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Theses 

Disulfide bridges are indeed common in proteins from hyperthermophiles. 
This thesis page 11; 
Chi, Y.-l., Martinez-Cruz, L.A., Jancarik, J., Swanson, R.V., Robertson, D.E., Kim, S.-H. Crystal structure of 
the p-glucosidase from the hyperthermophile Thermospaera aggregans: insights into its activity and 
thermostability. FEBS Letters 445, 375-383, 1999; 
Cacciapuoti, C , Fusco, S., Caiazzo, N., Zappia, V. Porcelli, M. Heterologous expression of 5 -
methylthioadenosine phosphorylase from the archaeon Sulfolobus solfataricus: Characterisation of the 
recombinant protein and involvement of disulfide bonds in thermophilicity and thermostability. Protein 
expression and purification 16, 125-135, 1999; 
Singleton, M.R., Isupov, M.N., Littiechild, J.A. X-ray structure of pyrrolidone carboxyl peptidase from the 
hyperthermophilic archaeon Thermococcus litoralis. Structure 7, 237-244, 1999; 
Hopfner, K.-P., Eichinger, A.E., Engh, R.A., Laue, F., Ankenbauer, W., Huber, R., Angerer, B. Crystal 
structure of a thermostable type B DNA polymerase from Thermococcus gorgonarius. Proc. Natl. Acad. Sci. 
USA 96, 3600-3605, 1999. 

2. 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. 
This thesis; 
Marqusee, S. & Baldwin, R. L. Hel ix stabilisation by Glu\ . .Lys+ salt bridges in short peptides of de 
novo design. Proc. Natl. Acad. Sci. U.S.A 84, 8898-8902, 1987. 

3. More is needed than a fundamentally different cell membrane to make an 
archaeon hyperthermophilic. 
Priem, H. Het regent leven. Natuuren techniek 2, 68-77, 1999. 

4. Discussions about protein thermostability among biochemists, 
biophysicists, 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. 

5. 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. 
McMurry, L.M., Oethinger, M., Levy, S.B. Triclosan targets lipid synthesis. Nature 394, 531-532, 1998. 
Levy, C.W., Roujeinikova, A., Sedelnikova, S., Baker, P.J., Stuitje, A.R., Slabas, A.R., Rice, D.W. Rafferty, 
J.B. Molecular basis of triclosan activity. Nature 398, 383-384, 1999. 



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

7. One does not catch a cold from an open window. 

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

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

10. Time stays and we pass by. 

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

12. A good book devours its reader. 

Theses belonging to the thesis 'Molecular characterisation of the thermostability and catalytic 
properties of enzymes from hyperthermophiles' 
Joyce Lebbink 
Wageningen, 19 november 1999 



Stellingen 

Disulfide-bruggen komen inderdaad regelmatig voor in eiwitten van 
hyperthermofielen. 
Dit proefschrift pagina 11; 
Chi, Y.-l., Martinez-Cruz, L.A., Jancarik,)., Swanson, R.V., Robertson, D.E., Kim, S.-H. Crystal structure of 
the |5-glucosidase from the hyperthermophile Thermospaera aggregans: insights into its activity and 
thermostability. FEBS Letters 445, 375-383, 1999; 
Cacciapuoti, C , Fusco, S., Caiazzo, N., Zappia, V. Porcelli, M. Heterologous expression of 5'-
methylthioadenosine phosphorylase from the archaeon Sulfolobus solfataricus: Characterisation of the 
recombinant protein and involvement of disulfide bonds in thermophilicity and thermostability. Protein 
expression and purification 16, 125-135, 1999; 
Singleton, M.R., Isupov, M.N., Littlechild, J.A. X-ray structure of pyrrolidone carboxyl peptidase from the 
hyperthermophilic archaeon Thermococcus litoratis. Structure 7, 237-244, 1999; 
Hopfner, K.-P., Eichinger, A.E., Engh, R.A., Laue, F., Ankenbauer, W., Huber, R., Angerer, B. Crystal 
structure of a thermostable type B DNA polymerase from Thermococcus gorgonarius. Proc. Natl. Acad. Sci. 
USA 96, 3600-3605, 1999. 

2. De definitie van zoutbruggen als electrostatische interacties tussen 
aminozuren met tegenovergestelde lading die tevens waterstofbruggen 
vormen, in tegenstelling tot ionparen waarin geen waterstofbruggen 
aanwezig zijn, is buitengewoon handig en verdient een ruime acceptatie. 
Dit proefschrift; 
Marqusee, S. & Baldwin, R. L. Helix stabilisation by Glu"...Lys* salt bridges in short peptides of de novo 
design. Proc. Natl. Acad. Sci. U.S.A 84, 8898-8902, 1987. 

Er is meer nodig dan een fundamenteel andere opbouw van het 
celmembraan om een archaeon hyperthermofiel te maken. 
Priem, H. Het regent leven. Natuur en techniek 2, 68-77, 1999. 

Discussies over eiwitstabiIiteit tussen biochemici, biophysici, 
microbiologen en structuurbiologen, zouden veel winnen bij een meer 
preciese definitie van de soort stabiliteit die bedoeld wordt, namelijk 
thermodynamische stabiliteit, kinetische stabiliteit of resistentie tegen 
inactivatie door hoge temperatuur. 

Omdat het antibacteriele 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. 
McMurry, L.M., Oethinger, M., Levy, S.B. Triclosan targets lipid synthesis. Nature 394, 531-532, 1998. 
Levy, C.W., Roujeinikova, A., Sedelnikova, S., Baker, P.)., Stuitje, A.R., Slabas, A.R., Rice, D.W. Rafferty, 
J.B. Molecular basis of triclosan activity. Nature 398, 383-384, 1999. 



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. 

7. Men wordt niet verkouden van een open raam. 

8. Slechts wiskundig onmogelijk: vreugde vermenigvuldigen door haar te 
delen. 
Vrij naar Pythagoras, Grieks wijsgeer, 6e eeuw voor Christus. 

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

10. De tijd blijft en wij gaan voorbij. 

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

12. Een goed boek verslindt de lezer. 

Stellingen behorende bij het proefschrift: 'Molecular characterisation of the thermostability and 
catalytic properties of enzymes from hyperthermophiles' 
Joyce Lebbink 
Wageningen, 19 november 1999 
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Chapter 7 

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 Microbiological Reviews (Antranikian et a/., 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 
Psychrophiles Require temperatures below 20°C for growth 
Halophiles Grow optimally at high salt concentrations; internal 

concentrations isotonic with exterior 
Methanogens Reduce C1 and C2 compounds (anaerobically) to methane. 

Mesophilic, (hyper)thermophilic and halophilic members 
Acidophils Grow optimally below pH 4 
Alkaliphiles Grow optimally above pH 9 
Barophiles Grow optimally up to 50 MPa pressure 



General Introduction 

and reproduce efficiently in extreme environments. 
Hyperthermophiles are organisms that are able to grow optimally above 

80°C. The upper temperature of life has recently been set on 113°C with the 
isolation of Pyrolobus fumarii (Blochl et a/., 1997). Most of the 
hyperthermophiles belong to the domain of the Archaea, together with the 
extreme halophiles and the methanogens (Woese et a/., 1990). Two 
hyperthermophilic bacterial genera have been described, namely Thermotoga 
sp. and Aquifex sp. In the original 'universal tree of life', based on 16S/18S rRNA 
sequence comparisons, all hyperthermophiles cluster at the base of the tree and 
many of their branches are short (Figure 1) (Woese et a/., 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 

Green non-sulfur 
bacteria 

Animals 

Entamoebae 
Slime molds j 

Purple 
Bacteria 

ThermotoQales 

Microsporidia 

Figure 1: Evolutionary relationships among living organisms in the three-domain model based 
on 16S/18S rRNA sequences according to Woese (modified from Woese et a/., 1990; Stetter, 
1996). Rooting of the tree is derived from paralogous pairs of protein sequences Ef-Tu/EF-C and 
F- and V-ATPases (Iwabe et a/., 1989; Gogarten et a/., 1989). Hyperthermophilic genera are 
depicted as thick lines. 



Chapter 1 

(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 
model 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 eukaryotic 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 hyperthermophile 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 a/., 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 e-
subdivision of the proteobacteria (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 a/., 1998). It did reveal that Aquifex 
contains a two-fold higher number of 'archaeal' homologues than other bacteria 
(Aravind et a/., 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 a/., 1998). 
Further evidence for independent evolution of hyperthermophily has been based 
on the mechanism of cell membrane stabilisation. While bacterial 



General Introduction 

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 DNA 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 a/., 1994). Taq DNA 
polymerase from the extreme thermophilic bacterium Thermus aquaticus and a 
DNA polymerase from Bacillus stearothermophilus have lost this 3' to 5' 
exonuclease activity that is present in their mesophilic homologues. The ci> =tal 
structures of these enzymes suggest that the exonuclease activity has been 
sacrificed in order to achieve thermostability (Korolev et a/., 1995; Kiefer et a/., 
1997). In Taq 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 a/., 1995; Kiefer 
et a/., 1997). The different nature of the structural adaptations suggest that these 
occured independent of each other in a DNA polymerases 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 proteolysis, loss of essential cofactors or prosthetic groups, aggregation 
and precipitation, formation of refolding intermediates in kinetically trapped 
conformations, 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 -» I (1) 

in which N represents the native, U the unfolded and I the irreversibly denatured 
or inactivated form of the protein, K ( = fc, / /c_, ) is the equilibrium constant for 
the reversible N <-» U transition, and k is the rate constant for the irreversible U 
-> I reaction. 

Thermodynamic or conformational stability is described by the Gibbs free 
energy of unfolding (AU

NG). 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 

and 

AU
NG = G u - GN = AU

NH - T AU
NS (2) 

AU
NG = -RT In K (3) 

in which AU
NH and AU

NS 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 low rate 
constant so that relation (1) reduces to 

K 
N o 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[A]/dt = 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, = A0 * e * (6) 

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 hydrophobic 
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 plotted against temperature. The 
hyperbolic nature of the curve implies that proteins do not only denature at high 
temperatures (Tm, or melting temperature) but also show cold denaturation (Tc). 
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 c) 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 a/., 1997; 
Pfeil et a/., 1997; Li et a/., 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 a/., 1996). Examples of 
thermodynamically studied enzymes include aspartate aminotransferase from 
Sulfolobus solfataricus, which is 15 kj/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 (Arnone et a/., 1997; Backmann et a/., 
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 a/., 1992; Jaenicke, 1996; Pappenberger et a/., 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 a/., 
1996; Perl et a/., 1998; Li et a/., 1998). However, due to their small size, the 
contribution of large structural features and domain/subunit interfaces cannot be 
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Temperature (K) 
Figure 3: Hypothetical free energy temperature profiles from (a) proteins from mesophiles and 
(b-d) thermostable proteins. Tm and Tm' are the melting temperatures of the proteins from 
mesophiles and thermostable proteins, respectively. Tc is the temperature at which cold 
denaturation occurs (modified from Jaenicke & Bohm, 1998).The temperature dependance of 
AG is defined by a modified Cibbs Helmholtz equation (Becktel & Schellman, 1987): 

AGU
N(T) - Au

NH(Tm)-TAu
NS(TJ+ Au

NCp((T-TJ-Tln(T/Tm)) (7) 

in which AGU
N is the difference in free energy, AU

NH the difference in enthalpy, AU
NS the 

difference in entropy and AU
NCP the difference in heat capacity between the native and the 

denatured state, and T and Tm 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 wil l be 
determined in order to compare wild-type and mutant variants of the enzymes, 
without concomitant thermodynamic analysis of the obtained unfolding curves. 

Molecular 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, not overlook the 
temperature dependance of chemical equilibria (Danson et a/., 1996). A 
consequence of this is, for example, a large downfield shift in pKa (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 glutamate 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 pKa 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 
(hyper)thermophiles (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 a/., 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 a/., 1992; Ramos et al., 1997). Another 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 (Hartl, 1996). They are required 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 etal., 1998; Holden & Baross, 1993). 
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In this thesis, the adaptation of enzyme flexibility and stability to different 
temperatures wil l 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 a/., 
1990; Eggen et a/., 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 
a/., 1995; Chapter 4 of this thesis). The thermolabile amino acid residue cysteine 
seems to be almost completely absent in many hyperthermophile proteins 
(Eggen et a/., 1993; Voorhorst et a/., 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 a/., 1995; van der Oost et a/., 
1998). Disulfide bridges have been suggested to be important stabilising factors 
in moderately stable proteins (Matsumura, 1989). In hyperthermophiles, 

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

Amino acid 

Ala 
Cys 
Asp 
Glu 
Phe 
Gly 
His 
He 
Lys 
Leu 
Met 
Asn 
Pro 
Gin 
Arg 
Ser 
Thr 
Val 
Trp 
Tyr 
Charged residues (DEKRH) 
Polar/uncharged 
Hydrophobic res 

residues (GSTNQYC) 
dues (LMIVWPAF) 

Mesophiles' 

8.42 
1.06 
5.01 
6.37 
4.37 
6.90 
2.09 
6.64 
6.00 
10.79 
2.43 
4.59 
4.13 
4.51 
4.67 
5.95 
5.11 
6.62 
1.15 
3.10 
24.11 
31.15 
44.74 

Hyperthermophiles2 

5.72 
1.03 
4.92 
9.15 
4.67 
6.58 
1.49 
8.89 
9.88 
9.98 
2.13 
4.42 
3.73 
1.74 
4.38 
4.63 
4.14 
7.39 
0.82 
4.23 
29.84 
26.79 
43.36 

10 
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however, these kind of interactions have only been reported in the TATA-
binding protein from P.woesei (Dedecker et a/., 1996) and proteins in which 
they serve a functional role as for example in the protein disulfide 
oxidoreductase from P.furiosus (Ren et a/., 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-Ribeiro et a/., 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 a/., 1998; Deckert et a/., 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 hydrophobicity 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 (Sueoka, 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 
a/., 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 
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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 stabilising strategies Reference 

Glutamate P.furiosus Extensive ion-pair networks at domain Yip eta/., 
dehydrogenase and subunit interfaces 1995 

Isoleucine clusters 
Citrate synthase P.furiosus Increased compactness Russell et a/., 

Intimate association of subunits 1997 
Increased number ion-pair networks 
Decreased number and burial of 
thermolabile residues 

Aldehyde P.furiosus Small solvent exposed surface area Chan eta/., 
oxidoreductase Large number of ion-pairs and buried 1995 

atoms 

Ornithine 
carbamoyl 
Transferase 
TATA-binding 
protein 

lndole-3-glycerol 
phosphate synthase 

P.furiosus Oligomerisation with increased Villereteta/., 
hydrophobicity at subunit interfaces 1998 

P.woesei Increased number of surface electrostatic Dedeckeret 
interactions a/., 1996 
Increased compactness 
Disulphide bridge formation 

S.solfataricus Increased number of salt-bridges Hennig et a/., 
Improved helix-capping 1995 
Improved hydrophobic interactions 

p-glycosidase 

Superoxide 
dismutase 

S.so/fatar;'cus 

S.acidocaldarius 

Large surface-exposed ion-pair networks Aguilar et al., 
Solvent-filled hydrophilic cavities 1997 
Increased number of intersubunit ion- Knapp et al., 
pairs and hydrogen bonds 1999 
Decrease of solvent accessible 
hydrophobic surface area 
Increased burial of hydrophobic residues 

Glutamate T.maritima Ion-pair networks at domain interfaces Knapp et al., 
dehydrogenase Increased hydrophobic interactions at 1997 

subunit interfaces 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

Phosphoribosyl 
anthranilate 
isomerase 

T.maritima 

T.maritima 

Increased number of salt-bridges 

Increased hydrophobicity 
Increased number of salt-bridges 

Korndorfer et 
a/., 1995 

Hennig et a/., 
1997 

Superoxide A.pyrophilus Increased compactness of tetramer Lim et al., 
dismutase Ion-pairs in small networks 1997 

Increase in buried surface area 
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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 stabilising 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 cc-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 a/., 1996; Deckert et a/., 
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 a-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 solvent-filled, 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 wil l be discussed in detail below. 

Ion-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 stabilisation 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 
lysozyme contributes 3-5 kcal/mol to the free energy of stabilisation (Anderson 
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et a/., 1990), while a buried salt-bridge triad in Arc repressor can be replaced by 
a more stable hydrophobic core (Waldburger et a/., 1995). Surface salt-bridges in 
barnase and lysozyme stabilised by only 0.98-1.25 and 0.1-0.25 kcal/mol 
(Horovitz et a/., 1990; Dao-pin et a/., 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 a/., 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 a/., 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 a/., 1991). Networks allow a 
higher flexibility which increases the entropy of these arrangements without 
diminishing the total electrostatic energy (Knapp, 1996; Aguilar et a/., 1997). 
While at room temperature none or only marginal effects of salt-bridges were 
reported (Horovitz et a/., 1990; Dao-pin et a/., 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 p/Ca 

values for positively charged residues (see above) is difficult to assess. A 
decrease in pKa would result in a higher number of side chains being neutral, 
which can no longer participate in ion-pair formation; however, the actual pK3 of 
a residue at high temperature in a large ion-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 a/., 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 a/., 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 a/., 1997; Cavagnero et a/., 1998; Ogasahara et a/., 
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 
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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 a/., 1998; Rahman et a/., 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 wil l 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 following 
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 a/., 1986; Kataoka et a/., 1994; Numata et a/., 1995). The construction of 
hybrid enzymes between glyceraldehyde-3-phosphate dehydrogenase from the 
thermophilic archaeon 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 a/., 
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 a/., 1990; 
Matouschek et a/., 1989; Itzhaki et a/., 1995) and active site architecture and 
catalytic mechanisms (Fersht, 1985; van der Oost et a/., 1992; Voorhorst et a/., 
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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 homologous proteins, 
and information on the structure of the protein under study may be achieved by 
investigation of multiple sequence alignments and/or homology modelling. 
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 a/., 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 
a/., 1998). An objective computer algorithm was used in the design of the 7-fold 
mutant variant of the GB1 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 & 
Arnold, 1997). 

Random mutations may be introduced using chemical mutagenesis, UV 
irradiation, 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 a/., 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 wil l 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 B-lactamase (Stemmer, 1994b), to evolve a B-fucosidase from a B-
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galactosidase (Zhang et a/., 1997), to create a shuffled library of murine with 
human interleukin-ip genes (Stemmer, 1994a) and to increase moxalactamase 
activity by family shuffling (Crameri et a/., 1998). 

Random mutagenesis 

•*• Parent gene(s) 

Family of related 
DNA sequences 

1 Random fragmentation 

Pool of random 
TO DNA fragments i * » = z - r ~^ = : r—a * ~ 
(u - a—• -a. - - n «_ 

1 Reassemby PCR 

Recombined 
DNA sequences 

— D • a • 

Select or screen 

A 
- • — D - —a—•— 

D • 

—a—D— 

a 

— • — 

— • — 

Select combinations of Eliminate negative 
positive mutations mutations 

1 
Characterization 

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 multiple rounds of shuffling and 
selection or screening. Adapted from Zhang et a/., 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 wil l 
be used here to discuss hyperthermophile metabolism as well as to introduce the 
two model enzymes that have been central in the research described in this 
thesis, namely p-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 a/., 
1986). This organism grows optimally at 80°C and ferments peptide mixtures 
and a variety of oligosaccharides (Schroder et a/., 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 a/., 1989; Huber et 
al., 1986). Many oligosaccharide-cleaving enzymes have been found to be 
present in this organism. These include oc-amylase, xylanases, 4-a-
glucanotransferase, maltosyl transferase, (3-galactosidase, a-galactosidase and p-
glucosidase (Liebl et a/., 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 
(Schroder et al., 1994; Selig et al., 1997). Carbohydrates are being converted to 
acetate, H2, C02 , lactate and alanine (Schroder, 1994; Ravot et al., 1996) (Figure 
5). 

P.furiosus was isolated as well from geothermally heated marine 
sediments at Vulcano, Italy (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; Schafer and Schonheit, 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 
<x-(1,4)-, <x-(1,6)-, B-(1,3)- and p-(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 HVsugar symporters 
(Horlacher et al., 1998; Verhees and van der Oost, 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 oc-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, H2, C0 2 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. (3-glu - P-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 a/., 1993). P.furiosus is then able to dispose these 
reducing equivalents via three different ways (Figure 5). The bifunctional 
enzyme sulfhydrogenase, reduces protons to H2, or elemental sulfur and 
polysulfide to H2S (Bryant & Adams, 1989; Ma & Adams, 1994; Ma et a/., 1993). 
Alternatively, the NADPH is used by GDH to fix ammonia by aminating oc-
ketoglutarate to glutamate (Consalvi et a/., 1993; Kengen et a/., 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 S° 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 a/., 1996), hyperthermophilic bacteria of the 
order Thermotogales including T.maritima (Ravot et al., 1996) as well as the 
early branching eucaryote Giardia lamblia (Edwards 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 a/., 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 a/., 1996). 

6. Aims and outline of the thesis 

This thesis describes studies on the molecular determinants of stability 
and activity of hyperthermostable enzymes. The aims of these studies were (i) to 
develop hypotheses concerning enzyme thermostabilisation strategies, (ii) 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 model 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 a/., 1998; Heilig et a/., 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 a/., 
1999). T.maritima was therefore chosen as representative of the 
hyperthermophilic Bacteria. 

We focused on two key metabolic enzymes, a |3-glucosidase (CelB) which 
is responsible for supplying glucose monomers into the central metabolic 
pathway, and GDH which plays an essential role 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 a/., 1995; Knapp et a/., 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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Glutamate dehydrogenase (GDH) is introduced in Chapter 2 of this thesis. 
A full description of this model enzyme is given, including its phylogeny, three-
dimensional structure, and a comparison of homologous GDHs in many 
hyperthermophiles. 

The subunits of the hexameric GDH are composed of a substrate binding 
domain and a cofactor binding domain, which are separated by a cleft in which 
the active site is located. The role of each domain in conferring thermoactivity 
and thermostability was studied by exchanging them between the GDHs of the 
hyperthermophilic archaeon P.furiosus and the mesophilic bacterium C.difficile. 
The construction of the hybrid GDHs and biochemical characterisation is 
described in Chapter 3. 

GDH from P.furiosus is the first enzyme in which large ion-pair networks 
were identified (Yip et a/., 1995). In order to assess whether this is a more 
general stabilising strategy which is not only employed in GDH from P.furiosus, 
but also in enzymes in other hyperthermophilic Archaea and even Bacteria, an 
homology-based modelling study was carried out using GDH amino acid 
sequences derived from species spanning a wide spectrum of optimal growth 
temperatures. This study is described in Chapter 4. 

The results obtained by the structural and homology modelling studies 
described above, suggest that ion-pair networks are major determinants of 
enzyme hyperthermostability. If this were the case, it would be possible to 
rationally engineer ion-pair networks into enzymes that lack these features and 
display a much lower thermostability. In order to study the role of large ion-pair 
networks and to test their universal applicability, we attempted to engineer the 
networks that are found in the hyperthermostable P.furiosus GDH into the less 
thermostable GDH from T.maritima. The successful introduction of a six-residue 
network into the flexible hinge region, and a 16-residue network into the subunit 
interface of T.maritima GDH, as well as biochemical and structural 
characterisation of the wild-type and the mutant enzymes, is described in 
Chapters 5 and 6, respectively. 

The second model enzyme, p-glucosidase (CelB) from P.furiosus, is 
described in Chapter 7. In addition, optimised heterologous gene expression 
systems and the development of a directed evolution procedure for CelB are 
presented. The random mutagenesis procedure is validated by the isolation and 
characterisation of a CelB variant that contains an amino acid substitution in the 
active site. 

A three-dimensional model for CelB, based on 3.3 A X-ray diffraction 
data, is described in Chapter 8. This model was used, together with that of the 6-
phospho-(3-galactosidase from Lactococcus lactis, to design mutations that 
should increase the activity of CelB towards phosphorylated sugars. 
Characterisation of these mutant CelB enzymes is presented. 

Low-temperature activity and substrate specificity of CelB was studied in 
Chapter 9, using the random CelB library described in Chapter 7. Screening of 
this library at room temperature on an artificial substrate resulted in the isolation 
and characterisation of mutants with increased activity on this substrate and the 
natural substrate cellobiose. 

