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Abstract The steady increase in the number of newly isolated extremophilic microor-
ganisms and the discovery of their enzymes by academic and industrial institutions
underlines the enormous potential of extremophiles for application in future biotech-
nological processes. Enzymes from extremophilic microorganisms offer versatile tools
for sustainable developments in a variety of industrial application as they show import-
ant environmental benefits due to their biodegradability, specific stability under extreme
conditions, improved use of raw materials and decreased amount of waste products.
Although major advances have been made in the last decade, our knowledge of the phys-
iology, metabolism, enzymology and genetics of this fascinating group of extremophilic
microorganisms and their related enzymes is still limited. In-depth information on the
molecular properties of the enzymes and their genes, however, has to be obtained to ana-
lyze the structure and function of proteins that are catalytically active around the boiling
and freezing points of water and extremes of pH. New techniques, such as genomics,
metanogenomics, DNA evolution and gene shuffling, will lead to the production of en-
zymes that are highly specific for countless industrial applications. Due to the unusual
properties of enzymes from extremophiles, they are expected to optimize already existing
processes or even develop new sustainable technologies.

Keywords Extremophiles - Stable biocatalysts - Thermophiles - Extremes of pH -
Psychrophiles - Enantioselectivity

1
Introduction

Extremophiles are unique microorganisms that are adapted to survive in eco-
logical niches such as high or low temperatures, extremes of pH, high salt
concentrations and high pressure. Accordingly biological systems and en-
zymes can even function at temperatures between - 5 and 130 °C, pH 0-12,
salt 3-35% and 1000 bar. The majority of the organisms that grow in these
extreme environments belong to a group with distinct characteristics. Carl
Woese named this group archaea, and postulated the archaea as the third
domain of life on earth, different form bacteria and eukarya [1,2]. A large
number of these unique microorganisms have been isolated from marine
environments (Table 1). In many cases microbial biocatalysts, especially of
extremophiles, are superior to traditional catalysts, because they allow the
performance of industrial processes even under harsh condition, under which
conventional proteins are completely denatured. By virtue of their positive
properties, stability, specificity, selectivity and efficiency, enzymes already oc-
cupy a prominent position in modern biotechnology. For many processes in
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Table 1 Some representatives of microorganisms living under extreme conditions

Microbial life at various temperatures Optimal growth
(°0
Phychrophiles
Vibrio sp <20°C
Micrococcus criophilus <20°C
Arthrobacter glacialis <20°C
Vibrio psychroerythreus <20°C
Aquaspirillum articum <20°C
Moderate thermophiles (50-60 °C)
Bacillus acidocaldarius 50
Bacillus stearothermophilus 55
Extreme thermophiles (60-80 °C)
Thermus aquaticus 70
Thermoanaerobacter ethanolicus 65
Clostridium thermusulfurogenes 60
Fervidobacterium pennivorans 75
Hyperthermophiles (80-110 °C)
Thermotoga maritima 90
Aquifex pyrophilus 85
Archeoglobus fulgidus 83
Methanopyrus kandleri 88
Sulfolobus sulfataricus 88
Thermococcus aggregans 88
Pyrobaculum islandicum 100
Pyrococcus furiosus 100
Pyrodictium occultum 105
Pyrolobus fumarii 106

the chemical and pharmaceutical industries, suitable microbial enzymes can
be found that have the potential to optimize or even replace chemical pro-
cesses. By using robust enzymes in biotechnical processes one is often able to
better utilize raw materials, minimize pollutant emissions and reduce energy
consumption while simultaneously improving quality and purity of products,
e.g. optically pure compounds. The additional benefits in performing indus-
trial processes at high temperature include reduced risk of contamination,
improved transfer rates, lower viscosity and higher solubility of substrates.
The recent exciting results in the field of extremophile research, the high
demands of the biotechnology industries for tailor-made novel biocatalysts
and the simultaneous rapid development of new techniques will stimulate
the development of innovative processes on the basis of biocatalyst from ex-
tremophiles.
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Table 1 (continued)

Microbial life at various temperatures Optimal growth conditions

Temperature pH
Acidophilic microorganisms
Sarcina ventriculi 37 4.0
Thiobacillus ferrooxidans 37 2.5
Alyciclobacillus acidocaldarius 55 2.0-6.0
Picrophilus oshimae 60 0.7
Picrophilus torridus 60 0.7
Thermoplasma acidophilum 60 2.0
Sulfolobus acidocaldarius 75 2.5
Acidianus infernus 75 2.0
Alkaliphilic microorganisms
Anaerobranca gottschallki 60 9.5
Thermococcus alcaliphilus 85 9.0
Thermococcus acidoaminivorans 85 9.0

Range of NaCl concentration in M,
required for growth (optimum)

Halophilic microorganisms

Dunaliella spp. 0.3-5.0
Clostridium halophilum 0.15-6.0 (0.6)
Haloanaerobium praevalens 0.8-4.3 (2.2)
Halobacterium denitrificans 1.5-4.5 (2.5)
Haloferax vulcanii 1.0-3.0 (1.5)
2

Extreme environments as a resource of unique gene and biocatalysts

Modern biotechnology has a steadily increasing demand for novel enzymes.
The classical approach to the isolation of new or improved biocatalysts re-
quires that the different microorganisms derived from an environmental
sample be cultured on an appropriate growth medium and separated until in-
dividual clones are isolated. The enzymes and the corresponding genes are
then recovered from the identified microorganism. This value of the classical
method is substantial but it fails, however, to represent the scope of microbial
diversity in nature, since only a small proportion (1-3%) of viable microor-
ganisms in a sample have to date been recovered by culturing techniques. Ro
explore the diversity and the potential of microbial communities a method
was developed to analyze DNA in environmental samples that bypasses clas-
sical cultivation techniques [3]. Collectively, the term metagenome indicates
the genome of the total microbiota found in nature and contains vastly more
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genetic information than is contained in the cultivable subset. Hence, the
construction of metagenomic libraries by direct extraction and cloning large
fragments of DNA isolated directly from microbes in natural environments
has represented an effective way of accessing the wealth of information of
microbial mixed populations. This method circumvents the loss of major por-
tions of the microbial communities in extreme environments, which derives
from the different growth requirements of the different microbes. Several dif-
ferent laboratories have successfully isolated novel genes encoding different
enzymes and secondary metabolites from microbial communities and their
metagenomes without cultivation of the microbes [4]. The microbial niches
studied were highly diverse and ranged from moderate environments, such
as river soil [4], to extreme environments, such as the deep sea [5-9]. Stud-
ies have shown that the metagenomic approach offers a valuable pool for
encountering novel genes encoding biotechnologically relevant gene prod-
ucts such as lipase [10] cellulases [11], amylases [12], chitinases [13, 14], and
esterases [10]. Rondon et al. [15,16] used a bacterial artificial chromosome
(BAC) vector to express Bacillus cereus genomic DNA. The advantage of BAC
vectors is that they maintain very large DNA inserts (greater than 100 kb)
stably in E. coli, facilitating the cloning of large fragments of DNA. Their re-
sults demonstrated that expression of heterologous DNA from B. cereus in
an E. coli BAC system was detectable at a reasonable frequency, validating
the idea that the low-copy BAC vector (one to two per cell) could be used
to express foreign DNA from foreign promoters in E. coli [15, 16]. However,
a major difficulty associated with exploiting the metagenome directly from
the environment is related to contamination of purified DNA with polyphe-
nolic compounds that are copurified with the DNA. These compounds are
difficult to remove, and it is well known that polyphenols also interfere with
enzymatic modifications of isolated DNA [17, 18]. As a result, construction of
environmentally derived DNA libraries with large inserts is hindered due to
the poor quality of the isolated DNA. These known difficulties associated with
the construction of libraries directly derived from environmental DNA sam-
ples forced researchers to isolate DNA from the metagenome of a microbial
community after precultivation in the laboratory [19]. This technique, though
it limits the biodiversity of laboratory enrichment cultures, has proven to be
highly efficient for rapid isolation of large DNA fragments and for cloning of
operons and genes with great biotechnological value. For example, Voget et
al. [20] exploited the metagenome of an enrichment culture on agar plates
for isolation of genes encoding a variety of different biocatalysts, including
B-agarases, amylolytic enzymes, cellulases, lipases and many other enzymes
with high biotechnological potential. Given the immense uncultivated and
uncharacterized metabolic diversity in the environment, one would need to
sequence a relatively restricted number of clones to discover fundamentally
interesting sets of genes. However, this approach relies on the fortuitous ex-
pression of heterologous DNA by the library host strain. Although the speed
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and effectiveness of brute-force sequencing are constantly improving, it is not
yet practical to assemble a complete bacterial genome from a metagenome.
There is still a need for new functional genomic approaches that systemati-
cally yield information about many of the elements in a metagenomic library.
If modern genomic techniques can be used to carry out more comprehensive
surveys of metagenomic libraries, the understanding of natural genetic diver-
sity would be greatly enhanced [21]. This technology has been established by
various biotechnological industries such as Diversa in San Diego and B.r.a.i.n.
in Germany. By applying a high-throughput system (HTS) extreme environ-
ments have been studied for the production of stable enzymes.

2.1
Low-temperature-adapted microorganisms

The Earth’s biosphere is predominantly aqueous and cold. Nearly 70% is wa-
ter and a high percentage of it seldom reaches temperatures above 5 °C. The
polar region provides a permanently cold environment that is surrounded by
an aquatic belt of melting ice. Microorganisms able to grow at temperatures
close to 0 °C have developed various adaptation mechanisms to survive and
function at low temperature. These microorganisms can be divided into two
main groups: psychrophiles and psychrotolerants. Pyschrophilic microorgan-
isms grow at an optimum temperature of 15°C, with a maximum growth
temperature at about 20 °C and a minimum around 0 °C. Psychrotolerant
microorganisms generally do not grow at zero but do so at 3-5°C, and
have optimum and maximum growth temperatures above 20 °C but less than
30 °C [22]. Most of the cold-adapted microorganisms have been character-
ized from Arctic and Antarctic seawater and, despite the harsh conditions,
the density of bacterial cells in the Antarctic oceans is as high as the dens-
ity reported in temperate waters (Table 1). Psychrophiles can be found in
permanently cold environments such as the deep sea, glaciers, and moun-
tain regions, in soils, in fresh or saline waters associated with cold-blooded
animals such as fish or crustaceans. In general, cold-adapted enzymes have
higher specific activity at low and moderate temperatures than that of their
mesophilic counterparts, and are inactivated easily by a slight increase in
temperature [23, 24].

