH optimum. Enzymes incorporated into detergents
must exhibit satisfactory catalytic activities in the presence of other components and
the washing conditions. Proteolytic enzymes potentially suited to use in detergents,
therefore, must be stable at alkaline pH, at relatively high temperatures and in the
presence of sequestering agents, bleach and surfactants. Of the various classes of
proteases, only the serine proteases are potentially suited to inclusion in detergents.
The bacterial subtilisins were identified, at an early stage, as being the most suitable
for detergent applications. Current consumer demands together with the increased
use of synthetic fibres, which do not tolerate high temperatures very well, has led
to the use of lower washing temperatures. In the light of this trend coupled with
the impressive bioengineering studies, e.g. Properase (Table [I)), the applicability of
subtilisins has been further enhanced.

Most industrial enzymes are produced using micro-organisms. Currently, the
majority of subtilisins used in detergents are isolated from Bacillus licheniformis,
B. lentus, B. alcalophilus or B. amyloliquefaciens (Subtilisin BPN”). They generally:
- (1) display high activity at the pH of detergent-containing wash water; (2) are
reasonably stable in the presence of other detergent components; (3) display a broad
substrate specificity, rendering them capable of hydrolyzing a range of protein
structures. They are produced, extracellularly, in large quantities by fermentation
technology (for a pertinent review see IGupta er gfl, [2002d). They can now also
be generated by recombinant (molecular biological) techniques and engineered in
many respects, as already described. The literature prior to 2002 regarding various
types and sources of bacterial alkaline proteases, yield improvement methods and
development of novel proteases has also been reviewed (Gupta ez all, 2002H).

Another adversary in the detergent is the presence of bleach that oxidises sensitive
residues near the active sites of the subtilisins, e.g. methionine and cysteine. This
obstacle can be overcome by site directed mutagenesis to replace the sensitive
residues with ones that do not adversely affect catalytic activity, such as serine
or alanine in place of methionine. This has led to the development of second-
generation oxidation-resistant engineered subtilisins. Such products are Purafect
OxP (Genencor) and Everlase (Novozymes), which have been on the market for
some years (Table [I).

One of the first proteases used in detergents was subtilisin Carlsberg (Alcalase,
Table [I)) obtained from B. licheniformis (Fig.[D). It is a single polypeptide chain of
275 amino acids exhibiting typical Michaelis-Menten hyperbolic kinetics. Subtilisin
BPN’ from B. amyloliquefaciens was utilised at an early stage. It has 275 residues
and its three-dimensional structure is very similar to that of subtilisin Carlsberg
(Fig. [, although their kinetic properties vary. Subtilisin from B. lentus is also
used frequently as it has a better activity profile at higher pH (9-12) than subtilisin
Carlsberg or BPN’. This subtilisin has 269 residues with about 60% sequence
homology with each of the latter. Thus, all of the subtilisins used in detergents
are of about this size, i.e. 27kDa. Their significance is evinced by the fact
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that some 900 tons of pure subtilisin were produced and used in the European
Union in 2002 m, M). That they are produced as extracellular enzymes
is a major benefit as it greatly simplifies the separation of the enzyme from the
biomass and facilitates relatively straightforward downstream purification processes

(Gupta et all, 20024).

5. OTHER APPLICATIONS

Subtilisin BPN’ is a good example of a serine protease that can also be a useful
catalyst for peptide synthesis when dissolved in high concentrations of a water-
miscible organic solvent such as N,N-dimethylformamide (DMF). For example, in
50% DMF, the turnover rate for peptide hydrolysis was only 1% of that in aqueous
solution, whereas the turnover rate for the hydrolysis of ester substrates remained
unchanged (Kidd et all, [1999). X-ray crystallography revealed that the imidazole
ring of histidine 64 had rotated. Two new molecules of water stabilized the new
conformation of the active site, with the loss of the low-barrier hydrogen bonds
that had existed between histidine 64 and aspartate 32. Thus, providing a structural
basis for the change in activity of these serine proteases in the presence of organic
solvents.