Three-dimensional structure analysis showed that also in family I of 
glycosyl hydrolases, ion-pair networks may play an important role in 
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determining thermostability (Aguilar et al., 1997). This hypothesis was 
investigated and described in Chapter 10, and involved biochemical analysis of 
wild-type CelB and mutants with deletions in the C-terminal region, supposedly 
involved in ion-pair network formation. 

Chapter 11 contains a summary of obtained results and a comparison 
with literature data that deal with similar and complementary aspects of enzyme 
thermostability and catalytic function at low and high temperatures. This chapter 
concludes with a careful evaluation of the conclusions against the original aims 
as described here. 
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Abstract 

Insight in the molecular mechanisms determining the extreme intrinsic 
thermostability of enzymes isolated from hyperthermophilic Archaea and 
Bacteria, is increasing rapidly as more comparative studies on their amino acid 
sequences, biochemical characteristics and three-dimensional structures are 
reported. In order to test the hypotheses arising from these data, protein 
engineering strategies have been applied to mesophilic and thermostable 
glutamate dehydrogenases (GDH) from different prokaryotic sources, followed 
by biochemical and structural characterisation of the engineered enzymes. This 
review aims to provide an overview of (i) the state of the art on biochemical and 
structural characterisation of thermostable GDHs, (ii) the construction and 
properties of hybrid GDHs obtained by domain swapping between GDHs from 
the mesophilic bacterium Clostridium difficile and the hyperthermophilic 
archaeon Pyrococcus furiosus, and (iii) the elucidation of the role of large ion-
pair networks in conferring stability to GDHs from hyperthermophiles by the 
introduction of ion-pair networks into GDH from Thermotoga maritima. 

Introduction 

The remarkable ability of hyperthermophilic Bacteria and Archaea to 
grow optimally at temperatures around the boiling point of water, has raised 
questions on how these microorganisms have stabilized their macromolecules, 
and notably, their enzymes. Comparative studies of amino acid sequence data, 
biochemical features and an increasing number of three-dimensional structures 
from homologous enzymes from mesophiles and (hyper)thermophiles, have 
revealed a large variety of molecular adaptations that might contribute to an 
elevated intrinsic stability. Proposed stabilizing features range from a decreased 
amount of thermolabile amino acid residues, improved hydrogen bonding 
patterns and hydrophobic packing, lowering the surface-to-volume ratio and 
multimerization, to an increased number of ion-pairs and the presence of large 
ion-pair networks (reviewed by [1]). To test the validity of these adaptation 
mechanism on the one hand, and generate novel enzymes with altered 
properties on the other hand, protein engineering approaches have been applied, 
followed by biochemical and structural characterisation of the wild-type and 
engineered enzymes. 

Among the enzymes used as model for studying adaptation mechanisms, 
glutamate dehydrogenase (GDH) is a suitable candidate because it is well 
studied, catalyzes an important reaction, and is present in all three domains of 
life [2,3]. A large number of primary sequences and several three-dimensional 
structures from GDHs obtained from organisms with a wide range of optimal 

Abbreviations: GDH, glutamate dehydrogenase; GdmCI, guanidinium chloride 
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family II 

Bacillus subtilis 

— Peptostreptococcus asacharolyticus 

Clostridium difficile 

Sulfolobus solfataricus 

Sulfolobus shibatae 

_ Thermococcus litoralis 

T ^ Pyrococcus furiosus 

^™ Pyrococcus endeavori 

C Pyrococcus kodakaraensis 

Thermococcus profundus 

• Thermotoga maritima 

Halobacterium salinarium 

Homo sapiens 

Clostridium symbiosum 

Escherichia coli 

family I 

Figure 1: Schematic phylogenetic tree for CDH amino acid sequences, redrawn and modified 
from [5] with additions taken from [7] and [24] showing the division of CDHs into two families. 
Branchings corresponding to CDHs from hyperthermophilic organisms are drawn in bold. For 
accession numbers see [5,7,24]. 

growth temperatures are available (Table 1). Furthermore, the gdh genes from 
several organisms have been functionally overexpressed in E.coli, facilitating the 
analysis of their expression products and allowing for a variety of mutagenesis 
approaches [4,5,6]. GDH couples carbon and nitrogen metabolism in the cell by 
the oxidative deamination of L-glutamate to a-ketoglutarate and ammonia, 
accompanied by the reduction of the cofactor NAD+ or NADP+ . Phylogenetic 
analysis of GDH primary sequences revealed that GDHs can be organised in two 
enzyme families (Fig. 1) [5,7]. In family I, exclusively sequences from bacterial 
GDHs are present, in family II, GDH sequences from Bacteria as well as Archaea 
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. ' : ' .^*t\f 

Figure 2: Hexameric structure of P.furiosus GDH (a) and a view of the trimer interface (b). The 
18-residue ion-pair networks are highlighted in black, the pairs of 6-residue networks in grey, (c) 
the composition of each subunit in two separate domains. The upper, N-terminal domain binds 
the substrate in the cleft in between the two domains, the lower C-terminal domain binds the 
cofactor and is separated by a flexible hinge region from the first domain, allowing rotation of 
this domain resulting in opening and closure of the active site during catalysis. The five-residue 
hinge ion-pair network is highlighted in black. The figure was generated using coordinates of the 
P.furiosus GDH [10] and the programme RASMOL [58]. 

and Eukarya are found. In general, GDH is a multimeric enzyme consisting of six 
identical subunits (Fig. 2) [8]. The hexamer is composed of two trimers that are 
stacked upside down on top of each other. Each subunit contains an N-terminal, 
substrate-binding domain which forms almost all of the intersubunit interactions, 
and a C-terminal domain binding the cofactor NAD(P)+. During catalysis the cleft 
in between the two domains, in which the active site is located, is opened and 
closed by a rotation of the cofactor binding domain with respect to the substrate 
binding domain [9]. This movement is thought to be mediated by residues and 
interactions in the so-called hinge region connecting the two domains. These 
interactions are therefore assumed to play an important role in determining 
activity and stability of the enzyme [10,11]. 

This overview describes biochemical and structural characteristics of 
available thermostable GDHs (summarized in Table 1), and the characterisation 
of mutant enzymes that have been constructed in order to study the mechanisms 
that are responsible for the thermo-activity and -stability of this well-studied class 
of enzymes (summarized in Table 2). 

Thermostable GDHs 

One of the most extensively studied GDHs is the enzyme from the 
mesophilic bacterium Clostridium symbiosum, that grows optimally at 37°C 
(Table 1). C.symbiosum GDH clusters among other bacterial GDH sequences in 
family I (Fig. 1). Its crystal structure was determined at 1.9 A resolution and the 
complexes with the cofactor NAD and glutamate have been solved [8,9,12]. 
These different structures showed a rotation of the cofactor-binding domain with 
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respect to the substrate-binding domain upon ligand binding, indicating hinge 
bending during catalysis. As a consequence, the active site which is located in 
the cleft between the two domains will close upon substrate and/or cofactor 
binding, thereby creating an adequate hydrophobic environment for hydride 
transfer during catalysis [9]. Construction of a dimeric form of C.symbiosum 
GDH by substitution of a phenylalanine residue for an aspartate at the dimer-
interface resulted in an inactive enzyme, indicating that catalytic activity requires 
subunit interaction along the three-fold symmetry axis [13]. Mutation of the 
general base of the catalytic reaction, aspartate 165 to histidine in the glutamate 
binding site, almost completely inactivates the enzyme. Moreover, this 
substitution results in the formation of a dimeric conformation instead of a 
hexamer [14]. This again indicates communication between the active site and 
the subunit interfaces. C.symbiosum GDH is not a thermostable enzyme and 
has a melting temperature of only 55°C [11]. Therefore, C.symbiosum GDH 
serves as mesophilic model enzyme in many studies dealing with GDH 
thermostability. 

The gene encoding GDH from the mesophilic bacterium C.difficile has 
been cloned, sequenced and overexpressed in E.coli [6]. Interestingly, its 
expression product shows a remarkable thermostability with a half-life of activity 
at 65°C of 5.1 hours and is optimally active around 60°C [15]. Amino acid 
sequence homology comparison showed that C.difficile GDH does not belong to 
family I with the other bacterial GDHs, but clusters with the eukaryal and 
archaeal sequences in family II (Fig. 1). 

The gene coding for GDH from the hyperthermophilic bacterium 
Thermotoga maritima (optimum temperature for growth 80°C) was cloned and 
overexpressed in E.coli and the recombinant enzyme was characterized [5]. The 
enzyme showed optimal activity at 75°C [5] and a melting temperature of 93°C 
[11]. Whereas several archaeal GDHs prefer NADP over NAD, the T.maritima 
enzyme uses NAD in favor of NADP; while other bacterial GDHs only use the 
non-phosphorylated cofactor. Interestingly, in the phylogenetic tree T.maritima 
GDH does not cluster with the other bacterial GDHs but is found in between 
that of halophilic and hyperthermophilic Archaea (Fig. 1) [5]. 

GDH from the hyperthermoacidophile Sulfolobus solfataricus (optimal 
temperature for growth 80°C) displays a half-life of activity of 15 hours at 80°C 
(0.2 mg/ml protein) [16]. This stability was shown to decrease at lower protein 
concentrations and increased in the presence of guanidinium chloride. This 
suggests that the inactivation is probably caused by the exposure to the solvent 
of hydrophobic regions that leads to inactive aggregates, whose formation is 
efficiently prevented by GdmCI [17]. 

GDH from the hyperthermophilic archaeon Pyrococcus furiosus is the 
most stable GDH described up to now with a half-life of activity at 100°C of 12 
hours [18] and a melting point of 113°C [19]. In contrast to the thermostability of 
the 5.solfataricus enzyme, that increased upon higher protein concentrations, the 
stability of the P.furiosus GDH appears to be independent of protein 
concentration, suggesting differences in the mechanism of stabilisation between 
the two enzymes. The P.furiosus gdh gene was cloned, characterized and its 
expression was studied [3,4]. Efficient overexpression was achieved under 
control of the phage lambda PL promoter that requires expression under heat-
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shock conditions. This resulted in identification of GDH hexamers that have a 
ten-fold lower specific activity than GDH isolated from P.furiosus [15]. A heat-
incubation of the cell-extract resulted in the formation of fully active hexamers, 
indicating that enzymes from hyperthermophiles may need a temperature close 
to the in vivo growth optimum of the organism in order to fold correctly. A 
translational fusion of the PCR amplified P.furiosus gdh gene with the phage 17 
system in E.coli resulted in the production of GDH comprising up to 15% of total 
cell protein [20]. 50% of this GDH was formed in an inactive monomeric 
conformation and could also be fully activated by heat-treatment. In vitro 
refolding of P.furiosus GDH occurs via structured monomers to the formation of 
higher association states with a tertiary structure different from that of the native 
enzyme [21]. Again heat-treatment at 70°C is required for the hexamer to 
acquire activity. 

Thermostable GDHs have furthermore been isolated from P.endeavori 
(formerly known as ES4, [22]), Pyrobaculum islandicum [23], Pyrococcus sp. 
KOD1 [24], Thermococcus litoralis [25], Thermococcus profundus [26] and 
Archaeoglobus fulgidus [27]. The GDH from P.endeavori is highly homologous 
to P.furiosus GDH (96%, Table 1) and has a similar half-life of activity and an 
identical melting point. P.endeavori, T.litoralis, T.profundus and A.fulgidus 
GDH, interestingly, all use exclusively NADP as cofactor, in contrast to the 
hyperthermostable GDHs mentioned before. P.islandicum, however, is only able 
to use NAD. All enzymes of which the amino acid sequence is known, cluster 
with the other hyperthermophilic sequences in family II (Fig. 1). 

Hybrid glutamate dehydrogenase 

The construction of hybrid enzymes by the exchange of large parts of the 
polypeptide chain between homologous proteins, has been an established 
approach to study the contribution of large substructures in determining stability 
and activity [28]. This approach was taken in order to investigate the role of the 
substrate and the cofactor domains of GDH [15]. Hybrid enzymes were 
constructed between the GDHs from the hyperthermophilic archaeon P.furiosus 
and the mesophilic bacterium C difficile. Although the two microorganisms are 
phylogenetically very distant, their GDHs share 52% amino acid identity and both 
belong to family II (Fig. 1). On the other hand, there are considerable differences in 
thermostability and kinetic properties between the enzymes. Two hybrid genes 
were constructed, containing gene fragments coding for either the substrate or the 
cofactor-binding domain of P.furiosus or C.difficile GDH (Fig. 3). The gene fusion 
was located in between two conserved glycine residues in the loop connecting the 
two domains, in order to disturb as little as possible the folding of the resulting 
hybrids in comparison with the parental enzymes. Expression of the genes in E.coli 
resulted in formation of hybrid proteins as shown by SDS-PAGE and 
immunoblotting using antibodies raised against pyrococcal GDH. Activity of the 
hybrid containing the substrate binding domain of C.difficile and the cofactor 
binding domain of P.furiosus GDH could not be demonstrated, indicating that 
correct folding and/or assembly into an active hexameric structure is impaired in 
this mutant. In contrast, the complementary hybrid GDH with the substrate binding 
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domain from P.furiosus and the cofactor domain from C.difficile GDH was 
produced in a hexameric, active conformation. This P.furiosus-C.difficile hybrid 
maintained efficient cofactor binding as indicated by similar affinities for NAD and 
NADH as found for parental C.difficile GDH and the inability to use the 
phosphorylated cofactor. However, its overall catalytic activity was low, probably 
caused by less efficient substrate binding. This might be due to changed 
interdomain interactions that are involved in positioning the two domains in the 
right orientation with respect to each other. The temperature optimum of the 
P.furiosus-C.difficile hybrid is, apparently, determined by the weakest or more 
flexible part of the protein, because the optimum of the hybrid is only a few 
degrees higher than that of the C.difficile parental enzyme (65°C instead of 60°C). 
It may be envisaged that the mesophilic domain reaches its maximum flexibility at 
the temperature optimum and starts unfolding, while the thermostable domain is 
still too rigid to be able to bind and release substrates efficiently, explaining the low 
catalytic efficiency of the hybrid. In contrast, the presence of the pyrococcal 
substrate binding domain is increasing the transition point in guanidinium chloride 
induced denaturation by as much as two-fold from 1.5 M GdmCI for C.difficile 
GDH to 3.0 M for the hybrid; P.furiosus GDH has a transition point at 6.1 M. 
However, the effect of domain exchange on thermostability is the most dramatic: 
Instead of obtaining a hybrid displaying a thermostability in between that of the 
parental enzymes, as found in the case of chemical stability, the P.furiosus-
C.difficile hybrid is less thermostable than C.difficile GDH. These results indicate 
that, while in hyperthermostable enzymes properties like thermoactivity, 
thermostability and stability towards denaturants are very well optimised, they are 
not necessarily linked. 

P.furiosus gdh C.difficile gdh 

C 

Hybrid gdh genes 

Expression in E. coli 

v-v.. 

Figure 3: Schematic drawing of wild-type and hybrid gdh genes and the expression in E.coli of 
their corresponding gene products. 
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Ion-pairs and ion-pair networks in glutamate dehydrogenase 

The recent elucidation of a large number of three-dimensional structures 
from enzymes from hyperthermophilic Bacteria and Archaea, comprise GDH, 
aldehyde ferredoxin oxidoreductase, ornithine carbamoyl transferase and citrate 
synthase from P.furiosus [10,29,30,31], Fe-superoxide dismutase from Aquifex 
pyrophilus [32], p-glycosidase and indole-3-glycerol phosphate synthase from 
Sulfolobus solfataricus [33,34] and GDH, D-glyceraldehyde-3-phosphate 
dehydrogenase, phosphoribosyl anthranilate isomerase and signal transduction 
protein CheY from T.maritima [11,35,36,37]. In the majority of these structures, 
a high number of ion-pairs and large ion-pair networks were identified that are 
only partially or not at all present in homologous enzymes from mesophilic 
organisms. This finding strongly suggests an important role of these electrostatic 
interactions in determining enzyme hyperthermostability and/or thermoactivity. 

The role of ion-pair interactions in stabilisation of proteins has been a 
subject of debate for years. Some twenty years ago, Perutz and coworkers 
already showed that ion-pairs may play a role in stabilisation of proteins [38,39]. 
Site-directed mutagenesis involving single, surface-located salt bridges in T4 
lysozyme showed that their contribution to the stability of the protein is only 
marginal (0.1-0.25 kcal/mol) [40,41]. This is caused by the fact that the gain in 
free energy of folding is about equal to the entropic cost of dehydration and the 
reduction of the conformational freedom. In contrast, a buried salt-bridge in the 
same enzyme was shown to stabilize the native state by 3-5 kcal/mol as 
compared to the unfolded state [42]. However, a buried salt-bridge triad in the 
Arc repressor from bacterial phage P22 could be replaced by more stable 
hydrophobic interactions [43]. 

Theoretical considerations indicate that extensive networks may play an 
important role in maintaining enzyme stability or function at extreme 
temperatures. For each additional ion-pair that is added to a network, only a 
single residue needs to be desolvated and fixated. Indeed, multiple salt bridges 
in barnase show cooperativity; each single ion-pair in a three-residue network 
was found to enhance the strength of the other interaction by 0.8 kcal/mol [41]. 
In addition, part of the entropic cost of fixation is in many cases already provided 
during the folding of the protein since networks are often located in cavities and 
at interfaces. Furthermore, at high temperatures electrostatic interactions may 
become more important because hydration effects play a minor role and the 
dielectric constant decreases with temperature, resulting in an increased 
electrostatic energy upon formation of an ion-pair. 

Ion-pair networks have been characterized most extensively in GDH. 
GDH from P.furiosus was found to contain more ion-pairs and larger ion-pair 
networks than GDHs from the mesophilic homologues from E.coli, Neurospora 
crassa and C.symbiosum (Table 3) [10,44]. The number of ion-pairs in P.furiosus 
GDH has been doubled compared to C.symbiosum and E.coli GDH. In the 
hyperthermostable enzyme, the residues involved in these ionic interactions, 
preferably pair with more than one partner. While in the C.symbiosum hexamer 
only about 10% of these residues form two and three ionic interactions, in the 
P.furiosus hexamer more than half of the residues form multiple ion-pair 
interactions. Consequently, extensive interacting networks are present in the 
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P.furiosus GDH. In C.symbiosum and E.coli GDH, approximately 25% of the 
ion-pairs are arranged in networks of four or more residues, respectively; in 
P.furiosus GDH this number amounts to 62%. While these four-residue clusters 
are the largest to be identified in the mesophilic enzymes, P.furiosus GDH 
contains networks comprising five, six and up to 18 residues. 

The elucidation of the crystal structure of GDH from the 
hyperthermophilic bacterium T.maritima confirmed the ion-pair network 
hypothesis [11]. In line with the stability of this enzyme being intermediate 
between that of C.symbiosum and P.furiosus GDH, the total number of ion-pair 
interactions per monomer is in between that of the other enzymes (Table 3). In 
comparison to the C.symbiosum hexamer, the number of three- and four-residue 
networks in T.maritima GDH increased and 6 networks of seven residues are 
present. However, these extra ion-pairs are mainly located within each subunit, 
while in P.furiosus GDH many large networks are found at the subunit interface. 
In contrast, the subunit interface in T.maritima GDH seems to be optimized by 
hydrophobic interactions. 

In order to obtain more support for the ion-pair network hypothesis, a 
structure-based homology modelling study was recently carried out using 
sequences from glutamate dehydrogenases from ten different sources, spanning a 
large temperature spectrum [45]. Specific attention was given to the 18-residue 
network that is three times present at the subunit interface of P.furiosus GDH, 
and the three pairs of 6-residue networks, also present at the subunit interface in 
between the 18-residue networks (Fig. 2). For all GDHs that were studied, the 
networks decreased in size, became fragmented and finally completely 
disappeared with decreasing thermostability. The formation of large, intricate 
ion-pair networks seems to be specifically correlated with enzymatic operation 
close to or above 100°C. 

The first experimental approach addressing the ion-pair network 

Table 3: Analysis of ion-pairs and ion-pair networks in GDH from E.coli, C.symbiosum and P.furiosus [44], 
and T.maritima [11]. 

no. of ion-pairs per subunit 

no. of residues per hexamer 
forming 1/2/3 ion-pairs 

no. of residues forming 
2/3/4 membered networks 

E.coli 

26 

168/36/6 

84/24/12 

C.symbiosum 

28 

144/36/6 

72/24/12 

T.maritima 

37 

132/78/18 

66/33/18 

P.furiosus 

45 

108/102/30 

54/24/12 

no. of residues forming 
5/6/7/18 membered networks 

0/0/0/0 0/0/0/0 0/0/6/0 12/6/0/3 

% of ion-pairs in 
> 4 residue networks 

21 23 40 62 

no. of intersubunit ion-pairs nd 36 34 54 
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hypothesis in a hyperthermophile, is the acid-induced denaturation of P.furiosus 
GDH and biochemical characterisation of the unfolded enzyme [46]. Lowering 
the pH into the acidic region results in protonation of negatively charged groups 
in the enzyme, and the shielding of dipoles by the added ions resulting in the 
disruption of electrostatic interactions. Therefore any residual structure at low pH 
values should be a result of hydrophobic interactions. GdmCI-induced 
denaturation was found to be pH dependent, indicating that electrostatic 
interactions play indeed a major role in determining the stability of the enzyme. 
However, at pH 1 a monomeric protein was formed that could be further 
unfolded by GdmCI with a higher transition midpoint than found for other 
thermophilic and mesophilic glutamate dehydrogenases [46]. This finding 
indicates that, at least within one subunit, electrostatic interactions cannot be the 
predominant force in P.furiosus GDH. 

Preliminary results on mutagenesis of T.litoralis GDH indicate that the 
introduction of a charged residue at the subunit interface (T138E) in first instance 
results in a lower thermostability of the mutant T.litoralis GDH [47]. The 
introduction of a second, nearby mutation (D157T) that does not take part in the 
presumed ionic network, elevates the thermostability of the double mutant 
above that of the wild-type enzyme. These results confirm that, assuming that the 
presumed ionic interactions are indeed formed in the mutant enzyme, ion-pair 
networks might indeed be a stabilizing feature in hyperthermostable GDH. 

Introduction of ion-pair networks into T.maritima GDH 

In order to experimentally verify the presumed stabilizing contribution of 
ion-pair networks to the thermostability of enzymes from hyperthermophiles, 
several strategies can be followed. One is to remove the interaction from the 
enzyme by replacement of the charged amino acid for an uncharged residue 
using site-directed mutagenesis. This approach was used to demonstrate the 
stabilizing effect of small ion-pair networks in glyceraldehyde-3-phosphate 
dehydrogenase from T.maritima [48,49]. A drawback of this approach, however, 
is the fact that always more than only the ionic interaction is affected. The 
hydrogen bonding potential will be changed and cavities or steric hindrance may 
be introduced. An alternative approach is to introduce charged residues that are 
present in a thermostable enzyme, into a less stable homologue. We employed this 
strategy to study the role of P.furiosus GDH ion-pair networks by introducing these 
into the less stable GDH from the hyperthermophilic bacterium T.maritima [50]. 
The GDHs from P.furiosus and T.maritima share 55% amino acid identity and 
are very homologous in secondary and tertiary structure as well [11]. However, 
the P.furiosus GDH has a higher melting point than the T.maritima GDH (113°C 
versus 93°C) [19,11] and contains significantly larger ion-pair networks. The 
trimer interface in P.furiosus is almost completely charged because of the 
presence of three 18-residue networks which are separated by three pairs of 6-
residue networks (Fig. 2) [10]. The P.furiosus GDH 18-residue network is 
fragmented into two small ones of only four residues in the T.maritima GDH and 
from the pyrococcal six-residue network only one residue is conserved. The 
major difference between the hinge regions connecting the two domains, is the 
presence of a five-residue ion-pair network in the P.furiosus enzyme that is 
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absent in the less stable T.maritima GDH. This five-residue ion-pair network 
links secondary structure elements from both domains, is surface exposed, and 
located opposite to the substrate binding site at a distance of more than 12 A 
(Fig. 2). The five participating residues in P.furiosus GDH are positioned in such 
a way that four salt bridges are formed. T.maritima GDH contains, instead of 
aspartate and lysine, asparagine and glycine at positions 97 and 376, 
respectively, resulting in the loss of three of the four ionic interactions. An 
additional lysine in T.maritima GDH (which is an asparagine in the pyrococcal 
enzyme and does not interact at all with the network) brings the number of ion-
pairs in this region to two [50]. 