2.2
Microorganisms that grow at elevated temperatures

Microorganisms capable of growing optimally at temperatures between 50
and 60 °C are designated as moderate thermophiles (Table 1). Most of these
microorganisms belong to many different taxonomic groups of eu- and
prokaryotic microorganisms such as protozoa, fungi, algae, streptomycetes
and cyanobacteria, which comprise mainly mesophilic species. It can be as-
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sumed that moderate thermophiles, which are closely related phylogenetically
to mesophilic organisms, may be secondarily adapted to life in hot environ-
ments. Extreme thermophiles, which grow optimally between 60 and 80 °C,
are widely distributed among the genera Bacillus, Clostridium, Thermoanaer-
obacter, Thermus, Fervidobacterium, Thermotoga and Aquifex. The relative
abundance of archaea and bacteria in high-temperature environments was,
until recently, mainly studied by cultivation-based techniques. Because of the
frequent isolation of archaea from these habitats, it was assumed that ar-
chaea dominate the high-temperature biotopes. Recently, the application of
molecular-biological methods revealed that bacterial communities are also
abundant in these environments. These results suggest that archaea may gen-
erally be of lower abundance in hot environments than could be assumed
from cultivation-based experiments. However, the factors that allow bacteria
to dominate in high-temperature habitats, that were once believed to be the
realm of archaea, remain unknown [25, 26].

Microorganisms that are adapted to grow optimally at very high tem-
peratures (80-108°C) have been isolated from high-temperature terres-
trial and marine habitats. The most common biotopes are volcanically and
geothermal-heated hydrothermal vent systems such as solfataric fields, neu-
tral hot springs, and submarine hot vents. Submarine hydrothermal systems
are situated at shallow and abyssal depth. They consist of hot fumaroles,
springs, sediments, and deep-sea vents with temperatures of up to 400 °C
(“black smokers™) [27]. Because of their ability to convert volcanic gases and
sulphur compounds at high temperatures, hyperthermophilic communities
living in such hydrothermal vents are expected to play an important role in
marine ecological, geochemical and volcanic processes [28]. Shallow as well
as deep-sea hydrothermal systems harbour members of various genera in-
cluding Pyrococcus, Pyrodictium, Igneococcus, Thermococcus, Methanococcus,
Archaeoglobus and Thermotoga. So far, members of the genus Methanopy-
rus have been found only at greater depths, whereas Aquifex was isolated
exclusively from shallow hydrothermal vents. Recently, interesting biotopes
of extreme and hyperthermophiles were discovered in deep, geothermally
heated oil reservoirs around 3500 m below the bed of the North Sea and the
permafrost soil of North Alaska [29]. Interestingly, the majority of the hy-
perthermophiles isolated to date belong to the archaeal domain of life and
no eukaryotic organism has been found that can grow at the boiling point of
water. A 16S rDNA-based universal phylogenetic tree shows a tripartite di-
vision of the living world consisting of the domains Bacteria, Archaea and
Eukarya [1, 30] (Fig. 1).
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23
Life at extremes of pH

Solfataric fields are the most important biotopes of microorganisms that pre-
fer to live under both thermophilic and acidic conditions. Solfataric soils con-
sist of two different layers that can be easily distinguished by their character-
istic colours: the upper, aerobic layer has an ochre colour due to the presence
of ferric iron. The layer below, which is anaerobic, appears rather blackish-
blue owing to the presence of ferrous iron. Thermophilic acidophiles, belong-
ing to the genera Sulfolobus [31, 32], Acidianus [33], Thermoplasma [34], and
Picrophilus [35], with growth optima between 60 and 90 °C and pH 0.7-5.0
are commonly found in the aerobic upper layer, whereas slightly acidophilic
or neutrophilic anaerobes such as Thermoproteus tenax or Methanother-
mus fervidus can be isolated from the lower layer. Species of Thermoplasma
(growth optima: pH 2.0 and 60 °C) have been found in hot springs, solfa-
taras and coal refuse piles [36]. Their closest known phylogenetic relatives,
also found in solfataras, are species of the genus Picrophilus, which are so far
the most extreme acidophiles, with growth close to pH 0. Picrophilus oshimae
and P. torridus are both aerobic, heterotrophic archaea that grow optimally at
60 °C and pH 0.7 and utilize various polymers such as starch and proteins as
carbon source (Table 1) [37, 38].

Members of the genus Sulfolobus are strict aerobes growing either au-
totrophically, heterotrophically or facultative heterotrophically. During au-
totrophic growth, S% S%- and H, are oxidized to sulphuric acid or water as
end products. Sulfolobus metallicus [39-42] and S. brierley [43] are able to
grow by oxidation of sulfidic ores. A dense biofilm of these microorganisms
is responsible for the microbial ore leaching process, in which heavy-metal
ions such as Fe?*, Zn?* and Cu?* are solubilized. Other thermoacidophiles
have been affiliated to the genera Metallosphaera (growth range: 50-80 °C,
pH 1-4.5) [44], Acidianus (growth range: 60-95 °C, pH 1.5-5) [33] and Sty-
gioglobus (growth range: 57-90 °C, pH 1-5.5).

The alkaliphiles that grow at high pH values are widely distributed
throughout the world. They have been found in carbonate-rich springs and
alkaline soils, where the pH can be around 10.0 or even higher, although
the internal pH is maintained around 8.0. In such places, several species
of cyanobacteria and Bacillus are normally abundant and provide organic
matter for diverse groups of heterotrophs [45]. Alkaliphiles require alkaline
environments and sodium ions not only for growth but also for sporulation
and germination. Sodium-ion-dependent uptakes of nutrients have been re-
ported in alkaliphiles. Many alkaliphiles require various nutrients for growth;
tew alkaliphilic Bacillus strains can grow in simple minimal media containing
glycerol, glutamic acid, and citric acid [46]. In general, cultivation tempera-
ture is in the range of 20-55 °C. Furthermore, many haloalkaliphiles isolated
from alkaline hypersaline lakes can grow in alkaline media containing 20%
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NaCl. The soda lakes in the Rift Valley of Kenya and similar lakes found in
a few other places on earth are highly alkaline with pH values between 11.0 or
12.0 and represent a typical habitat where alkaliphilic microorganisms can be
isolated [47]. Thermophilic anaerobic spore-forming alkaliphiles, thermoal-
kaliphilic Clostridia, were isolated from sewage plants [48]. Very recently,
two thermoalkaliphilic bacteria, Anaerobranca gottschalkii and Anaerobranca
horikoshii have been isolated from Lake Bogoriae in Kenya and from Yellow-
stone National Park, respectively [49, 50] (Table 1). The new isolates represent
a new line within the Clostridium/Bacillus subphylum. The two archaeal
thermoalkaliphiles identified to date are Thermococcus alcaliphilus [51] and
Thermococcus acidoaminivorans [52], both growing at 85 °C and pH 9.0.

24
High-salt-tolerant microorganisms

The halophiles comprise Bacteria and Archaea that grow optimally at NaCl
concentrations above that of seawater (> 0.6 M NaCl). In general, halophilic
microorganisms are classified as moderate halophiles if they can grow at salt
concentrations between 0.85 and 1.7 M NaCl and as extreme halophiles if
they require NaCl concentrations above 1.7 M for growth. Halophiles have
been mainly isolated from saline lakes, such as the Great Salt Lake in Utah
(salinity > 2.6 M) and from evaporated lagoons and coastal salterns with NaCl
concentrations between 1 and 2.6 M [53, 54]. The term “halobacteria” refers
to the red-pigmented extremely halophilic Archaea, members of the fam-
ily Halobacteriaceae, and the only family in the order Halobacteriales (15).
Most halobacteria require 1.5 M NaCl to grow and retain the structural in-
tegrity of the cell. Halobacteria can be distinguished from halophilic bacteria
by their archaeal characteristic, in particular the presence of ether-linked
lipids [55]. Most halobacteria are colored red or orange due to the presence
of carotenoids, but some species are colourless. Halobacteria are the most
halophilic organisms known so far and form the dominant microbial popu-
lation when hypersaline waters approach saturation [56, 57] (Table 1).

3
Cellulases

Due to the harsh living conditions extremophiles are interesting source of sta-
ble biocatalysts. Thermostable cellulases active towards crystalline cellulose
are of great biotechnological interest. Cellulose is the most abundant organic
biopolymer in nature since it is the structural polysaccharide of the cell wall
in the plant kingdom. It consists of glucose units linked by 8-1,4-glycosidic
bonds with a polymerization grade of up to 15000 glucose units in a linear
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mode. The minimal molecular weight of cellulose from different sources has
been estimated to vary from about 50000 to 2500000 in different species,
which is equivalent to 300 to 15000 glucose residues. Although cellulose
has a high affinity to water, it is completely insoluble in it. Natural cellu-
lose compounds are structurally heterogeneous and have both amorphous
and highly ordered crystalline regions. The degree of crystallinity depends
on the source of the cellulose and the higher crystalline regions are more
resistant to enzymatic hydrolysis. Cellulose can be hydrolyzed into glucose
by the synergistic action of at least three different enzymes: endoglucanase
(cellulase), exoglucanase (cellobiohydrolase) and S-glucosidase (cellobiase).
Endoglucanase (E.C. 3.2.1.4) hydrolyzes cellulose in a random manner as
endo-hydrolase producing various oligosaccharides, cellobiose and glucose.
Exoglucanases, (EC 3.2.1.91) hydrolyze -1,4 D-glycosidic linkages in cellu-
lose and cellotetraose, releasing cellobiose from the non-reducing end of the
chain. B-Glucosidases (EC 3.2.1.21) catalyze the hydrolysis of terminal, non-
reducing B-D-glucose residues releasing B-D-glucose.

Several cellulose-degrading enzymes from various thermophilic organ-
isms have been investigated (Table 2). A thermostable cellulase from Ther-
motoga maritima MSB8 has been characterized [58]. The enzyme is rather
small, with a molecular weight (MW) of 27 kDa, and it is optimally active
at 95°C and between pH 6.0 and 7.0 [59]. Two themostable cellulases, CelA
and CelB, with optimal activity between 95°C and 106 °C, were purified
from Thermotoga neapolitana [60]. Cellulase and hemicellulase genes have
been found clustered together on the genome of the thermophilic anaerobic
bacterium Caldocellum saccharolyticum, which grows on cellulose and hemi-
cellulose as sole carbon sources. The gene for one of the cellulases (CelA)

Table 2 Bacterial and archaeal cellulolytic enzymes

Organism Endoglucanase Cellobiohydrolase  B-Glucosidase
Bacteria

Cellulomonas fimi + +

Clostridium thermocellum + -

C. stercorarium + + _
Cytophaga sp. + + -
Fibrobacter succinogenes + - +
Ruminococcus albus + + +
Thermotoga maritima + + _
Thermotoga neapolitana + + -
Archaea

Pyroccus furiosus - + +

Sulfolobus solfataricus - - +
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was isolated and was found to consist of 1751 amino acids. This is the largest
cellulase gene described to date [61-63]. A large cellulolytic enzyme (CelA)
with the ability to hydrolyze microcrystalline cellulose was isolated from the
extremely thermophilic bacterium Anaerocellum thermophilum [61-63]. The
enzyme has an apparent molecular mass of 230 kDa and exhibits significant
activity towards Avicel and is most active towards soluble substrates such
as carboxy-methyl-cellulose (CMC) and B-glucan. Maximal activity was ob-
served at pH 5-6 and 85-95 °C. A thermostable B-glucosidase is produced by
Thermotoga sp. FjSS3-B1 [64]. The enzyme is highly thermostable and shows
maximal activity at 115 °C at pH 6.8-7.8. The thermostability of this enzyme
is salt dependent. This enzyme is active on amorphous cellulose and carboxy-
methyl-cellulose. The thermophilic bacterium Rhodothermus marinus pro-
duces a hyperthermostable cellulase, with a temperature optimum of more
than 90 °C [65], the structure of which was solved to 1.8 A resolution. This is
the first structure of a thermophilic member of family glycoside hydrolase 12
to have been solved. The beta-jelly roll fold observed has identical topology
to those of the two mesophilic members of the family whose structures have
been elucidated previously. A Hepes buffer molecule bound in the active site
may have triggered a conformational change to an active configuration, as the
two catalytic residues Glul24 and Glu207, together with dependent residues,
are observed in a conformation similar to that seen in the structure of Strep-
tomyces lividans CelB2 complexed with an inhibitor. The structural similarity
between this cellulase and the mesophilic enzymes serves to highlight fea-
tures that may be responsible for its thermostability, chiefly an increase in
ion-pair number and the considerable stabilization of a mobile region seen in
S. lividans CelB2. Additional aromatic residues in the active site region may
also contribute to the difference in thermophilicity [66].

