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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. ). 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 (B7). With regard to protein function, catalytic
activity and enzyme specificity of the two Borrelia 4-a-glucanotransferases, it
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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 (GHTT) beta2 beta3 betad bekal beta?
VI I IT III v
1 . .
5 aguaticus 213 DMPIFV 289 LVRIDHFRG 336 PVLAEDLG (TG
5 reiphardeii 97 PMPIYV ' ECRIDHFRG 420 PIDAEDLG

BIPIYI _EIZAEDLG

LRIDHVMS MVECEDLG
' E FRIDHFRG
IMIDHFRG
_VIQIDHFRG
r FLRLDHFEG
RIDHILG
BRLDHVVE

GIRVDHVLG
LRLDHFRG
_AVRIDHIIG
_EFRIDHFRG
LRIDHVMG
GLRIDHVMG

"~ IVEIGENEG
MVEIGEDLG
IIIAEDLG

campestris
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
~ TS Domain B -

Subdomain Bl

(P )a-Barrel

B, 5 i : / Domain € L ; )

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

Figure 5. Three-dimensional structures of (@) GHI14 B-amylase from soybean ?IBYA'; Mikami
et al., @) and (b) GHI15 glucoamylase from Aspergillus awamori (1AGM; R )



AMYLOLYTIC ENZYMES 11

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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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 (IEﬁl]inggs_aLalJ,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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>