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The definition of salt-bridges as electrostatic interactions between
oppositely charged amino acids that also form hydrogen bonds, as
opposed to ion-pairs in which no hydrogen bonds are present, is

extremely useful and deserves to be generally adopted.
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Marqusee, S. & Baldwin, R. L. Helix stabilisation by Glu...Lys* salt bridges in short peptides of de
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More is needed than a fundamentally different cell membrane to make an

archaeon hyperthermophilic.
Priem, H. Het regent leven. Natuur en techniek 2, 68-77, 1999.

Discussions about protein thermostability among biochemists,
hiophysicists, microbiologists and structural biologists would benefit
much from a more precise definition of the kind of stability they are
referring to, i.e. thermodynamic stability, kinetic stability or resistance
towards thermal inactivation.

Because the general antibacterial and antifungal agent triclosan is a
specific inhibitor of the enzyme enoyl-acyl carrier protein reductase in
the last step of the fatty-acid synthase cycle, this compound should be
classified as an antibiotic and therefore should not be added to soap,
toothpaste, cosmetics, carpets, plastic kitchenware, toys and any other

product.
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Assigning compensations based on lacking notifications concerning mugs
of hot coffee, littie dogs in microwaves and objects in mirrors that
are closer than they appear, is a grave injustice to common sense.

One does not catch a cold from an open window.

Only a mathematical impossibility: multiplying joy by sharing it.
Pythagoras, Greek philosopher, 6 century BC.

I think therefore | am. The opposite is rather desirable.

Time stays and we pass by.

The more complicated a problem, the more people think they know the
answer.

A good book devours its reader.
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De definitie van zoutbruggen als electrostatische interacties tussen
aminozuren met tegenovergestelde lading die tevens waterstofbruggen
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aanwezig zijn, is buitengewoon handig en verdient een ruime acceptatie.
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Discussies over eiwitstabiliteit tussen biochemici, biophysici,
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thermodynamische stabiliteit, kinetische stabiliteit of resistentie tegen
inactivatie door hoge temperatuur.

Omdat het antibacteriéle en antischimmel-middel triclosan een specifieke
remmer is van het enzym enoyl-acyl dragend eiwit reductase in de laatste
stap van de vetzuursynthese cyclus, moet deze verbinding geclassificeerd
worden als antibioticum en dient daarom niet toegevoegd te worden aan

zeep, tandpasta, cosmetica, tapijt, plastic keukenartikelen, speelgoed of

welk ander produkt dan ook.
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Het toekennen van schadevergoedingen wegens ontbreken van
waarschuwingen aangaande bekers warme koffie, hondjes in magnetrons
en objecten in spiegels die dichterbij zijn dan ze lijken, doet groot
onrecht aan het gezond verstand.

Men wordt niet verkouden van een open raam.

Slechts wiskundig onmogelijk: vreugde vermenigvuldigen door haar te

delen.
Vrii naar Pythagoras, Grieks wijsgeer, 6e eeuw voor Christus.

Ik denk dus ik ben. Het tegenovergestelde is buitengewoon wenselijk.

De tijd blijft en wij gaan voorbij.

Hoe moeilijker een probleem, hoe meer mensen het antwoord menen te
weten.

Een goed boek verslindt de lezer.
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Chapter 1

1. Hyperthermophilic Archaea and Bacteria

Microbial life is thriving in habitats that are considered highly
inhospitable to man. The isolation of so-called ‘extremophiles’ from boiling
geysers, geothermally heated sediments, acid mudholes, hypersaline inland
lakes and below Antarctic ice-floors, has vastly expanded our conceptions of
which environments are able to sustain microbial life. The wide variety of
phenotypes of these exotic microorganisms, most of which are members of the
domain of the Archaea, is listed in Table 1. Studying the mechanisms by which
extremophiles are able to survive and reproduce, is adding much to our current
knowledge of fundamental biological issues. Furthermore, these microorganisms
may be a valuable source of industrially relevant biocatalysts and compounds.
Current knowledge is increasing rapidly and many aspects like genetics,
physiology and biochemistry have recently been reviewed in special journal
issues of FEMS Microbiclogical Reviews (Antranikian et al., 1996), Cell (Lewin,
1997), and Advances in Biochemical Engineering/Biotechnology {Antranikian,
1998). Moreover, a novel journal has recently been established that is entirely
dedicated to these extremophiles (Horikoshi, 1997). Considerable attention is
given to the specific adaptations of structure and function of macromolecules in
extremophiles. As a consequence, a variety of three-dimensional crystal and
solvent structures of proteins from extremophiles has been determined that
allows for the elucidation of the molecular basis of protein stability and the
mechanisms of enzyme catalysis under extreme conditions. In addition, within a
time span of less than 4 years, the complete genomes from 20 organisms have
been published, among which 5 genomes from extremophiles (TIGR, 1999).
More than 90 genomes (8 from extremophiles) are currently under study and will
be finished within a few years. Complete genomes allow comparative analysis of
protein amino acid composition, components of metabolic pathways and
transcriptional, translational and repair mechanism and provide phylogenists
with enormous amounts of new data. Together with DNA chip or array
technologies, complete genomes enormously expand our ability to study gene
regulation, protein function and genetic disorders. Comparative genomics, in
concert with comparative biochemistry and crystallography, will be powerful
tools in the identification of characteristics that enable an organism to survive

Table 1: Classification of archaeal (extremophilic) phenotypes (Danson & Hough, 1998)

Thermophiles Grow optimally between 55 and 80°C

Hyperthermophiles  Grow optimally between 80 and 113°C

Psychraphiles Require temperatures below 20°C for growth

Halophiles Grow optimally at high salt concentrations; internal
concentrations isotonic with exterior

Methanogens Reduce C1 and €2 compounds (anaerobically) to methane.
Mesophilic, (hypenthermophilic and halophilic members

Acidophiles Grow aptimally below pH 4

Alkaliphiles Grow optimally above pH 9

Barophiles Grow optimally up to 50 MPa pressure
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and reproduce efficiently in extreme environments.