Recently, a thermostable endoglucanase, which is capable of degrading
B-1,4 bonds of B-glucans and cellulose, has been identified in the archaeon
Pyrococcus furiosus. The gene encoding this enzyme has been cloned and se-
quenced in E. coli. The purified recombinant endoglucanase hydrolyzes g-1,4
but not B-1,3 glycosidic linkages and has the highest specific activity with
cellopentaose and cellohexaose as substrates [67]. In contrast to this, several
B-glucosidases have been detected in archaea. In fact, archaeal 8-glucosidases
have been found in Sulfolobus solfataricus MT4 [68], S. acidocaldarius, S. shi-
batae and P. furiosus [69-71]. The enzyme from the latter microorganism
is very stable and shows optimal activity at 103 °C. The B-glucosidase from
S. solfataricus MT4 is very resistant to various denaturants with activity up
to 85 °C. The gene for this B-glucosidase has been cloned and overexpressed
in E. coli [72]. The less-thermoactive cellulases that are widespread in fungi
and bacteria, have already found various biotechnological applications. The
most effective enzyme of commercial interest is the cellulase produced by
Trichoderma sp. Cellulases were also obtained from strains of Aspergillus,
Penicillium and Basidomycetes [73,74]. Cellulolytic enzymes can be used
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in alcohol production to improve juice yields and effective color extraction
of juices. The presence of cellulases in detergents causes color brightening,
softening and improves particulate soil removal [75]. Cellulase (Denimax®
Novozymes) is also used for the “biostoning” of jeans instead of using stones.
Other suitable applications of cellulases include the pretreatment of cellulosic
biomass and forage crops to improve nutritional quality and digestibility, en-
zymatic saccharification of agricultural and industrial wastes and production
of fine chemicals [76].

4
Xylan-degrading enzymes

To date only a few extreme thermophilic microorganisms are able to grow
on xylan and secrete thermoactive xylanolytic enzymes (Table 3). Xylan is
a heterogeneous molecule that constitutes the main polymeric compound
of hemicellulose, a fraction of the plant cell wall, which is a major reser-
voir of fixed carbon in nature. The main chain of the heteropolymer is
composed of xylose residues linked by B-1,4-glycosidic bonds. Approxi-
mately half of the xylose residues have substitution at the O-2 or O-3
positions with acetyl, arabinosyl and glucuronosyl groups. The complete
degradation of xylan requires the action of several enzymes. The endo-
B-1,4-xylanase (E.C.3.2.1.8) hydrolyzes $-1,4-xylosydic linkages in xylans,
while f-1,4-xylosidase (EC 3.2.1.37) hydrolyzes $-1,4-xylans and xylobiose
by removing the successive xylose residues from the non-reducing ter-
mini [77]. Members of the order Thermotogales and Dictyoglomus ther-
mophilum Rt46B.1 have been described to produce xylanases that are active
and stable at high temperatures [78,79]. The most thermostable endoxy-
lanases that have been described so far are those derived from Thermotoga
sp. strain FjSS3-B.1, Thermotoga maritima [59, 80, 81], T. neapolitana [82, 83]
and T. thermarum [84]). These enzymes, which are active between 80 and
105 °C, are mainly cell-associated and most probably localized within the
toga, which covers the cells. Several genes encoding xylanases have already
been cloned and sequenced. The gene from T. maritima, encoding a ther-
mostable xylanase has been cloned and expressed in E. coli. Comparison be-
tween the T. maritima recombinant xylanase and the commercially available
enzyme, Pulpenzyme™ indicates that the thermostable xylanase could be of
interest for application in pulp and paper industry [85]. Recently, Bacillus
thermantarcticus, a thermophilic bacterium isolated from Antarctic geother-
mal soil near the crater of Mount Melbourne, was found to produce an extra-
cellular xylanase and B-xylosidase. The optimum temperatures are 80 °C for
xylanase at pH 5.6 and 70 °C for B-xylosidase at pH 6.0. The isoelectric points
and molecular masses are 4.8 and 45 kDa for xylanase and 4.2 and 150 kDa

Please define term ND

Editor’s or typesetter’s annotations (will be removed before the final TgX run)




13

Extreme environments as a resource for microorganisms and novel biocatalysts

aN an aN aN + 1131112 $N22020UL12Y ],
eoRYOIY
aN an aN aN + vupjijodvau v3ojouriay ],
aN aN aN aN + UYWL DS0J0ULIY ],
+ aN + + + vosnf viodsououiiay ],
+ aN + + + Wn21341040Y20VS 1219DQ0LIDUDOLULIIY ],
+ an + aN + SLDZNA s22AUL0UIIIVOULIY ],
+ an + + + $aU23011041Y2041]0 s9941103da4]S
+ + + + + s11qns snjjovg
eLI9)0Rg
95B19)$d
ue[dX [£190y  asepruoinonyo-g asepIsoueINjoUIqery-J-g osepIso[AxX-g oseur[dxopuyg wstuediQ

EERIsowdzus JnA[oue[4x [eaeydie pue [el1190eg € 3|qel



14 G. Antranikian et al.

for B-xylosidase, respectively. Xylanase is stable at 60 °C for 24 h, whereas it
shows a half-life at 70 °C of 24 h and at 80 °C of 50 min. S-Xylosidase activity
does not decrease after 1h at 60 °C. Interestingly, the action of two enzymes
on xylan leads only to the formation of xylose [86].

The extracellular thermostable endo-1,4-8-xylanase (XT6) produced by
the thermophilic bacterium Geobacillus stearothermophilus T-6 was shown to
bleach pulp optimally at pH 9 and 338 K and was successfully used in a large-
scale biobleaching mill trial. The xylanase gene was cloned and sequenced.
The mature enzyme consists of 379 amino acids, with a calculated molecular
weight of 43.8 kDa and a pI of 9.0. In order to study the mechanism of cataly-
sis and to provide a structural basis for the rational introduction of enhanced
thermostability by site-specific mutagenesis, the structure of wild type was
refined at 2.4 A resolution. The structure demonstrates that XT6 is made up
of an eightfold TIM barrel containing a deep active-site groove, consistent
with its “endo” mode of action. The two essential catalytic carboxylic residues
(Glu159 and Glu265) are located at the active site within 5.5 A of each other,
as expected for “retaining” glycoside hydrolases. A unique subdomain was
identified in the carboxy-terminal part of the enzyme and was suggested to
have a role in xylan binding. The three-dimensional structure of XT6 is of
great interest since it provides a favourable starting point for the rational im-
provement of its already high thermal and pH stabilities, which are required
for a number of biotechnological and industrial applications [87]. Among
the thermophilic Archaea, xylanase production has been demonstrated only
in the hyperthermophilic archaeon Pyrodictium abyssi [88]. The enzyme has
an optimum temperature of 110 °C, which is one of the highest reported
for a xylanase. Recently, an endo-1,4-xylanase and a $-xylosidase have been
characterized from the extremely halophilic archaeon, Halorhabdus utahen-
sis [89]. This is the first report on hemicellulose-degrading enzymes produced
by an extremely halophilic archaeon.

Xylanases from bacteria and eukarya have a wide range of potential
biotechnological applications. They are already produced on industrial scale
and are used as food additives in poultry, for increasing feed efficiency diets
and in wheat flour for improving dough handling and the quality of baked
products. In recent years, the major interest in thermostable xylanases is
found in enzyme-aided bleaching of paper. The chlorinated lignin derivatives
generated by this process constitute a major environmental problem caused
by the pulp and paper industry. Recent investigations have demonstrated the
feasibility of enzymatic treatments as alternatives to chlorine bleaching for
the removal of residual lignin from pulp. Treatment of craft pulp with xy-
lanase leads to a release of xylan and residual lignin without undue loss of
other pulp components. Xylanase treatment at elevated temperatures opens
up the cell wall structure, thereby facilitating lignin removal in subsequent
bleaching stages [90, 91].
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5
Pectin-degrading enzymes

Pectin is a branched heteropolysaccharide consisting of a main chain of
a-1,4-D-polygalacturonate, which is partially methyl-esterified. Along the
chain, L-rhamnopyranose residues are present that are the binding sites for
side chains composed of neutral sugars. Pectin is an important plant ma-
terial that is present in the middle lamellae as well as in the primary cell
walls. Pectin is degraded by pectinolytic enzymes that can be classified into
two major groups. The first group comprises methylesterases, whose func-
tion is to remove the methoxy groups from pectin. The second group com-
prises the depolymerases (hydrolases and lyases), that attack both pectin
and pectate (polygalacturonic acid). A great variety of pectinolytic bacteria
have been isolated from various habitats such as trees, lakes, soil, tumen,
mullet gut, and human intestinal track. Pectin hydrolases are predomin-
antly synthesized by fungi whereas pectate lyases are mostly produced by
bacteria and usually act at alkaline pH and are Ca*-dependent. Pectin degra-
dation by thermophilic bacteria has been reported for Thermoanaerobac-
ter thermohydrosulfuricus, Thermoanaerobacter thermosulfurigenes, Clostrid-
ium thermocellum, Desulfurococcus amylolyticus, Clostridium thermosaccha-
rolyticum and Bacillus stearothermophilus [92-101]. Although many microor-
ganisms have been screened for pectinolytic activity, little attention has been
paid to pectinolytic enzymes from thermophilic and hyperthermophilic mi-
croorganisms. Previously a novel anaerobic strain from a thermal spa in Italy
was isolated that produces two thermoactive lyases that have a very high
affinity for polygalacturonate. This is a spore-forming anaerobic microor-
ganism able to grow on citrus pectin and pectate optimally at 70 °C, which
has been identified as Thermoanaerobacter italicus. After growth on citrus
pectin, two pectate lyases were induced, purified and biochemically char-
acterized [102]. Both enzymes display similar catalytic properties and can
function at temperatures up to 80 °C. An increase in the enzymatic activity
of both pectate lyase was observed after the addition of Ca*2. The ability of
the hyperthermophilic bacterium Thermotoga maritima to grow on pectin as
a sole carbon source coincides with the secretion of a pectate lyase A (PelA)
in the extracellular medium. The pel A gene of T. maritima was function-
ally expressed in E. coli as the first heterologously produced thermophilic
pectinase, and purified to homogeneity [103]. Gel filtration indicated that
the native form of PelA is tetrameric. Highest activity (422 u/mg, with a Ky,
of 0.06 mM), was demonstrated on polygalacturonic acid (PGA), whereas
pectins with an increasing degree of methylation were degraded at a decreas-
ing rate. Similar to pectate lyases, PelA demonstrated full dependency on
Ca?* for stability and activity. The enzyme is highly thermoactive and ther-
mostable, operating optimally at 90 °C and pH 9.0, with a half-life for thermal
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inactivation of almost 2h at 95°C, and an apparent melting temperature
of 102.5°C. Detailed characterization of the product formation with poly-
galacturonic acid indicated that PelA has a unique eliminative exo-cleavage
pattern liberating unsaturated trigalacturonate as the major product, in con-
trast with unsaturated digalacturonate for other exopectate lyases known.
To date pectin-hydrolyzing enzymes from archaea have not been identified
and characterized. Enzymatic pectin degradation is widely applied in food-
technology processes, as in fruit-juice extraction, to increase the juice yield,
to reduce its viscosity, improve color extraction from the skin and to macerate
fruit and vegetable tissues [103].