Two single mutant T.maritima GDHs were generated and characterized, 
containing the substitutions asparagine to aspartate at position 97 and glycine to 
lysine at position 376, as well as double mutant N97D/G376K [50]. The three-
dimensional structure of the double mutant was solved at 3.0 A resolution and 
revealed that a six-residue ion-pair network is present in this mutant, this 
network being even larger than the one in the P.furiosus enzyme. Apparent 
melting temperatures of 91, 92 and 91 °C were determined for N97D, G376K 
and the double mutant, respectively, not differing significantly from that of the 
wild-type GDH (93°C). In addition to this, identical transition midpoints in 
guanidinium chloride induced unfolding were found; 3.5 M for wild-type GDH 
and the single mutants, 3.6 M for the double mutant. In contrast to this, thermal 
inactivation at 85°C occurred more than two-fold faster for all mutant enzymes 
than for the wild-type GDH. The effect of the two single mutations was not 
additive, suggesting a stabilizing feature between these two residues in the 
double mutant which might be either or both the ionic interaction or the extra 
hydrogen bond. 

In addition to the effect of the mutations on the stability of the enzyme, 
changes in the thermoactivity and kinetic parameters of the mutants in 
comparison with the wild-type GDH were studied [50]. At temperatures of 65°C 
and higher, the wild-type and the three mutant enzymes showed identical 
specific activities. However, at 58°C the specific activity of N97D/G376K and 
G376K was found to be significantly higher than that of the wild-type and N97D 
GDHs. Enzyme inactivation started at 58°C for G376K and N97D/G376K, at 
62°C for the wild-type GDH and at 66°C for N97D. For the wild-type GDH, Km 
values for a-ketoglutarate and NADH were found to decrease, and that for 
ammonia to increase, with increasing temperature. Km values for all substrates 
changed differently for each mutant GDH and with temperature, indicating that 
the mutations have pronounced effects on catalysis and enzyme efficiency at 
different temperatures. The most pronounced effect was found for mutant N97D 
that has a ten-fold lower Km value for NADH at 58°C than at 25°C and is at this 
temperature more efficient than the wild-type GDH on this substrate. 

In conclusion, these results indicate that the engineered ion-pair 
interactions in the hinge region do not affect the stability towards temperature-
or guanidinium chloride-induced denaturation but rather affect the specific 
activity and substrate affinity of the enzyme and the temperature at which it 
functions optimally. 

In addition to studying the role of ion-pair networks in the flexible hinge 
region of GDH, we studied the contribution of the large intersubunit network 
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that comprises 18 residues in P.furiosus GDH and is fragmented into two small 
networks of only four residues in T.maritima GDH (Fig.2) (Lebbink et a/., 
manuscript in preparation). In order to reconstruct the network into the less 
stable enzyme, two positive and two negative charges were introduced into T. 
maritima GDH as single substitutions, several double and triple combinations 
and the quadruple mutant. Preliminary analysis revealed different effects of each 
substitution on thermal inactivation and activity of the enzyme and also pointed 
out the need for balanced charges (Lebbink et a/., manuscript in preparation). 

Conclusion 

A large amount of structural and biochemical data of wild-type and mutant 
GDHs has been generated during recent years, contributing greatly to our 
knowledge of the molecular adaptations that govern enzyme hyperthermostability 
and activity. This wealth of information and the fact that GDH is a large, 
multimeric enzyme containing a high number of complex ion-pair networks, 
makes it an excellent model system to study the role of these features in 
determining protein hyperthermostability, which is undoubtedly one of the main 
topics in protein chemistry at the present time. We have shown that the 
introduction of a six-residue ion-pair network in the flexible hinge region of 
T.maritima GDH is not affecting the melting temperature of the enzyme, leads to 
somewhat faster thermal inactivation, but has pronounced effects on thermoactivity 
and kinetic parameters [50]. The finding that the presence of the ion-pair network 
does not seem to increase the stability of the enzyme, may indicate that in this 
region of the enzyme, ion-pairs indeed do not contribute to stability. Alternatively, 
these results may reflect the considerable differences between the archaeal and the 
bacterial enzyme (amino acid identity 55%). Although the direct environment of 
the hinge network is highly conserved, small changes that are not visible in the 
three-dimensional structures, or unfavourable interactions with macroscopic 
parameters like the existing electrostatic field, may lead to non-optimal interactions 
in the mutant enzyme, resulting in a faster thermal inactivation. This consideration 
is supported by the fact that in T.litoralis GDH two mutations (one introducing a 
charge, the second one being nearby but removing a charge) apparently are 
needed for stabilisation of this enzyme [47]. The degree of homology between 
P.furiosus and T.litoralis GDH is much higher (87%) than that between P.furiosus 
and T.maritima (55%) and the results suggest that already in a highly homologous 
system, second-site mutations are required to obtain the desired stabilisation. For a 
further interpretation of these preliminary data, it is essential to determine the 
three-dimensional structures of wild-type and mutant T.litoralis GDH, and 
investigate whether the additional charge indeed participates in an ion-pair 
network and what is the basis for the stability-rescuing effect of the second-site 
mutation. 

The fact that GDH is a large, multimeric enzyme is not only an advantage. 
Due to this complexity, GDH does not unfold reversibly during thermal incubation 
or guanidinium chloride induced denaturation and therefore no thermodynamic 
analysis of wild-type and mutant GDHs can be performed. This means that only 
data about the thermoactivity and the kinetic stability of GDH can be obtained. To 
circumvent this problem, smaller model systems like monomeric proteins or 
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isolated domains could be used. However, only few monomeric thermostable 
enzymes have been reported to date and the enzymatic activity of isolated domains 
is difficult to assess. Furthermore, much smaller networks are to be expected in 
these systems, and intersubunit networks - the most prominent feature in the most 
stable GDH - cannot be studied in this way. Therefore, GDH will remain one of the 
challenging model systems for analysing structure-stability relations in the near 
future. 
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The glutamate dehydrogenase gene from the hyperthermo
philic archaeon Pyrococcus furiosus has been functionally 
expressed in Escherichia coli under the control of the X 
PL promoter. The P.furiosus glutamate dehydrogenase 
amounted to 20% of the total E.coli cell protein, and the 
vast majority consisted of hexamers. Following activation 
by heat treatment, an enzyme could be purified from E.coli 
that was indistinguishable from the glutamate dehydro
genase purified from P.furiosus. Hybrid genes, that con
sisted of the coding regions for the homologous glutamate 
dehydrogenases from P.furiosus and the mesophilic bac
terium Clostridium difficile, were constructed and success
fully expressed in E.coli. One of the resulting hybrid 
proteins, containing the glutamate binding domain of 
the C.difficile enzyme and the cofactor binding domain 
of the P.furiosus enzyme, did not show a detectable 
activity. In contrast, the complementary hybrid contain
ing the P.furiosus glutamate and the C.difficile cofactor 
binding domain was a catalytically active hexamer that 
showed a reduced substrate affinity but maintained 
efficient cofactor binding with the specificity found in 
the Clostridium symbiosum enzyme. Compared with the 
C.difficile glutamate dehydrogenase, the archaeal-bacterial 
hybrid is slightly more thermoactive, less thermostable but 
much more stable towards guanidinium chloride-induced 
inactivation and denaturation. 

Keywords: glutamate dehydrogenase/heterologous expression/ 
hybrid enzymes//>vrot'tM'CM.y/i<™.v«.y/thermostability 

Introduction 
The discovery of microbes that have the capacity to grow 
optimally at or around the boiling temperature of water (Stetter 
etal., 1990) has greatly stimulated the analysis of the molecular 
mechanisms of adaptation of these hyperthermophilic organ
isms to their extreme environment. Considerable attention has 
been focused on protein thermostability that is generally 
accompanied by a stability towards chemical denaturants 
and proteolysis (Fontana. 1991). Theoretical considerations in 
combination with protein sequence comparisons have indicated 
that protein thermostability is a consequence of small but 
multiple changes distributed all over the protein (Jaenicke, 

1991). Site-directed and random mutagenesis studies have 
been used to investigate the contribution of specific interactions 
to protein stability and have confirmed that only a few residues 
play a critical role in achieving thermal and chemical stability 
(Goldenberg, 1992). The recent elucidation of the 3-D struc
tures of several proteins from thermophilic microbes and 
their comparison with proteins from mesophilic sources have 
advanced the understanding of the thermal stability of proteins. 
Although various different mechanisms have been identified 
by which the thermal stabilization of proteins may occur, an 
analysis of the structures of rubredoxin and aldehyde ferredoxin 
oxidoreductase from the hyperthermophilic Pyrococcus 
furiosus has indicated that they both share an increased number 
of electrostatic interactions in comparison with other proteins 
(Day et ai, 1992; Chan et ai, 1995). A large number of 
extra ion pairs was also observed in the structure of the 
glyceraldehyde-3-phosphate dehydrogenase from the thermo
philic Thermotoga maritima (Korndorfer et ai, 1995). How
ever, site-directed mutagenesis studies have so far failed to 
identify the specific ion pairs that contribute to the high 
thermostability of the latter enzyme (Tomschy et ai, 1994). 

Complementary to studying the role of specific residues, 
hybrid proteins in which large parts of the polypeptide chain 
are exchanged between homologous proteins offer the possi
bility of investigating the role of larger substructures in 
conferring functionality and stability to a protein. This approach 
has been applied to bacterial 3-isopropylmalate dehydrogenase 
from Thermus thermophilus and the archaeal glyceraldehyde-
3-phosphate dehydrogenase from Methanothermus fervidus, in 
which parts of mesophilic counterparts were introduced (Biro 
et ai, 1990; Onodera et ai, 1994). In addition, hybrid enzymes 
have been made between the bacterial Thermoactinomyces 
intermedius phenylalanine dehydrogenase and Bacillus stearo-
thermophilus leucine dehydrogenase (Kataoka et ai, 1994). In 
all cases, novel dehydrogenases with characteristics from both 
parental enzymes were generated that allowed the localization 
of regions involved in the thermostability and binding of 
substrate and cofactor. We have extended this approach of 
producing hybrid proteins by exchanging domains in glutamate 
dehydrogenase (GDH). GDH is a well studied enzyme catalyz
ing the oxidative deamination of L-glutamate to a-ketoglutarate 
and ammonia, accompanied by the reduction of a single 
molecule of NAD+ or NADP+ (Smith et ai, 1975). Primary 
sequences of GDH are available from a wide variety of 
organisms and have been used to arrange GDHs into two 
different families (Benachenhou-Lahfae/ ai, 1993). In general, 
GDH is a hexameric enzyme that consists of identical subunits. 
Recently, the 3-D structure of the hexameric GDH from 
Clostridium symbiosum, belonging to family I, has been solved 
(Baker et ai, 1992). Each subunit can be divided into two 
domains: domain I forms the core of the enzyme and binds 
the substrate, while domain II points outwards and binds 
the cofactor. 

The most thermostable GDH is found in the hyperthermo
philic archaeon P.furiosus with a half-life of -12 h at 100°C 
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Table I. Universal and gene-specific primers used for construction and DNA sequencing of the hybrid gdh genes 

Primer Sequence Position 

BG26 
BG27 
BGI8 
BG56 
BG57 
BG58 
BG59 
BG65 
BG66 

5 
5 
5 
5 
5 
5 
5 
5 
5 

GGATAACAATTTCACACAGG-3' 
GTTTTCCCAGTCACG AC-3' 
TGTCTTGCCCTTG AGGG-3' 
TATACCTGCATCCACCAATGCTAAGAGGC-3' 
TATACCTGCAATTTGGTGGTTCTTTAGG-3' 
TATACCTGCTGGTGGATCACTTGGAAGAA-3' 
TATACCTGCAAAGATCCACCAAATTCAACTG-3' 

5'-CCACAAATAATGGCATG-3' 
AGCTATAGAAGAAGTG-3' 

pUCI9 
pUCI9 
P.furiosus gdh 
P.furiosus gdh 
C.clifficile gdh 
P.furiosus gdh 
C.difficile gdh 
P.furiosus gdh 
P.furiosus gdh 

354-373 
492-476 
629-645 
550-531 
539-557 
543-563 
547-533 
448^164 
888-903 

S 
A 
A 
A 
S 
S 
A 
S 
S 

The position of the primers is indicated in the sequence of pUC19 (Sambrook et ui, 1989) or that of the different gdh genes numbered from first base of the 
initiation start codon (Lyerly et al., 1991; Eggen et ai. 1993). S, sense primer; A, antisense primer. 

(Consalvi et al, 1991). Remarkably, GDH may comprise up 
to 20% of the total cell protein in P.furiosus and plays an 
important role in the removal of reduction equivalents (Kengen 
and Stams, 1994). We have cloned and characterized the gdh 
gene from P.furiosus and found it to encode a GDH belonging 
to family II (Eggen et al, 1993). Recently, we described the 
overexpression of the P.furiosus gdh gene in Escherichia coli 
and the formation of an active GDH in this host (Eggen et al, 
1994). Here we present the characterization of the P.furiosus 
GDH produced by E.coli and a comparison with the enzyme 
isolated from P.furiosus. To study the role of the different 
domains in catalytic activity and stability, hybrid proteins 
were constructed between GDH from P.furiosus and the 
phylogenetically very distant mesophilic bacterium Clostridium 
difficile that share 52% amino acid sequence identity and both 
belong to the family II GDHs. Two hybrids were generated 
that contained either the substrate or the cofactor binding 
domain of P.furiosus or C.difficile GDH. The functionality, 
catalytic activity and both the chemical and thermal stabilities 
of these hybrids were compared with those of the parental 
enzymes produced in E.coli. An active archaeal-bacterial 
hybrid GDH was obtained with new properties. 

Materials and methods 
Bacterial strains and media 
Escherichia coli TGI [supE hsd A5 thi A(lac-proAB) F' (rraD 
35 proAB+ lacli lacL AM 15); Gibson, 1984] was cultivated 
in LB-based medium at 37°C. Escherichia coli KMAHlAtrp 
[M72 SmR/acZam Abio-uvrB AtrpEA2(.XNaml-Nam53-
cI857AHl); Bernard et al, 1979] was used in combination 
with expression plasmids containing the X P^ promoter and 
was cultivated in the same medium. 

Enzymes, chemicals and primers 
Restriction enzymes and DNA modifying enzymes were pur
chased from Life Technologies Inc. and Pharmacia LKB 
Biotechnologies. Biochemicals of the highest purity were 
obtained from Boehringer and Fluka. Oligonucleotides were 
purchased from Pharmacia LKB Biotechnologies and are listed 
in Table I. 

DNA isolation and manipulation 
Small-scale plasmid DNA isolations, ligations, restrictions, 
DNA purification, agarose gel electrophoresis and transforma
tion of E.coli were all performed as described by Sambrook 
et al. (1989). The plasmids pUC18 and pUC19 and the 
bacteriophages M13mpl8 and M13mpl9 (Yannisch-Perron 
et al, 1985) were used as cloning vectors. The expression 
vector pPLc2833 is a derivative of pPLc28 (Remaut et al, 

H pLUW401 c £ pLUW420 

PCR + digestion PCR + digestion 

Ligation 

pLUW440 

Fig. 1. Construction of hybrid genes. The physical maps of the parental 
plasmids pLUW401. containing the 1.6 kb //mdlII-/7/'/jcll fragment with the 
P.furiosus gdh gene (black), and pLUW420. containing the 1.6 kb EcoRl-
Sph\ fragment with the C.difficile gdh gene (white). Relevant restriction 
sites are indicated; H, tfmdlll; C. tf/ncll; E. £«>RI: S. Sph\. B. BspMl. 

1981) containing additional Pst\-Sal\-Xba\-Sal\-Xba\-Bamr\\ 
restriction sites in between the unique BamHl and Hindlll 
sites immediately downstream of the PL promoter in pPLc2833. 
The hybrid genes were sequenced according to the dideoxy 
chain termination method (Sanger et al, 1977) using the 
T7 sequencing kit (Pharmacia). Universal and gene-specific 
oligonucleotides were used as primers (Table I). 
Construction of the expression plasmids for wild-type and 
hybrid gdh genes 
A 1.6 kb //mdlll-f/mcll fragment containing the P.furiosus 
gdh gene was isolated from pLUW400 (Eggen et al, 1994). 
Sticky ends were filled in using the Klenow fragment of E.coli 
DNA polymerase. The fragment was cloned into the blunted 
EcoRl restriction site of pPLc2833. The orientation of the 
P.furiosus gdh gene under the control of the PL promoter was 
confirmed by restriction analysis, and the construct was denoted 
pLUW410. A 1.6 kb EcoRl-Sphl chromosomal fragment 
containing the C.difficile gdh gene (Lyerly et al, 1991; 
kindly provided by Dr Lisa Barosso, Department of Anaerobic 
Microbiology, Virginia Polytechnic Institute and State Univer
sity, Blacksburg, VA, USA) was cloned into an EcoR\-Sph\ 
linearized pUC18 vector to position the gdh gene under the 
control of the /acUV5 promoter, resulting in pLUW420. Hybrid 
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genes were constructed according to a method described by 
Tomic et al. (1990) (Figure 1). Parts of the P.furiosus and 
C.difficile gdh genes encoding either domain I or II of GDH 
were amplified by PCR using 100 ng pLUW401 (pUC19 
containing the P.furiosus gdh gene on a 1.6 kb //i/idIII-//McII 
fragment) or pLUW420 as template and, for each reaction, 
100 ng universal vector primer and 200 ng of a gene-specific 
primer with a BspMl site (Table I). Restriction endonuclease 
BspMl digests DNA at a short distance from its recognition 
site, allowing the formation of complementary overhanging 
ends on the PCR products that may be ligated. In addition to 
the template and primers, the 100 jal reaction mixtures con
tained 0.2 mM dNTPs, Taq DNA polymerase buffer, 5 mM 
MgCl2, 5 U Taq DNA polymerase and were subjected to 30 
cycles of amplification (1.5 min at 92°C, 2.5 min at 50°C 
and 3.5 min at 72°C) on a programmable Ori-Block (New 
Brunswick Scientific). As determined by agarose gel electro
phoresis, the amplification of the P.furiosus glutamate and 
Cofactor binding domains resulted in the expected 0.6 and 
1.0 kb products, respectively. Amplification of the C.difficile 
glutamate and cofactor binding domains also resulted in the 
expected 0.6 and 1.0 kb products, respectively. Each product 
was digested with BspMl and Hindlll, Hindi, EcoRl or Sph\ 
that cut in the polylinker sequence (Figure 1). A three-point 
ligation of the 5' P.furiosus gdh gene fragment and the 3' 
C.difficile gdh gene fragment into Hindlll-Sphl linearized 
pUC19 resulted in pLUW440. A three-point ligation of the 5' 
C.difficile gdh gene fragment and the 3' P.furiosus gdh gene 
fragment into EcoRl-Hincll linearized pUC18 resulted in 
pLUW450. All constructions were performed in E.coli TGI. 
Purification of GDH 

GDH was purified from P.furiosus as described previously 
(Consalvi el al., 1991). To isolate P.furiosus GDH from E.coli, 
Strain K12AHIAfrp harboring pLUW410 was cultured at 28°C 
until an OD6()o of 0.5 was reached and incubated for another 
2 h at 42°C. Subsequently, the culture was centrifuged for 
10 min at 5000 r.p.m. and 4°C, medium was discarded and 
cells were resuspended in 20 mM potassium phosphate buffer, 
pH 6.5, 1 mM EDTA (buffer A) containing 1 ng/ml DNase. 
The suspension was sonified using a Branson sonifier and cell 
debris was removed by centrifugation at 13 000 r.p.m. for 
10 min. The resulting supernatant was incubated for 10 min 
at 90°C and precipitated proteins were removed by centrifuga
tion for another 10 min at 13 000 r.p.m. The sample was 
dialyzed against buffer A and applied to a 60 ml Matrex gel 
Red A column (Amicon) equilibrated with buffer A. After 
extensive washing with buffer A, GDH was eluted from the 
column using a step gradient of 120 ml of 0.10, 0.25, 0.35 
and 1.00 M NaCl in buffer A. The fractions 0.25-1.00 M were 
pooled, concentrated and dialyzed against 0.1 M sodium 
phosphate buffer, pH 7.0, and contained pure GDH as judged 
by SDS-PAGE (12% polyacrylamide). 

To purify C.difficile and the P.furiosus-C.difficile hybrid 
GDH, E.coli TGI cultures harboring either pLUW420 or 
pLUW440 were centrifuged for 10 min at 5000 r.p.m. and 
4°C. The medium was discarded and the cells were resuspended 
in 10 mM potassium phosphate buffer, pH 7.2. 1 mM EDTA 
(buffer B) containing 1 plg/ml DNase. The cells were broken 
in a French press under 1000 atmospheres pressure and cell 
debris was removed by centrifugation at 5000 r.p.m. for 20 min. 
Crude extracts were dialyzed against buffer B and applied to 
a Q Sepharose column (Pharmacia) equilibrated with buffer 
B. The column was washed until a stable baseline was recorded. 

The elution of GDH was performed by applying a gradient of 
0.0-1.0 M NaCl in buffer B. Active fractions were pooled and 
dialyzed against buffer B. Ammonium sulfate was added up 
to 40% saturation and the precipitated proteins were removed 
by centrifugation for 10 min at 13 000 r.p.m. The sample 
was loaded onto a phenyl Sepharose column (Pharmacia) 
equilibrated with 40% ammonium sulfate saturated buffer B. 
After extensive washing using equilibration buffer, elution was 
performed by a 40-0% ammonium sulfate gradient in buffer 
B. Active fractions were pooled, dialyzed against 1.0 mM 
potassium phosphate buffer, pH 6.8 (buffer C), and applied to 
a hydroxyl apatite column equilibrated with buffer C. After 
extensive washing, elution was performed by applying a 
1.0 mM-1.0 M gradient of potassium phosphate, pH 6.8. 
Active fractions were pooled and dialyzed against 0.1 M 
sodium phosphate buffer, pH 7.0. To obtain pure P.furiosus 
GDH produced by E.coli without heat incubation, the protocol 
described for the C.difficile GDH purification was followed. 
The purity of the samples was analyzed by SDS-PAGE. 

GDH activity assay 
GDH activity was assayed using a double-beam Kontron 
Uvikon 860 spectrophotometer at 340 nm and 25°C. The 1 ml 
standard assay reaction mixtures (reverse reaction, unless 
mentioned otherwise) contained 100 mM potassium phosphate 
buffer, pH 7.6, and 0.75 mM ot-ketoglutarate, 75 mM ammonia 
and 100 U.M NADPH for P.furiosus GDH; 4 mM o-ketoglutar-
ate, 600 mM ammonia and 0.2 mM NADH for C.difficile 
GDH; and 6 mM ot-ketoglutarate, 900 mM ammonia and 
0.2 mM NADH for the hybrid GDH. Fixed substrate concentra
tions for glutamate oxidation (forward reaction) were 6 mM 
L-glutamate and 0.25 mM NADP for P.furiosus GDH; 50 mM 
L-glutamate and 4 mM NAD for C.difficile GDH; and 60 mM 
L-glutamate and 6 mM NAD for the hybrid GDH. The amount 
of enzyme was varied to obtain a rate of -0.03 A absorbance/ 
min. We define 1 U of enzyme activity as the amount of 
enzyme which produces 1 nmol of product per minute under 
standard conditions. Kinetic parameters were calculated by a 
nonlinear regression analysis of the data using ENZFITTER 
(Leatherbarrow, 1987). For each calculation, at least eight 
velocity/substrate data pairs were used. Substrate specificity 
was studied by measuring GDH activity in the presence of 20 
and 100 mM D-glutamate, glycine, L-leucine, L-threonine, 
L-asparagine, L-valine, L-proline, L-aspartate, L-glutamine or 
L-norvaline and 5 and 25 mM oxaloacetate, glyoxylate, 
2-oxobutyrate, 2-oxo-L-methyl-pentanoate, pyruvate or 
2-oxovalerate. 