Hyperthermophiles are organisms that are able to grow optimally above
B0°C. The upper temperature of life has recently been set on 113°C with the
isolation of Pyrolobus fumarii (Blochl et al, 1997). Most of the
hyperthermophiles belong to the domain of the Archaea, together with the
extreme halophiles and the methanogens (Woese et al, 1990).. Two
hyperthermophilic bacterial genera have been described, namely Thermotoga
sp. and Aquifex sp. In the original ‘universal tree of life’, based on 165/185 rRNA
sequence comparisons, all hyperthermophiles cluster at the base of the tree and
many of their branches are short (Figure 1} (Woese et al., 1990).
Hyperthermophiles therefore seem to be the closest relatives to our last universal
common ancestor. This resulted in the hypothesis that this last universal
common ancestor might have been a hyperthermophile and life might have
evolved at high temperatures (Stetter, 1994). This would mean that what we now
tend to call ‘adaptations’ to high temperatures, are in fact the originally evolved
mechanisms, and that mesophily and consequently, psychrophily, should be
regarded as adaptations to low temperatures.

Comparison of the rRNA tree with phylogenetic trees based on protein
sequences, often results in conflicting topologies. These conflicting gene
histories can be explained by differences in evolutionary rates of the particular
macromolecules as well as lateral gene transfer (Forterre, 1998; Brown &
Doolittle, 1997). Taking these processes into consideration, a ‘genetic annealing
model’ has been proposed, in which the last universal common ancestor is no
longer a primitive organism, but rather a community of primitive cells

Bacteria Archaea Eucarya

Anirals

Fungi

Meth ina Plants
ANAEDT aloghiles
Ciliates

Flagellatas

Flavebacteria Trichomonads

Microsporidia

Figure 1: Evolutionary relationships among living organisms in the three-domain model based
on 165/185 rRNA sequences according to Woese (modified from Woese et al., 1990; Stetter,
1996). Rooting of the tree is derived from paralogous pairs of protein sequences Ef-TWEF-G and
F- and V-ATPases {lwabe et al., 1989; Gogarten et al., 1989). Hyperthermophilic genera are
depicted as thick lines.
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(progenotes) that survives and evolves as a biological unit (Woese, 1998). In this
community a high mutation rate and high level of lateral gene transfer initially
defined evolution, in contrast to vertical (genealogical) inheritance. Ultimately,
the ancestors of the three primary domains evolved from this entity (Woese,
1998),

An alternative hypothesis for the evolutionary relationship among living
organisms has recently been suggested (Gupta, 1998). This hypothesis is based
on (i)'multiple alignments of protein sequence data, (ii) entire genome sequences
of several prokaryotic and eukaryotic organisms, and (iii} integration of signature
sequences and several morphological features (Gupta, 1998). In the proposed
maodel the primary division within prokaryotes is not between Archaea and
Bacteria, but rather between prokaryotes that have a single cell membrane
{monoderms; including all archaebacteria and gram-positive bacteria) and
prokaryotes that are surrounded by an inner cytoplasmic membrane and an outer
membrane (diderms; all ‘true’ gram-negative bacteria). The eukaryatic cell may
have originated from a fusion between a thermoacidophilic archaebacterium and
a gram-negative bacterium, with the eucaryal genome arising as a chimera with
distinct archaeal and bacterial features (Gupta, 1998). In an alternative theory,
eukaryotes are thought to have evolved through symbiotic association of a
respiring and molecular hydrogen generating eubacterium with an anaerobic,
hydrogen-dependent, autotrophic archaeon, as is suggested by comparative
biochemistry of the energy metabolism (Martin & Muller, 1998).

While both the three-domain and the chimeric model suggest that the last
common universal ancestor could have been a hyperthermaophile and that life
may have evolved at high temperatures, several authors have argued against this
notion (Forterre, 1995; Forterre, 1998; Miller & Lazcano, 1998}, Reverse gyrase,
an enzyme involved in regulating DNA topology, seems only to be present in
hyperthermophiles, but is most probably the result of a fusion of already highly
evolved helicase and topoisomerase modules. If reverse gyrase is also a
prerequisite for hyperthermophily, the ancestors from which its constituting
modules were derived, were probably not hyperthermophiles (Forterre, 1995,
Forterre, 1998). The hyperthermophilic origin of the last universal common
ancestor is based on the rooting of the universal tree; however, this rooting in
the prokaryotic branch is still under debate (Forterre et al., 1993; Forterre, 1997;
Doolittle & Brown, 1994). Further considerations indicate that hyperthermophily
is not in all cases an ancestral phenotype, but may have evolved separately
during evolution. For example, based on RNA polymerase sequences, the
hyperthermophilic bacterium Aquifex pyrophilus is not located at the base of the
universal tree, but is placed among the Gram-negative bacteria, below the &-
subdivision of the protecbacteria (Klenk, 1994). The complete genome sequence
of Aquifex aeolicus, however, has as yet not yielded a statistically significant
placement of the Aquifex lineage (Deckert et al., 1998). It did reveal that Aquifex
contains a two-fold higher number of ‘archaeal’ homologues than other bacteria
{Aravind et al., 1998). It has therefore been suggested that Aquifex may have
acquired its hyperthermophilic phenotype by the acquisition of genes from
hyperthermophilic Archaea via horizontal gene transfer (Aravind et al,, 1998),
Further evidence for independent evolution of hyperthermophily has been based
on the mechanism of cell membrane stabilisation. While bacterial
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Thermotogales as well as Archaea have developed analogous mechanisms to
stabilise their membranes, i.e. the formation of covalently-linked ether lipids,
these mechanisms are not homologous since the lipids have opposite
stereochemistry and different chemistry (Langworthy & Pond, 1986; Forterre,
1996). Even between different members of the hyperthermophilic Bacteria,
different patterns of lipid composition have been recognised (Langworthy &
Pond, 1986). Also on the protein level there is indication that secondary
adaptation to thermophily in Bacteria may have evolved twice independently. In
many DINA polymerases widely distributed in the three domains of life, 3’ to 5
exonuclease activity, residing either in subunits or in homologous domains, is
present and therefore appears to be very ancient (Forterre et al., 1994). Taq DNA
polymerase from the extreme thermophilic bacterium Thermus aquaticus and a
DNA polymerase from Bacillus stearothermophifus have lost this 3’ to 5’
exonuclease activity that is present in their mesophitic homologues. The i, stal
structures of these enzymes suggest that the exonuclease activity has been
sacrificed in order to achieve thermostability (Korolev et al., 1995; Kiefer et al.,
1997). In Tag polymerase the DNA-binding crevice in the exonuclease domain
has been filled with hydrophobic residues, in the Bacillus enzyme this crevice
has been blocked by a particular polypeptide loop (Korolev et af., 1995; Kiefer
et al., 1997). The different nature of the structural adaptations suggest that these
occured independent of each other in a DNA paolymerases present in a
mesophilic ancestor (Forterre, 1998). Further insight into the origin of
hyperthermophilicity and hyperthermostability can only be obtained by
multidisciplinary approaches combining sequence-based molecular phylogenies
with comparative biochemistry and structural and molecular biology.