6
Chitin-degrading enzymes

Chitin is a linear 8-1,4 homopolymer of N-acetyl-glucosamine residues and
it is one of the most abundant natural biopolymers on earth. Particularly in
the marine environment, chitin is produced in enormous amounts and its
turnover is due to the action of chitinolytic enzymes. Chitin is the major
structural component of most fungi and some invertebrates (crustacea and
insects), while for soil or marine bacteria chitin serves as a nutrient (41).
Chitin degradation is known to proceed with the endo-acting chitin hydro-
lase (chitinase A; EC 3.2.1.14) and the chitin-oligomer-degrading exo-acting
hydrolases (chitinase B) and N-acetyl-D-glycosaminidase (trivial name: chi-
tobiase; EC 3.2.1.52). Chitin exhibits interesting properties that make it a valu-
able raw material for several applications. It has been estimated that the
annual worldwide formation rate and steady-state amount of chitin is of the
order of 10" to 10!! tons per year. Therefore, application of thermostable
chitin-hydrolyzing enzymes (chitinases) is expected for effective utilization
of this abundant biomass [104-106]. Although a large number of chitin-
hydrolyzing enzymes has been isolated and their corresponding genes have
been cloned and characterized, only a few thermostable chitin hydrolyz-
ing enzymes are known. These enzymes have been isolated from the ther-
mophilic bacterium Bacillus licheniformis X-7u [107], Bacillus sp. BG-11 [108]
and Streptomyces thermoviolaceus OPC-520 [109]. So far, only three hyper-
thermophilic archaea, Thermococcus chitonophagus [110], Thermococcus ko-
dakaraensis KOD1 [111, 112], and Pyrococcus furiosus [113] have been shown
to grow on chitin. The extreme thermophilic anaerobic archaeon Thermococ-
cus chitonophagus has been reported to posses an enzymatic system able to
hydrolyze chitin. From this microorganism, a chitinase (1,4-beta-D-N-acetyl-
glucosaminidase, EC 3.2.1.14) was detected and purified to homogeneity in
its native form. This is the first nonrecombinant chitinase purified and char-
acterized from archaea and also constitutes the first case of a membrane-
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associated chitinase isolated from archaea. The enzyme is a monomer with
an apparent molecular weight of 70 kDa and appears to be associated with
the outer side of the cell membrane. The enzyme is optimally active at 70 °C
and pH 7.0 and exhibits remarkable thermostability, maintaining 50% activ-
ity even after 1h at 120 °C. The enzyme was not inhibited by allosamidin,
the natural inhibitor of chitinolytic activity, and was also resistant to denat-
uration by urea and SDS. Chi70 shows broad substrate specificity for several
chitinous substrates and derivatives and has been classified as an endochiti-
nase due to its ability to release chitobiose from colloidal chitin [110]. Very
recently, the gene encoding a chitinase from a hyperthermophilic archaeon
Thermococcus kodakaraensis KOD1 was cloned, sequenced and expressed in
E. coli. The purified recombinant protein is optimally active at 85°C and
pH 5.0. This multidomain protein consists of two active sites with different
cleavage specificities and three substrate-binding domains, which are related
to two families of cellulose-binding domains. The enzyme produces chito-
biose as the major end product. This thermostable chitinase, which is active
in the presence of detergents and organic solvents, can be applied as use-
ful catalyst in the industry e.g. production of N-acetyl-chitooligosaccharides
with biological activity [111]. Pyrococcus furiosus was also found to grow on
chitin, adding this polysaccharide to the inventory of carbohydrates utilized
by this hyperthermophilic archaeon. Accordingly, two open reading frames
(chiA [113] and chiB [Pf1233]) were identified in the genome of P. furiosus,
which encode chitinases with sequence similarity to proteins from the gly-
cosyl hydrolase family 18 in less-thermophilic organisms. The two chitinases
share little sequence homology with each other, except in the catalytic re-
gion, where both have the catalytic glutamic acid residue that is conserved in
all family 18 bacterial chitinases. The genes encoding ChiA, without its sig-
nal peptide, and ChiB were cloned and expressed in E. coli. The pH optima
of both enzymes is about 6.0 with a broad temperature optima between 90
and 95 °C. ChiA melted at 101 °C, whereas ChiB was found to be extremely
thermostable, with a melting temperature of 114 °C. ChiA exhibited no de-
tectable activity toward chitooligomers smaller than chitotetraose, indicating
that the enzyme is an endochitinase whereas ChiB is a chitobiosidase, pro-
gressively cleaving off chitobiose from the non-reducing end of chitin or other
chitooligomers. Synergistic activity was observed for the two chitinases on
colloidal chitin, indicating that these two enzymes work together to recruit
chitin-based substrates for P. furiosus growth. This was supported by the ob-
served growth on chitin as the sole carbon source in a sulfur-free media [113].
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7
Starch-processing enzymes

71
Heat-stable amylases, glucoamylases and «-glucosidases

Extremely thermostable «-amylases have been characterized from a number
of hyperthermophilic archaea belonging to the genera Pyrococcus [114-118]
and Thermococcus [119,120]. a-Amylase (o-1,4-glucan-4-glucanohydrolase;
EC 3.2.1.1), hydrolyzes linkages in the interior of the starch polymer in a ran-
dom fashion that leads to the formation of linear and branched oligosac-
charides. The sugar-reducing groups are liberated in the o-anomeric config-
uration. Most starch-hydrolyzing enzymes belong to the a-amylase family,
which contains a characteristic catalytic (8 «)s-barrel domain. Throughout
the o-amylase family, only eight amino acid residues are invariant, seven at
the active site and a glycine in a short turn. The optimal temperatures for
the activity of these enzymes range between 80 °C and 100 °C. Thermoactive
amylolytic enzymes have also been detected in hyperthermophilic archaea
of the genera Sulfolobus, Thermophilum, Desulfurococcus, and Staphylother-
mus [121-123] (Table 4). Molecular cloning of the corresponding genes and
their expression in heterologous hosts circumvent the problem of insuffi-
cient expression in the natural host. The gene encoding an extracellular
a-amylase from Pyrococcus furiosus has recently been cloned and the recom-
binant enzyme has been expressed in Bacillus subtilis and E. coli (48, 49).
The high thermostability of the pyrococcal extracellular «-amylase (thermal
activity even at 130 °C) makes this enzyme an interesting candidate for indus-
trial application. «-Amylases with lower thermostability have been isolated
from the archaea Thermococcus profundus [124], Pyrococcus kodakaraen-
sis [125] and the bacteria Thermotoga maritima [126] and Dictioglomus
thermophilum [127,128]. The genes encoding these enzymes were success-
fully expressed in E. coli. Similar to the amylase from Bacillus licheniformis,
which is commonly used in liquefaction of starch in the industry, the en-
zyme from T. maritima requires Ca?* for activity. Further investigations have
shown that the extreme marine hyperthermophilic archaeon Pyrodictium
abyssi can grow on various polysaccharides and also secretes a heat-stable
a-amylase [88].

Unlike «-amylase, the production of glucoamylase seems to be very
rare in extremely thermophilic and hyperthermophilic bacteria and archaea
(Table 4). Glucoamylases (EC 3.2.1.3) hydrolyze terminal «-1,4-linked-D-
glucose residues successively from non-reducing ends of the chains, releasing
B-D-glucose. Among the thermophilic anaerobic bacteria, glucoamylases
have been purified and characterized from Clostridium thermohydrosulfu-
ricum 39, Clostridium thermosaccharolyticum and Thermoanaerobacterium
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Table4 Starch-hydrolyzing enzymes from extreme thermophilic and hyperthermophilic
Archaea

Enzyme Organism (growth temperature) Enzyme properties
Optimal Optimal
temperature pH

a-Amylase Desulfurococcus mucosus (85) 85 5.5
Pyrococcus furiosus (100) 100 6.5-7.5
Pyrococcus sp. KOD1 (100) 90 6.5
Pyrococcus woesei (100) 100 5.5
Pyrodictium abyssi (98) 100 5.0
Staphylothermus marinus (90) 100 5.0
Sulfolobus solfatatricus (88)
Thermococcus celer (85) 90 5.5
Thermococcus profundus DT5432 (80) 80 5.5
Thermococcus profundus (80) 80 4.0-5.0
Thermococcus aggregans (85) 95 6.5
Dictyoglomus thermophilum Rt46B.1 (73) 90 5.5
Pullulanase type II  Desulfurococcus mucosus (88) 100 5.0
Pyrococcus woesei (100) 100 6.0
Pyrodictium abyssi (98) 100 9.0
Thermococcus celer (85) 90 5.5
Thermococcus litoralis (90) 98 5.5
Thermococcus hydrothermalis (80) 95 5.5
Pullulan-hydrolase = Thermococcus aggregans (85) 100 6.5
type III
Glucoamylase Thermoplasma acidophilum (60) 90 6.5
Picrophilus oshimae (60) 90 2.0
Picrophilus torridus (60) 90 2.0
CGTase Thermococcus sp.B1001 (75) 100 2.0
a-Glucosidase Thermococcus strain ANI (80) 130 63

Thermococcus hydrothermalis (80) - -

thermosaccharolyticum DSM 571 [129-141]. Recently, it has been shown that
the thermoacidophilic archaea Thermoplasma acidophilum, Picrophilus tor-
ridus and Picrophilus oshimae produce heat- and acid-stable glucoamylases.
The purified archaeal glucoamylases are optimally active at pH 2 and 90 °C.
Catalytic activity is still detectable at pH 0.5 and 100 °C. These enzymes are
more thermostable than the aforementioned glucoamylases from bacteria,
yeast and fungi. This has been the first report on the production of glu-
coamylase in archaea [142]. However, the lack of suitable genetic methods
for thermoacidophiles have precluded structural studies aimed at discovering
their adaptation at very low pH. Very recently, the gene (ssg) encoding a pu-
tative glucoamylase from Sulfolobus solfataricus, was cloned and expressed
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in E. coli, and the properties of the recombinant protein were examined in
relation to the glucose production process. This represent the first success-
ful cloning of a glucoamylase gene from a thermoacidophilic archaeon in
a mesophilic host [143]. The recombinant glucoamylase is extremely ther-
mostable, with an optimal temperature at 90 °C, however the intracellular
enzyme is most active in the slightly acidophilic pH range from 5.5 to 6.0.
The enzyme liberated §-D-glucose from the substrate maltotriose, and the
substrate preference for maltotriose distinguishes this enzyme from fungal
glucoamylases. Gel permeation chromatography and sedimentation equilib-
rium analytical ultracentrifugation analysis revealed that the enzyme exists
as a tetramer [143]. The glucoamylase from S. solfataricus has a potential
for improving industrial starch processing by eliminating the need to ad-
just both pH and temperature. However it is remarkably less acidic than the
glucoamylases from P. torridus, P. oshima and T. acidophylum.