The ability of wild type proteases, such as subtilisin, to catalyse synthetic
reactions is, perhaps, surprising but not particularly efficient. Recent developments
have led to very significant improvements in the applicability of subtilisin from
B. lentus in Eegtide and glycopeptide syntheses (Martsumoto er g/l. 2002: Doores
and Davis, ). A combination of site directed mutagenesis and chemical modifi-
cations with polar prosthetic groups, targeting the primary specificity pocket of the
enzyme’s active site, have led to very significant rate enhancement and broadening
of substrate specificity. These “polar patch” or chemically modified mutants have
shown remarkable utility in peptide synthesis and can also generate glycopeptides
in very high yield. Another approach to improving the peptide synthetic efficiency
of subtilisin is site-selective glycosylation of the active site. Again, glycosylated
subtilisin from B. lentus had greatly increased esterase and greatly reduced amidase
activities; conditions which favour formation of amide bond rather than hydrolysis
(ILM_QL[LLL M) Glycosylation of the primary substrate binding pocket also led

to a significant broadening of stereospecificity in peptide synthesis (Martsumoto
et al., Ezii il)

Recent observations extend the range of applications of subtilisin into the realm
of chemical syntheses (Savile er glf, 2009). Subtilisin E from B. subtilis has
been identified as the most suitable hydrolase for the catalysis of the reaction
shown in Scheme 1, where enantiopure arylsulfinamides (R — S(O) —NH,) can be
generated in gram quantities at neutral pH. These products are useful sulfinyl chiral
auxilaries for synthesis of amines. These experiments highlight the stereoselectivity
of enzymes since it appears that the enantioselectivity seen here arises from a
favourable interaction between the aryl group of the fast-reacting (R)- arylsulfi-
namide and the leaving group pocket at the active site in subtilisin E.
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Scheme 1. Subtilisin catalysed resolution of sulfinamides.

6. EPILOGUE

Bacterial subtilisins have served mankind well with respect to their use in deter-
gents and they also have other proven and potential applications. The subtilisin clan
has been instructive in terms of our understanding of the evolution of the structure
and function of serine proteases. Considering their relatively small size (27 kDa)
they have also provided molecular biologists with an excellent scaffold for protein
engineering experiments. These experiments have not only generated much intel-
lectual satisfaction but also provided us with much improved enzyme preparations
through judicious directed evolution. Thus, the requirement to adjust the products
to meet the needs of the modern customer has been addressed.
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1. INTRODUCTION

The use of aspartic proteases (APs) in cheese manufacture is among the earliest
applications of enzymes in food processing, dating back to approximately 6000 B.C.
(Eox_and McSweeney, [1999). Enzymatic milk coagulation is a two-phase process.
In the first phase, APs hydrolyse the Phe'*>-Met'% bond of bovine k-casein splitting
the protein molecule in two, yielding hydrophobic para-k-casein and a hydrophilic
part known as the macropeptide. The second phase consists of the coagulation of
the casein micelles that have been destabilized by the proteolytic attack.
Milk-clotting enzymes are obtained from mammals, plants and fungi. They can
also be produced using recombinant DNA technology. Enzymes extracted from
the fourth stomach (abomasum) of suckling calves (rennet) have traditionally been
used as milk coagulants for cheese production. In addition to its chymosin content,
conventional rennet also contains lower levels of pepsin A, the most representative
peptidase of Family A1, characterized by its general proteolytic activity that makes

it unsuitable for milk clotting (Harboe and Budta, [1999). Plant and fungal milk

coagulants present high levels of non-specific, heat-stable proteases the prolonged
action_of which cause bitterness in the cheese after a period of storage (Harboe and
Budtz, R A ). A world shortage of bovine rennet, due to the
increased demand for cheese, encouraged the search for alternative milk coagulants.
Research on fungal APs resulted in the production of enzymes that are inactivated at
normal pasteurisation temperatures and contain low levels of non-specific proteases
(Branner-Jorgensen er all, 1982 [Yamashita er all, [1994; [Aikawa er a/l, 2001)).

In 1988, chymosin produced by recombinant DNA technology was first intro-
duced to the dairy industry for evaluation. A few years later, scientists at Genencor
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International were able to increase the production of chymosin in Aspergillus niger
var. awamori to commercial levels (Dunn-Coleman et all, [1991]). Presently, several
recombinant chymosins such as Maxiren® produced by DSM, and Chymogen ®
produced by Christian Hansen, are available on the market. Recombinant chymosin
preparations are very pure and have high milk-clotting activity.