2. Protein stability

The term ‘protein stability’ refers to the resistance of a protein towards
influences such as heat or denaturants that may affect its structural integrity
and/or its biological function. High temperatures or high concentrations of
denaturant may cause unfolding of the native protein, which means loss of
quaternary, tertiary and/or secondary structure. The loss of correct positioning of
certain residues in three-dimensional space means that the protein is no longer
able to carry out its biological function. This denaturation is usually cooperative
and, in theory, reversible. Polypeptides are furthermore prone to chemical
modifications, which are often accelerated under extreme conditions such as
high temperature or low pH. These modifications may result in irreversible loss
of activity or inactivation (Klibanov, 1983a; Klibanov, 1983b; Klibanov &
Mozhaev, 1978; Mozhaev & Martinek, 1982). A variety of inactivating processes
have been described that usually follow (and not precede) unfolding. These
include protealysis, loss of essential cofactors ar prosthetic groups, aggregation
and precipitation, formation of refolding intermediates in kinetically trapped
confarmations, peptide bond hydrolysis, cysteine oxidation, deamidation and
breakage of disulphide bridges (Fagain, 1997). Both types of in vivo protein
stability can be depicted in the following relation:
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K k
N & U o5 | {1

in which N represents the native, U the unfolded and | the irreversibly denatured
or inactivated form of the protein, K { = &,/ k, ) is the equilibrium constant for
the reversible N < U transition, and k is the rate constant for the irreversible U
— | reaction.

Thermodynamic or conformational stability is described by the Gibbs free
energy of unfolding (AY,G). This is the difference in free energy between the
native and the denatured state of the protein. Providing that reversibility exists
and a two-state, cooperative transition between the native and the unfolded
protein occurs, the unfolding free energy may be calculated according to

AYG = GY-GM = AV H-TAYS (2
and
AYG = -RT In K (3)

in which AYH and AY.S are the enthalpy and entropy differences between the
native and the unfolded protein, respectively, T is the absolute temperature and
R is the gas constant. The requirement of reversibility implies the complete
absence of irreversible denaturation or inactivation, or a sufficiently iow rate
constant so that relation (1) reduces to

K
N & U 4

Techniques that allow determination of N and U, like UV spectroscopy,
fluorescence or circular dichroism, or techniques like differential scanning
microcalorimetry that determine the denaturation enthalpy and the change in
heat capacity upon protein thermal unfolding, allow calculation of
thermodynamic parameters and thereby the conformational stability of a certain
protein. Conformational stability may be enhanced by lowering the free energy
of the native state as well as by raising the free energy of the unfolded state.
Furthermore, an enzyme may be stabilised by lowering the rate constant for
unfolding (k,), i.e. by raising the activation energy barrier (Gibbs free energy for
activation). This dependence of stability on the activation energy is referred to as
kinetic stability and may be studied using techniques that allow quantitative
determination of the disappearance of N.

Irreversible inactivation is a kinetically controlled process and is
described by

-d[AVdt = k A] (5)

in which A is activity, t is time and k is the rate constant for inactivation. Enzyme
inactivation is followed by determining the remaining catalytic activity after
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progressive incubation at high temperature or incubation with denaturants. If the
loss of activity follows first-order kinetics, or pseudo first-order kinetics, it may
be described according to

A= Ayt e ©
and the half-life for inactivation is defined as In 2 / k.

The thermodynamic stability of a protein is determined by the marginal
net free energy difference of a large number of stabilising and destabilising
interactions. This net difference in free energy is typically in the range of 5-17
kcal/mol, which is equivalent to the energy of only a few hydrophohic
interactions, ion-pairs or hydrogen bonds {Jaenicke, 1991; Pfeil, 1986). A
hypothetical stability curve for a protein from a mesophilic organism is shown in
Fig. 3 (curve a), in which the free energy is plotied against temperature. The
hyperbolic nature of the curve implies that proteins do not only denature at high
temperatures (T,,, or melting temperature) but also show cold denaturation (T,).
For thermostable proteins the free energy curve may have been shifted either
vertically (i.e. increase in maximum free energy; curve b), horizontally (i.e.
increase in melting temperature; curve ¢) or may have been flattened (i.e. raise
in melting temperature but a decrease in maximum free energy; curve d).
Examples of non-enzymatic proteins that have been studied in this respect
include rubredoxin from P.furiosus, ferredoxin from T.maritima and histones
from the hyperthermophiles Methanothermus fervidus and Pyrococcus strain
GB-3a, which are stabilised by a combination of (b) and (c) (Hiller et al., 1997;
Pieil et al., 1997; Li et al., 1998). The DNA-binding protein Sso7d from the
hyperthermophile Sulfolobus solfataricus has a raised melting temperature at the
expense of maximum free energy (d) {Knapp et al, 1996). Examples of
thermodynamically studied enzymes include aspartate aminotransferase from
Suffolobus solfataricus, which is 15 ki/mol more stable at 25°C than the
cytosolic aspartate aminotransferase from pig heart, and the trimeric adenylate
kinase from S.acidocaldarius for which a maximum intrinsic free energy of 130
kcal/mol-trimer at 32°C is reported (Amone et al., 1997; Backmann et al,,
1998).

Studies on the stability of proteins from hyperthermophiles are currently
limited and restricted to the examples described above, since they suffer from
several practical considerations. Enzymes often allow easy determination of
irreversible loss of catalytic function (which is the most important parameter for
the microbial cell and for biotechnological purposes) by spectrophotometric
quantification of substrates or reaction products. However, enzymes often do not
reversibly unfold and are therefore not accessible to thermodynamic analysis
(Klump et al., 1992; Jaenicke, 1996; Pappenberger et al., 1997; Jaenicke &
Bohm, 1998). Studies on large model enzymes are therefore limited to
description of kinetic stability. Small, monomeric proteins or isolated domains,
in comparison with enzymes, more often denature reversibly (Knapp et al,
1996: Perl et al.,, 1998; Li et al., 1998). However, due to their small size, the
contribution of large structural features and domain/subunit interfaces cannot be
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Figure 3: Hypothetical free energy temperature profiles from (a) proteins from mesophiles and
(b} thermostable proteins. T, and T, are the melting temperatures of the proteins from
mesophiles and thermostable proteins, respectively. T, is the temperature at which cold
denaturation occurs (modified from Jaenicke & Bohm, 1998).The temperature dependance of
AG is defined by a modified Gibbs Helmholiz equation {Becktel & Schellman, 1987):

AGY Ty = AV HT - TANS(T) + AYCUT-T)-TIn(T/T,) ]

in which AGY,, is the difference in free energy, A¥H the difference in enthalpy, AY%S the
difference in entropy and AYC, the difference in heat capacity between the native and the
denatured state, and T and T, are the absolute temperature and the melting temperature,
respectively.

studied in these systems, In this thesis, the main interest is focused on large
structural features in model enzymes that do not unfold reversibly, and the role
of these features will therefore mainly be studied with respect to kinetics of
thermal inactivation. Thermal- and denaturant-induced unfolding will be
determined in order 1o compare wildtype and mutant variants of the enzymes,
without concomitant thermodynamic analysis of the obtained unfolding curves.