In addition to the glucoamylase, S. solfataricus produces a a-amylase,
which is secreted into the culture supernatant during growth on starch as
the sole carbon and energy source. The purified enzyme is a homodimer
with a subunit size of 120 kDa and catalyzes the hydrolysis of starch, dex-
trin, and a-cyclodextrin [123]. Assimilation of starch-derived carbon in this
organism is coupled to production of a cell-associated o-glucosidase, which
converts maltodextrins into glucose. S. solfataricus employs a catabolite re-
pression (CR) system to regulate production of glycosyl hydrolases, including
synthesis of the secreted o-amylase.

a-Glucosidases (E C 3.2.1.20) attack the «-1,4 linkages of oligosaccha-
rides that are produced by the action of other amylolytic enzymes. Unlike
glucoamylase, «-glucosidase prefers smaller oligosaccharides, e.g. maltose
and maltotriose, and liberates glucose with an «-anomeric configuration.
a-Glucosidases are present in thermophilic archaea and bacteria. An intracel-
lular and an extracellular a-glucosidase have been purified from P. furiosus
and Thermococcus strain AN1 [144-148]. The enzyme exhibits optimal ac-
tivity at pH 5.0-6.0 over a temperature range of 105 to 115 °C; the half-life
at 98°C is 48h. An a-glucosidase (maltase) and flanking sequences from
Sulfolobus solfataricus were cloned and characterized. malA is 2,083 bp and
encodes a protein of 693 amino acids with a calculated mass of 80.5 kDa. It
is flanked on the 5 side by an unusual 1-kb intergenic region. The puri-
fied recombinant enzyme hydrolyzes p-nitrophenyl-D-glucopyranoside with
a Ky, of 2.16 mM and a Vi of 3.08 wmol of p-nitrophenol/min at 85 °C.
It exhibited a pH optimum for maltose hydrolysis of 4.5. In contrast to its
apparent greater tendency to dissociate during SDS-PAGE, the recombinant
a-glucosidase exhibits greater thermostability than the native enzyme, with
a half-life of 39 h at 85 °C at a pH of 6.0. Unlike maltose hydrolysis, glycogen
hydrolysis is optimal at the intracellular pH of the organism. These results
indicate a unique role for the S. solfataricus a-glucosidase in carbohydrate
metabolism [149].
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7.2
Thermoactive pullulanase and CGTase

Enzymes capable of hydrolyzing «-1,6 glycosidic bonds in pullulan are de-
fined as pullulanases. Pullulan is a linear a-glucan consisting of maltotriose
units joined by «-1,6 glycosidic linkages and it is produced by Aureobasid-
ium pullulans with a chain length of 480 maltotriose units [150]. On the basis
of substrate specificity and product formation, pullulanases have been classi-
fied into two groups: pullulanase type I and pullulanase type II. Pullulanase
type I (EC 3.2.1.41) specifically hydrolyzes the a-1,6-linkages in pullulan as
well as in branched oligosaccharides (debranching enzyme), and its degrada-
tion products are maltotriose and linear oligosaccharides, respectively. Pul-
lulanase typeI is unable to attack «-1,4-linkages in «-glucans. Pullulanase
type II (amylopullulanase) attacks «-1,6-glycosidic linkages in pullulan and
a-1,4-linkages in branched and linear oligosaccharides. The enzyme has mul-
tiple specificity and is able to fully convert polysaccharides (e.g. amylopectin)
to small sugars (e.g. glucose, maltose, maltotriose) in the absence of other
enzymes, such as «-amylase or f-amylase [151, 152].

Thermostable and thermoactive pullulanases from extremophilic microor-
ganisms have been detected in Pyrococcus furiosus [153], Thermococcus
celer [154], Desulfurococcus mucosus [155], Staphylothermus marinus, Ther-
mococcus hydrothermalis [156] and Thermococcus aggregans [157] (Table 4).
Temperature optima between 90 °C and 105 °C, as well as remarkable ther-
mostability even in the absence of substrate and calcium ions, have been
observed. Most thermoactive pullulanases identified to date belong to the
type II group. Pullulanases type II from P. furiosus and P. woesei have been
expressed in E. coli [153,158,159]. The unfolding and refolding of the pul-
lulanase from P. woesei has been investigated using guanidinium chloride as
denaturant. The monomeric enzyme (90 kDa) was found to be very resis-
tant to chemical denaturation and the transition midpoint for guanidinium
chloride-induced unfolding was determined to be 4.8. The unfolding process
was reversible. Reactivation of the completely denatured enzyme (in 7.8 M
guanidinjium chloride) was obtained upon removal of the denaturant by step-
wise dilution, 100% reactivation was observed when refolding was carried
out via a guanidinium chloride concentration of 4 M in the first dilution
step [160]. On the basis of the amino-acid sequence, the pullulanase type II
(amylopullulanase) from T. hydrothermalis and P. furiosus belong to family 57
(GH-57) of the glycoside hydrolases. Five conserved regions were identified,
which are postulated to be GH-57 consensus motifs by comparison to the 659-
amino-acid-long 4-glucanotransferase from Thermococcus litoralis. These
motifs correspond to 13_HQP (region I), 76_GQLEIV (region II), 120_WL-
TERV (region III), 212_ HDDGEKFGVW (region IV), and 350_AQCNDAYWH
(region V). The third and fourth conserved regions contain the hypothetical
catalytic nucleophile E291 and the proton donor D394, respectively. To vali-
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date this prediction, the characterization of catalytic sites of certain member
of GH-57 has been started recently. Site-directed mutagenesis performed by
Zona et al. [161] on pullulanase type II from T. hydrothermalis reveals that
both residues are indeed critical for the pullulanolytic and amylolytic activi-
ties of the pullulanase type II [161]. The crucial role of E291 as the catalytic
nucleophile has been also confirmed by Kang et al. [162], who performed
similar experiment on the pullulanase type II from P. furiosus (PfAPU). The
apparent catalytic efficiencies (kcat/Km) of mutants E291Q and D394N on pul-
lulan were 123.0 and 24.4 times lower, respectively, than that of PfAPU. The
activity of mutant E396Q on pullulan was too low to allow reliable deter-
mination of its catalytic efficiency. The apparent specific activities of these
enzymes on starch also decreased 91.0 times (E291Q), 11.7 times (D394N),
and 37.2 times (E396Q). The hydrolytic patterns for pullulan and starch were
the same, while the hydrolysis rates differed as reported. Therefore, these data
support the prediction and strongly suggest that the biofunctionality of the
pullulanase type II is determined by a single catalytic centre.

Interestingly, pullulanase type I has not been isolated in Archaea so far,
whereas the enzyme has been characterized in several thermophilic microor-
ganism. The aerobic thermophilic bacterium Thermus caldophilus GK-24 pro-
duces a thermostable pullulanase of type I when grown on starch [163]. The
pullulanase is optimally active at 75°C and pH 5.5, is thermostable up to
90 °C, and does not require Ca?* for either activity or stability. The first de-
branching enzyme (pullulanase type I) from an anaerobic thermophile was
identified in the bacterium Fervidobacterium pennivorans Ven5 which was
cloned and expressed in E. coli. The enzyme from F pennivorans Ven5 at-
tacks exclusively the «-1,6-glycosidic linkages in polysaccharides [164, 165].
This thermostable debranching enzyme leads to formation of long-chain lin-
ear polysaccharides from amylopectin [166]. The same enzyme has been also
characterized from the related microorganism T. maritima [167]. Interest-
ingly, data concerning the physico-chemical properties of all debranching
enzymes reported so far show that they are mostly active in the acidic or
neutral pH range. Until very recently, no reports have been present on the
ability of thermophilic microorganisms to produce heat and alkaline stable
pullulanase type I. After sequencing the whole genome of the thermoalka-
liphile A. gottschalkii, an open reading frame with high pairwise similarity
to the pullulanases from the thermophilic anaerobic bacteria F pennivorans
and T. maritima was identified and the gene (encoding 865 amino acids with
a predicted molecular mass of 98 kDa) was cloned and expressed in E. coli.
Pullulan hydrolysis activity was optimal at pH 8.0 and 70 °C, and under these
physicochemical conditions the half-life of rPulAg was 22 h. The pullulanase
from A. gottschalkii, therefore, is the first thermoalkalistable type I pullu-
lanase that has been described [168].

Thermostable cyclodextrin glycosyltransferases (CGTases) are produced
by Thermoanaerobacter species [169], Thermoanaerobacterium thermosulfu-
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rigenes [170] and Anaerobranca gottschalkii (13, 66, 67). Cyclodextrin glyco-
syltransferase (CGTase, EC 2.4.1.19) is an enzyme that is generally found in
bacteria and was recently discovered in archaea. The archaeal enzyme was
found in Thermococcus sp. and is optimally active at 100 °C (Table 4). This en-
zyme produces a series of non-reducing cyclic dextrins from starch, amylose,
and other polysaccharides. -, 8- and y-cyclodextrins are rings formed by 6,
7, and 8 glucose units, respectively, that are linked by «-1,4-bonds [171].