Chymosins from other mammalian species including lamb, kid goat, camel and
buffalo calves are being considered as alternatives for milk clotting in the production

of certain types of cheese 11999 [Elagamyl, 2000; Rogelj er all, 2001;
[Vega-Herndndez ef all, ).

2. STRUCTURE OF ASPARTIC PROTEASES

Aspartic proteases (E.C. 3.4.23) are peptidases and exhibit a wide range of activ-
ities_and specificities. They are present in animals, plants, fungi and viruses
, ). APs have been linked to a variety of physiological functions
including mammalian digestion of nutrients (e.g. chymosin, pepsin A), defence
against pathogens, yeast virulence (e.g. candidapepsins), metastasis of breast cancer
(e.g. cathepsin D), pollen-pistil interactions (e.g. cardosin A), control of blood
pressure (e.g. renin), haemoglobin degradation by parasites (e.g. plasmepsins) and
maturation of HIV proteins (retropepsin).
Structurally APs belong to the Al pepsin family (Rawlings ez all, 2004). Like
other pepsin-like enzymes, APs are synthesized as preproenzymes (Fig. ). After
cleavage of the signal peptide the proenzyme is secreted and autocatalytically
activated. In general the active enzymes consist of a single peptide chain of about
320-360 amino acid residues having molecular masses of 32-36 kDa. X-ray crystal-
lographic analyses of various APs show that they are composed mostly of B-strand
secondary structures arranged in a bilobal conformation (Fig. %,ﬂ;
Davied, [1994; [Gilliland ez all, [1990; INewman ez all, :  [1997;
‘ R @) The two lobes are homologous to each other and have evolved
by gene duplication (m M) The catalytic centre is located between the two
lobes and contains a pair of aspartate residues, one in each lobe, that are essential for
the catalytic activity. In most pepsin family enzymes, the catalytic Asp residues are
contained in an Asp-Thr-X motif, where X is Ser or Thr. These Asp residues activate
a water molecule that mediates the nucleophilic attack on the substrate peptide bond

v v

(SP (5 M §

Figure 1. Schematic representation of the primary structure of bovine chymosin. SP, signal peptide; P,
prosegment; M, mature enzyme. Arrows indicate processing sites
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Figure 2. Tertiary structure of chymosin showing the bilobal fold. The arrow points to the flap

(Gilliland er o] [190d)

(Lamed, 2004). |[Andreeva and RumsH (2001]) have found another water molecule
that plays an essential role in the formation of a chain of hydrogen bonds that
determine substrate binding. The catalytic centre is large enough to accommodate at
least seven residues of the polypeptidic substrate. A flexible structure (flap) located
at the entrance of the catalytic site controls specificit
m M) APs are active at acidic pH )
been proposed that the optimum pH of each aspartic protease is determined by the
electrostatic potential at the active site, which in turn is determined by the position
and orientation of all residues near the active site (m, ).
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Family A peptidases are strongly inhibited by pepstatin, a pentapeptide produced
by Streptomyces (Marciniszyn er all, [197d) which contains two residues of an
unusual amino acid, statine. Pepstatin binds to the flap in the catalytic site. The
hydroxyl oxygen of the first statine forms hydrogen bonds with both of the catalytic
aspartate residues (Davied, [1990; [Yang and Quail, [1999). Pepstatin is effective
against APs in general but its affinity varies between enzymes. Pepsin A is inhibited
completely in the presence of equimolar amounts of pepstatin, while chymosin and
gastricsin are less susceptible, 10- and 100-fold molar excesses being required for
complete inhibition, respectively M ). Other inhibitors are the pepsin
A inhibitor from Ascaris, a parasitic nematode, potato cathespin D inhibitor, and
the highly selective saccaropepsin inhibitor m )