3. Malecular adaptations to high temperatures
It has been well established that, in their respective operational

temperature  ranges, enzymes from psychrophiles, mesophiles and
hyperthermophiles are in so-called corresponding states {Jaenicke, 1991). This
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means that the flexibility of the enzymes has been tuned to the desired
temperature such that optimal catalysis is possible without the interference of
denaturation and inactivation. Consequently, while enzymes from mesophiles
are good catalysts around room temperature, hyperthermostable enzymes are
rigid at this temperature and conformational flexibility is too low for efficient
catalysis., On the other hand, at high temperatures, thermostable enzymes reach
optimal conformational flexibility, while enzymes from mesophiles have long
been inactivated and denatured because of thermal motions that exceed the
capacity of the interactions to maintain an intact enzyme structure. Since all
proteins, independent of their origin, consist exclusively of the 20 canonical
natural amino acids, this intrinsic enzyme flexibility and stability in psychro-,
meso- and thermostable proteins is solely determined by the amino acid
composition and the interaction between them in the native enzyme structure.
Regarding this intrinsic adaptation, one must, however, nat overlook the
temperature dependance of chemical equilibria (Danson et al., 1996). A
consequence of this is, for example, a large downfield shift in pK, (as much as
2.5 pH units on going from 25 to 100°C) for the basic side chains of histidine,
lysine and arginine; in contrast, the carboxylate side chains of giutamate and
aspartate are only slightly affected. All these charged residues are often directly
involved in enzymatic catalysis as well as in stabilising the native enzyme
structure. It is known that pK, values can be fine-tuned by interactions with other
amino acids and by the existing electrostatic field, and it is obvious that this fine-
tuning must be achieved in different ways in enzymes from mesophiles and
(hyperithermophiles (Danson et al., 1996).

Proteins may furthermore be stabilised by extrinsic factors. In the cytosol,
the natural substrates and cofactors may help to achieve and maintain the native
protein structure {Risse et al, 1992}, Many hyperthermophiles have been
reported to accumulate certain molecules, which despite their high intracellular
concentrations, do not interfere with metabolic processes, and are therefore
referred to as compatible solutes (for a recent review see da Costa et al., 1998).
On the one hand, compatible solutes are thought to be stabilising by being
preferentially excluded from the protein surface (Arakawa & Timasheff, 1985).
The preferential hydration of the protein surface forces a compact conformation,
opposes an increase in surface area, and thereby favours the native state since
unfolding usually results in an increase in surface area (Arakawa & Timasheff,
1985}. On the other hand, compatible solutes have been proposed to interact
specifically with the protein surface, and the stabilisation of a protein by a
certain compatible solute may be a balance between its interaction with both
water and protein (Carpenter et al., 1992; Ramos et al., 1997). Ancther extrinsic
factor is the presence and action of molecular chaperones. Chaperones are
proteins that facilitate folding of polypeptide chains and prevent aggregation of
unfolded proteins (Harti, 1996). They are reguired under normal physiological
conditions and their production is often induced in response to heat-shock or
other stress-factors (Hartl, 1996). High levels of heat-shock ‘thermosomes’ have
been reported in many hyperthermophiles as heat-stress response (Trent et al.,
1990; Minuth et al., 1998; Holden & Baross, 1993).
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In this thesis, the adaptation of enzyme flexibility and stability to different
temperatures will be the central issue. This chapter therefore continues with a
description of the factors that determine intrinsic protein stability.

Primary structure analysis

Correlations between protein thermostability and amino acid composition
include a decrease in chain flexibility, a decrease in content of chemically labile
residues, an increase in average hydrophobicity, and an increase in frequency of
aromatic residues (Menendez-Arias & Argos, 1989; Vihinen, 1987; Zwickl et al.,
1990; Eggen et al,, 1994; Vieille & Zeikus, 1996). The increase in isoleucine
content in hyperthermostable glutamate dehydrogenases {GDH) has been
correlated with the ability of this residue to adopt additional rotamer
conformations, and hence may result in increased packing efficiency (Britton et
al., 1995; Chapter 4 of this thesis). The thermolabile amino acid residue cysteine
seems to be almost completely absent in many hyperthermophile proteins
{Eggen et al., 1993; Voorhorst et al., 1995; Vieille & Zeikus, 1996}, They are
only conserved in redox proteins, where they serve to ligand the redox-centres,
as for example in aldehyde ferredoxin oxidoreductase and glyceraldehyde-3-
phosphate ferredoxin oxidoreductase (Chan et al,, 1995; van der Qost et al,,
1998). Disulfide bridges have been suggested to be important stabilising factors
in moderately stable proteins {Matsumura, 198%9). in hyperthermophiles,

Table 2: Relative amino acid compositions (in percentages) of mesophiles and hyperthermophiles.
'Include Haemophilus influenza, Helicobacter pylori, Escherichia coli and Synechosystis. Include
Aquifex aeolicus and Methanococcus jannaschii. (Modified from Deckert et al., 1998).

Amino acid Mesophiles' Hyperthermophiles?
Ala 8.42 5.72
Cys 1.06 1.03
Asp 501 4,92
Glu 6.37 9,15
Phe 4.37 4.67
Gly 6.90 6.58
His 2.09 1.49
lle 6.64 8.89
Lys 6.00 9.88
Leu 10.79 9.98
Met 2.43 2.13
Asn 4.59 4.42
Pro 4.13 3.73
Gin 4.51 1.74
Arg 4.67 4.38
Ser 5.95 4.63
Thr 5.11 4.14
Wal 6.62 7.39
Trp 1.15 0.82
Tyr 110 4.23
Charged residues (DEKRH) 24.11 29.84
Polar/uncharged residues (GSTNQYC) 31.15 26.79
Hydrophobic residues (LMIVWPAF) 44.74 43.36
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however, these kind of interactions have only been reported in the TATA-
binding protein from P.woesei {Dedecker et al., 1996) and proteins in which
they serve a functional role as for example in the protein disulfide
oxidoreductase from P.furiosus (Ren et al., 1998). The existence of this latter
protein, however, suggests that disulfide bridges may be more common in
hyperthermophiles than currently thought.