The finding of extremely thermophilic bacteria and archaea capable of
producing novel thermostable starch-hydrolyzing enzymes is a valuable con-
tribution to the starch-processing industry. By using robust starch-modifying
enzymes from thermophiles, innovative and environmentally friendly pro-
cesses can be developed, aiming at the formation of products of high added
value for the food industry. At elevated temperatures starch is more soluble
(30 to 35% w/v) and the risk of contamination is reduced. This is of advan-
tage when starch will be converted to high-glucose and high-fructose syrups.
Industrial production of fructose from starch consists of three steps: lique-
faction, saccharification and isomerization. This multistage process (step 1:
pH 6.5, 98 °C; step 2: pH 4.5, 60 °C: step 3; pH 8.0, 65 °C) leads to the conver-
sion of starch to fructose with concurrent formation of high concentrations of
salts that have to be removed by ion exchangers. Furthermore, high energy is
required for cooling from 100 °C to 60 °C in step 2. The application of ther-
mostable enzymes such as amylases, glucoamylases, pullulanases and glucose
isomerases that are active and stable above 100 °C and at acidic pH values
can simplify this complicated process. Therefore, strong efforts have been in-
vested in the isolation of thermostable and thermoactive amylolytic enzymes
from hyperthermophiles, since they could improve the starch conversion pro-
cess and lower the cost of sugar-syrup production. The use of the extremely
thermostable amylolytic enzymes can lead to other valuable products, which
include innovative starch-based materials with gelatine-like characteristics
and defined linear dextrins that can be used as fat substitutes, texturizers,
aroma stabilizers and prebiotics. CGTases are used for the production of cy-
clodextrins that can be used as a gelling, thickening or stabilizing agent in
jelly desserts, dressing, confectionery, dairy and meat products. Due to the
ability of cyclodextrins to form inclusion complexes with a variety of organic
molecules, cyclodextrins improve the solubility of hydrophobic compounds
in aqueous solution. This is of interest for the pharmaceutical and cosmetic
industries. Cyclodextrin production is a multistage process in which starch
is first liquefied by a heat-stable amylase followed by a second step in which
a less-thermostable CGTase from Bacillus sp. is used. The application of heat-
stable CGTase in jet cooking, where temperatures up to 105 °C are achieved,
will allow liquefaction and cyclization to take place in one step [172].
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8
Proteolytic enzymes

Proteases are involved in the conversion of proteins to amino acids and pep-
tides. They have been classified according to the nature of their catalytic
site in the following groups: serine, cysteine, aspartic, or metallo proteases.
A variety of heat-stable proteases has been identified in hyperthermophilic
archaea belonging to the genera Desulfurococcus [173], Sulfolobus [174, 175],
Staphylothermus [176], Thermococcus [177,178], Pyrobaculum [179] and
Pyrococcus [180, 181] (Table 5). It has been found that most proteases from
extremophiles belong to the serine type, are stable at high temperatures even
in the presence of high concentrations of detergents and denaturing agents
(59, 68, 69). A heat-stable serine protease was isolated from the cell-free su-
pernatant of the hyperthermophilic archaeon Desulfurococcus strain Tok;,S;.
Recently, a cell-associated serine protease was characterized from the Desul-
furococcus strain SY that has a half-life of 4.3h at 95°C [173]. A globular
serine protease from Staphylothermus marinus was found to be extremely
thermostable. The properties of extracellular serine proteases from a num-
ber of Thermococcus species have been analyzed [177, 178]. The extracellular

Table 5 Properties of thermoactive proteolytic enzymes from extreme thermophilic and
hyperthermophilic Archaea

Protease Organism (growth temperature) Enzyme properties
Optimal Optimal
temperature pH

Serine protease Desulfurococcus mucosus (85) 95 7.5
Pyrococcus furiosus (100) 8.5 6.3
Pyrobaculum aerophilum (95) - -
Thermococcus aggregans (75) 90 7.0
Thermococcus celer (85) 95 7.5
Thermococcus litoralis (90) 95 9.5
Thermococcus stetteri (75) 85 8.5
Staphylothermus marinus (90) - 9.0
Sulfolobus solfataricus (88) - 6.5-8
Thiol protease Pyrococcus sp. KOD1 (95) 110 7
Acidic protease Sulfolobus acidocaldarius (70) 90 2.0
Aminopeptidase I Sulfolobus solfataricus (88) - -

Aminopeptidase II - -
Endopeptidase LILIII - -
Carboxypeptidase - -
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enzyme from T. stetteri has a molecular mass of 68 kDa and is highly sta-
ble and resistant to chemical denaturation, as illustrated by a half-life of
2.5h at 100 °C and retention of 70% of its activity in the presence of 1%
SDS [182]. A novel intracellular serine protease (pernisine) from the aerobic
hyperthermophilic archaeon Aeropyrum pernix K1 was purified and char-
acterized. At 90 °C, the enzyme has a broad pH profile and an optimum at
pH 9.0 for peptide hydrolysis [183, 184]. The Pernisine, lacking the leader
sequence, was expressed in E. coli as a fusion protein with glutathione-S-
transferase. The biochemical properties of the recombinant enzyme were
found to be similar to those of the native enzyme [185]. Several proteases
from hyperthermophiles have been cloned and sequenced but, in general,
their expression in mesophilic hosts is difficult. A gene encoding a subtilisin-
like serine protease, named aereolysin has been cloned from Pyrobaculum
aerophilum and the protein was modeled based on structures of subtilisin-
type proteases [184]. Multiple proteolytic activities have been observed in P.
furiosus. The cell-envelope-associated serine protease of P. furiosus called py-
rolysin was found to be highly stable with a half-life of 20 min at 105 °C [186].
The pyrolysin gene was cloned and sequenced and it was shown that this en-
zyme is a subtilisin-like serine protease [187,188]. A serine protease from
Aquifex pyrophilus was cloned and weakly expressed in E coli as active and
processed forms. The activity of the enzyme was highest at 85°C and pH 9.
The half-life of the protein (6 h at 105 °C) makes it one of the most heat-stable
protease known to date [189].

Proteases have also been characterized from the thermoacidophilic ar-
chaea Sulfolobus solfataricus [175] and S. acidocaldarius [190-192]. In add-
ition to the serine proteases other types of enzymes have been identified
in extremophiles: a thiol protease from Pyrococcus sp. KOD1, a propylpep-
tidase (PEPase) and a new type of protease from P. furiosus [178, 181, 193].
Thermostable serine proteases were also detected in a number of extreme
thermophilic bacteria blonging to the genera Thermotoga and Fervidobac-
terium. The enzyme system from Fervidobacterium pennivorans is able to
hydrolyze feather keratin-forming high-value products such as amino acids
and peptides. The enzyme, which has been named fervidolysin, is optimally
active at 80 °C and pH 10.0 [194]. The gene encoding fervidolysin was isolated
using degenerate primers combined with Southern hybridization and in-
verse polymerase chain reaction. Amino-terminal-sequence analysis of these
bands and their comparison with that determined from biochemically puri-
fied keratinase and its predicted protein sequence identified them as a 73-kDa
fervidolysin precursor, a 58-kDa mature fervidolysin, and a 14-kDa fervi-
dolysin propeptide. Using site-directed mutagenesis, the active-site histidine
residue at position 79 was replaced by an alanine residue. The resulting fer-
vidolysin showed a single protein band corresponding in size to the 73-kDa
fervidolysin precursor, indicating that its proteolytic cleavage resulted from
an autoproteolytic process. Assays using keratin and other proteinaceous sub-
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strates did not display fervidolysin activity, perhaps because of the tight
binding of the propeptide in the substrate-binding site, where it could then
function as an inhibitor. Finally, the recombinant fervidolysin has been crys-
tallized and the structure has been determined at 1.7-A resolution. The
crystal structure shows that the protease is composed of four domains: a cata-
lytic domain (CD), two beta-sandwich domains (SDs), and the PD domain.
A structural alignment shows a distant relationship between the PD-CD sub-
structure of fervidolysin and pro-subtilisin E. Tight binding of PD to the
remaining part of the protease is mediated by hydrogen bonds along the do-
main surfaces and around the active cleft, and by the clamps to SD1 and
SD2 [195, 196].

The amount of proteolytic enzymes produced worldwide on a commer-
cial scale is the largest compared to the other biotechnological enzymes in
use. Serine alkaline proteases are used as additives to household detergents
for laundering, where they have to resist denaturation by detergents and al-
kaline conditions. Proteases showing high keratinolytic activity are used for
soaking in the leather industry. Proteases are also used as catalysts for peptide
synthesis using their reverse reaction.

9
Lipases

Lipases, triacylglycerol hydrolases, are an important group of biotechnologi-
cally relevant enzymes and they find immense applications in the food, dairy,
detergent and pharmaceutical industries. Lipases are produced by microbes
and specifically bacterial lipases play a vital role in commercial ventures.
Some important lipase-producing bacterial genera include Bacillus, Pseu-
domonas and Burkholderia. Lipases are generally produced on lipidic carbon,
such as oils, fatty acids, glycerol or tweens in the presence of an organic ni-
trogen source. Bacterial lipases are mostly extracellular and are produced
by submerged fermentation. The enzyme is most commonly purified by
hydrophobic interaction chromatography, in addition to some modern ap-
proaches such as reverse micellar and aqueous two-phase systems.

Most lipases can act in a wide range of pH and temperature, though al-
kaline bacterial lipases are more common. Bacterial lipases generally have
temperature optima in the range 30-60 °C [197]. However, highly thermotol-
erant lipases has been reported from B. stearothermophilus, with a half-life of
15-25 min at 100 °C [198] and B. thermoleovorans [199, 200]. Lipases are ser-
ine hydrolases and have high stability in organic solvents. Besides these, some
lipases exhibit chemo-, regio- and enantioselectivity. Very recently, more than
five anaerobic thermophilic bacteria were found to produce extremely heat-
stable lipases. They are active at a broad temperature (50-95°C) and pH
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(3-11) (unpublished results, Antranikian). The latest trend in lipase research
is the development of novel and improved lipases through molecular ap-
proaches such as directed evolution and exploring natural communities by
the metagenomic approach. The recent determination of structure of Bacil-
lus stearothermophilus P1 lipase provides a template for other thermostable
lipases, and offers insight into mechanisms used to enhance thermal stabil-
ity which may be of commercial value in engineering lipases for industrial
uses [201].