3. CHYMOSIN
3.1. Bovine Chymosin

Chymosin (EC 3.4.23.4) is a gastric digestive aspartic peptidase that is respon-
sible for the coagulation of milk in the abomasum of unweaned calves (Fox and
McSweeney, ). In mammals, chymosin is expressed mostly in the foetus and the
newborn, and decreases gradually during postnatal development, becoming insignif-
icant in adults mg ) The natural function of chymosin is the hydrolysis of
k-casein once the milk is in the calf’s stomach, leading to the formation of a coagulum
that can be easily digested. The first step in the biosynthesis of chymosin (323 amino
acids, 35.6 kDa) by the cells of the gastric mucosa is the synthesis of preprochymosin,
a polypeptide of 381 amino acids and 42.1 kDa (Fig.[dl). Preprochymosin is secreted
as an inactive precursor, known as prochymosin, with 365 amino acids and 40.8 kDa,
produced by cleavage of the N-terminal signal peptide (m, @) In the acidic
environment of the gastric lumen, prochymosin is activated by autocatalytic removal
of the 42-amino acid prosegment (Pedersen ez /], 11979). There are two allelic forms
of calf chymosin, A and B, both of which are active and differ by a single amino acid
substitution, Asp/Gly, at position 243 (Eoltmann ef a/},11977). The three-dimensional
structure of bovine chymosin has been determined (Fig. @) (Gilliland e all, [199d;
[Newman erall [1991l). Surprisingly, the native crystal structure shows that the flap at the
catalytic site adopts a different conformation to that of other closely related APs such as
pepsin and renin. This conformation could prevent the binding of substrate-inhibitors
explaining the reduced susceptibility of chymosin to pepstatin. In addition, it could
determine the specificity of chymosin to k-casein (Gustchina et al},[1996). However,

X-ray analysis of chymosin complexed with an inhibitor shows close resemblance to
other AP-inhibitor complexes (Graves e a/l,[1998).

Bovine chymosin is used in cheese production as a milk-clotting agent because
it cleaves k-casein in a specific manner at the Phe!®>-Met'® bond, and has low
proteolytic activity (Fox and McSweeney, [1999; [Mohanty er all, [1999). The yeasts
Saccharomyces cerevisiae and Kluyveromyces lactis, and the filamentous fungi
Aspergillus niger var awamori and Trichoderma reesei have been successfully used
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as hosts for the expression of recombinant calf chymosin (Mohanty er all, [1999).
Recombinant chymosin has also been produced in Escherichia coli but the use of this
product in cheese manufacture is not accepted. Several biotechnology companies
are producing the recombinant enzyme for commercial application, and different
types of conventional cheeses have been produced using these preparations at
experimental or pilot scales. No major differences have been detected between
cheeses made with recombinant chymosin or natural enzymes regarding cheese
yield, texture, smell, flavour and ripening. The absence of bovine pepsin in the
recombinant preparations improves cheese yield and cheese flavour development.

3.2. Other Chymosins

Chymosin is also produced by other mammalian species such as sheep, goat,
buffalo, pig, camel, humans, monkeys and rats. The characterization of chymosins
from these species has been the subject of several reports (Houen er all, [1994;

; i : ; Vega-Hernandez
et al., ). Recently, our group has cloned the cDNA for goat prochymosin and
expressed it in yeast (Vega-Herndndez er all, |29£)£I|) The cDNA encodes a protein
of 381 amino acids with an N-terminal leader sequence and a proenzyme region of
16 and 42 amino acids, respectively. The deduced sequence shows high similarity
to other preprochymosins (99, 94, and 94% amino acid identity with lamb, calf and
buffalo sequences, respectively). The two catalytic aspartate residues of APs are
conserved in the caprine sequence and the presence of six cysteine residues suggests
the presence of three disulfide bridges similar to those reported for the bovine
enzyme (Eoltmann et all, [1979; [Vega-Herndndez et all, 2004). In caprine prochy-
mosin, glutamate occupies position 36 in the propeptide. This non-conservative
replacement in aspartic protease zymogens has also been observed in lamb, sheep

and mouflon prochymosins (Pungercar et all, [1990; [Francky et all, R001). The

recombinant caprine chymosin shows high specificity towards k-casein and has
been used experimentally to produce cheese from goat’s milk (Vega-Hernandez
et al., ; Vega-Herndndez and Claverie-Martin, unpublished). This proteolytic
capability is in agreement with the observation by [Erancky er all (IZDD_]]) that a basic
residue at position 36 of prochymosin is not essential for its autocatalytic activation.