Often, however, the above-mentioned correlations do not hold (Vieille &
Zeikus, 1996). An example is the reduction in glycine residues correlating with
decreased chain flexibility, versus an increase in glycine residues in hyperstable
proteins that reduce strained conformations which are present in mesophilic
homologues (Macedo-Ribeire et al.,, 1997). Until recently, surveys dealt with
relatively small sample sizes, and a concise re-evaluation proved several of these
early predictions to be statistically insignificant (Bohm & Jaenicke, 1994). The
availability of many complete genome sequences, among which several from
hyperthermophiles, has allowed a survey with a large data set (Table 2) (Haney
et al., 1998; Deckert et al., 1998). From these studies, it is concluded that
proteins in hyperthermophiles on average contain higher levels of charged
residues and lower levels of polar, uncharged residues. Residues with a higher
side chain volume and higher average hydrophabicity appear to be preferred.
Unlike asparagine, glutamine is much discriminated against, although both
residues are prone to deamidation at high temperatures. A difference in number
of cysteine residues is, remarkably, not detected in this analysis.

Several reservations against these kinds of analyses must however be
made. Protein amino acid composition is known to reflect to some extent the
underlying G + C content of the genome {Suecka, 1961; Lobry, 1997). This effect
may even exceed environmentally determined adaptations to such extent that
highly unlikely clustering in phylogenetic trees occurs (Benachenhou-Lahfa et
al., 1994). Additionally, it has recently been calculated that amino acid synthesis
at high temperatures, under conditions that prevail in hydrothermal vents, is
often thermodynamically favoured, to such an extent that the synthesis of about
half of the amino acids generates energy (Amend & Shock, 1998). In contrast, in
25°C sea water, synthesis of all amino acids requires energy. Although this
prediction has not been corroborated with database analysis as yet, it cannot be
excluded that this may have an effect on the amino acid composition of proteins
in organisms that thrive in these habitats. Finally, the ultimate factor determining
whether a certain amino acid is present in a protein, is not its chemical stability
at high temperatures as isolated amino acid, but its stability and functional role
in the context of its surroundings in the protein, i.e. whether it is surface-exposed
or buried and protected against degradation. Therefore, the analysis of three-
dimensional structures, albeit restricted to much smaller data sets than primary
structure analysis, is expected to provide valuable information, as described
below.

Structural adaptations
The elucidation of many solvent and crystal structures from

hyperthermostable enzymes and their comparison with structures from
homologous enzymes from mesophiles (and, in some cases, psychrophiles), has

11
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Table 3: Proposed stabilising strategies that have been identified in hyperthermostable enzymes from
the archaeal genera Pyrococcus and Sulfolobus, and the bacterial genera Thermotoga and Aquifex.

Enzyme Organism Proposed stahilising strategies Reference
Glutamate P.furiosus Extensive ion-pair networks at domain Yipet al.,
dehydrogenase and subunit interfaces 1995
Isoleucine clusters
Citrate synthase P.furiosus Increased compactness Russell et al.,
Intimate association of subunits 1997
Increased number ion-pair networks
Decreased number and burial of
thermalabile residues
Aldehyde P.furiosus Small solvent exposed surface area Chan et af.,
oxidoreductase Large number of ion-pairs and buried 1995
atoms
Ornithine P.furiosus Oligomerisation with increased Villeret et al.,
carbamoyl hydrophobicity at subunit interfaces 1998
Transferase
TATA-binding P.woesei Increased number of surface electrostatic  Dedecker et
protein interactions al.,, 1996
Increased compactness
Disulphide bridge formation
Indole-3-glycerol S.solfataricus Increased number of salt-bridges Hennig et al,,

phosphate synthase

B-glycosidase

Superoxide
dismutase

Glutamate
dehydrogenase

Glyceraldehyde-3-
phosphate
dehydrogenase

Phosphoribosyl
anthranilate
isomerase

Superoxide
dismutase

S.solfataricus

S.acidocaldarius

T.maritima

T.maritima

T.maritima

A.pyrophilus

Improved helix-capping
Improved hydrophobic interactions

Large surface-exposed ion-pair networks
Solventilled hydrophilic cavities
Increased number of intersubunit ion-
pairs and hydrogen bonds

Decrease of solvent accessible
hydrophobic surface area

Increased burial of hydrophobic residues

lon-pair networks at domain interfaces
Increased hydrophobic interactions at
subunit interfaces

Increased number of salt-bridges

Increased hydrophobicity
Increased number of salt-bridges

Increased compactness of tetramer
lon-pairs in small networks
Increase in buried surface area

1995

Aguilar et al.,
1997

Knapp et al.,
1999

Knapp et al.,

1997

Korndorfer et
al,, 1995

Hennig et al.,
1997

Lim et al.,
1997
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revealed a variety of features that might contribute to the increased stability of
hyperthermophile enzymes (see Table 3 for an overview and references).
Proposed stahilising mechanisms include an increase in the number of hydrogen
bonds, charged-neutral hydrogen bonds and ion-pairs, as well as the
arrangement of ion-pairs in large networks. Electrostatics can furthermore be
optimised by increasing the a-helix-dipole stabilisation. This electrostatic
optimisation fits well with the increase in charged residues found in the
hyperthermophiles Methanococcus jannaschii and Aquifex aeolicus for which
the complete genomes have been sequenced (Bult et al,, 1996; Deckert et al.,
1998). Furthermore, Van der Waals interactions seem to be optimised by
improved packing of the hydrophobic core, resulting in a decreased number and
total volume of cavities, as well as in a lower surface-to-volume ratio.
Additionally, a lower surface-to-volume ratio may be achieved by shortening or
deletion of flexible surface loops. Alternatively, such loops have been
strengthened by rigidifying amino acid substitutions. Additional proposed
mechanisms include reduction of conformational strain, an increase in aromatic
interactions, and stabilisation of w-helices by introduction of residues with
enhanced secondary structure propensity. A relative increase in polar surface
area and decrease in hydrophobic surface area has been reported, as well as
tightening of contacts at interdomain and intersubunit interfaces and formation of
higher association states. A reduction in the number of thermolabile residues or
their burial in the protein interior protects against thermal inactivation by
covalent destruction. Finally, the presence of solventfilled, hydrophilic cavities
may confer resilience, i.e. the ability to return to the original state after being
stretched or bent, allowing larger fluctuations of the polypeptide without
complete unfolding occurring. This higher resilience is also conferred by the
large ion-pair networks that are mentioned earlier. These networks have been
found in many of the hyperthermostable enzyme structures described to date,
and will be discussed in detail below.