Protein analysis 
Protein concentrations were determined using Bradford reagent 
(Bio-Rad, Veenendaal, The Netherlands) with bovine serum 
albumin as a standard. Protein concentrations of pure samples 
were determined using the following extinction coefficients at 
280 nm, calculated as described by Gill and von Hippel (1989): 
£,„ = 82 500 M-'cm-' for P.furiosus GDH, em = 66 000 M^ 
'cm"1 for C.difficile GDH and em = 86 910 M-'cnr1 for the 
hybrid GDH. Protein bands on SDS-PAGE gels were scanned 
and quantified using an Image Analysis System (Visionary, 
Fotodyne) equipped with ImageQuant (Molecular Dynamics) 
software. UV absorbance spectra were recorded at 20°C on a 
Perkin Elmer Lambda 16 spectrophotometer. The electrophor-
etic separation of proteins under native conditions was per
formed on 8% running gels. Apparent molecular masses were 
determined by an analytical gel filtration using a Superose 12 
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column (Pharmacia) as described previously (Consalvi et ai, 
1991). Immunodetection was performed using antibodies raised 
against purified pyrococcal GDH (Eggen et ai, 1993). Protein 
microsequencing was carried out by cyclic Edman degradation 
on an Applied Biosystems amino acid sequenator model 477A 
(Eurosequence, Groningen, The Netherlands) using protein 
samples dialyzed against H20. 
Effect of guanidinium chloride (GdmCl) on spectral 
properties 
The enzymes (80 |lg/ml) were incubated at 20°C for 24 h in 
20 mM phosphate, pH 7.0, in the presence of increasing 
concentrations of GdmCl ranging from 0.0 to 7.2 M. UV 
absorbance spectra were monitored at 20°C in a Perkin Elmer 
Lambda 16 spectrophotometer. Fluorescence properties were 
studied at 20°C in a Perkin Elmer LS50B ftuorimeter. Excitation 
was performed at 295 nm and emission was monitored at 300-
400 nm. Far-UV CD spectra (210-250 nm) were recorded at 
20°C in a Jasco J500A spectropolarimeter using a 0.2 cm 
cuvette. Fluorescence emission at 342 nm and observed 
ellipticities at 222 nm were normalized according to Pace 
(1986). 

Thermostability 
Enzyme thermostability was studied at 63, 65, 67 and 69°C 
for C.difficile GDH and hybrid GDH (5-50 ug/ml) and at 90 
and 105°C for P.furiosus GDH (50 Ug/ml). The enzymes were 
incubated in 20 mM sodium phosphate, pH 7.0, in sealed glass 
tubes for 0-24 h. Residual enzyme activity (forward reaction 
in the case of C.difficile GDH and hybrid GDH) was assayed 
at 25°C with respect to a control kept at room temperature. 
Slopes of first-order inactivation plots yielded rate constants 
for inactivation. These rate constants were used to calculate 
the free energy of the transition state for thermal inactivation 
(AG*) according to Segel (1975). 

Results 
Expression of the P.furiosus gdh gene in E.coli 
High level overproduction of the P.furiosus GDH was obtained 
by cloning the P.furiosus gdh gene under the control of the X 
PL promoter on the expression vector pPLc2833 and introduc
ing the resulting plasmid pLUW410 into E.coli AHlA/rp that 
carries a temperature-sensitive cI857 repressor. Incubation at 
42°C inactivates the cI857 repressor and the P.furiosus gdh 
gene is expressed. The P.furiosus GDH produced in this system 
amounted to up to 20% of the total cell protein in E.coli and 
showed a subunit molecular mass of 46 kDa, similar to GDH 
isolated from P.furiosus cells (Figure 2, lanes 2 and 3). Heat 
incubation of the cell-free extract at 90°C for 10 min and the 
subsequent removal of precipitated E.coli proteins resulted in 
highly purified P.furiosus GDH (Figure 2, lane 4). The residual 
traces of E.coli proteins were removed by bioaffinity chromato
graphy on a Matrex gel Red A column (Figure 2, lane 5). The 
enzyme showed a strong cross-reaction with antibodies raised 
against purified pyrococcal GDH, and native PAGE and 
subsequent immunoblotting revealed that at least 90% of the 
GDH was in the hexameric conformation (results not shown). 
N-terminal sequencing (results not shown) indicated that >98% 
of the P.furiosus GDH produced in E.coli contained its N-
terminal methionine that is also present in the majority of 
GDH purified from P.furiosus (Maras et ai, 1994). 

Total GDH activity of the incubated cell-free extract samples 
increased ~3-fold during the heat treatment, indicating an 
activation of P.furiosus GDH or the inactivation of inhibitors 
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Fig. 2. SDS-PAGE of P.furiosus. C.difficile and hybrid GDH. Lane 1, broad 
range molecular weight marker (Bio-Rad): lane 2. GDH isolated from 
P.furiosus: lanes 3-5. Exoli harboring pLUW4IO cell-free extract (lane 3), 
supernatant after heat incubation (lane 4) and Matrex gel Red A fraction 
(lane 5). 

present in the cell-free extract. The latter possibility was 
excluded because the addition of cell-free extract from an 
E.coli culture containing pPLc2833 to the reaction mixture 
did not affect the specific activity of purified P.furiosus 
GDH. Pyrococcus furiosus GDH purified from E.coli 
without heat treatment showed an apparent molecular mass of 
260 kDa on a gel permeation column. Heat treatment of this 
260 kDa fraction increased its activity -10-fold, indicating 
that P.furiosus GDH is present as partially active hexamers in 
the E.coli cell-free extract which attained a fully active 
conformation upon incubation at 90°C. No differences in 
secondary and tertiary structure between the partially and 
fully active conformations could be detected in UV absorb
ance difference spectra, fluorescence emission and far-UV 
CD spectra (results not shown). These results indicate that 
P.furiosus GDH produced in E.coli is identical to that 
produced in P.furiosus, allowing for its use in protein 
engineering studies. 

Construction and expression of hybrid gdh genes 
Hybrid gdh genes were constructed containing either the 
substrate binding domain I or the cofactor binding domain II 
of P.furiosus GDH and the complementary domain of C.difficile 
GDH. The latter GDH was chosen because the family II 
C.difficile and P.furiosus GDHs share 52% identical amino 
acid residues (Lyerly et ah, 1991; Eggen et ai, 1993). In 
addition, there are considerable differences in the thermal 
stability and kinetic properties of the two enzymes (see below). 
To maximize the possibility of obtaining hybrid enzymes with 
catalytic activity, the fusion was located in between two fully 
conserved glycine residues, that in the known GDH structure 
of C.symbiosum are located in the loop between (j-sheet f and 
cc-helix 9 connecting the two domains (corresponding to 
residues Gly200 and Gly201 in C.symbiosum; Baker et ai, 
1992). 

Based on two pUC19 derivatives, pLUW401 and pLUW420, 
carrying the P.furiosus and C.difficile gdh genes, respectively. 
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Table II. Kinetic parameters tor Pfitriosus GDH isolated from P.juriosus and E.coli, C.difficile GDH and hybrid GDH obtained at 25°C by varying the 
concentration of the respective substrate while keeping all other parameters fixed 

P.juriosus GDH P.juriosus GDH (E.coli) C.ilifficile GDH Hybrid GDH 

L-Glutamate 
a-Ketoglutarale 
Ammonia 

NAD 
NADH 
NADPH 

Km 

OnM) 

1.0 
0.039 
4.6h 

24.0C 

-
-
0.0030 

Catalytic 
(min~'mg 

5.5 
405 

3.4 
1.1 

-
-
6533 

efficiency11 

"') 
K,„ 
(mM) 

_ 
0.029 
5. lh 

30.0C 

-
-
0.0050 

Catalytic 
( m i n ' n i L 

_ 
600 

1.9 
0.6 

-
-
4600 

efficiency" 

"') 
^m 
(mM) 

2.7 
0.16 

121d 

0.65 
0.043 

ND 

Catalytic effi 
(min~'mg~') 

28 
5906 

7.9 

145 
27 621 
ND 

ciencya 
Km 
(mM) 

18.1 
0.74 

228d 

1.08 
0.047 

ND 

Catalytic efficiency*1 

(min^'mg-1) 

0.69 
225 

0.74 

12 
3932 
ND 

ND, not detectable: - . not determined. 
'Vm.JKm. 
b1.25-20 mM ammonia. 
c30-l 50 mM ammonia. 
d8-900 mM ammonia. 

two reciprocal hybrid genes were constructed following a 
procedure described previously (Tomic et al, 1990). The 

' essential reactions included PCR amplification with appropriate 
primers that created a BspMl site (Table I) followed by 
digestion with BspMl and ligation into linearized pUC19 
(Figure 1). The complete DNA sequence of each hybrid gene 
was determined and found to be identical to that expected 
from the P.furiosus and C.difficile gdh gene sequences (Lyerly 
et al, 1991; Eggen et al, 1993). The resulting plasmids 
pLUW440 and pLUW450 (Figure I) were each introduced 
into E.coli strain TGI. Cell-free extracts were assayed for 
GDH activity and compared with those obtained with the 
parental plasmids carrying the wild-type genes. 

The activity of the hybrid GDH specified by pLUW440, 
containing the substrate binding domain I of P.furiosus and 
the cofactor binding domain II of C.difficile, could be detected 
using NAD(H) as cofactor. No activity could be detected with 
NADP(H). This P.furiosus-C.difficile hybrid enzyme amounted 
to up to \% of total cell protein according to SDS-PAGE, 
possessed a subunit molecular mass of 46 kDa like the 
P.furiosus GDH. and showed a weak cross-reaction with 
antibodies raised against pyrococcal GDH (data not shown). 

The complementary hybrid GDH specified by pLUW450, 
containing domain I of C.difficile GDH and domain II of 
P.furiosus GDH. also amounted to up to 1% of total cell 
protein according to SDS-PAGE, had a molecular mass of 
45 kDa like C.difficile GDH, and showed a strong cross-
reaction with the pyrococcal GDH antibodies (results not 
shown). However, despite its efficient production, this hybrid 
GDH showed no activity above the E.coli background GDH 
activity. In contrast, active C.difficile GDH was highly over
produced in E.coli TGI harboring pLUW420, the parental 
plasmid that only differs from pLUW450 by the absence of 
P.furiosus DNA encoding domain II (results not shown; Lyerly 
et al., 1991). 

The active P.furiosus-C.difficile hybrid GDH specified by 
pLUW440 and the C.difficile GDH were subsequently purified 
to homogeneity, as judged by SDS-PAGE, and used for further 
characterization. 

Kinetic parameters and substrate specificity 
Pyrococcus furiosus GDH was purified from either P.furiosus 
or E.coli and used to determine the kinetic parameters as well 
as the substrate and cofactor specificities that were compared 

with each other and those obtained with purified C.difficile or 
P.furiosus-C.difficile hybrid GDH (Table II). 

Similar £„, values for a-ketoglutarate, ammonia and NADPH 
were obtained with P.furiosus GDH isolated from P.furiosus 
and E.coli. Even the Lineweaver-Burk plots that were obtained 
with the P.furiosus GDH from either source showed similar 
curvature for ammonia, indicating that at low concentrations 
the affinity for ammonia was higher than at high concentrations. 
The affinity for ammonia of the P.furiosus GDH from both 
sources at 25°C was the same as that reported previously at 
60°C (Consalvi et al, 1991). However, the Km values of the 
P.furiosus GDH for NADPH and notably a-ketoglutarate 
appeared to be temperature dependent because those found at 
25°C were four and nine times lower, respectively, than those 
reported previously at 60°C (Consalvi et al., 1991). The 
calculated VmjlJKm values of the P.furiosus GDH isolated from 
either P.furiosus or E.coli were similar, indicating that this GDH 
showed a host-independent specific activity and efficiency. 

The purified C.difficile GDH followed Michaelis-Menten 
kinetics for NAD, NADH and ammonia. No activity was 
found with phosphorylated cofactors. For L-glutamate and 
a-ketoglutarate, substrate inhibition was observed above 50 
and 4 mM, respectively. Clostridium difficile GDH was unable 
to convert any of the tested substrate analogs. 

The hybrid P.furiosus-C.difficile GDH also followed 
Michaelis-Menten kinetics only for NAD and NADH. For 
L-glutamate and a-ketoglutarate, substrate inhibition was 
observed for this enzyme above 60 and 6 mM, respectively. 
No saturation was observed with the hybrid GDH for ammonia 
up to 900 mM. VmmIKm values indicated that the hybrid GDH 
was much less efficient than both parental enzymes. Substrate 
binding appeared to be affected in the hybrid because Km 

values for glutamate, a-ketoglutarate and ammonia were much 
higher than for both parental enzymes (Table II). In addition, 
the hybrid was found to be more specific than GDH isolated 
from P.furiosus because it was not able to convert L-norvaline 
or 2-oxovalerate, while the P.furiosus GDH was able to 
utilize any of these substrate analogs (Consalvi et al, 1991). 
Comparable Km values for NAD and NADH were found with 
the hybrid and C.difficile GDH, while neither showed activity 
with the phosphorylated cofactor. The identical cofactor affinity 
and specificity of the P.furiosus-C .difficile hybrid and the 
C.difficile GDH indicate that these properties are solely deter
mined by the cofactor binding domain. 

51 



Chapter 3 

Optimum temperature 
Pyrococcus furiosus GDH isolated from E.coli showed an 
identical temperature optimum of 100°C as the enzyme isolated 
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Fig. 3. Temperature dependence of C.difficile GDH (•) and hybrid GDH 
(•) for glutamate breakdown. 

M GdmCI 

Fig. 4. GdmCI-induced denaluration of C.difficile GDH (•). hybrid GDH 
(•) and P.furiosus GDH (A) followed by fluorescence emission at 342 nm. 
The fraction of GDH present in the native conformation (/"N) is plotted 
against the GdmCI concentration. 

from P.furiosus (Consalvi et a/., 1991; results not shown). 
This temperature optimum was much higher than that observed 
with the P.furiosus-C.difficile hybrid GDH that showed a 
similar optimum to the C.difficile GDH for glutamate formation 
(56-63°C). For glutamate breakdown, the optimum temperature 
of the hybrid GDH was slightly higher than that of C.difficile 
GDH (61-64 and 57-61°C, respectively; Figure 3). This 
indicates that exchange of the P.furiosus cofactor binding 
domain for that from C.difficile lowers the optimum tempera
ture of the resulting hybrid enzyme to the level obtained with 
the GDH from the mesophilic parent. 

Influence of GdmCI on spectral properties 
The effect of GdmCI on fluorescence emission intensity and 
ellipticity of the P.furiosus, C.difficile and hybrid P.furiosus-
C.difficile GDHs was studied. Identical denaturation curves 
were obtained with both spectroscopic techniques. Transition 
midpoints were found at 6.6, 3.2 and 1.5 M GdmCI for 
P.furiosus GDH, the hybrid and C.difficile GDH, respectively 
(Figure 4). The loss of secondary structure was accompanied 
by a loss of ability to regain catalytic activity after dilution of 
the denaturant because transition midpoints found by fluores
cence and CD were similar to those found in reactivation 
experiments in which GdmCI was removed after 24 h of 
incubation by an at least 50-fold dilution (data not shown). 

Thermostability 
The thermostability of P.furiosus GDH purified from P.furiosus 
or E.coli was studied at 90 and 105°C (Table III). The 260 kDa 
gel permeation fraction containing P.furiosus GDH that was 
purified from E.coli without heat treatment lost its activity 
almost completely within several minutes of incubation at 
105°C (data not shown). However, Pyrococcus furiosus GDH 
that was purified from E.coli using heat incubation showed an 
initial fast inactivation (loss of >50% activity within several 
minutes) and a second much slower inactivation at 105°C. 
The half-life of this second inactivation process was similar 
to that of GDH purified from P.furiosus (~1 h; Table III). At 
90°C, there was only a small initial loss of activity of the 
heat-treated GDH purified from E.coli. Pyrococcus furiosus 
GDH isolated from E.coli showed a similar half-life at this 
temperature to that isolated from P.furiosus (~6 h; Table III). 

The thermostability of C.difficile GDH and the P.furiosus-
C.difficile hybrid GDH was determined at 63, 65, 67 and 69°C. 
At all these incubation temperatures the hybrid P.furiosus-
C.difficile GDH showed a 2-fold shorter half-life than the 
C.difficile GDH, irrespective of the protein concentration (data 
not shown). At 65°C, this difference in stability amounted to 
up to 1.89 kJ mol'1 (Table III). Both P.furiosus and C.difficile 
GDH remained soluble after thermal inactivation, whereas 
centrifugation of the thermally inactivated hybrid resulted in the 

Table III. Half-life and AC* values 
GDH and hybrid GDH at 65°C 

C.difficile GDH 
Hybrid GDH 
P.furiosus GDH 
P.furiosus GDH (£. coli) 

for the thermal 

65°C 

'1/2 
(h) 

5.1 
2.6 

inactivation of P.furiosu. 

AG* 
(kJ mo r ' ) 

111.70 
109.81 

GDH isolated from P.furiosus and E. 

90°C 

' l/2 
(h) 

5.5 
6.4 

AG* 
(kJ mor 1) 

120.41 
120.87 

'oli at 90 and 

I05°C 

(h) 

1.20 
0.86 

I05°C and of C.difficile 

AC* 
(kJ mo r ' ) 

120.72 
119.68 

AG* values were calculated according to Segel (1975). -, not determined. 
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complete precipitation of the aggregated enzyme presumably 
because of the exposure of buried hydrophobic residues. 

Discussion 
We have reported previously the functional expression of the 
P.furiosus gdh gene in E.coli under the control of the X PL 

promoter (Eggen et ai, 1994). After further optimization 
described here, up to 20% of the total E.coli cell protein could 
be identified as P.furiosus GDH. After heat treatment, the 
enzyme was fully active, suggesting that it needs a temperature 
closer to the in vivo growth optimum of P.furiosus to be able 
to adopt its correct conformation. Pyrococcus furiosus GDHs 
isolated from P.furiosus and E.coli have similar apparent 
molecular weights, N-terminal sequences, subunit composi
tions, specific activities, thermoactivities, kinetic parameters 
and both chemical and thermal stabilities. This confirms that 
the overproduced enzyme can be used to study molecular 
adaptations to high temperatures. 

Pyrococcus furiosus GDH produced by E.coli appears to be 
partially active in untreated cell-free extract. Native PAGE 
and subsequent immunodetection showed that at least 90% of 
the GDH formed in E.coli is present in a hexameric conforma
tion. Furthermore, the hexameric GDH fraction obtained by 
gel filtration showed a clear increase in specific activity after 
heat treatment. These results strongly suggest the presence of 
partially active, hexameric GDH in the E.coli cell-free extract, 
which upon heat treatment arranges into a fully active structure. 
Furthermore, the enzyme isolated from E.coli without heat 
treatment is not fully thermostable because it showed an almost 
complete loss of activity upon incubation at 105°C, while the 
heat-incubated enzyme showed a considerably longer half-life 
(almost 1 h) at this temperature. This implies that either the 
P.furiosus GDH is present in E.coli in two conformations, one 
fully thermostable and one less thermostable, or that the enzyme 
always assumes a partially active conformation which is lost 
during its purification from P.furiosus but maintained in the 
purification method applied to E.coli. At present, we cannot 
discriminate between these two possibilities. It was reported 
recently that the expression of the P.furiosus gdh gene as a 
transcriptional and translational fusion using the T7 system in 
E.coli resulted in -15% GDH of total cell protein. However, 
this overproduced P.furiosus GDH consisted of 50% inactive 
monomeric enzyme that assembled into hexamers upon heat 
incubation (Diruggiero and Robb, 1995). The correct hexameric 
subunit assembly in E.coli, which is reported here when the 
P.furiosus gdh gene is expressed under the control of the X / \ 
promoter, might be caused by the activity of E.coli heat-shock 
proteins that are induced upon incubation at 42°C. However, 
more trivial explanations may also account for the previously 
observed incorrect folding in E.coli because the P.furiosus gdh 
gene used in those studies was PCR amplified and may contain 
unforeseen mutations (Diruggiero and Robb, 1995). 

Exchanging parts of the polypeptide chain between homo
logous enzymes with different characteristics can be very 
useful in studying the role and localization of residues involved 
in achieving thermostability. The cloning and successful 
expression of the P.furiosus gdh gene allowed us to exchange 
domains between this GDH and GDH from any other organism 
to study the effects on its functionality and stability. The 
phylogenetically very distant mesophilic bacterium C.difficile 
was chosen to be the partner in the domain exchange. The 
gene fusion was located between two conserved glycine 
residues in the loop connecting the two domains, so as to 

disturb as little as possible the folding of the resulting hybrids 
in comparison with the parental enzymes. 

The activity of the C.difficile-P.furiosus hybrid GDH, con
taining the substrate binding domain I of C.difficile GDH and 
the cofactor binding domain II of P.furiosus GDH, could not 
be detected above the E.coli background, although it was 
clearly present in E.coli cell-free extract as judged by SDS-
PAGE and immunoblotting. Apparently, the correct folding 
and/or assembly into an active hexameric structure was 
impaired in this mutant. In contrast, the complementary 
P.furiosus-C.difficile hybrid, with the substrate binding domain 
I from P.furiosus GDH and the cofactor binding domain II 
of C.difficile GDH, showed significant GDH activity when 
produced in E.coli. According to gel permeation chromato
graphy, it had the same apparent molecular weight as P.furiosus 
GDH and C.difficile GDH, indicating a hexameric assembly 
similar to that of the parental enzymes. The P.furiosus-
Cdiffici/e hybrid enzyme is less efficient than both parental 
GDHs, as indicated by its kinetic parameters. Similar affinities 
for NAD and NADH for the hybrid and C.difficile GDH, and 
the inability to use the phosphorylated cofactor, indicate that 
binding of the cofactor is not altered in the hybrid that contains 
domain II from C.difficile GDH. This result agrees with the 
structures of the binary and tertiary complexes of C.symbiosum 
GDH, which show that the cofactor is almost exclusively 
bound by domain II (Baker et al., 1992; Stillman et ai, 1993). 
Moreover, this result indicates that the cofactor binding domain 

II of GDH is structurally independent of domain I with respect 
to the binding of the cofactor. A similar independent activity 
was observed with the cofactor binding domain of the glycer-
aldehyde-3-phosphate dehydrogenase from T.maritima which, 
after overproduction in E.coli, retained its capacity to bind 
NAD and NADH (Jecht et al., 1994). Both dehydrogenases 
show a similar domain arrangement, with the main difference 
being the orientation of the cofactor binding domain that 
is C-terminal in GDH and N-terminal in glyceraldehyde-3-
phosphate dehydrogenase. 

The low catalytic efficiency of the P.furiosus-C.difficile 
hybrid enzyme is very likely caused by less efficient substrate 
binding, as indicated by the higher Km values for L-glutamate 
and ot-ketoglutarate as well as ammonia compared with both 
parental enzymes. Interactions in the pocket on the surface of 
domain 1, where the substrate side chain is bound (Stillman 
et al., 1993), are not expected to be changed significantly 
because they are solely made by residues from domain I and 
the hybrid is even more specific towards substrate analogs 
than P.furiosus GDH. It is possible that the interdomain 
interactions involved in positioning the two domains in the 
correct orientation with respect to each other (and thus the 
positioning of substrate and cofactor) are less efficient in the 
hybrid, although preliminary modeling studies indicated that 
these interactions are considerably conserved in C.difficile and 
P.furiosus GDH. 

The C.difficile-P.furiosus hybrid GDH shows a thermo-
activity that is only slightly higher than that of the mesophilic 
parental enzyme. Apparently, the presence of a domain from 
a hyperthermostable enzyme does not significantly enhance 
the temperature at which the enzyme becomes susceptible 
towards thermal inactivation during catalysis, and thermo-
activity might be determined by the weakest or more flexible 
part of the protein. It may be envisaged that the mesophilic 
domain reaches its maximum flexibility at the temperature 
optimum and starts unfolding, while the thermostable domain 
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is still too rigid to be able to bind and release substrates 
efficiently, explaining the low catalytic efficiency of the hybrid. 
Although the thermoactivity of the hybrid is relatively low, it is 
more stable towards chemical denaturation than its mesophilic 
parental enzyme, most likely because of the presence of the 
P.furiosus glutamate binding domain. The apparent two-state 
cooperative transition profile, obtained by fluorescence emis
sion and ellipticity measurements of GdmCl-denatured hybrid 
GDH, is the same as for C.difficile GDH. Although kinetic 
parameters suggest that both domains are structurally indepen
dent and may be able to fold independently, the hybrid unfolds 
without any detectable preliminary loss of secondary structure 
of the C.difficile cofactor binding domain. 