Buffalo (Bubalos bubalis) milk is the major milk source in India, and it has
a different composition from that of cow. [Mohanty er afl (2003) have purified
chymosin, (molecular weight of 35.6kDa) from the stomach of buffalo calves.
Slight differences in stability and relative proteolytic activity are found compared
to bovine chymosin. This indicates that buffalo chymosin could be the best choice
for cheese production from buffalo milk.

Studies on the characteristics of rennet extracted from camel stomach
(Camelus dromedaries) have been reported m, M) Camel chymosin
has a specific k-casein hydrolysis activity superior to that of bovine chymosin

(IKapp_e].er_eLaL], |21)D_4) Consequently, in cheese made with camel chymosin the
loss of protein due to non-specific degradation is decreased, yield is improved and
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the development of bitter taste is reduced. Were camel chymosin to be commercially
available, more efficient clotting of camel’s milk could be achieved at the industrial
level. Furthermore, camel chymosin is very suitable for the coagulation of bovine
milk.

Lamb preprochymosin ¢cDNA has been cloned and expressed in E. coli and
the recombinant lamb chymosin has been tested for its potential use in cheese
production (Rogelj er all, 2001l). The coagulation properties of recombinant lamb
chymosin and the overall quality of the cheese made with this enzyme are similar
to those of recombinant bovine chymosin. A characteristic of recombinant lamb
chymosin is its instability at temperatures above 45°C (Rogeli er all, 2001)).
This could be an advantage in the production of hard cheeses where relatively
high incubation temperatures are used. The production of cheeses made from
ovine milk is also a potential area for the application of recombinant lamb
chymosin.

4. PLANT ASPARTIC PROTEASES

Similarly to other aspartic proteases, plant APs are synthesized as single-chain
zymogens. Subsequent maturation is a crucial step in the regulation of their activity.
The primary structure of plant APs comprises a signal peptide, responsible for
translocation to the endoplasmic reticulum; a prosegment of 46-50 amino acids
involved in correct folding, stability and sorting of the enzyme (Simées and
Faro, |20£L4); and the mature enzyme which possesses two catalytic sequence motifs
(Fig. B). In contrast to other APs, the two catalytic Asp residues are contained
within Asp-Thr-Gly and Asp-Ser-Gly motifs (Simées and Fard, 2004). Plant APs
contain an extra region of approximately 100 amino acids named the plant-specific
insert (PSI) that presents no homology to any other aspartic protease sequence.
The PSI is usually removed during the maturation process and resembles saposin-
like proteins (SALIPS). The function of PSI is still unclear but a possible role in
vacuolar targeting has been proposed M, M)

Most plant APs are located in seeds (suggesting a role in storage-protein
cleavage), in leaves (indicating a role in mechanisms of defence against pathogens),

v v v v

Figure 3. Schematic representation of the primary structure of cardosin A. SP, signal peptide; P,
prosegment; H, heavy chain of the mature enzyme; L, light chain of mature enzyme; PSI, plant-specific
insert. Arrows indicate processing sites
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or in flowers (implying a role in sexual reproduction) (Simées and Fard, 2004).

Plant APs are also involved in defence mechanisms and cell death events associated
with plant senescence and response to stress.

Plant extracts have been used as coagulants in cheese making for many centuries
(Roserio ez al),[2003). In contrast to chymosin which is specific for k-casein, the APs
present in plant extracts cleave a-, 3- and k-caseins. This causes excessive acidity,
bitterness and texture defects in cheese, thereby limiting their use. However, these
characteristics are responsible for the special flavour, smell and consistency of the
cheese varieties produced using plant enzymes. Cheeses made with plant coagulants
are found mainly in Southern European and West African countries. Flower extracts
of cardoon and red star thistle (Cynara sp. and Centaurea calcitrapa) are used in
Portugal and Spain for the manufacture of traditional cheeses (Roserio e all, [2003).
The main milk-clotting APs present in these extracts are known as cardosins,
cyprosins_and cenprosins (Ramalho-Santos et all, [1997; [White er ail, 11999;
[Domingos ez all, 2000). There are other APs isolated from Cynara sp., referred to as
cynarasesé but they have not been well characterized (Roserio ez gl [2003: Sidrach
et al., ). I