lon-pairs and ion-pair networks

In proteins, the N-terminal amino group and side chains of histidine,
arginine and lysine may be positively charged. The C-terminal carboxyl group
and side chains of aspartate and glutamate may be negatively charged. When
oppositely charged groups are within 4 A distance, the favourable energetic
interaction that is formed, is called an ion-pair (Barlow & Thornton, 1983).
When the charged groups also form hydrogen bonds, these particular ion-pairs
are preferably referred to as salt-bridges in order to distinguish between these
different forms of electrostatic interactions (Marqusee & Baldwin, 1987).
Unfortunately, this distinction is not consequently followed throughout
literature.

A role for ion-pairs in protein stahbilisation was already postulated some
twenty years ago when Perutz described additional salt-bridges in the structures
from ferredoxin and glyceraldehyde-3-phosphate  dehydrogenase from
thermophilic bacteria {Perutz, 1978; Perutz & Raidt, 1975). Since then, however,
several studies have produced controversial results. A buried salt-bridge in
iysozyme contributes 3-5 kcal/maol to the free energy of stabilisation (Anderson
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et al., 1990), while a buried salt-bridge triad in Arc repressor can be replaced by
a more stable hydrophobic core (Waldburger et al., 1995). Surface salt-bridges in
barnase and lysozyme stabilised by only 0.98-1.25 and 0.1-0.25 kcal/mol
(Horovitz et al., 1990; Dao-pin et al., 1991). It was argued that the entropic cost
of localisation of solvent-exposed charged groups on the surface of a protein
largely offsets the interaction energy expected from the formation of a defined
salt-bridge {Dao-pin et al., 1991; Hendsch & Tidor, 1994). In networks,
however, each additional ion-pair interaction requires the desolvation and
localisation of only one side chain. Cooperativity was indeed shown in barnase
where two salt-bridges in a triad reduce each other’s energy by 0.77 kcal/mol
{Horovitz et al., 1990). Furthermore, networks are often located at interfaces or
in clefts on the protein surface, where the folding of the protein has already
provided part of the entropic cost {Dao-pin et al.,, 1991). Networks allow a
higher flexibility which increases the entropy of these arrangements without
diminishing the total electrostatic energy (Knapp, 1996; Aguilar et al., 1997).
While at room temperature none or only marginal effects of salt-bridges were
reported (Horovitz et al., 1990; Dao-pin et al., 1991; Hendsch & Tidor, 1994),
several considerations indicate that at high temperatures they may play a crucial
role. The dielectric constant decreases with temperature, which results in an
increased electrostatic energy upon formation of an ion-pair or salt bridge.
Furthermore, hydration free energies are markedly reduced at high temperatures
and ion-pair formation is therefore favoured. Because this reduction in hydration
free energy is larger for charged side chains than for hydrophobic isosteres, ion-
pairs at high temperatures may be more stable than hydrophobic interactions
(Elcock & McCammon, 1998; Elcock, 1998). The effect of temperature on pK,
values for positively charged residues (see above} is difficult to assess. A
decrease in pK, would result in a higher number of side chains being neutral,
which can no longer participate in ion-pair formation; however, the actual pK, of
a residue at high temperature in a large ton-pair network, may be fine-tuned to
an unknown extent by its interactions with other amino acids and the existing
electrostatic field.

The theoretical considerations described above indicate that large ion-pair
networks at high temperatures may play an important role in stabilisation of
proteins, and this is reflected in the high abundance of these features in three-
dimensional structures of enzymes from hyperthermophiles (Table 3). Recent
biochemical and mutagenesis studies are supporting this. Surface-located,
isolated ion-pairs do not seem to contribute to the thermostability of T.maritima
glyceraldehyde-3-phosphate dehydrogenase (Tomschy et al.,, 1994). However,
the removal of a central arginine from an exposed four-residue charge cluster
that connects C- and N-terminal parts of this enzyme, leads to accelerated
thermal denaturation (Pappenberger et al., 1997). A kinetic role for electrostatic
interactions in thermostabilisation was reported for glutamate dehydrogenase
(GDH), rubredoxin and methionine aminopeptidase from the hyperthermophile
P.furiosus (Chiaraluce et al., 1997; Cavagnero et al.,, 1998; Ogasahara et al.,
1998). Analysis of large ion-pair networks in GDH from mesophiles and
hyperthermophiles shows fragmentation of these structural features upon going
down along the temperature spectrum (Chapter 4 of this thesis). The
reconstruction of networks by introducing missing charged residues into less

14




General Introduction

stable, very homologous enzymes, either or not accompanied with second-site
mutations, results in significant increases in half-life values for inactivation and
apparent melting temperatures (Vetriani et al,, 1998; Rahman et al., 1998). All
these examples show that ion-pair networks enhance the kinetic stability of
hyperthermostable enzymes. To date, all enzymes that have been demonstrated
to contain large ion-pair networks do not unfold reversibly, and therefore the
thermodynamic contribution of ion-pair networks in these model systems cannot
be analysed and awaits the availability of reversible model systems that still
contain these structural features.

4, Protein engineering

Protein engineering is a multidisciplinary approach in which the amino
acid sequence of a certain protein is changed in order to create a new variant
that possesses improved or novel properties. It is a potent technique to study
structure-function and structure-stability relationships in proteins. A myriad of
genetic techniques that enable the creation of altered proteins, has been
developed, which allows to choose the approach that will best serve the goal of
each individual experiment. For the studies described in this thesis, different
approaches have been used which will be shortly introduced in the foliowing
paragraphs, together with successful examples of their applications in areas
related to the research described in this thesis.