10
Glucose isomerases, alcohol dehydrogenases and esterases

In addition to the described extracellular enzymes, intracellular enzymes
from extremophiles are of interest for various applications (Table 6). Glucose
isomerase or xylose isomerase (D-xylose ketol-isomerase; EC 5.3.1.5) cat-
alyzes the reversible isomerization of D-glucose and D-xylose to D-fructose
and D-xylulose, respectively. The enzyme has the largest market in the
food industry because of its application in the production of high-fructose
corn syrup (HFCS). HEFCS, an equilibrium mixture of glucose and fruc-
tose, is 1.3 times sweeter than sucrose. Glucose isomerase is widely dis-
tributed in mesophilic microorganisms. Intensive research efforts are dir-
ected toward improving the suitability of glucose isomerase for industrial
application. To reach fructose concentration of 55% the reaction must ap-
proach 110 °C. Improved thermostable glucose isomerases have been engi-
neered from mesophilic enzymes [202]. The gene encoding a xylose iso-
merase (XylA) of Thermus flavus AT62 was cloned and the DNA sequence
was determined. XylA has an optimum temperature at 90 °C and pH 7.0;
divalent cations such as Mn?*, Co?* and Mg?* are required for enzyme ac-
tivity [203]. Thermoanaerobacterium strain JW/SL-YS 489 forms a xylose
isomerase, which is optimally active at pH 6.4 and 60 °C or pH 6.8 and 80 °C.
Like other xylose isomerases, this enzyme requires Mn?*, Co?* and Mg?*
for thermal stability (stable for 1h at 82 °C in the absence of substrate). The
gene encoding the xylose isomerase the of Thermoanaerobacterium strain
JW/SL-YS 489 was cloned and expressed in E. coli [204]. Comparison of the
deduced amino acid sequence with sequences of other xylose isomerases
showed that the enzyme has 98% homology with a xylose isomerase from
a closely related bacterium Thermoanaerobacterium saccharolyticum B6A-
RI. A thermostable glucose isomerase was purified and characterized from
Thermotoga maritima. This enzyme is stable up to 100 °C, with a half-life
of 10 min at 115 °C [205]. Interestingly, the glucose isomerase from Thermo-
toga neapolitana displays a catalytic efficiency at 90 °C, which is 2 to 14 times
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Table 6 Enzymes with potential biotechnological application from extreme thermophilic
and hyperthermophilic archaea and bacteria

Enzyme Organism Biocatalysis Application
(growth temperature)
a-Amylase Pyrococcus woesei Hydrolysis of «-1,4 Starch industry, bio-
(100°C) glycosidic linkages conversion of starch
in starch to glucose syrup
Debranching Fervidobacterium Debranching of Starch bioconversion
enzyme pennivorans Ven5 amylopectin to glucose
(pullulanase (75°C) to linear
type I) oligosaccharides
CGTase Thermococcus sp. Production of Gelling, thickening,
(75°C), Anaerobranca cyclodextrins stabilizing agents
gottschalkii (60 °C) in food industry
Cellulase Pyrococcus furiosus Hydrolysis of Color extraction of
(100°C) cellulose to juice, color brightening,
glucose improving nutritional
quality
Endoxylanases  Thermotoga maritima Degradation Bleaching of paper
MSB8 (80°C) of xylan
Chitinase Thermococcus Degradation Utilization of biomass
kodakaraensis (95°C)  of chitin of marine environment
Serine Fervidobacterium Keratin hydrolysis  Soaking in leather
protease pennivorans (70 °C) industry, production
of amino acids and
peptides from feathers
Glucose Thermotoga Isomerization Production of high-
isomerase maritima (80 °C) of glucose fructose corn syrup
to fructose
Alcohol Sulfolobus Oxidation of Reduction of ketones
deydrogenase solfataricus (88 °C) secondary alcohols
Esterase Sulfolobus Cleavage of esters  Biotransformation

tokadaii (100 °C)

DNA polymerase Thermus aquaticus

(75°C)

DNA synthesis

in organic solvents

Taq polymerase,
polymerase chain
reaction (PCR)

higher than any other thermoactive glucose isomerases at temperatures be-
tween 60 °C and 90 °C (87) [205-208].

Dehydrogenases are enzymes belonging to the class of oxidoreductases.
Within this class, alcohol dehydrogenases (E.C.1.1.1.1, also named keto-
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reductases) represent an important group of biocatalysts due to their ability
to stereospecifically reduce prochiral carbonyl compounds. Alcohol dehy-
drogenases can be used efficiently in the synthesis of optically active alco-
hols, which are key building blocks for the fine-chemicals industry [209].
From a practical point of view, alcohol dehydrogenases that use nicotinamide
adenine dinucleotide (NADH)E as cofactor are of particular importance,
because the formate/formate dehydrogenase dehydrogenase system repre-
sents an established method to regenerate NADH efficiently. By contrast, for
nicotinamide adenine dinucleotide phosphate (NADP)-dependent enzymes
the cofactor-recycling systems that are available are much less efficient. The
secondary specific alcohol dehydrogenase (ADH), which catalyzes the ox-
idation of secondary alcohols and, less readily, the reverse reaction (the
reduction of ketones) has a promising future in biotechnology [209]. Al-
though ADHs are widely distributed among microorganisms, only few exam-
ples derived from hyperthermophilic microorganisms are currently known.
Among the extreme thermophilic bacteria, Thermoanaerobacter ethanolicus
39E was shown to produce an ADH, whose gene was cloned and expressed
in E. coli. Interestingly, a mutant has been found to posses an advantage
over the wild-type enzyme by using the more-stable cofactor NAD[EE in-
stead of NADP [210-213]. An alcohol dehydrogenase (ADH) was purified
from an extremely thermophilic bacterium, Thermomicrobium roseum. The
native enzyme is a homodimer of 43-kDa subunits. The pI of the enzyme
was determined to be 6.2, while its optimum pH is 10.0. The enzyme oxi-
dized mainly primary aliphatic alcohols and exhibited high substrate speci-
ficity towards ethanol, n-propanol and crotyl alcohol. The highest reaction
rate was observed when ethanol was used as substrate and the K, value
of the enzyme for ethanol was 24.2 mM. Pyrazole notably inhibited the en-
zymatic activity. The enzyme had an optimal temperature of 70 °C and is
highly stable [214,215]. In addition, a novel NADH-dependent alcohol de-
hydrogenase (RE-ADH) was found in Rhodococcus erythropolis. This ADH
catalyzes the reduction of ketones to the corresponding (S)-alcohols. The
enzyme was purified and its biochemical characteristics were investigated.
The gene encoding for 348 amino acids was cloned in E. coli cells and suc-
cessfully expressed [216]. The subunit molecular mass as deduced from the
amino acid sequence was determined to be 36 kDa. The recombinant enzyme
exhibits high thermostability, which facilitated its purification by heat treat-
ment, followed by two column-chromatography steps. RE-ADH shows high
similarity to several zinc-containing medium-chain alcohol dehydrogenases.
All zinc ligands seem to be conserved except one of the catalytic zinc ligands,
where Cys is probably substituted by Asp. In extreme thermophilic archaea,
ADHs have been studied from Sulfolobus solfataricus and Thermococcus stet-
teri [217,218]. The enzyme from S. solfataricus requires NAD as a cofactor
and contains Zn ions. In contrast to ADHs from bacteria and Eukarya, the
enzyme from T. stetteri lacks metal ions. The enzyme catalyzes preferentially
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the oxidation of primary alcohols, using NADP as cofactor and it is very ther-
mostable, showing half-lives of 15 min at 98 °C and 2 h at 85 °C. Compared
to mesophilic enzymes, the ADH from T. litoralis represents a new type of
alcohol-oxidizing enzyme system [217,218]. The gene of ADHs from §. solfa-
taricus was expressed in E. coli and characterized.

In the field of biotechnology, esterases are gaining increasing attention
because of their application in organic biosynthesis. In aqueous solution,
esterases catalyze the hydrolytic cleavage of esters to form the constituent
acid and alcohol, whereas in organic solutions, the transesterification reac-
tion is promoted. Both the reactants and the products of transesterification
are usually highly soluble in the organic phase and the reactants may even
form the organic phase themselves. The lipA gene encoding a thermostable
esterase was cloned from Thermoanaerobacter tengcongensis and overex-
pressed in E. coli. The recombinant esterase, with a molecular mass of 43 kDa,
hydrolyzes tributyrin but not olive oil. The esterase was optimally active at
70 °C (over 15 min) and at pH 9. It is highly thermostable, with a residual ac-
tivity greater than 80% after incubation at 50 °C for more than 10 h [219]. An
esterase from the putative esterase gene selected from the total genome an-
alysis from the thermoacidophilic archaeon Sulfolobus tokodaii strain 7 was
cloned and expressed as a fusion protein in E. coli. The optimum activity
for ester cleavage against p-nitrophenyl esters was observed at around 70 °C
and pH 7.5-8.0. The enzyme exhibits high thermostability and also shows ac-
tivity in a mixture of a buffer and water-miscible organic solvents, such as
acetonitrile and dimethyl sulfoxide. From the kinetic analysis, p-nitrophenyl
butyrate was found to be a better substrate than caproate and caprylate [220].
The Pyrococcus furiosus esterase gene was cloned in E. coli and the functional
properties were determined. The archaeal enzyme is the most thermostable
(a half-life of 50 min at 126 °C) and thermoactive (temperature optimum
100 °C) esterase known to date [221].

1
Amidases and nitrilase

1.1
Amidases

Amidases [EC 3.5.1.4] catalyze the conversion of amides to the correspond-
ing carboxylic acids and ammonia, according to the following reaction:
RCONH; + H,O — RCOOH + NH3. A number of amidases from bacteria
have been purified and characterized and the crystal structure of the peptide
amidase from Stenotrophomonas maltophilia [222] was also resolved recently.
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Amidases exhibit different physicochemical characteristics and a diverse
substrate spectrum. The enzymes that lack the characteristic signature GGSS-
(GAS)-S [223] in the primary structure are only able to hydrolyze aliphatic
substrates. In contrast, amidases containing this signature are able to con-
vert cyclic and aromatic amides as well [224-228]. These amidases are
highly S-enantioselective, usually forming the optically pure acids with an
enantiomeric excess above 99% [229]. Only in chemical and pharmaceuti-
cal industries for the production of optically pure compounds [230-232],
drugs [225, 233], acrylic [234] and hydroxamic acids [235]. In general the
application of efficient biocatalysts in industrial processes allows the forma-
tion of highly pure products with a concomitant reduction of wastes [233].
Running such processes at elevated temperatures also has many advantages,
including significant improvement of transfer rates, higher substrate solubil-
ity and reduced risk of contamination. Very little, however, is known about
amidases that are active at high temperatures.

Three thermoactive amidases described so far were isolated from Bre-
vibacillus borstelensis BCS-1 [236], Klebsiella pneumoniae NCTR 1 [237]
and Sulfolobus solfataricus [238]. Very recently, the first thermoactive and
thermostable amidase from the thermophilic actinomycete Pseudonocardia
thermophila has been purified and characterized [239]. The amidase is ac-
tive over a broad pH (pH 4-9) and temperature range (40-80 °C) and has
a half-life of 1.2 h at 70 °C. The amidase has a broad substrate spectrum, in-
cluding aliphatic, aromatic and amino acid amides. The presence of a double
bond or a methyl group near the carboxamide group of aliphatic and amino
acid amides enhances the enzymatic activity. The highest acyl transferase
activity was detected with hexanoamide, isobutyramide and propionamide.
The amidase is highly S-stereoselective for 2-phenylpropionamide; and the
racemic amide was converted to the corresponding S-acid with an enan-
tiomeric excess of > 95% at 50% conversion of the substrate. In contrast, the
d,l-tryptophanamide and d,l-methioninamide were converted to the corres-
ponding d,l-acids at the same rate.