The effect of domain exchange on thermostability is 
dramatic. Instead of obtaining a hybrid displaying a thermo
stability in between those of the parental enzymes, as found 
in the case of chemical stability, the hybrid is even less 
thermostable than C.difficile GDH. Enzymes from (hyper)-
thermophilic organisms are usually characterized by a high 
stability towards physical and chemical denaturation (Fontana, 
1991). In the case of the hybrid, the increased stability towards 
GdmCl with respect to C.difficile GDH is not accompanied by 
a corresponding increase in thermostability. It should be noted 
that domain I of the hybrid does not consist completely of 
P.furiosus residues; the C-terminal a-helix 17 (numbering as 
in C.symbiosum GDH; Baker et al., 1992) crosses over from 
domain II and is composed of C.difficile residues. Preliminary 
modeling studies indicate that the efficient packing of this 
a-helix against the P.furiosus domain is impaired because the 
possibility of forming hydrogen bridges is reduced and several 
residues will cause steric hindrance. The importance of a 
C-terminal a-helix for thermostability has been shown 
previously with the glyceraldehyde-3-phosphate dehydro
genase because its removal led to a dramatic decrease in the 
thermostability of the M.fervidus enzyme (Biro et al., 1990). 
Furthermore, the packing of this C-terminal helix in GDH 
may also have effects on thermoactivity and catalytic efficiency 
because it is involved in orientating the two domains with 
respect to each other. The construction of hybrid GDHs with 
an additional exchange of this a-helix is in progress to allow 
us to study the possibility of obtaining more efficient and 
thermostable enzymes. 

In conclusion, we have demonstrated that it is possible to 
successfully exchange parts of homologous proteins from 
micro-organisms that are phylogenetically very distant and 
belong to the archaea and bacteria. Furthermore, it has been 
shown that thermoactivity and thermostability are not neces
sarily linked to chemical stability and may be engineered 
independently, offering the possibility of constructing enzymes 
that are optimally active at low temperatures while retaining 
an extreme chemical stability. 
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The recent structure determination of glutamate dehydrogenase from the hyperthermophile Pyrococ
cus furiosus and the comparison of this structure with its counterparts from the mesophiles Clostridium 
symbiosum and Escherichia coli has highlighted the formation of extended networks of ion-pairs as a 
possible explanation for the superior thermal stability of the hyperthermostable enzyme. In the light of 
this, we have carried out a homology-based modelling study using sequences of a range of glutamate 
dehydrogenases drawn from species which span a wide spectrum of optimal growth temperatures. We 
have attempted to analyse the extent of the formation of ion-pair networks in these different enzymes 
and tried to correlate this with the observed thermal stability. The results of this analysis indicate that the 
ion-pair networks become more fragmented as the temperature stability of the enzyme decreases and are 
consistent with a role for the involvement of such networks in the adaptation of enzymes to extreme 
temperatures. 

Keywords: glutamate dehydrogenase; thermal stability; homology modeling; ion-pair network; Archaea. 

A proper understanding of the molecular basis of thermal 
stability in proteins could have important consequences for their 
application in a range of biotechnological processes. For exam
ple, the availability of enzymes with the appropriate specificity 
and capable of surviving for long periods at extreme temper
atures could lead to the creation of novel applications of en
zyme-based technology in industries such as those involved in 
the processing of paper, pulp or fibres [ 1 - 2 ] . The opportunities 
afforded by such applications have generated significant interest 
in the field and a large number of studies have been undertaken 
to unravel the molecular mechanisms involved in generating 
thermostable enzymes. Recently, increasing attention has been 
focused on proteins from Archaea, a phylogenetically distinct 
evolutionary kingdom that includes many extremophilic micro
organisms and whose study has expanded our horizons on the 
limits of biodiversity [3| . This genus includes hyperthermophiles 
that thrive at temperatures above the boiling point of water and 
studies on proteins from such organisms, which are necessarily 
more thermostable, are expected to provide clues to understand
ing the molecular basis of thermal stability. The crystallographic 
analysis of a number of proteins from hyperthermophiles to mes-
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Molecular Biology and Biotechnology. University of Sheffield. Shef
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Abbreviations. GluDH. glutamate dehydrogenase; Cs. Clostridium 

symbiosum: Pf. Pyrococcus furiosus; Pe. Pyrococcus endeavori; Tl. 
Thermococcus litoralis; Ss. Sulfolobus solfataricus: Tm. Tlwrmt)toi>a 
maritime; Cd. Clostridium difficile: Pa. Peptostreptococeus asaccharo-
lyticus: Nc. Neurospora erassa: Ec. Escherichia coli. 

En:yme. Glutamate dchvdrogenase (EC 1.4.1.2-4). 

ophiles has permitted direct structural comparisons, homology-
based modelling studies and site-directed mutagenesis to be un
dertaken, combining sequence data on extremophilic enzymes 
with structural data from their mesophilic counterparts. How
ever, to date, these analyses have not produced a consistent pic
ture on the origins of thermal stability and suggestions put for
ward to explain enhanced stability properties of proteins have 
included decreased flexibility of the protein [4—5] arising from 
changes in interactions such as the increase in the number of 
ion-pairs [ 6 - 9 ] , an increase in packing density [10], a decrease 
in the degree of cavity formation [11-12] , a decrease in the 
sizes of loops linking secondary-structure elements [11], an 
increase in alanine residues located at the termini of surface a 
helices [13], a reduction in exposed surface area [14], an 
increase in proline content [ 15 -16 ] , an increase in the number 
of disulphide bonds [17] and an increase in hydrophobic interac
tions at subunit interfaces [18—20], 

Equally, a number of lines of evidence have been used to 
discount the importance of some of these factors. For example, 
the replacement by mutagenesis of three charged residues which 
form part of a small ion-pair network in the Arc repressor by 
three hydrophobic residues resulted in an increase in stability 
[21]. Furthermore, the comparative structural analysis of the 
neutral protease from Bacillus cereus and the thermostable en
zyme thermolysin failed to reveal a dramatic increase in the 
number of ion-pairs, suggesting that this type of interaction is 
of little importance in generating stability [22], One possible 
explanation for discrepancies in the relative importance of indi
vidual factors to stability in different proteins could be that ther
mal stability arises from a combination of different molecular 
interactions that are differentially weighted on a case by case 
basis. However, since the context in which a particular type of 
interaction occurs is of profound importance in determining the 
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contribution it might make to stability, it is often hard to assess 
the subtle influence of small structural changes [23]. 

Glutamate dehydrogenase (GluDH) is one of the most abun
dant proteins in many Archaea and the extensive biochemical 
literature on mesophilic GluDHs [24] has led to its adoption as 
a model system for the analysis of thermal stability and to the 
sequencing of this enzyme from a range of species which span 
a wide spectrum of thermal stability [25]. Analysis of the se
quences of these enzymes shows that they are all closely related 
(Table 1). The GluDH isolated from Pyrococcus furiosus (Pf), 
an organism that grows at temperatures up to 103 °C [26] lies at 
one extreme of temperature stability with a half-life at 100°C of 
12 h [27]. In contrast, the GluDH from Clostridium symbiosum 
(Cs) is much less stable losing 56% of its activity following 
incubation for 23 min at 52 °C [28]. The analysis of the structure 
of Pf GluDH has shown that the hyperthermostable enzyme con
tains a striking series of ion-pair networks on the surface of the 
protein subunits and partially buried at inter-subunit and inter-
domain interfaces, not found in the equivalent mesophilic en
zymes [ 29 -30] . In a attempt to examine the variation in the 
extent of the ion-pair networks across the family of GluDHs we 
have carried out an homology-based modelling study using the 
available structures of both the mesophilic (Cs and Ec) and hy
perthermostable (Pf) GluDHs as a guide. Here we report the 
correlation of the extent of ion-pair formation across the GluDH 
family with the enzyme thermal stability and discuss the impli
cations of this for a general understanding of this phenomenon. 

MATERIALS AND METHODS 

Sequence alignment and stability ranking. Ten hexameric 
GluDHs from species which span the temperature spectrum from 
mesophiles to hyperthermophiles were approximately ranked in 
terms of their thermal stability using a combination of data 
drawn from studies on the melting temperatures, the residual 
activity after incubation of the enzyme for a fixed period at dif
ferent temperatures and the maximal growth temperature of the 
organism [Clostridium symbiosum (Cs) GluDH [28], Escheri
chia coli (Ec) GluDH [31], Neurospora crassa (Nc) [32], Clos
tridium difficile (Cd) [33, 34], Peptostreptococcus asaccharolyti-
cus (Pa); Pasquo, A., Consalvi, V. and Scandurra, R., unpub
lished results, Thermotoga maritima (Tm) GluDH [35], Sulfolo-
bus solfataricus (Ss) GluDH [36], Thermococcus litoralis (Tl) 
GluDH [37], Pyrococcus endeavori (Pe also known as ES4) 
GluDH [38] and Pyrococcus furiosus (Pf) GluDH [39]]. Their 
amino acid sequences were aligned against one another by visual 
inspection (Fig. 1), maximising the high level of sequence simi
larity seen across the family of enzymes (Table 1) and using the 
three-dimensional structures of the C. symbiosum (Cs) [40], E. 
coli (Ec) [ 30 -31] , N. crassa (Nc) (Stillman, T. J., unpublished 
results) and P. furiosus (Pf) [29] enzymes as a further guide. 
Throughout this report the Pf GluDH sequence numbering is 
used to identify equivalent residues in the other GluDH se
quences unless otherwise stated. 

Homology modelling. The fold of the structures of Cs and 
Pf GluDH, enzymes which lie towards the extreme ends of the 

temperature-stability spectrum considered here, are very similar. 
In each subunit the polypeptide chain is folded into two domains 
separated by a deep cleft. The N-terminal portion of the chain 
(Fig. 2) folds to form domain I which contains most of the resi
dues responsible for forming interactions across the subunit in
terfaces of the hexamer. Domain II contains the binding site for 
the NAD(P)+ moiety and is formed from residues at the C-termi-
nal end of the polypeptide chain (Fig. 2). There are two signifi
cant regions of difference in both sequence and structure be
tween these two enzymes. The first of these occurs at the N-
terminus, where the poor sequence similarity and difference in 
length between the enzymes corresponds to structural differ
ences in a small helical subdomain which forms part of domain 
I. The second difference lies in domain II and arises from struc
tural changes associated with a region close to the adenine-ri-
bose-binding site (residues 251 -290 in the Pf enzyme). The 
structural differences in the latter region are thought to be in
volved in the different nucleotide specificity exhibited by mem
bers of this family [29] which range from the strict NAD+ - or 
NADP+-dependence of some of the bacterial GluDHs (for ex
ample, the NAD+-dependent GluDH from Cs [41], or the 
NADP+-dependent GluDH from Ec [42] to dual specificity of 
some of the vertebrate or archaeal enzymes (for example, the 
dual specificity GluDHs from Pf [27] and bovine liver [43]). 
With the exception of the above regions, the structural equiva
lence of the residues in the four structures is good and, using 
one or other of the structures the sequences of the proteins which 
possess intermediate temperature stability, can be modelled with 
confidence. 

RESULTS AND DISCUSSION 

Analysis of residue composition in regions of high charge 
density. The extensive nature of the ion-pair networks in Pf 
GluDH arise from interactions in the assembled enzyme of a 
patch on the subunit surface that contains a high proportion of 
charged residues (Fig. 3 a). In particular, the most extensive net
works arise from association of residues from the enzyme's N-
terminal domains. This interaction gives rise to the formation of 
three unique ion-pair networks including the two largest ones 
[cluster 1 (18 residues) and cluster 2 (6 residues)] and also a 
smaller cluster of three residues (cluster 1A) that lies close to 
cluster 1. This extensive patch involves 25 residues, 17 of which 
are charged (Arg35, Glu44, Asp46, Arg l l7 , Glul20, Argl21, 
Argl24, Argl28, Aspl32, Glul38, Aspl57, Glul58, Glul60, 
Argl64, Argl65, Lysl66 and Arg414), and which arise (primar
ily) from segments of the polypeptide chain including ct4, a5, 
/fo, /to, K14, /te and the loop between a5 and /?f (Fig. 2). Overall, 
the solvent-accessible area of the monomer covered by the 25 
residues in these two patches of high charge density is approxi
mately 2100 A2. 

Cluster 1 is the most extensive ion-pair network in Pf GluDH 
and involves the interaction of 18 charged residues. It is formed 
by the interaction of residues from four monomers across the 
twofold axis relating dimers in the hexameric enzyme with 16 
of the 18 charged residues belonging to one or other of the 

Fig. 1. Alignment of representative sequences for GluDH from species that cover a broad spectrum of growth temperatures. The enzymes 
chosen cover a number of mesophilic, thermophilic and hyperthermophilic organisms. The residue numbering quoted at the top and bottom of the 
sequence alignment is for the Cs and Pf GluDHs, respectively. Positions of insertion and deletion are indicated as a dash. The 24 residues which 
form the patch of high charge density in the Pf enzyme and which can be equivalenced across the entire enzyme family are highlighted in black 
boxes. References for the GluDH sequences given are: Clostridium symbiosum (Cs) [45]; Escherichia coli (Ec) [31J; Neurospora crassa (Nc) [46]; 
Clostridium difficile (Cd) [47]; Peptostreptococcus asaccharolyticus (Pa) [48]; Thermotoga maritima (Tm) [35]; Sulfolobus solfataricus (Ss) [36]; 
Thermococcus litoralis (Tl) [37], Pyrococcus endeavori (Pe) [38]; Pyrococcus furiosus (Pf) [49]. 
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Chapter 4 

Table 1. The percentage sequence identity of 9 GluDH species when 
compared with the Pf enzyme. Calculated in a pair-wise manner be
tween the equivalent regions of the Pf GluDH sequence and that of the 
other enzymes. 

GluDH species 

P. furioms 
P. endeavori 
T. litoralis 
S. solfataricus 
T. maritima 
P. asaccharolyticus 
C. difficile 
N. crassa 
E. coli 
C. symbiosum 

Sequence 
identity 

% 
100 
97 
87 
44 
55 
47 
52 
33 
30 
33 

Melting 
temperature 

°C 

114.5 
113 
109 
n.d. 
93 

n.d. 
n.d. 
n.d. 
n.d. 
55 

Half-life 

4.8 h 
3.5 h 
0.3 h 
15 h 
105 min 
50 min 
5.1 h 
170 min 
n.d. 
20 min 

104°C 
105°C 
104°C 
80 °C 
85 °C 
78 °C 
65 °C 
59 °C 

52 °C 

patches in the different subunits (Fig. 3 c). The interactions be
tween charged residues from this patch on three different sub-
units forms a further six-residue cluster (cluster 2) and two of 
these clusters lie close to cluster 1. Additionally a smaller cluster 
of three residues (cluster 1 A) which lie close to cluster 1 is also 
formed by residues from this patch. Overall, the interaction of 
these patches contributes to a region of the structure which is 
dominated by the presence of interacting charged residues and 
which involves 52 residues of which 16 are uncharged and 36 
are charged and which are responsible for the formation of 32 
ion-pairs. Since this interaction occurs across a twofold axis 

there are necessarily 26 residues that are unique to a single sub-
unit. In total, of the 36 charged residues in these clusters (one 
of cluster 1, two cluster 1A and two cluster 2), 34 arise from 
the patch on the subunit surface that is rich in charged residues. 

Viewed down the twofold axis, the ion-pair network involv
ing the three-residue cluster (cluster 1A), lies close to and above 
the 18-residue network, whilst the six-residue cluster lies to one 
side. Two six-residue clusters lie close to each other, across the 
twofold axis, between dimers, and three of these pairs almost 
connect the three 18-residues clusters which occur around the 
threefold axis (Fig. 3d). This arrangement results in the forma
tion of an almost seamless belt of ion-pair interactions embrac
ing all six subunits (Fig. 3 b). 

A comparison of the structures of Cs and Pf GluDH over the 
region of high charge density reveals that the two enzymes are 
very closely related. The only exception is the small change in 
the fold of the loop between a5 and /9f which is subtly modified 
due to an insertion in the Pf enzyme at residue 167. Hence due 
to the effect of this minor structural change, Lysl66 which forms 
part of cluster 2, has been omitted in the analysis. Overall there
fore, 24 unique residues which form the patch that gives rise to 
the ion-pair networks can be unambiguously equivalenced be
tween the Cs and Pf enzymes and the a carbon atoms of these 
residues can be superimposed with an rms error of 0.84 A, high
lighting their structural similarity. Examination of the sequence 
alignment presented in Fig. 1 shows that the sequences at these 
24 positions are such that the structures of the Cs and Pf en
zymes can be regarded as representative for the entire enzyme 
family. Thus, it is straightforward to analyse the variation in 
the residue distribution in this area across those enzymes with 
intermediate thermal stability whose structures are not yet avail
able. 

Fig. 2. Schematic representation of the secondary structure of the monomer of Pf GluDH with strands (a-m) and helices (1-14) marked. 
Domain I which is formed largely from residues from the N-terminal portion of the polypeptide chain and is uppermost in this figure whilst domain 
II is at the bottom. This figure was prepared using the MOLSCRIPT program [50]. 
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Fig. 3. Schematic views of the molecular surfaces involved in ion-pair interactions of Pf GluDH. (a) A molecular surface diagram of a Pf 
GluDH monomer drawn in white (GRASP [51]) which highlights the patch of high charge density (orange) which in the assembled hexamer gives 
rise to the extensive ion-pair networks, (b) A molecular surface diagram of a Pf GluDH trimer viewed down the threefold axis showing the interface 
that is involved in trimer-trimer interaction in the hexamer. The surfaces associated with the charged residues in clusters 1 and 1A are shown in 
red and those involved in cluster 2, in pink (drawn using the GRASP program [51]). (c) A schematic diagram showing four subunits of Pf GluDH 
in a ribbon representation viewed down the twofold axis between dimers. The subunits are shown in different colours and the side chains of the 
residues which contribute to the ion-pair networks cluster 1 and 1A are indicated in all atom representations in red. Surrounding cluster 1 are four 
sets of cluster 2 with their charged side chains shown in pink (MIDAS program [52]). (d) A similar representation of the Pf GluDH viewed down 
the twofold axis relating two monomers drawn in the style of (c). Again two cluster 2 networks are shown in pink, and at either side, two cluster 
1 and cluster 1A networks are shown in red. 

In Table 2 we summarise the characteristics of the residues 
which are found in the patch of high charge density across the 
various GluDH species which span a wide spectrum of growth 
temperatures. Specifically, since ion-pairs necessarily involve 
the interaction of residues of opposite charge, we have analysed 
the number of balanced charges, rather than the total number of 
charged residues across these GluDHs that comprise these re
gions against the difference in enzyme stability. Whilst in the 
absence of structures for each of these enzymes, we cannot be 
certain that the change in the number of balanced charges neces
sarily equates to the change in the number of ion pairs, we as
sume that the analysis provides at least a guideline as to how 
many ion-pairs might be formed. The number of balanced 
charges in this area is plotted against the rank-ordered temper
ature stability in Fig. 4. Examination of this figure clearly shows 
that the hyperthermostable enzymes contain significantly more 
balanced charges than their mesophilic equivalents with the en
zymes which possess an intermediate stability occupying posi
tions between the two extremes. If the assumption that the 

number of balanced charges is in some way related to the forma
tion of ion-pairs is realistic, then this analysis reveals a possible 
correlation between ion-pairs and enzyme stability. The decrease 
in the number of balanced charges observed in passing from the 
hyperthermostable enzymes to the GluDHs from the mesophilic 
organisms is accompanied by a corresponding increase in both 
hydrophobic and polar residues. Furthermore, we also note that 
the number of glycines in the patch increases in the mesophilic 
enzymes. This is consistent with earlier analyses of preferential 
substitutions in thermophilic proteins involving the replacement 
of glycine [7, 44]. 

Detailed comparison of the major ion-pair clusters across 
the enzyme family. Analysis of clusters 1 and 1A. A schematic 
diagram which illustrates the spatial arrangement of the complex 
ion-pair interactions in cluster 1 [and its associated smaller clus
ter of three residues in cluster 1A (Asp46, Argl21 (subunit A#), 
Glu44 (subunit A)] is presented in Fig. 5 a [Note, subunits iden
tified with the same suffix are related by threefold symmetry 
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Table 2. Variation of residue composition with species for the patch of high charge density in Pf GluDH. The distribution of residue types in 
the GluDH from each of the ten different species that comprise the 24 unique residues which are responsible for the formation of the patch of high 
charge density in the Pf enzyme and have counterparts across all the GluDHs. The actual numbers of ion-pairs formed between these residues in 
the three-dimer sional structures of Cs, Ec, Nc and Pf GluDHs have been determined following X-ray analyses and are included in the penultimate 
column of the table. The analysis of the patch across the members of the GluDH family excludes residue K166 due to small structural differences 
between the enzymes. Data are arranged in decreasing order of temperature stability with the most stable enzymes at the top. 

GluDH 
species 

Pf 
Pe 
Tl 
Ss 
Tm 
Pa 
Cd 
Nc 
Ec 
Cs 

No 
( + 

8 
8 
8 
8 
6 
8 
7 
8 
5 
6 

of 
residues 

No 

(-) 

8 
8 
7 
5 
3 
6 
6 
3 
2 
3 

of 
residues 

No. of polar 
residues 

5 
6 
7 
8 

11 
6 
6 
8 

10 
7 

No of 
hydrophobic 
residues 

3 
2 
2 
3 
4 
4 
4 
4 
5 
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No of 
glycines 

-
-
-
-
-
-
1 
1 
2 
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No. of 
balanced 
changes 

8 
8 
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5 
3 
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6 
3 
2 
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No 
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of unique 
pairs within 

defined region 

14 
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-
-
-
-
3 
1 
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Balanced Charge Density vs Thermal Stability 
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Thermal Stability Ranking 

Fig. 4. A box chart to represent the correlation between the balanced charge density against increasing thermal stability ranking of the 
GluDHs from different species. Balanced Charge Density = in' + H~)-|H~—n~\/Nlfml where tr and n are the numbers of positively and 
negatively charged residues respectively in the two patches of high charge density and NU1I is the overall number of unique residues in the patches. 