Domain swapping

Domain swapping is the exchange of functional domains of homologous
enzymes, resulting in the formation of interspecies hybrid enzymes. This
approach has successfully been used to confer a certain property of one enzyme
on the other, such as thermostability, substrate specificity or cofactor specificity
(Mas et al., 1986; Kataoka et al., 1994; Numata et al., 1995). The construction of
hybrid enzymes between glyceraldehyde-3-phosphate dehydrogenase from the
thermophilic archacon Methanothermus fervidus, and the mesophile
Methanobacterium bryantii, revealed an important role for a C-terminal fragment
that is involved in interdomain contacts, in conferring thermostability (Biro et al.,
1990). Often, hybrid enzymes display characteristics that are intermediate
between those of the parent enzymes, as in the case of the temperature optima,
pH optima and substrate affinities for family 3 glycosyl hydrolases from
Agrobacterium tumefaciens, Cellvibrio gilvus and their hybrids (Singh &
Hayashi, 1995).

Site-directed mutagenesis

In order to study structure-function or structure-stability relationships, site-
directed mutagenesis is an appropriate tool since usually one or several amino
acids are replaced. Using this approach, much progress has been achieved in
obtaining insight in stabilisation mechanisms of proteins (Matthews, 1993a;
Matthews, 1993b), folding and unfolding mechanisms (Matouschek et al., 1990;
Matouschek et al,, 1989; Itzhaki et al., 1995) and active site architecture and
catalytic mechanisms (Fersht, 1985; van der Qost et al., 1992; Voorhorst et al.,
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1995). The successful design of site-directed mutations usually requires
knowledge of the three-dimensional crystal or solvent structure of the protein
under study. Alternatively, a structure may be available for hamelogous proteins,
and information on the structure of the protein under study may be achieved by
investigation of multiple sequence alignments and/or homology maodelling.
Properties of a certain protein may be changed by substitutions to residues that
are present in homologous enzymes displaying the desired characteristic.
Alternatively, they may be rationally designed based on existing knowledge or
hypotheses, eventually aided by the use of computer algorithms. With respect to
protein hyperthermostability, these methods have been successfully applied in
the construction of hyperthermostable variants of a thermolysin-like protease and
the streptococcal protein GB1 domain (van den Burg et al., 1998; Malakauskas
& Mayo, 1998). The thermolysine-like protease was stabilised by 8 mutations, of
which a relative large portion concerned ‘rigidifying’ substitutions such as Gly to
Ala, Ala to Pro, as well as the introduction of a disulfide bridge (van den Burg et
al., 1998). An objective computer algorithm was used in the design of the 7-fold
mutant variant of the GP1 domain, which resulted in a 4.3 kcal/mol
enhancement in thermodynamic stability at 50°C by optimising core packing,
increasing hydrophobic surface area, more favourable helix dipole interactions
and secondary structure improvement {(Malakauskas & Mayo, 1998).

Directed evolution using random mutagenesis and in vitro recombination

Darwinian evolution involves the repeated operation of three processes:
mutation, selection and amplification (Figure 4). Application of these processes
in in vitro directed evolution, generally starts with the generation of a library of
randomly mutated genes. Using appropriate screening or selection procedures,
gene products that show improvement with respect to a desired property, are
identified. The corresponding genes of these selected variants are amplified, and
subjected to further cycles of mutation and screening. In this way beneficial
mutations are accumulated throughout as many cycles as one desires (Kuchner &
Amold, 1997).

Random mutations may be introduced using chemical mutagenesis, UV
icradiation, mutator strains, poisoned or mismatching nucleotides or error-prone
PCR (Kuchner & Arnold, 1997). Error-prone PCR is a relatively recent
development. This method makes use of the lack of proofreading capacity of
several DNA polymerases; a practical advantage is that the mutagenic rate can
be easily controlled (e.g. Cadwell & Joyce, 1994; Leung et al., 1989).

A significant advance in the ability to mimic the natural mechanisms of
evolution, is the development of the DNA-shuffling method for in vitro DNA
recombination (Stemmer, 1994a). Starting from a randomly mutagenised gene
pool, or from a collection of homologous genes, this approach will create
libraries containing combinations of mutations, or shuffled chimerae of
homologous genes (Figure 4). The in vitro recombination method rapidly
accumulates beneficial mutations, removes deleterious mutations, and is able to
evolve desired phenotypes at a much higher evolutionary rate than
complementary approaches without DNA shuffling are able to do (Stemmer,
1994b). This approach has successfully been used to engineer a cefotaxime-
specific f-lactamase (Stemmer, 1994b), to evolve a B-fucosidase from a f-
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galactosidase (Zhang et al.,, 1997), to create a shuffled library of murine with
human interleukin-1p genes (Stemmer, 1994a) and to increase moxalactamase
activity by family shuffling {Crameri et al., 1998).
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Figure 4: Flow scheme of in vitro recombination by DNA shuffling. A single gene or a pool of
genes is randomly mutagenised and the resulting mutated genes are fragmented. in a PCR
reaction, fragments recombine because they serve as primer for one another and elongate. In this
way combinations of the initial mutations are present in this pool. Beneficial mutations
accumulate and deleterious mutations are eliminated after multipie rounds of shuffling and
selection or screening. Adapted from Zhang et al., 1997,
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5. Central metabolism in hyperthermophilic Bacteria and Archaea

Many hyperthermophiles show fermentative growth on a variety of
peptides and carbohydrates. Among the best-studied hyperthermophilic Archaea
is Pyrococcus furiosus, while the best studied representative of the
hyperthermophilic Bacteria is Thermotoga maritima. These two organisms will
be used here to discuss hyperthermophile metabolism as well as to introduce the
two maodel enzymes that have been central in the research described in this
thesis, namely B-glucosidase and glutamate dehydrogenase (GDH).

The anaerobic, obligate heterotrophic bacterium T.maritima was isolated
from geothermally heated sea floor sediments at Vulcano in Italy (Huber et al.,
1986). This organism grows optimally at 80°C and ferments peptide mixtures
and a variety of oligosaccharides (Schrider et al., 1994). T.maritima is able to
grow on a much larger variety of sugars than many of the hyperthermophilic
Archaea, among which starch, glycogen, maltose, lactose, sucrose as well as the
monosaccharides xylose, glucose and galactose (Bragger et al., 1989; Huber et
al.,, 1986). Many aligosaccharide-cleaving enzymes have been found to be
present in this organism. These include o-amylase, xylanases, 4-o-
glucanotransferase, maltosyl transferase, p-galactosidase, a-galactosidase and p-
glucosidase (Liebl et al., 1997; Winterhalter et al., 1995; Liebl et al., 1992;
Meissner & Liebl, 1998; Gabelsberger et al., 1993; Liebl et al., 1998). Glucose
fermentation proceeds mainly via the classical, unmodified Embden-Meyerhof
pathway and for approximately 15% via the classical Entner-Doudoroff pathway
(Schrixder et al., 1994; Selig et al., 1997). Carbohydrates are being converted to
acetate, H,, CO,, lactate and alanine {Schrader, 1994; Ravot et al., 1996) {Figure
5).