12
DNA-processing enzymes

12.1
Polymerase chain reaction (PCR)

DNA polymerases (EC 2.7.7.7) are the key enzymes in the replication of cel-
lular information present in all life forms. They catalyze, in the presence of
Mg?*-ions, the addition of a deoxyribonucleotidef 5'-triphosphate onto the
growing 3’-OH end of a primer strand, forming complementary base pairs to
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a second strand. More than 100 DNA polymerase genes have been cloned and
sequenced from various organisms, including thermophilic bacteria and ar-
chaea [256]. Thermostable DNA polymerases play a major role in a variety
of molecular biological applications, e.g. DNA amplification, sequencing or
labelling (Table 7).

One of the most important advances in molecular biology during the last
ten years is the development of polymerase chain reaction (PCR) [257-259].
The first described PCR procedure utilized the Klenow fragment of E. coli
DNA polymerase I, which was heat-labile and had to be added during each
cycle following the denaturation and primer-hybridization steps. Introduc-
tion of thermostable DNA polymerases in PCR facilitated the automation
of the thermal cycling part of the procedure. The DNA polymerase I from
the bacterium Thermus aquaticus, called Taq polymerase, was the first ther-
mostable DNA polymerase characterized and applied in PCR.

The Taq polymerase has a 5'-3'-exonuclease activity, but no detectable 3'-
5'-exonuclease activity. Due to the absence of a 3/-5'-exonuclease activity,
this enzyme is unable to excise mismatches and, as a result, the base in-
sertion fidelity is low. The use of high-fidelity DNA polymerases is essential
for reducing the increase of amplification errors in PCR products that will
be cloned, sequenced and expressed. Several thermostable DNA polymerases
with 3'-5'-exonuclease-dependent proofreading activity have been described
and the error rates (number of misincorporated nucleotides per base syn-
thesized) for these enzymes have been determined. A thermostable DNA

Table 7 The most commonly used thermoactive DNA polymerases

Enzyme Organism of origin

Bacterial DNA polymerases

Taq pol 1 Thermus aquaticus

Tth pol Thermus thermophilus

Tfi pol Thermus filiformis

Tfl pol Thermus flavus

Tca pol Thermus caldophilus GK24
BstI pol Bacillus stearothermophilus
Tma pol Thermotoga maritima

Archaeal DNA polymerases

Pwo pol Pyrococcus woesei

Pfu pol Pyrococcus furiosus
DeepVent pol Pyrococcus sp. GB-D
KOD1 pol Pyrococcus sp. KOD1
Vent pol Thermococcus litoralis

9°N-7 pol Thermococcus sp. 9°N-7
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polymerase from Thermotoga maritima was reported to have a 3'-5'-exo-
nuclease activity [260]. Archaeal proofreading polymerases such as Pwo pol
from Pyrococcus woesei, Pfu pol from Pyrococcus furiosus, Deep Vent™ pol
from Pyrococcus strain GB-D [261-268] or Vent™ pol from Thermococcus
litoralis [269-274] have an error rate that is up to ten times lower than that
of Taq polymerase. The 9°N-7 DNA polymerase from Thermococcus sp. strain
The 9°N-7 has a fivefold higher 3'-5'-exonuclease activity than T. litoralis
DNA polymerase. However, Taq polymerase was not replaced by these DNA
polymerases because of their low extension rates among other factors. DNA
polymerases with higher fidelity are not necessarily suitable for amplifica-
tion of long DNA fragments because of their potentially strong exonuclease
activity. The recombinant KOD1 DNA polymerase from Thermococcus ko-
dakaraensis KOD1 has been reported to show low error rates (similar values
to those of Pfu), high processivity (persistence of sequential nucleotide poly-
merization) and high extension rates, resulting in an accurate amplification of
target DNA sequences up to 6 kb [275-278]. To optimize the delicate compe-
tition of polymerase and exonuclease activity, the exo-motif of the The 9°N-7
DNA polymerase was mutated in an attempt to reduce the level of exonu-
clease activity without totally eliminating it. An additional problem in the
performance of PCR is the generation of nonspecific templates prior to ther-
mal cycling. Several approaches have been made to prevent the elongation
of polymerase before cycling temperatures are reached. As well as using wax
as a mechanical barrier between DNA and the enzyme, more sophisticated
methods were invented such as the inhibition of Tuq polymerase by a neutral-
izing antibody at mesophilic temperatures or heat-mediated activation of the
immobilized enzyme.

Recently, the PCR technique has been improved to allow low-error synthe-
sis of long amplificates (20-40 kb) by adding small amounts of thermostable,
archaeal proofreading DNA polymerases, containing 3'-5'-exonuclease activ-
ity, to Taq or other non-proofreading DNA polymerases. In this long PCR, the
reaction conditions are optimized for long extension by adding different com-
ponents such as gelatin, Triton X-100 or bovine serum albumin to stabilize
the enzymes and mineral oil to prevent evaporation of water in the reaction
mixture. In order to enhance specificity, glycerol or formamide are added.

12.2
DNA sequencing

DNA sequencing by the Sanger method [279] has undergone countless re-
finements in the last 20 years. A major step forward was the introduction of
thermostable DNA polymerases leading in the cycle sequencing procedure.
This method uses repeated cycles of temperature denaturation, annealing and
extension with dideoxy-termination to increase the amount of sequencing
product by recycling the template DNA. Due to this “PCR-like” amplification
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of the sequencing products several problems could be overcome. Caused by
the cycle denaturation, only fmoles of template DNA are required, no sep-
arate primer annealing step is needed and unwanted secondary structures
within the template are resolved at high-temperature elongation. The first en-
zyme used for cycle sequencing was the thermostable DNA polymerase I from
Thermus aquaticus [280, 281]. As described by Longley et al. (118) the enzyme
displays 5'-3'-exonuclease activity that is undesirable because of the degrada-
tion of sequencing fragments. A combination of thermostable enzymes has
been developed that produces higher quality cycle sequences. Thermo Se-
quenase DNA polymerase is a thermostable enzyme engineered to catalyze
the incorporation of ddNTPs with an efficiency several thousand times better
than other thermostable DNA polymerases. Since the enzyme also catalyzes
pyrophosphorolysis at dideoxy termini, a thermostable inorganic pyrophos-
phatase is needed to remove the pyrophosphate produced during sequencing
reactions. Thermoplasma acidophilum inorganic pyrophosphatase (TAP) is
thermostable and effective for converting pyrophosphate to orthophosphate.
The use of the combination of Thermo Sequenase polymerase and TAP for
cycle sequencing yields sequence data with uniform band intensities, allow-
ing the determination of longer, more accurate sequence reads. Uniform band
intensities also facilitate interpretation of sequence anomalies and the pres-
ence of mixed templates. Sequencing PCR products of DNA amplified from
heterozygous diploid individuals results in signals of equal intensity from
each allele [282].

123
Ligase chain reaction

A variety of analytical methods are based on the use of thermostable lig-
ases. Of considerable potential is the construction of sequencing primers by
high-temperature ligation of hexameric primers [283], the detection of trin-
ucleotide repeats through repeat expansion detection (RED) [284] or DNA
detection by circularization of oligonucleotides [285]. Over the years sev-
eral additional thermostable DNA ligases were discovered. Bacterial enzymes
were derived and cloned from Thermus scotoductus and Rhodothermus mari-
nus [286-289]. Recent studies in the crude extract of 103 strains of the genera
Thermus, Bacillus, Rhodothermus and Hydrogenobacter revealed the presence
of thermostable DNA ligases in 23 of the Thermus strains [Hjorleifsdottir S,
1997 #302]. To date an archaeal DNA ligase has been described from Desul-
furolobus ambivalens [Kletzin, 1992 #298]. Unlike bacterial enzymes, this
ligase is NAD"-independent but ATP-dependent similar to the enzymes from
bacteriophages, eukaryotes and viruses. A gene encoding DNA ligase (ligTk)
from a hyperthermophilic archaeon, Thermococcus kodakaraensisKOD1I, has
been cloned and sequenced, and its protein product has been characterized:
ligTk consists of 1686 bp, corresponding to a polypeptide of 562 amino acids
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with a predicted molecular mass of 64079 Da. Sequence comparison with
previously reported DNA ligases and the presence of conserved motifs sug-
gested that ligTk was an ATP-dependent DNA ligase. Phylogenetic analysis
indicated that ligTk was closely related to the ATP-dependent DNA ligase
from Methanobacterium thermoautotrophicum H, a moderately thermophilic
archaeon, along with putative DNA ligases from Euryarchaeota and Crenar-
chaeota. Recombinant ligTk was monomeric, as is the case for other DNA
ligases. The protein displayed DNA ligase activity in the presence of ATP
and Mg?*. The optimum pH of ligTk was 8.0, the optimum concentration
of Mg2+, which was indispensable for the enzyme activity, was 14 to 18 mM,
and the optimum concentration of K™ was 10 to 30 mM. ligTk did not display
single-stranded DNA ligase activity. At enzyme concentrations of 200 nM, we
observed significant DNA ligase activity even at 100 °C. Unexpectedly, ligTk
displayed a relatively small, but significant, DNA ligase activity when NAD™*
was added as the cofactor. Treatment of NAD" with hexokinase did not af-
fect this activity, excluding the possibility of contaminant ATP in the NAD™"
solution. This unique cofactor specificity was also supported by the observa-
tion of adenylation of ligTk with NAD™. This was the first biochemical study
of a DNA ligase from a hyperthermophilic archaeon [Nakatani, 2002 #300].
The ability of DNA ligases to use either ATP or NAD" as a cofactor appears to
be specific to DNA ligases from Thermococcales. An archaeal DNA ligase has
been cloned from Thermococcus fumicolans (Tfu). The optimum tempera-
ture and pH of Tfu DNA ligase were 65 °C and 7.0, respectively. The optimum
concentration of MgCl2, which is indispensable for the enzyme activity, was
2 mM. Tfu DNA ligase displays nick joining and blunt-end ligation activity
using either ATP or NAD™, as a cofactor [Rolland, 2004 #299]

13
Conclusion

Owing to their properties such as activity over a wide temperature and pH
range, substrate specificity, stability in organic solvents, diverse substrate
range and enantioselectivity, biocatalysts from extremophilic microorgan-
isms will represent the choice for countless future applications in industry.
Their importance is increasing daily in several fields, such as food additives,
detergent industry, chemicals, pharmaceuticals, etc. The growing demand for
more robust biocatalysts has shifted the trend towards improving the prop-
erties of existing proteins for established industrial processes and producing
new enzymes that are tailor-made for entirely new areas of application. Cur-
rently, the number of novel microbial extremophilic enzymes being cloned
and biochemically characterized is steadily on the rise. New technologies such
as genomics, metanogenomics, gene shuffling, and DNA evolution provide
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valuable tools for improving or adapting enzyme properties to the desired
requirements. However, the success of these techniques demands the pro-
duction of recombinant enzymes at a high level, allowing experimental trials
and application tests. Thus, the modern methods of genetic engineering com-
bined with an increasing knowledge of structure and function and process
engineering will allow further adaptation to industrial needs, the exploration
of novel applications and protection of the environment.
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