(e.g. A, B and C or A#, B# and C#) whereas those bearing a 
different suffix (e.g. A and A#) are related by twofold symme
try]. Cluster 1 involves the formation of ion pairs between the 
side chains of Glul60, Aspl57, Argl24, Arg l l7 . Glul20, 
Glul58, Argl28 (subunit A), Lys418 and Arg414 (subunit B) 
and their twofold related partners. In the global analysis con

ducted above we have considered all three positions of cluster 
1A and sequence changes at 17 of the 18 positions within cluster 
1 (Lys418 was omitted since it lies beyond the boundary of the 
patch). Amongst the most thermostable GluDHs from Thermo-
coccus litomlis (Tl) [37] and Pyrococcus endeavori (Pe) 
(Baross, J. A., personal communication), all the residues which 
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Giul60A 

Arg414B 

Aspl57A 

Argl24A 

ClulSSA 

Argl28A# 

Lys418B# Glul20A# -

Arg i l7 A# 

Arg i l 7A 

GluUOA — 

Argl28A 

- Glul58A# 

- Argl24A# 

Aspl57A# 

Arg414B# 

Glul60A# 

Argl60A 

Glyl57A Argi l 7A 

Lys418B Glnl24A Metl20A 

Gin 158A Tbrl28A 

Thrl28A# Glnl58A# 

Metl20A# 

Argi l 7A# 

Glnl24A# 

Glyl57A# 

Gin414B# 

Argl60A# 

Fig. 5. Residues involved in the 18 residue ion-pair ne twork in Pf G luDH and equivalents in the Cs enzyme, (a) A schematic representation 
showing the ion-pair interactions which contribute to the 18-residue ion-pair cluster in the Pf GluDH (cluster 1 and 1A). The twofold axis relating 
the dimer AB# to the dimer BA# is indicated by a diad ( I) . Ion-pair partners are shown by dashed lines. The backbone of the polypeptide chain is 
shown as a grey ribbon and the approximate side-chain positions are indicated in black. The uncharged residues in this region are also marked. The 
diagram was prepared using MOLSCRIPT [50]. (b) An illustration of the ion-pair interactions in cluster 1 in Pf GluDH (left) and of the equivalent 
residues in Cs GluDH (right). The sequence changes between the GluDH from these two species result in the total breakdown of this network in 
the mesophilic enzyme. All ionic interactions are indicated as solid lines and those that are lost are depicted as dashed lines. In the Pf enzyme 
cluster 1 also includes K418 which has been omitted from this analysis as it lies beyond the edge of the patch. 
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Argl64B Aspl32C# Arg35C Glul38C Lysl66B 

I 
Argl65B 

Argl64B Aspl32C# Arg35C Thrl38C Argl65B 

NC 

Asnl64B Lysl32C# Arg35C Thrl38C Argl65B 

Glyl64B Lysl32C# Arg35C Lysl65B Glyl64B Argl32C# • Arg3SC Glyl65B 

Fig. 6. The six residue ion-pair ne twork in Pf G luDH and equivalents in the less thermostable counterpar t s , (a) A schematic representation 
drawn in the same style as Fig. 5 a to show the ion-pair network cluster 2 which comprises six residues. The twofold axis relating a CC# dimer is 
indicated by a diad. Potential ion-pair interactions are indicated by dashed lines. Again uncharged residues in this region are displayed, together 
with R124, and R128 from cluster 1 to illustrate the relative position of cluster 2 to cluster 1 at the periphery, (b) An illustration of the ion-pair 
interactions in cluster 2 in Pf GluDH and the equivalent residues in Tl. Ss, Nc, and Cs GluDHs. The partial and complete fragmentation of this 
cluster as the temperature stability of the enzyme falls can be seen. K166 which forms part of cluster 2 in the Pf enzyme has been omitted from 
the analysis due to minor structural differences in some of the GluDHs. 

par t ic ipa te in bo th c lus ter 1 and c lus ter 1A in the Pf e n z y m e 

are conse rved and the fo rmat ion of an ident ica l set of ion-pair 

in te rac t ions can conf ident ly b e p red ic ted . 

However , m o v i n g d o w n t he t empe ra tu r e s p ec t r um t owards 

the less t he rmos tab le e n zyme s , it is c lear that this n e twork co l 

lapses . For e x amp l e , in Sulfolobus solfataricus (Ss) G l u D H , se

quence c hanges inc lude the r ep l a cemen t of A r g l 2 8 by g luta-

mine . Th i s res idue is s i tuated at t he cen t re of c lus ter 1 fo rming 

an i on-pa i r h and shake wi th bo th s ymmet ry - r e l a t ed c a rboxy l side 

cha ins of G l u l 5 8 across the twofo ld ax is and therefore the sub-
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Table 3. Closest approach distance between atoms bearing formal 
charge and involved in ion-pairs in the structures of Pf and Cs 
GluDH. 

Closest approach 
distance 

Number of such ion-pairs in GluDH from 

Cs Pf 

£2.5 
>2.5 £3.0 
>3.0 £3.5 
>3.5 £4.0 

2 
21 
3 
0 

4 
25 
9 
7 

stitution leads to the loss of multiple ion-pair interactions. Fur
ther sequence changes are also found at the periphery of cluster 
1 with the replacement of Arg i l7 and Glul60 and the deletion 
of Lys418. As a result of these sequence changes, of the six 
triple ion pairs formed by residues in cluster 1 in the Pf enzyme, 
only two (involving the symmetry-related interactions of 
Argl24) appear to be conserved and thus, of this once extensive 
18-residue network, only two, five-residue networks are likely 
to be found in Ss GluDH. Furthermore, if we move lower down 
the temperature spectrum to the less thermostable GluDHs then 
the complete collapse of the network of ion-pairs in cluster 1 is 
apparent. For example structural data on both Cs (Fig. 5 b) [40], 
Ec GluDHs (Stillman, T. J., unpublished results), and Nc GluDH 
(Stillman et al., unpublished results) confirm the absence of ion-
pair networks in this region (Table 3). The smaller ion-pair clus
ter (1 A) involving Asp46 and Argl21 from subunit A and Glu44 
from a twofold related subunit appears to be more strongly (al
though not completely) retained across the enzyme family. The 
possible functional significance of this is not currently under
stood. 

Analysis of cluster 2. This is the second largest ion-pair net
work in the Pf enzyme and involves six residues with the forma
tion of ion pairs between the side chains of Argl64, Argl65 and 
Lysl66 from subunit B, Arg35 and Glul38 from subunit C and 
Aspl32 from subunit C# (Fig. 6a). 

In the modelling study we were only able to consider se
quence changes at five of the six positions within cluster 2 
(Lysl66 was omitted on account of the small structural differ
ences close to this position found in some members of the en
zyme family). However, amongst the most stable GluDHs (Pf, 
Pe, Tl), the sequence alignment is such that changes at all six 
positions can be analysed. This analysis showed that all six posi
tions are conserved in the two more stable Pf and Pe GluDHs. 
However, in Tl GluDH, the least stable enzyme of the three 
(though still an enzyme of considerable thermal stability with a 
half-life of 2 h at 98°C [37]), Glul38, which lies at the centre 
of this cluster forming a triple ion-pair to Arg35, Argl65 and 
Lysl66, is replaced by threonine. This substitution would re
move this potentially key glutamate and reduce the network to 
one of only three residues. Further analysis of the remaining five 
positions of cluster 2 for the enzymes of both intermediate and 
low thermal stability would appear to indicate that the entire 
network is lost. This is illustrated in Fig. 6b where the complete 
absence of complementary charged side chains at equivalent po
sitions can be seen in the structure of the mesophilic Cs and Nc 
enzymes and in the moderately thermostable GluDH from Ss. 

Ion-pairing in hyperthermophiles. The dramatic nature of the 
extensive ion-pair networks in Pf GluDH was an unexpected 
feature of the structure and the absence of such networks in the 
comparable mesophilic enzymes led to the suggestion that they 

play a key role in the superior thermal properties of the hyper-
thermostable enzyme [29]. At present, three-dimensional struc
tures are only available for enzymes which represent the ex
tremes of stability and thus it is not possible to compare directly 
the degree of ion-pair formation across the family and correlate 
it with thermal stability. However, the similarity in the structures 
of these enzymes that can confidently be predicted from the se
quence similarity has allowed us to carry out a modelling exer
cise to try to predict how these networks vary across the enzyme 
family. One problem associated with such an approach is that 
the side chains of the charged residues, particularly arginine and 
lysine, are inherently very flexible. Hence, it is difficult to model 
with confidence the exact position of the charged portion of the 
side chain and therefore the determination of the exact number 
of ion-pairs is problematic. Nevertheless, in the case of the Pf 
enzyme, the formation of extensive ion-pair networks is a natu
ral consequence of the high concentration of basic and acidic 
residues on adjacent regions of the enzyme to such an extent 
that the formation of networks is almost unavoidable. Therefore, 
in the first instance, we have tried to form an assessment of the 
number of ion pairs formed across the family by examining the 
variation in the fraction of charged residues which comprise the 
two patches which give rise to the ion-pair clusters. 

The study appears to provide supporting evidence of possible 
correlations between the extent and character of ion-pair clusters 
in the members of the GluDH family with their relative thermal 
stabilities. Overall, not only does the net number of ion-pairs 
appear to decrease between the hyperthermostable enzymes and 
the enzymes from mesophilic organisms, but the larger clusters 
seem to disappear rapidly as enzyme thermal stability falls be
low 100°C with the networks becoming less extensive and more 
fragmented. The apparent absence of the larger, more intricate 
networks of ion pairs in enzymes operating at temperatures be
low 100°C might well indicate that the multiple ion-pair interac
tions are critical only in the proteins of those organisms that 
function at the highest temperatures. However, if the formation 
of such networks is responsible for high temperature stability of 
proteins, it still remains to be established whether this is the only 
mechanism by which such stability may be generated or only 
one of a number of distinct molecular solutions that Nature has 
utilised to solve the problem of surviving such harsh conditions. 

Clearly, further three-dimensional structural information on 
the family of GluDHs will permit a more detailed analysis of 
the changes to the ion-pair clusters to be made and enhance 
our understanding of the molecular basis of thermal stability. 
However, in the meantime, the analysis already highlights a key 
area of the structure of this enzyme that may be important in 
stability and pinpoints a number of sequence changes whose 
roles in generating stability at high temperatures can be tested 
by site-directed mutagenesis. In the future such work will allow 
this proposal to be tested in detail. 
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Comparison of the recently determined three-dimensional structures of 
several glutamate dehydrogenases allowed for the identification of a five-
residue ion-pair network in the hinge region of Pyrococcus furiosus gluta
mate dehydrogenase (melting temperature 113°C), that is not present in 
the homologous glutamate dehydrogenase from Thermotoga maritima 
(melting temperature 93°C). In order to study the role of this ion-pair net
work, we introduced it into the T. maritima enzyme using a site-directed 
mutagenesis approach. The resulting T. maritima glutamate dehydrogen
ases N97D, G376 K and N97D/G376 K as well as the wild-type enzyme 
were overproduced in Escherichia coli and subsequently purified. Elucida
tion of the three-dimensional structure of the double mutant N97D/ 
G376 K at 3.0 A, showed that the designed ion-pair interactions were 
indeed formed. Moreover, because of interactions with an additional 
charged residue, a six-residue network is present in this double mutant. 
Melting temperatures of the mutant enzymes N97D, G376 K and N97D/ 
G376 K, as determined by differential scanning calorimetry, did not differ 
significantly from that of the wild-type enzyme. Identical transition mid
points in guanidinium chloride-induced denaturation experiments were 
found for the wild-type and all mutant enzymes. Thermal inactivation at 
85 C occured more than twofold faster for all mutant enzymes than for 
the wild-type glutamate dehydrogenase. At temperatures of 65 C and 
higher, the wild-type and the three mutant enzymes showed identical 
specific activities. However, at 58 C the specific activity of N97D/G376 K 
and G376 K was found to be significantly higher than that of the wild-
type and N97D enzymes. These results suggest that the engineered ion-
pair interactions in the hinge region do not affect the stability towards 
temperature or guanidinium chloride-induced denaturation but rather 
affect the specific activity of the enzyme and the temperature at which it 
functions optimally. 

( 1998 Academic Press 

Keywords: glutamate dehydrogenase; thermostability; hinge ion-pair 
networks; Pyrococcus furiosus; Thermotoga maritima 

Introduction 

During recent years an increasing amount of 
genetic, biochemical and structural data have 
become available of enzymes isolated from 
hyperthermophilic Bacteria and Archaea. This has 
allowed for an extensive comparison with data 
obtained from moderate thermophiles, mesophiles 

Abbreviations used: GDH, glutciiruite dehydrogenas 

and psychrophiles, in order to determine the mol
ecular basis for adaptations to high temperatures. 
In many cases the involvement of charged residues 
has been proposed, including optimized electro
static interactions (Spassov & Atanasov, 1994; 
Spassov et al., 1995), increased numbers of ion-
pairs (Korndorfer et al., 1995; Hennig et al., 1997), 
and extensive ion-pair networks (Yip et al., 1995; 
Hennig et al., 1995; Knapp <'f al., 1997; Russell et al., 
1997). Several studies involving single, surface-
located salt bridges in T4 lysozyme have shown 
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that their contribution to the stability of the protein 
is only marginal (0.1 to 0.25 kcal/mol) because the 
gain in free energy of folding is about equal to the 
entropic cost of dehydration and the reduction of 
the conformational freedom (Dao-pin et ah, 1991; 
Horovitz et ah, 1990). However, theoretical con
siderations indicate that extensive networks may 
play an important role in maintaining enzyme 
stability or function at extreme temperatures. First, 
each extra ion-pair added to the network requires 
the desolvation and localization of only a single 
residue. In addition, networks are often located in 
cavities and at interfaces where their conformation
al freedom is already restricted. As a consequence, 
part of the entropic cost has already been provided 
during the folding of the protein. Finally, 
hydration effects play a minor role at high tem
peratures and the dielectric constant decreases 
with temperature, resulting in an increased electro
static energy upon formation of a salt bridge. 

Studies on the functionality of electrostatic inter
actions in hyperthermostable enzymes are limited 
to the deletion of either isolated ion-pairs or the 
disruption of small ion-pair networks in Thermoto-
ga maritima glyceraldehyde-3-phosphate dehydro
genase (Tomschy et ah, 1994; Pappenberger et ah, 
1997). Removal of the side-chain from the central 
arginine in a four-residue network resulted in fas
ter thermal denaturation of the mutant, suggesting 
that ion-pair interactions do indeed contribute to 
the stability of the enzyme (Pappenberger et ah, 
1997). The question remains, however, if stability 
in systems like this would be affected if only the 
ionic interaction was removed, without introdu
cing cavities. Here we have taken the complemen
tary approach by introducing an ion-pair network 
that is present in a thermostable model enzyme, 
into a less thermostable counterpart. Apart from 
studying the effects on stability, the effects on cata
lytic efficiency and temperature optimum were 
investigated as well. These characteristics all have 
to be adapted to high temperatures, but especially 
the latter two have not yet received much atten
tion. The well-studied enzyme glutamate dehydro
genase (GDH) is, for several reasons, an excellent 
model. Three-dimensional structures have been 
solved for GDHs from the mesophilic bacterium 
Clostridium symbiosum (Baker et ah, 1992), the 
hyperthermophilic bacterium T. maritima (Knapp 
et ah, 1997) and the hyperthermophilic archaeon 
Pyrococcus furiosus (Yip et ah, 1995). All these 
GDHs consist of six identical subunits, each of 
which can be divided into a substrate- and a cofac-
tor-binding domain (Baker et ah, 1992). During cat
alysis, the cofactor binding domain rotates with 
respect to the substrate binding domain, thereby 
opening and closing the cleft in between the two 
domains where the active site is located (Stillman 
et ah, 1993). Residues and interactions in the so-
called hinge region connecting the two domains, 
are thought to mediate this movement and there
fore are assumed to play an important role in 
determining activity and stability of the enzyme 

(Yip et ah, 1995; Knapp et ah, 1997). Comparison of 
those structures and a homology modelling study 
involving GDHs from ten different sources (Yip 
et ah, 1998), showed a strong correlation of the 
number of ion-pairs and the extent of ion-pair net
works with the thermostability of the enzyme. We 
previously cloned, sequenced and overexpressed in 
Escherichia coli the gdh genes from the hyperther
mophilic archaeal and bacterial representatives P. 
furiosus and T. maritima, respectively (Eggen et ah, 
1993; Lebbink et ah, 1995; Kort et ah, 1997). 
P. furiosus GDH overproduced by E. coli has suc
cessfully been used in protein engineering exper
iments to study the contribution of the different 
domains to activity and stability of GDH (Lebbink 
et ah, 1995). 

The glutamate dehydrogenases from P. furiosus 
and T. maritima share 55% amino acid identity and 
are very homologous in secondary and tertiary 
structure as well (root-mean-square deviation of 
3.5 A for the C" positions of the cofactor binding 
domain and 2.2 A for the C" positions of the sub
strate binding domain). However, the P. furiosus 
GDH has a higher melting point (fm = 113°C; 
Klump et ah, 1992) and contains significantly larger 
ion-pair networks than the T. maritima GDH 
(fm = 93°C; Knapp et ah, 1997). We studied the role 
of a five-residue ion-pair network that is located in 
the hinge region of the GDH from P. furiosus by 
introducing the involved charged amino acids into 
the GDH from T. maritima. Subsequently, the bio
chemical and structural properties of the mutant 
GDHs were compared to those of the wild-type 
T. maritima GDH. 

Results 

Design, production and structure of mutant 
and wild-type T.maritima GDHs 

The major difference between the hinge regions 
of the GDHs from P. furiosus and T. maritima, is the 
presence of a five-residue ion-pair network in the 
P. furiosus enzyme that is absent in the less stable 
GDH. This five-residue ion-pair network links sec
ondary structure elements from both domains, is 
surface exposed, and located oppositely to the sub
strate binding site at a distance of more than 12 A 
(Figure 1). The five participating residues are posi
tioned in such a way that four salt bridges are 
formed, i.e. between R64-D97, D97-K379, K379-
D383 and D383-R406. Two of those salt bridges 
cross the domain interface: D97-K379 linking the 
loop between tx-helix 3 and p-sheet d (substrate 
binding domain) with a-helix 13 (cofactor binding 
domain), and D383-R406 linking a-helix 13 (cofac
tor binding domain) with oc-helix 14 (substrate 
binding domain; Figure 2(a)). In the less stable 
T. maritima GDH the corresponding residues in a 
structure-based alignment are R64, N97, G376, 
D380 and R403; consequently only the salt bridge 
between D380 and R403 is present (Figure 2(b)). 
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Figure 1. Schematic drawing of a wild-type T. maritima 
GDH subunit. The upper (N-terminal) domain binds the 
substrate in the cleft in between the two domains, the 
lower domain (C-terminal) binds the cofactor along its 
surface that is facing the upper domain (Baker et ah, 
1992; Stillman el al., 1993). The secondary structure 
elements linked by the ion-pair network in the double 
mutant and P. furiosus GDH are highlighted in blue. 
The Figure has been generated with the programme 
MOLSCRIPT (Kraulis, 1991) together with the rendering 
programme Raster3D (Bacon & Anderson, 1988; Merrit 
& Murphy, 1994). 

In order to introduce the five-residue network 
into the hinge of T. maritima GDH, residues N97 
and G376 of T. maritima GDH were mutated to the 
P. furiosus residues D97 and K379 using a PCR-
based method. Production of the wild-type 
T. maritima GDH and the N97D, G376 K and 
N97D/G376 K mutant enzymes in E. coli in all 
instances exceeded 5% of total cell protein. The 
wild-type and mutant T. maritima GDHs were pur
ified to homogeneity as judged by SDS-PAGE, and 
used for further structural and biochemical anal
ysis. 

Double mutant N97D/G376 K has been 
crystallized under conditions similar to those 
described for the wild-type T. maritima GDH 
(Knapp et «/., 1997) and in the same spacegroup 
(P3( 2 1) with identical cell dimensions (Table 1). 
The side-chain of the lysine residue introduced at 
position 376 could easily be built into a 6-fold 
averaged (2F%" - F^T)exp(i^T) map (not 
shown). In addition, the density of the lysine 
side-chain was clearly visible in a 
( f MU _ FWT)exp(i=(WT) difference map (Figure 3(a)). 
A representative density of the averaged electron 
density map (2F%U - F^u)exp(i'a^u) is shown in 
Figure 3(b). The three-dimensional structure of 

this double mutant GDH was subsequently 
refined at 3.0 A. Its overall structure is 
unchanged; the O positions of the subunits differ 
with an r.m.s.d. of only 0.13 A when compared 
with the wild-type T. maritima GDH structure. 
The absence of density for residue 97 in the 
difference Fourier map (Figure 3(a)) indicates that 
the aspartate in the double mutant has adopted a 
similar conformation to the asparagine which is 
present in the wild-type GDH. The introduced 
lysine side chain adopts a similar conformation 
to the P. furiosus GDH structure (Table 2). Its 
environment is conserved and no other inter
actions than with D380 and D97 are formed. 
Comparison of the structure of the double mutant 
with that from the P. furiosus GDH revealed that 
the five-residue network is even extended to a 
larger network in the double mutant GDH 
(Figure 2(c)). In addition to the five P. furiosus 
residues, the network involves also amino acids 
E177 in subunit C which is in close proximity to 
R64 (in subunit A), and K383 which forms now a 
salt bridge to D380. These two ion-pairs are also 
present in the wild-type T. maritima GDH struc
ture. The conformation of D380 is identical in 
P. furiosus wild-type and T. maritima wild-type 
and double mutant GDHs, indicating that the 
extra ion-pair interaction with K383 does not 
change the geometry of the remaining part of the 
salt-bridge network. Residue El 77 is disordered 
in the wild-type GDH (Knapp et a\., 1997) as well 
as in the double mutant. Therefore, almost no 
density has been observed beyond the Cp atom 
and the side-chain has been modelled by a data
base rotamer. Hence it is not expected that E177 
interacts strongly with R64 but will be rather 
flexible, and this residue is therefore not con
sidered as contributing to the network. Compar
ing the environment of the ion-pair network in 
P. furiosus GDH to the situation in the double 
mutant, we observed, apart from the two extra 
ion-pair interactions, only one additional differ
ence within 4.0 A distance of any of the partici
pating residues. This concerns valine 402 in 
P. furiosus GDH which is isoleucine 399 in 
T. maritima GDH at 3 A distance from the Cp of 
D380. This difference is compensated for by a 
nearby change from isoleucine 387 in P. furiosus 
GDH to valine 384 in T. maritima GDH. 

Thermal inactivation and 
conformational stability 

To study enzyme inactivation at high tempera
tures, the wild-type GDH and the three mutants 
N97D, G376 K and N97D/G376 K GDHs were 
incubated at 85°C and the remaining activity was 
determined (Table 3). The wild-type GDH is sig
nificantly more resistant against thermal inacti
vation than any of the three mutant GDHs, that 
showed two to threefold reduced half-lifes of inac
tivation. 

73 



Chapter 5 

(a) 

(c) 

(b) 

Figure 2. Schematic drawing of the 
hinge ion-pair network in wild-
type P. furiosus GDH (a), wild-type 
T. maritime! GDH (b) and in double 
mutant N97D/G376 K (c). The 
orientation of the secondary struc
ture elements is similar to that in 
Figure 1. The green-coloured loop 
and # character indicate residues 
from an adjacent subunit. The 
Figure has been generated with the 
programme MOLSCRIFT (Kraulis, 
1991) and the rendering pro
gramme Raster3D (Bacon & 
Anderson, 1988; Merrit & Murphy, 
1994). 

Melting temperatures of wild-type and the three 
mutant GDHs have been determined using differ
ential scanning calorimetry (Table 3). Since the 
thermal unfolding transition was irreversible for all 
enzymes, unfolding enthalpies were not deter
mined. No significant differences in melting tem
peratures were found between the wild-type GDH 
and any of the three mutant GDHs. 

To obtain further information on the confor
mational stability against denaturation, unfolding 
of wild-type and mutant GDHs by increasing 
amounts of guanidinium chloride was assayed 
using circular dichroism spectroscopy. Identical 

transition midpoints were found for the wild-type 
and the three mutant GDHs (Table 3). 