P.furiosus was isolated as well from geothermally heated marine
sediments at Vulcano, ltaly {(Stetter, 1982; Fiala & Stetter, 1986). The organism
grows optimally around 100°C on proteins or protein hydrolysates, on a variety
of polysaccharides like starch, glycogen and laminarin, on the disaccharides
maltose and cellobiose, and, although with low efficiency, also on the
monosaccharide glucose (Fiala & Stetter, 1986; Schifer and Schénheit, 1992;
Kengen et al., 1994; Gueguen et al., 1997: Driskill et al., 1999). For the
degradation of polysaccharides, P.furiosus excretes several enzymes that cleave
o-(1,4)-, a-(1,6)-, B1,3)- and B-(1,4)-glycosidic bonds such as a-amylase,
pullulanase, amylopullulanase and two endoglucanases (Brown et al, 1990;
Brown et al,, 1993; Koch et al, 1990; Laderman et al., 1993; Gueguen et al,,
1997; Bauer et al., 1999). Oligosaccharides containing 1 to 6 sugar units are
transported into the cell, probably by specific transporters since genome
database sequences reveal the presence of ABC-type and H*/sugar symparters
{Horlacher et al., 1998; Verhees and van der Qost, pers. comm.). Growth on
glucose has only recently been reported and requires periodic addition by fed-
batch procedure to avoid excessive caramellisation and Maillard reactions
(Driskill et al., 1999). Oligosaccharides are converted to monosaccharides by the
action of an a-glucosidase and a p-glucosidase (Costantino et al., 1990; Kengen
et al., 1993). Glucose fermentation proceeds via a modified Embden-Meyerhof
(EM) pathway (Kengen et al.,, 1994; de Vos et al., 1998) (Figure 5). The main
fermentation products are acetate, H,, CO, and alanine (Kengen & Stams, 1994).
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Figure 5: Schematic drawing of proposed sugar metabolism in T.maritima and P.furiosus with
special attention for the role of the two enzymes that have been the research models described
in this thesis. B-glu = B-glucosidase, GDH = glutamate dehydrogenase, (lactate) = only for
T.maritima, [H] = reduction equivalent.

Reduction equivalents that are generated during glucose fermentation in
P.furiosus are transferred to ferredoxin and subsequently to the nicotinamide
cofactor NADP (Ma et al,, 1993). P.furiosus is then able to dispose these
reducing equivalents via three different ways (Figure 5). The hifunctional
enzyme sulfhydrogenase, reduces protons to H, or elemental sulfur and
polysulfide to H,5 {Bryant & Adams, 1989; Ma & Adams, 1994; Ma et al., 1993).
Alternatively, the NADPH is used by GDH to fix ammonia by aminating o-
ketoglutarate to glutamate (Consalvi et al., 1993; Kengen et al, 1994). The
amino-group is further passed on to pyruvate via an alanine aminotransferase,
and alanine is excreted into the medium. The alanine/acetate ratio was found to
depend on the hydrogen partial pressure and the presence of $° in the medium,
indicating that P.furiosus is able to shift its metabolism, depending on the redox
potential of the available electron acceptor {Kengen & Stams, 1994). Alanine
formation has been described for many other organisms, among which other
members from the Thermococcales (T.profundus, T.celer and T.stetteri ;
Kobayashi et al., 1995; Kengen et al., 1996}, hyperthermophilic bacteria of the
order Thermotogales including T.maritima (Ravot et al.,, 1996) as well as the
early branching eucaryote Giardia famblia (Fdwards et al., 1989). The operation
of the GDH shuttle is proposed here for T.maritima, based on the reported
alanine formation and the observation that T.maritima GDH is NADH-
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dependent instead of NADPH-dependent (Kort et al., 1997), and hence can
function as an electron sink for reducing equivalents that are transferred to NAD
during glucose fermentation in this organism. It has been proposed that
maintenance of the intracellular redox balance by excretion of alanine is an
ancestral metabolic characteristic (Ravot et al., 1996).

6. Aims and outline of the thesis

This thesis describes studies on the molecular determinants of stability
and activity of hyperihermostable enzymes. The aims of these studies were (i) to
develop hypotheses concerning enzyme thermostabilisation strategies, (i) to
validate these and other emerging hypotheses, and (iii) to identify and
characterise factors that determine enzyme catalysis and substrate recognition at
low and high temperatures. The basic concepts of protein stability have been
presented in this introductory chapter, as well as the current knowledge on
hyperthermostability, thermoactivity and factors that are governing these
characteristics.

Because the hyperthermophilic phenotype is found both in Archaea and
in Bacteria, and may have distinct phylogenetic histories in these organisms, we
decided to study this characteristic in representatives of both domains. In this
way we would be able to discriminate between general and species- or domain-
specific variations. We selected P.furiosus as maodel hyperthermophilic
archaeon, since it is well studied and genome sequences from Pyrococcus
furiosus and two other Pyrococcus species either have been or shortly will be
elucidated (Kawarabayasi et al., 1998; Heilig et al., 1998; TIGR, 1999). Many
enzymes from P.furiosus have been isolated, characterised and for several of
these, crystal structures are available. Furthermore, corresponding genes have
been functionally overexpressed in E.coli, enabling to address the above-
mentioned research aims by a protein engineering approach. T.maritima is the
best-studied hyperthermophilic bacterium. Also from this hyperthermophile
many enzymes have been isolated and characterised, several three-dimensional
structures of these enzymes are available, corresponding genes have been
overexpressed in E.coli, and its genome sequence is available (Nelson et al.,
1999), T.maritima was therefore chosen as representative of the
hyperthermophilic Bacteria.

We focused on two key metabolic enzymes, a B-glucosidase (CelB) which
is responsible for supplying glucose monomers into the central metabolic
pathway, and GDH which plays an essential rale in the newly discovered
pathway for removal of reduction equivalents (Figure 5). Both enzymes are very
well studied, not only in P.furiosus and T.maritima, but also in other
hyperthermophilic and mesophilic Archaea, Bacteria, as well as Eucarya. Three-
dimensional structures have been elucidated of GDH from both model
organisms (Yip et al., 1995; Knapp et al., 1997) as well as a three-dimensional
model for P.furiosus CelB (see below). This allows for extensive comparative
analyses of these enzymes regarding the molecular determinants of stability and
activity at high temperature.
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