Optimum temperature and kinetic parameters 

Optimum temperatures were determined by 
measuring enzyme activity at increasing tempera
tures (Figure 4). The activities of wild-type and 
N97D GDH showed comparable temperature 
dependencies, with optima around 65 C. Remark
ably, the increase in activity which was found 
between 20 and 40 C, levelled off at higher tem
peratures, resulting in a "bulge" in the curves 
around 40 C. This behaviour was not found with 
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Table 1. Data collection and structural refinement statistics for mutant N97D/G376 K 

Data collection: 
Space group 
Cell dimensions (A) 
Cell angles (cleg.) 
Max. resolution (A) 
Completeness to 3.0 A (%) 

Last shell (3.14 to 3.0 A) {%) 

Kyi} (%) 
No. of reflections 

Structural refinement: 
R factor 
R.m.s.d. of bond length (A) 
R.m.s.d. of bond angle 
R.m.s.d. of dihedrals 
R.m.s.d. of improper 
Ramachandran plot 

- most favourable regions (%) 
- additionally allowed regions (%) 
- disallowed regions 

Total number of amino acid residues 
Total number of subunits 
Total number of non-hydrogen atoms 
R.m.s.d. C01 of subunit A (A) 
R.m.s.d. between the domains of the subunits (A): 

Domain I 
Domain II 

a ^mtrgf compares multiple measured reflections according to: 

R „ „ „ 
zJhfc H/=l l̂ 'W _ hklij) 

P3,21 
a = b = 147.4; c = 273.5 
a = p = 90; y = 120 
3.0 
94 
60 
9.6 
5 
151,200 (53,329 unique) 

22.5 (Rlm 29.8%) 
0.006 
1.03 
21.1 
1.06 

88 
12 
None 
412 
6 
19,004 
0.18 

0.1 
0.2 

n compares intensities (7) of symmetry related reflections: 

_L t BLH(W)-iWl 

Figure 3. (a) 6-fold averaged 
( F M U _ F W T ) e x p ( ; a w T ) m a p ( d i f f e r . 

ence map) of double mutant 
N97D/G376 K. Shown are electron 
densities at residues 376, 97 and 64. 
The map has been contoured at 
1.5a. (b) Averaged density map 
(2fgu_FMU) exp(!Q^u) of five 
residues involved in the network, 
contoured at 1.5 a. 
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Table 2. Distances between the charged groups of the residues forming the hinge ion-pair network in subunit A of 
wild-type P. furiosus GDH (Yip et a/., 1995; structure determined at 2.2 A resolution), wild-type T. maritima GDH 
(Knapp et at., 1997; 3.0 A) and in double mutant N97D/G376 K (this study; 3.0 A) 

Wild-type 
P. furiosus GDH 

Distance 
(A) 

Wild-type 
T. maritima GDH 

Distance 
(A) 

N97D/G376K 
T. maritima GDH 

Distance 
(A) 

R64 - D97 
D97 -K379 
K379 - D383 
D383 - N386 
D383 - R406 

3.1 
3.6 
3.7 
n.i. 
3.0 

R64 - N97 
N97/G376 

G376/D380 
D380 - K383 
D380 - R403 

4.0 
3.1 

R64 - D97 
D97- K376 

K376 - D380 
D380 - K383 
D380 - R403 

3.4 
3.4 
3.1 
4.2 
2.9 

For glutamate, aspartate and arginine, residues with two atoms that may be charged, the interaction with the smallest distance is 
listed. Residues forming ion-pairs are indicated in bold. N.i., no interaction. 

t he o ther two mu t an t G D H s . Above 65°C, G376 K 
a nd N 9 7 D / G 3 7 6 K s howed s imilar specific activi
ties to the w i ld - type a nd N97D G D H . Howeve r , 
b e low this t empe ra tu re b o t h these mu t an t s we r e 
m u c h mo r e active. At 58°C, the difference b e tween 
the d oub l e mu t an t a nd N97D is a lmos t twofold (89 
u n i t s / m g versus 51 u n i t s / m g , respectively). Inde
penden t l y cu l tured and purif ied ba tches of wi ld-
type a n d doub le m u t a n t G D H s in all cases s h owed 
this h igher specific activity for the doub le mu t an t . 
E n zyme inact ivat ion s tar ted at 58°C for G376 K 
a nd N 9 7 D / G 3 7 6 K, at 62°C for the w i ld - type G D H 
a nd a t 66°C for N97D. 

Kinetic p a r ame t e r s we r e d e t e rmined in o rder to 
s t udy whe t he r the differences in specific activities 
a re c aused by differences in a ppa r en t subs t ra te 
affinities (Table 4). For a -ketoglutara te , s imilar Km 

values we r e found for all the e n zymes a t 25°C. 
Wi th increasing t empe ra tu r e this affinity increased 
for the w i ld - type a nd N97D bu t r ema ined 
u n changed for G376 K a nd N 9 7 D / G 3 7 6 K. Km 

values for ammon i a increased a t h igher t empera 
ture . Interest ingly, G376 K a nd N 9 7 D / G 3 7 6 K 
G D H appea r ed to h ave m u c h lower Km v a lues for 
a m m o n i a at 25"C t han the w i ld - type a nd N97D, 
b u t h igher Km v a lues at their t empe ra tu re opt i 
m u m . At 25°C the w i ld - type G D H h ad t he lowest 
Km for N A D H , followed b y N97D, wh i l e G376 K 
a nd the doub le mu t an t s howed the h ighes t Km. A t 
58"C, Km v a lues we r e lower t han a t 25°C, wh i ch 
contras ts wi th the results found for ammon i a . 
Remarkab ly , for N97D G D H the decrease is a lmost 
ten-fold. 

Table 3. Half-lifes of thermal inactivation, apparent 
melting temperatures (fm) determined by differential 
scanning microcalorimetry and transition points for gua-
nidinium chloride induced denaturation (fs) determined 
for wild-type T. maritima GDH and mutants N97D, 
G376 K and N97D/G376 K 

Half-life at 85' C (m 
(minutes) O'C) (M GdmCl) 

Wild-type GDH 
N97D 
G376K 
N97D/G376K 

105 
36 
35 
41 

93 
91 
92 
91 

3.5 
3.5 
3.5 
3.6 

Discussion 
In o rder to s t udy the role of a f ive-residue ion-

pai r n e twork in the h inge region of P. furiosus 
G D H , the par t ic ipat ing cha rged res idues we r e 
i n t roduced in to the less s table G D H from T. mariti
ma. E lucidat ion of the th ree-d imens ional s t ruc ture 
of the d oub l e mu t an t N 9 7 D / G 3 7 6 K s howed tha t 
the des igned ion-pair in teract ions a re i ndeed 
formed a nd , moreover , because of a n add i t iona l 
cha rged r es idue p resen t in T. maritima G D H , a six-
res idue ion-pair n e two rk w a s found to b e formed. 
Detai led analys is s h owed tha t the configurat ion of 
the par t ic ipat ing r es idues is s imilar to those in the 
P. furiosus s t ruc ture a nd that , a pa r t from the extra 
ion-pair , n o addi t iona l in teract ions are formed. The 
e nv i ronmen t of the n e two rk is ve ry wel l conserved 
in bo th e nzymes a nd there is on ly one conservat ive 
val ine to isoleucine subs t i tu t ion in the immed i a t e 
vicinity of the par t ic ipa t ing res idues . D u e to the 
resolut ion l imit of 3.0 A in the T. maritima G D H 
s t ructures , in teract ions w i th s u r r ound i ng wa t e r 
molecules could no t be cons idered . Us ing differen
tial s canning ca lor imetry a n d g u an i d i n i um chlor
ide- induced unfolding, w e d id no t observe a n 
increase in mel t ing t empe ra tu r e or a shift of the 

100 

90 

•3 so 
E 
3 70 

15 25 35 45 55 65 75 8f 

Temperature (°C) 

Figure 4. Specific activities as a function of temperature 
for wild-type T. maritima GDH ( • ) and mutants N97D 
( • ) , G376 K(A) and double mutant N97D/G376 K (x). 
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Table 4. Km values, specific activities and catalytic efficiencies for NADH (concentration range 4 to 314 mM at 25°C 
and 19 to 376 mM at 58CC), a-ketoglutarate and ammonia for wild-type T. maritima GDH and mutants N97D, 
G376 K and N97D/G376 K, determined at room temperature and 58°C 

NADH 
Wild-type 
N97D 
G376K 
N97D/G376K 

OL-Ketoghttarate 
Wild-type 
N97D 
G376K 
N97D/G376K 

ammonia 
Wild-type 
N97D 
G376K 
N97D/G376K 

Reproducibility 
" Vmm/Km. 

Km 

(mM) 

0.395 
0.692 
0.914 
0.810 

1.95 
2.08 
2.42 
2.50 

108 
91.8 
63.3 
55.1 

25'C 
V„„ 

(units/mg) 

103 
160 
182 
171 

48.0 
48.4 
46.7 
50.0 

49.6 
47.4 
40.2 
41.2 

was in all cases within 10%. 

Catalytic efficiency3 

(min mg 

261 
231 
199 
211 

24.6 
23.3 
19.3 
20.0 

0.46 
0.52 
0.64 
0.75 

ml) 
Km 

(mM) 

0.101 
0.073 
0.256 
0.260 

1.52 
1.28 
2.69 
2.58 

147 
150 
209 
186 

58"C 
C . „ 

(units/mg) 

95 
80 

201 
216 

75.3 
63.4 

125 
124 

81.1 
70.4 

123 
132 

Catalytic efficiency3 

(min_1mg 'ml) 

941 
1096 
785 
830 

49.5 
49.5 
46.5 
48.1 

0.55 
0.47 
0.59 
0.71 

denaturation midpoint towards higher guanidi-
nium chloride concentrations of the mutant GDHs. 
Thermal inactivation of the enzymes was affected; 
all enzymes withstand incubation at 85'C for a 
considerable period of time but the wild-type 
shows at least a twofold longer half-life. The faster 
inactivation caused by the two single mutations is 
not additive since the half-life of the double mutant 
is similar to that of either of the single mutants. 
This might be due to a favourable ionic and/or 
H-bond interaction between the two introduced 
side-chains. For mutant N97D the faster inacti
vation cannot be explained by the loss of a hydro
gen bridge due to the removal of the amine group; 
rather, in addition to the introduction of ionic 
interactions, a hydrogen bridge was gained in the 
mutant because of the presence of two hydrogen 
acceptors in the aspartate side-chain that can now 
interact with the neighbouring amine groups from 
lysine 376 and arginine 64. In all mutants all parti
cipating residues are surface-exposed and new resi
dues are not introduced into a hydrophobic 
environment. Less obvious reasons, for example 
unfavourable interactions with the existing electro
static potential, must play a role. In conclusion, no 
significant stabilizing effect of the introduced ion-
pair network could be detected. 

It is interesting to note that the Km values of the 
T. maritima GDH for NADH and "/-ketoglutarate 
decreased with increasing temperature, suggesting 
that substrate/cofactor binding has been adapted 
to the high growth temperature of the organism 
(80 C). However, for ammonia the opposite effect 
was observed, to the extent that there is not even 
an increase in catalytic efficiency at the higher tem
perature. In comparison with the wild-type GDH, 
the different mutant enzymes showed lower affi
nity for NADH and higher affinity for ammonia at 

25'C but lower affinity for the latter substrate at 
58°C. The changes of these values with tempera
ture were different for each enzyme. 

Enzymes need to compromise between a certain 
stability (or rigidity) in order to maintain the native 
conformation, and conformational flexibility in 
order to function. It is anticipated that the modu
lation of flexibility is substantially affected by inter
actions between regions of the enzyme where 
major conformational changes occur during cataly
sis, such as the hinge region in GDH. Sequence 
variations in these areas may account for the 
optimization of enzyme catalysis at the growth 
temperature of a certain organism. This idea is 
enforced by the observation that many of the 
sequence variations between the 90% identical 
GDHs from the hyperthermophilic archaeon Ther-
mococcus litoralis (optimum growth t = 88°C; 
Neuner et al., 1990) and P. furiosus (optimum 
growth f = 100°C; Fiala & Stetter, 1986) are located 
in the hinge region (Britton et al., 1995). Mutants 
G376 K and N97D/G376 K have significantly high
er specific activities at moderate temperatures 
(between 40 and 60°C) than the wild-type GDH 
and N97D, with an almost twofold difference 
between N97D and the double mutant at 58°C. 
Substitution G376 K seems to be responsible for 
this effect. Glycine is the amino acid which 
imposes the least conformational strain on a pep
tide chain. It has been a well-established idea that 
enzymes from hyperthermophiles are less flexible 
at room temperature than their less stable homol-
ogues, and gain comparable flexibility and maxi
mum catalytic activity around the optimum 
growth temperature of the organisms in which 
they reside. The glycine to lysine substitution 
might result in a GDH that is less flexible in the 
hinge region and might have its optimum activity 
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shifted to a higher temperature. However, the two 
GDHs containing the G376 K substitution display 
higher specific activities at lower temperatures 
than the wild-type GDH. Above 65°C the specific 
activities of the mutant enzymes do not differ sig
nificantly from that of the wild-type enzyme. 

In conclusion, our results indicate that large ion-
pair networks which have been reported for sev
eral hyperthermostable enzymes may play an 
important role in the adaptation of their specific 
activity and temperature optima. A role in confer
ring stability could not be demonstrated, and con
sidering the complexity of these multi-subunit 
enzymes, higher amino acid identity and structural 
homology might be required in order to obtain 
confirmation of these results. This is the first exper
imental report on the effect of large ion-pair net
works on protein stability and activity and may 
contribute to a further understanding of these 
characteristic features of hyperthermostable 
enzymes. 

Materials and Methods 

Construction of expression plasmids for wild-type 
and mutated gdh genes 

Wild-type T. maritinm GDH was expressed in E. coli 
TGI (Gibson, 1984) from a 1.7 kb fragment, containing 
the T. maritima gdh gene (Kort et al, 1997), cloned into a 
pTZ19R-derivative (Mead et al, 1986). Due to a spon
taneous mutation during subcloning, the gene product 
differs from the enzyme described by Kort et al. (1997) at 
position 152 at which a methionine instead of an isoleu-
cine is present. This methionine at position 152 is par
tially exposed, located at the bottom of the substrate 
binding domain where no important interactions are 
formed and is present in all investigated GDHs, includ
ing the wild-type enzyme. Because the substitution does 
not lead to any conformational change, it is not taken 
into consideration. To facilitate further manipulations, a 
BamHI restriction site was introduced at position 542 of 
the coding region by PCR without changing the amino 
acid sequence. The single mutations leading to amino 
acid substitutions N97D and G376 K were introduced 
using cassette mutagenesis and the megaprime method 
(Landt et al, 1990; Kuipers et al., 1991) and were com
bined by the exchange of restriction fragments. DNA 
sequencing was performed to verify the sequence of the 
amplified DNA and to confirm the presence of the 
desired mutations. 

Purification and crystallization of GDH 

Wild-type and mutant GDH was purified from over
night cultures as described before (Knapp et al., 1997). 
Protein concentrations were determined using an extinc
tion coefficient at 280 nm of em = 46,490 M_1 cm~' calcu
lated as described by Gill & von Hippel (1989). Crystals 
of mutant N97D/G376 K were grown as described for 
the wild-type GDH (Knapp et al, 1997) using slightly 
higher concentrations of polyethylene glycol (4 to 6%, 
w/v). 

Data collection, analysis and refinement 

Data were collected as described for the wild-type 
GDH (Knapp et al., 1997). Since the double mutant was 
identical to the wild-type GDH in cell parameters and 
spacegroup, its structure was directly refined with the 
program X-PLOR (Briinger, 1992) using the phases deter
mined for the wild-type structure (Knapp et al., 1997) 
and parameters developed by Engh & Huber (1991). 10% 
of all reflections were excluded from the refinement to 
calculate a free R-factor. All temperature factors were 
initially set to 20 A2. Initially a rigid body refinement 
was carried out using (1) the hexamer, (2) the subunits 
and (3) the domains as rigid bodies. After the rigid body 
refinement the R-value dropped from 34% ( R ^ = 35%) 
to 31% (Rfree 32%). In the calculated electron density 
((2FQU — fc1) e xP 'acT) a s well a s m the difference map 
((Fou — fc1) e xP 'acT) the introduced lysine residue at 
position 376 was clearly visible. The density was 
improved by 6-fold averaging using the program MAIN 
(Turk, 1992). No density in the difference map but a 
clear density in the (2F™U - F™7) exp ia"7 map was vis
ible at position 97 where an asparagine residue was 
replaced by an aspartate. The new side-chains were built 
into the density and the mutant structure was sub
sequently refined using strict non-crystallographic sym
metry and grouped temperature factors. Here the 
conventional R-value dropped to 27% (R ê,, 31%). Finally 
the positions of the atoms were restrained with an effec
tive energy term of 300 kcal/(mol A2) and in the last 
refinement cycles the restraints were weakened for the 
amino acid side-chains as well as for the crystal-contact 
regions. The final model was refined to a similar R-value 
as the wild-type structure (R-value = 22.5%, Rfrec 29.8%). 
The coordinates will be submitted to the Brookhaven 
Protein Data Bank, and are available from the authors on 
request until processed and released. 

Characterization of wild-type and mutant GDHs 

GDH activity was assayed using a Cary 4E or Beck-
man DU7500 spectrophotometer at 340 nm and 25°C. 
The 1.0 ml standard assay reaction mixtures (reductive 
amination) contained 100 mM potassium phosphate buf
fer (pH 7.6) and 10 mM a-ketoglutarate, 500 mM ammo
nia and 200 uM NADH. Corrections were made for the 
increasing auto-oxidation of NADH at elevated tempera
tures. The amount of enzyme was adjusted to obtain a 
rate of about 0.03 AAM0 ,^/minute. One unit of enzyme 
activity is defined as the amount of enzyme which con
verts 1 nmol NADH per minute under standard con
ditions. At 25°C NADH was not saturating at 
concentrations as high as 310 uM. The data could, how
ever, be accurately fitted according to Michaelis-Menten 
kinetics and the curve showed clear levelling off at high
er concentrations. At 58°C, saturation was reached at 
280 |JM NADH in the case of the wild-type enzyme and 
N97D. For G376 K and the double mutant, saturation 
was almost complete at this temperature. Using NADPH 
instead of NADH resulted in immediate decrease of 
initial activity in the assay under all conditions used, 
and suggested product inhibition by NADP+. This find
ing was confirmed by addition of a pulse of 5 mM 
NADP+ to a running NADH reaction which immedi
ately abolished all activity. Thermal inactivation was stu
died at an enzyme concentration of 50 pg/ml and 85^0 
Residual enzyme activity was assayed at 25nC as 
described above. Guanidinium chloride-induced dena-
turation was studied as described before (Lebbink et al, 
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1995) using an AVIV 62 DS circular dichroism spec
trometer. Differential scanning microcalorimetry was car
ried out on a MicroCal MCS calorimeter controlled by 
the MCS OBSERVER program. Protein samples (1 m g / 
ml) were dialysed extensively against 30 mM sodium 
phosphate (pH 7.0) and degassed for five minutes. 
Samples were heated at a rate of 1 deg.C/minute. 
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The role of an 18-residue ion-pair network, that is present in the gluta
mate dehydrogenase from the hyperthermophilic archaeon Pyrococcus 
furiosus, in conferring stability to other, less stable homologous enzymes, 
has been studied by introducing four new charged amino acid residues 
into the subunit interface of glutamate dehydrogenase from the 
hyperthermophilic bacterium Thermotoga maritima. These two GDHs are 
55% identical in amino acid sequence, differ greatly in thermo-activity 
and stability and derive from microbes with different phylogenetic pos
itions. Amino acid substitutions were introduced as single mutations as 
well as in several combinations. Elucidation of the crystal structure of the 
quadruple mutant S128R/T158E/N117R/S160E T. maritima glutamate 
dehydrogenase showed that all anticipated ion-pairs are formed and that 
a 16-residue ion-pair network is present. Enlargement of existing net
works by single amino acid substitutions unexpectedly resulted in a 
decrease in resistance towards thermal inactivation and thermal dena-
turation. However, combination of destabilizing single mutations in most 
cases restored stability, indicating the need for balanced charges at sub-
unit interfaces and high cooperativity between the different members of 
the network. Combination of the three destabilizing mutations in triple 
mutant S128R/T158E/N117R resulted in an enzyme with a 30 minutes 
longer half-life of inactivation at 85 °C, a 3°C higher temperature opti
mum for catalysis, and a 0.5 °C higher apparent melting temperature 
than that of wild-type glutamate dehydrogenase. These findings confirm 
the hypothesis that large ion-pair networks do indeed stabilize enzymes 
from hyperthermophilic organisms. 

© 1999 Academic Press 

Keywords: glutamate dehydrogenase; thermostability; subunit interface 
ion-pair network; Pyrococcus furiosus; Thermotoga maritima 

Introduction 

The recent elucidation of a large number of 
three-dimensional structures from enzymes iso
lated from hyperthermophilic bacteria and archaea, 
has revealed a strong correlation between the 
number of ion-pairs and enzyme thermostability 
(Aguilar et al., 1997; Hennig et al., 1995, 1997; 

Abbreviations used: GDH, glutamate dehydrogenase. 
'Paper 1 in this series is Lebbink et al. (1998). 
E-mail address of the corresponding author: 

willem.devos@algemeen.micr.wau.nl 

Knapp et al, 1997; Korndorfer et al, 1995; Russell 
et al, 1997; Yip et al, 1995). Furthermore, with 
increasing temperature, these ion-pairs tend to be 
more and more organized in large networks. These 
findings strongly suggest an important role for 
ion-pair networks in the thermal adaptation of pro
teins. Until recently, experimental evidence testing 
this hypothesis has been scarce. Studies on ion-
pairs in mesophilic systems gave rise to controver
sial results (Dao-pin et al, 1991; Anderson et al, 
1990; Waldburger et al, 1995). It has been argued 
that the gain in electrostatic energy upon formation 
of salt-bridges, is largely offset by the unfavorable 
entropy of side-chain fixation as well as desolva-
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tion energies (Dao-pin et al, 1991; Hendsch & 
Tidor, 1994). However, arrangement of charged 
residues into networks at high temperatures may 
play a key role in the acquisition of thermostability 
of proteins, since (i) the dielectric constant 
decreases significantly with temperature, (ii) each 
new member in a network of ion-pairs requires the 
desolvation of just one residue, (iii) hydration free 
energies are reduced at elevated temperatures and 
because these reductions are considerably larger 
for charged residues than for hydrophobic iso-
steres, ion-pairs may become more stabilizing than 
hydrophobic interactions at elevated temperatures 
(Elcock & McCammon, 1997; Elcock, 1998). As a 
result the argument that in comparison with 
hydrophobic isosteres, surface salt bridges destabi
lize proteins, may no longer be true for the optimal 
temperatures of hyperthermostable proteins. 

The first experimental results on ion-pair net
works in hyperthermostable proteins are currently 
appearing and shed more light on the mechanisms 
involved. The pH-induced denaturation of gluta-
mate dehydrogenase (Chiaruluce et al, 1997), 
rubredoxin (Cavagnero et al, 1995) and methionine 
aminopeptidase (Ogasahara et al., 1998) from the 
hyperthermophilic archaeon Pyrococcus furiosus, 
emphasized the role of electrostatic interactions in 
the acquisition of enzyme thermostability. Com
parison of the unfolding kinetics of pyrococcal 
rubredoxin with that of the mesophile Clostridium 
pasteurianutn showed an enhanced kinetic barrier 
towards thermal unfolding (Cavagnero et al., 1998). 
Likewise, an increase in the free energy of acti
vation for thermal unfolding was described for 
salt-bridges in a comparison of wild-type and 
mutant glyceraldehyde-3-phosphate dehydrogen
ase from the hyperthermophilic bacterium Thermo-
toga maritima in which ionic interactions were 
disrupted (Pappenberger et al., 1997). Removal of a 
central charged residue that, according to hom
ology with P. furiosus GDH, belongs to an 18-resi-
due ion-pair network of glutamate dehydrogenase 
from P. kodakaraensis resulted in faster thermal 
inactivation and inability to attain native-like ter
tiary structure (Rahman et al., 1998). Moreover, the 
introduction of a central charged residue, presum
ably restoring a six-residue ion-pair network as 
present in the very homologous GDH from 
P. furiosus, resulted in an increased temperature 
optimum and half-life of inactivation at 100 °C 
(Rahman et al., 1998). The same substitution in 
Thermococcus litoralis GDH, was unexpectedly 
found to be destabilizing. A second-site mutation, 
not being part of the network, was required to 
raise the stability of the mutant GDH over that of 
the wild-type enzyme (Vetriani et al., 1998). 

T. maritima GDH is a thermostable enzyme with 
a melting temperature of 93 °C and its structure is 
stabilized by ion-pairs (intrasubunit) and hydro
phobic interactions (intersubunit) (Knapp et al., 
1997; Kort et al., 1997). It shares considerable amino 
acid identity (55 %) with the GDH from P. furiosus 
(Eggen et al., 1993) and high structural homology 

(Knapp et al, 1997; Yip et al, 1995). However, P. fur
iosus GDH has a melting temperature of 113 °C 
(Klump et al, 1992). In addition, it contains signifi
cantly more inter- and intrasubunit ion-pairs and 
larger ion-pair networks than the T. maritima 
enzyme. Recently, we described the role of a five-
residue intrasubunit ion-pair network in the hinge 
region of P.furiosus GDH, of which the missing 
charged amino acids were successfully introduced 
into T. maritima GDH (Lebbink et al, 1998). Thermal 
inactivation and thermal and guanidinium chlor
ide-induced denaturation showed that this ion-pair 
network did not increase the stability of T. maritima 
GDH, but did result in significant differences in 
specific activities and substrate affinities. 

We continued our strategy of introducing ion-
pair networks into T. maritima GDH here and 
changed focus from intrasubunit interactions 
towards ionic interactions crossing subunit inter
faces. In P. furiosus GDH the subunit interfaces are 
highly charged because of the presence of multiple 
extensive ion-pair networks (Yip et al, 1995). The 
largest network comprises 18 residues, cross-links 
secondary structure elements from four different 
subunits, and is three times present in each hexam-
er at the trimer interface. In T. maritima GDH this 
network is largely reduced in size and fragmented. 
We introduced multiple substitutions in this less 
stable GDH in order to restore the P. furiosus GDH 
network, and compared structural and biochemical 
properties of the mutant GDHs to those of the 
wild-type. Here we describe the results of this 
study that provided insight into the role of exten
sive ion-pair interactions at subunit interfaces, indi
cated the need for balanced charges, and showed 
that a stabilization strategy employed by an 
archaeal enzyme can be succesfully introduced into 
a bacterial homolog that has a different mode of 
thermostabilization. 

Results 

Design of T. maritima GDH subunit 
interface mutants 

In general, GDH is a homohexamer with its sub-
units arranged into two trimers that are stacked 
upside down on top of each other (Figure 1(a); 
Baker et al, 1992). At this resulting trimer interface 
the largest ion-pair networks were identified in the 
GDH from P.furiosus (Figure 1(b); Yip et al, 1995). 
Three 18-residue networks are present, each con
necting secondary structure elements belonging to 
four different subunits. Each network is made up 
from two symmetry-related parts that are con
nected by multiple interactions crossing the trimer 
interface. Ion-pairs are formed between the side-
chains of Glul60, Aspl57, Argll7, Glul20, Argl24, 
Glul58 and Argl28 (subunit C), Arg414 and 
Lys418 (subunit A) and their 2-fold related part
ners (Figure 2(a) and Table 1). The majority of 
these interactions are salt-bridges, meaning that 
apart from the ionic interaction, also hydrogen 

84 



Subunit interface ion-pair network 

>© 

Figure 1. (a) Space-filling model of P. furiosus GDH 
showing the arrangement of six identical subunits into 
two trimers that are stacked upside down on top of 
each other. Furthermore the composition of each subunit 
in two domains is visible, with the substrate binding 
domains forming the core of the hexamer and being 
responsible for the majority of intersubunit contacts, and 
the cofactor-binding domains projected outwards, 
(b) View of one trimer along the 3-fold axis, looking 
down upon the trimer interface. The secondary structure 
elements of three subunits are shown in different colors. 
Amino acid side-chains belonging to the 18-residue ion-
pair network are depicted in space-filling presentation. 
Only one half of each network is visible, the symmetry-
related half belongs to the second trimer. The 
Figures have been generated with the programme MOL-
SCRIPT (Kraulis, 1991) together with the rendering pro
gramme Raster3D (Bacon & Anderson, 1988; Merrit & 
Murphy, 1994). 

bridges are formed. Out of 18 ion-pair interactions, 
eight are crossing subunit interfaces, and multiple 
residues form ion-pairs with three oppositely 
charged partners (Glul20, Argl24 and Glul58). 

T. maritima GDH is 55 % identical on amino acid 
level with the pyrococcal enzyme and has a 20 °C 
lower apparent melting temperature. The intersub
unit network is drastically reduced in size and 
fragmented into two parts (Figure 2(b); Table 1). 
The corresponding residue for the pyrococcal 
Lys418 in T. maritima GDH is Pro415, therefore no 
ion-pair is formed by this residue. Further inter
actions between the network and this residue can
not be analyzed due to the absence of electron 
density for the three C-terminal residues 413-415 in 
the wild-type T. maritima GDH structure. Two resi
dues at the periphery of the ion-pair network, 
Arg l l7 and Glul60, are exchanged for asparagine 
and serine, respectively, in T. maritima. Apart from 
the removal of the ionic interaction also the hydro
gen-bonding capacity is reduced, because the side-
chains of asparagine and serine are shorter than 
those of arginine and glutamate. The central argi-
nine 128 and glutamate 158 of P. furiosus GDH cor
respond to serine and threonine in T. maritima 
GDH. This results in a complete loss of all ionic 
and hydrogen-bond interactions between the two 
symmetry-related parts of the network. The net 
effect is the presence of two small four-residue ion-
pair networks in T. maritima GDH, each containing 
only three ion-pair interactions, that no longer 
cross the trimer interface. 

In order to study the role of the 18-residue net
work in conferring thermo-activity and stability to 
GDH, we introduced the missing charged residues 
into the GDH from T. 'maritima. The C-terminal 
Pro415 was ignored because the absence of density 
in the wild-type structure would not allow struc
tural interpretation of any substitution at this pos
ition. Four single mutants were constructed; 
containing the peripheral Asnl l7 to Arg (this 
mutant GDH will be referred to as N117R) and 
Serl60 to Glu substitutions (S160E) and the central 
Serl28 to Arg (S128R) and Thrl58 to Glu substi
tutions (T158E). The central double mutant S128R/ 
T158E and a second double mutant T158E/S160E 
were constructed by combination of the respective 
single mutations. Subsequently two triple mutants 
were constructed by addition of either the periph
eral N117R or S160E to central double mutant 
S128R/T158E. In the quadruple mutant S128R/ 
T158E/N117R/S160E all single substitutions were 
combined. 

gdh gene expression in Escherichia coli and 
purification of wild-type and mutant enzymes 

Expression in E.coli of wild-type and mutated 
T. maritima gdh genes in all cases resulted in the 
overproduction of a new 260 kDa protein, exceed
ing 5% of total cell protein as judged by SDS-
PAGE (not shown). No differences in expression 
levels could be detected. In contrast, large 
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Figure 2. Schematic presentation 
of the 18-residue ion-pair network 
in P.furiosus GDH (a) and the 
homologous residues in T. maritima 
GDH (b). Residues forming ion-
pairs are connected by dotted lines, 
broken lines indicate subunit inter
faces. 

differences in specific GDH activity in cell-free 
extracts were measured. Wild-type GDH has a 
specific activity of 2.5 units/mg at 20 °C, while 
mutants T158E, S128R/T158E and S128R/T158E/ 
N117R showed activities as low as 0.02 unit/mg. 
Substitution T158E seems to be responsible for this. 
During heat-treatment at 70 °C, the GDH activity 
of the wild-type cell-free extract remained constant, 
whereas that of the aforementioned three mutants 
showed a progressive increase in total activity. 
This increase is more pronounced for the double 
and the triple mutant than for single mutant T158E 
(data not shown). However, wild-type activity 

levels were not reached, because simultaneous 
inactivation of the mutants occurred. Not only 
heat-treatment but also the presence of mutation 
S160E resulted in "active-state" enzyme for the 
mutants containing the T158E substitution, since 
all mutants (and most convincingly, double mutant 
T158E/S160E) containing this combination were 
fully active. Native PAGE of heat-incubated 
extracts revealed that all enzymes were hexamers, 
with sharp bands for all mutant enzymes except 
for T158E that migrated as a diffuse band (results 
not shown). 

Table 1. Interatomic distances between charged groups of residues forming the 18-residue ion-pair network 

Wild-type P. furiosus 
GDH 

Glul60 C-Arg414 A 
Glul20 C-Lys418 A 
Glul20 C-Argll7 C 
Glul20 C-Argl24 C 
Aspl57 C-Argl24 C 
Aspl57 C-Arg414 A 
Glul58 C-Argl24 C 
Glul58 C-Argl28 C 
Glul58 C-Argl28 D 
Glul58 D-Argl28 C 
Glul58 D-Argl28 D 
Glul58 D-Argl24 D 
Aspl57 D-Aigl24 D 
Aspl57 D-Arg414 F 
Glul20 D-Argl24 D 
Glul20 D-Lys418 F 
Glul20 D-Argl l7 D 
Glul60 D-Arg414 F 

Distance (A) 

2.6 
2.8 
2.8 
3.0 
2.7 
3.1 
2.9 
3.0 
2.8 
2.8 
3.0 
2.9 
2.7 
3.1 
3.0 
2.8 
2.8 
2.6 

Wild-type T. maritima 
GDH 

Serl60 F/Arg411 D 
Glul20 F/Pro415 D 
Glul20 F / A s n l l 7 F 
Glul20 F-Argl24 F 
Aspl57 F-Argl24 F 
Aspl57 F-Arg411 D 
Thrl58 F /Arg l24 F 
Thrl58 F /Ser l28 F 
Thrl58 F/Serl58 C 
Thrl58 C/Ser l28 F 
Thrl58 C /Ser l28 C 
Thrl58 C /Arg l24 C 
Aspl57 C-Argl24 C 
Aspl57 C-Arg411 A 
Glul20 C-Argl24 C 
Glul20 C/Pro415 A 
G l u l 2 0 C / A s n l l 7 C 
Serl60 C/Arg411 A 

Distance (A) 

n.i. 
n.i. 
n.i. 
3.1 
3.0 
2.7 
2.9 
n.i. 
n.i. 
n.i. 
n.i. 
3.1 
2.9 
3.2 
3.2 
n.i. 
n.i. 
n.i. 

Quadruple mutant 
T. maritima GDH 

Glul60 F-Arg411 D 
Glul20 F/Pro415 D 
Glul20 F-Argll7 F 
Glul20 F-Argl24 F 
Aspl57 F-Argl24 F 
Aspl57 F-Arg411 D 
Glul58 F-Argl24 F 
Glul58 F-Argl28 F 
Glul58 F-Argl28 C 
Glul58 C-Argl28 F 
Glul58 C-Argl28 C 
Glul58 C-Argl24 C 
Aspl57 C-Argl24 C 
Aspl57 C-Arg411 A 
Glul20 C-Argl24 C 
Glul20 C/Pro415 A 
Glul20 C-Argll7 C 
Glul60 C-Arg411 A 

Distance (A) 

2.8 
n.i. 
3.8 
2.7 
3.2 
3.2 
3.3 
3.4 
3.2 
3.4 
3.1 
3.5 
2.9 
2.9 
2.8 
n.i. 
3.7 
3.0 

Interatomic distances between the charged groups of the residues forming the 18-residue ion-pair network at the subunit interface 
of wild-type P. furiosus GDH (Yip el <?/., 1995; structure determined at 2.2 A resolution), wild-type T. maritima GDH (Knapp et aL, 
1997; 3.0 A) and in quadruple mutant T. maritima GDH (this study; 2.9 A). For glutamate, aspartate and arginine, residues with mul
tiple atoms that may be charged, the interaction with the smallest distance is listed. Residues forming ion-pairs are indicated in 
bold, n.i., no interaction. 
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Wild-type and single mutants N117R, S128R, 
T158E, double mutant S128R/T158E, both triple 
mutants and the quadruple mutant GDHs were 
purified to homogeneity as judged by SDS-PAGE, 
and used for further structural and biochemical 
analysis. Based on thermal inactivation of heat-
stable cell-free extracts, the effect of S160E is 
similar in all mutant GDHs containing this substi
tution. A detailed biochemical characterization of 
the effect of S160E was therefore restricted to triple 
mutant S128R/T158E/S160E and the quadruple 
mutant. During the purification procedure, the 
double and triple mutant GDHs containing the 
T158E substitution, reached full activity either 
because of prolonged handling at room-tempera
ture, or because of favorable interactions with for 
example the cofactor analog on the affinity column, 
whereas single mutant T158E never reached the 
same specific activity as wild-type GDH (see 
below). 

Structure of quadruple mutant GDH 

The quadruple mutant GDH was crystallized 
under similar conditions and in the same space-
group as the wild-type T. maritima GDH and the 
hinge double mutant N97D/G376 K (Knapp et al, 
1997; Lebbink et al, 1998; Table 2). The electron 
density was significantly improved by averaging 
using the non-crystallographic symmetry. In the 
wild-type structure the first three and last three 

amino acids were not included because no density 
for these residues has been observed. In the quad
ruple mutant, however, weak density for the last 
three amino acids was observed in a 6-fold aver
aged {2F™V - F™T) exp iotWT map probably due to 
the improved quality of the diffraction data. The 
three C-terminal residues were built, and their pos
itions and grouped and restrained B-values were 
refined. However, all three residues had B-values 
of 90 A2 and higher and were therefore still not 
included into the final model of the enzyme. New 
densities at the sites of the amino acid substitutions 
in the network were clearly visible in the 
( 2 f MU _ FWTJ e x p j n m m a p ( F i g u r e 3 ( a ) / (C)/ ( e )) 

The side-chains of the new arginine and glutamate 
residues were built into the model and the struc
ture was subsequently refined at 2.9 A, a slightly 
better resolution than for the wild-type GDH and 
hinge mutant N97D/G376 K (Figure 3(b), (d), (f); 
Knapp et al, 1997; Lebbink et al, 1998; Table 2). 
The overall structure of the quadruple mutant was 
not different from that of the wild-type GDH. The 
C positions of the hexamer differ with an r.m.s.d. 
of 0.57 A and those of the subunits vary between 
0.32 and 0.42 A. These differences are mainly due 
to variations in hinge opening angles between the 
two domains of each subunit, which are likely 
caused by the small differences in crystallization 
conditions. 

Analysis of all the residues involved in the 
large intersubunit ion-pair networks revealed 

Table 2. Data collection and structural refinement statistics for wild-type T. maritima GDH and quadruple mutant 
S128R/T158E/N117R/S160E 

A. Delta collection 
Spacegroup 
Cell dimensions (A) 
Cell angles (deg.) 
Max. resolution (A) 
Completeness to 3 A (%) 

last shell 

J W (%) 
R.,™ (%) 
No. of reflections (unique) 

B. Structural refinement 
R factor (%) 
Overall temperature factors (A2) 

Main-chain 
Side-chain 
All a toms 

Deviations from standard bond length and angles 
r.m.s.d. bond length (A) 
r.m.s.d. bond angles (deg.) 
r.m.s.d. bond dihedrals (deg.) 
r.m.s.d. bond improper (deg.) 

Ramachandran plot 
Most favored regions (%) 
Additional allowed (%) 
Generously allowed (%) 
Disallowed (%) 

r.m.s.d. deviation of C positions from wild-type 
Hexamer 
Subunit A 

Wild-type GDH 

P3,21 
a=f>=147.26; c=273.82 
a=fj=90; y=120 
3.0 
94 
75 (3.14-3 A) 
9.1 
5.0 
220,980 (57,307) 

22.5 (Rfree: 29.5) 

33.5 
47.1 
40.2 

0.006 
1.032 
21.141 
1.058 

89.8 
9.4 
0.8 
0 

-
-

Quadruple mutant 

P3,21 
fl=b=145.1; c=272.5 
=(=P=90; y=120 
2.9 
98 
97.1 (2.9-3 A) 
7.0 
4.5 
153,233 (72,518) 

21.1 (R f ra: 27.4) 

47 
56 
51 

0.005 
0.906 
25.7 
0.537 

87.9 
11.5 
0.6 
0 

0.57 
0.32 
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Figure 3. (Legend shown on page 364) 

that the conserved T. maritima GDH residues 
have retained their conformation in comparison 
with the wild-type enzyme and furthermore, 
that all new side-chains adopt conformations as 
designed, i.e. similar to that of their counterparts 
in P.furiosus GDH. Table 1 lists the interatomic 
distances between the involved charged groups 

in one of the three networks. All distances are 
well within the cut-off value for ion-pairs of 
4.0 A (Barlow & Thornton, 1983). This means 
that in the quadruple mutant a 16-residue ion-
pair network is present, which is almost as 
large as the network in P.furiosus GDH 
(Figure 4). 
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Figure 3. (Legend shown on page 364) 

Thermoactivity and resistance towards thermal 
inactivation and denaturation 

Wild-type T. maritime! GDH showed optimal 
activity of 72 units/mg at 65 °C, identical to the 
values determined earlier (Lebbink et al., 1998). 
Specific activities at the respective temperature 
optima of the mutant GDHs showed that most of 
these have similar activity to the wild-type GDH, 

with N117R somewhat lower and S128R/T158E 
slightly higher values (Table 3). Only single mutant 
T158E shows a large change in comparison with 
the wild-type GDH, with 40 units/mg its activity 
is almost two times lower. 

The effect of the introduced ion-pairs was 
addressed by comparing thermo-activity and 
resistance towards thermal inactivation and ther
mal denaturation of the wild-type and the mutant 
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Figure 3. 6-fold averaged electron density maps ((2F"U — F™T) exp iocWT) of quadruple mutant GDH showing 
new density at positions of substition N117R (a, d), S160E (b, e) and S128R and T158E (c, f) before (a, b, c) and after 
(d, e, f) refinement. 

GDHs (Table 3). Similar trends were found with all 
three techniques. Single mutants S128R and 
especially T158E have lower temperature optima, 
lower apparent melting temperatures and inacti
vate much faster than the wild-type GDH. Also 
single mutant N117R is less stable than the wild-
type although differences are only marginal. The 
combination of the two destabilizing central 
mutations into double mutant S128R/T158E results 
in a remarkable restoration of stability compared 
to the wild-type GDH. The apparent melting tem
perature of this mutant is decreased by only 0.4 "C 
and its half-life at 85 °C is only 20% lower and 
their temperature optima are identical. A remark

able effect was observed by the addition of argi-
nine 117, which on its own slightly destabilizes, 
but added to the central double mutant shows a 
significant increase of the half-life by a factor of 1.5 
and an increase in apparent melting temperature 
of 0.9 °C. Moreover, this triple mutant S128R/ 
T158E/N117R has a higher melting temperature 
and temperature optimum than the wild-type 
GDH and is more resistant to thermal inactivation. 
In all cases substitution S160E is deleterious, as 
indicated by the low half-lives of the second triple 
and the quadruple mutant at 85 C. Again, how
ever, the triple mutant has been stabilized by the 
additional N117R substitution. 
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\*t*fi 
* « « K I I 

Figure 4. Stereoview of the 
16-residue network in T. maritima 
quadruple mutant GDH. 

Table 3. Biochemical characterization of wild-type and mutant T. maritima GDHs 

Wild-type GDH 
S128R 
T158E 
N117R 
S128R/T158E 
S128R/T158E/N117R 
S128R/T158E/S160E 
Quadruple mutant 

f„P, C-C) 

65 
58 
55 
63 
65 
68 
60 
63 

Specific activity at tapt 

(units /mg) 

72 
77 
40 
58 
92 
74 
79 
76 

f1/2 at 85!1C (min) 

209 ± 13 
16 ± 0 . 2 
<0.1 -

192 ± 24 
162 ± 6 . 6 
240 ± 12 
1 ± 0 . 3 
5 ± 1 

<m fC ) 

89.1 
87.0 
83.1 
88.7 
88.7 
89.6 
88.0 
88.3 

The first two columns list the specific activity of each enzyme at its respective optimum temperature for catalysis. Thermal inacti-
vation of wild-type and mutant T. maritima GDH at 85 C is tabulated as half-lives of inactivation in minutes with standard errors. 
The last column lists the apparent melting temperatures as determined by differential scanning microcalorimetry. The estimated 
error in / is 0.2 "C. 

Discussion 

The largest ion-pair network in any hyperther-
mostable protein reported to date is the 18-residue 
network that is three times present at the trimer 
interface of the GDH from P. furiosus (Yip et ah, 
1995). In order to study the role of this network in 
conferring thermostability, we decided to introduce 
it into the less thermostable GDH from T. maritima, 
analogous to our study of the hinge ion-pair net
work that was described before (Lebbink et a\., 
1998). GDH mutants containing single or multiple 
amino acid substitutions were purified from E. coli 
and biochemically characterized with respect to 
optimal activity and their resistance towards 
thermal inactivation and denaturation. The three-
dimensional structure of the quadruple mutant 
was elucidated, and together with the structure of 
the double mutant in the hinge region (Lebbink 
et al., 1998), has been crucial in the interpretation 
of the biochemical data because they show that the 
predicted networks are indeed formed and that 
unexpected results cannot be explained by the 
absence of expected interactions. Furthermore, the 
structures show that although especially gluta-
mate, arginine and lysine side-chains are long and 

flexible, they do in all cases adopt the confor
mation favorable for formation of the ion-pair 
interactions. This suggests that oppositely charged 
groups in close proximity are not only a prerequi
site for, but also unavoidably lead to the formation 
of ion-pair interactions. Because most of the inter
actions within the network in P. furiosus GDH are 
salt-bridges, the effect of the network on the stab
ility of the hexamer will be conferred by both ionic 
interactions and hydrogen bridges. Hydrogen 
bond formation in the T. maritima structures, how
ever, is difficult to assess because of the medium 
resolution of the models (2.9 and 3.0 A , while that 
of P. furiosus GDH is 2.2 A ). Furthermore, crystal
lography B-factors for several of the charged side-
chains are considerably high. Grouped B-factor 
values for Argl l7 and Argl28 , for example, are 80 
and 95 A2, respectively, indicating that these two 
residues are very flexible. However, the position of 
the side-chains was clearly visible in the 
ppMu __ pwT) e x p ,SWT m a p E v e n if both H-bond 

distance and H-bond geometry criteria would be 
satisfied, the high mobility of the side-chains indi
cates that the actual formation of these interactions 
will only occur for very short periods of time. In 
contrast, the assignment of ion-pairs does not 
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suffer from such considerations; only a distance 
criterium has to be fulfilled and even if large 
movements temporarily result in charged groups 
being further than 4.0 A apart, the interaction may 
easily be restored because of the long-range charac
ter of electrostatic interactions. These high B-factors 
may reflect just why ion-pair networks may be 
favorable stabilizing mechanisms at high tempera
tures; the long-range nature of electrostatics allows 
considerable movement of side-chains without 
interactions being broken and at the same time 
lowering the entropic cost of side-chain fixation. 
Similar conclusions were drawn from the crystal 
structure of a thermostable [3-glycosidase that con
tains not only many ion-pair interactions, but in 
addition contains buried solvent networks, that 
may stabilize the enzyme in a similar manner 
(Aguilar et ah, 1997). 

The slight destabilization of T. maritima GDH 
by the introduction of an extra intersubunit ion-
pair between Glul20 and Argll7, may be 
explained by the repulsion between the nitrogen 
at the epsilon-position of the introduced arginine 
side-chain and the 3.9 A distant N': atom of argi
nine 44. In P. furiosus GDH this interaction is 
not present because the corresponding glutamate 
44 does not interact with arginine 117, but rather 
forms an ion-pair with the arginine 121. The 
destabilization of single mutants S128R and 
T158E and the subsequent restoration of enzyme 
stability upon their combination, indicates that 
the presence of unbalanced, similar charges in 
close proximity is highly deleterious and shows 
the need for balanced charges. Electrostatic inter
actions are generally optimized in proteins in a 
way that leads to the rejection of conformers 
with repulsive charge-charge interactions 
(Spassov et ah, 1994). Considering not only the 
destabilization but also the inactivation by the 
T158E substitution, the effect of this mutation 
may well be more than local. In native PAGE 
this enzyme migrates as a diffuse band which 
might indicate the presence of multiple (hexame-
ric) conformations. This hypothesis is supported 
by the fact that heat-treatment is able to increase 
the activity of mutants containing T158E, remi
niscent of heat-incubation being a trigger for a 
subtle conformational change in P. furiosus GDH 
that is needed for the enzyme to reach full 
activity (Consalvi et ah, 1996; Lebbink et ah, 
1995). Furthermore, the addition of substitution 
S160E, which is located only two residues apart 
in the a-helix, appears to be able to restore full 
activity to all mutants containing the T158E 
mutation. This suggests that if the T158E 
mutants are indeed trapped in a local energy 
minimum, the new ion-pair interaction between 
Glul60 and Arg411 is sufficient to pull the 
enzyme into its fully active conformation. It is 
therefore surprising that, although a strong ion-
pair interaction seems to be formed 
in the mutants containing the S160E substitution, 
all these mutants are considerably destabilized. 

The importance of correct interactions formed by 
central residue Glul58 is also shown by the 
observation that its removal from the network in 
GDH from P. kodakaraensis results in an enzyme 
that is no longer capable of attaining its native 
conformation (Rahman et ah, 1998). 

The combined effects of the central charged resi
dues have clear evolutionary implications, and are 
in accordance with the results from a comparative 
study on the breakdown of the network going 
from the most thermostable GDHs down along the 
temperature spectrum to mesophilic GDHs (Yip 
et ah, 1998). In all hyperthermostable enzymes the 
central charge cluster connects the symmetry-
related parts of the ion-pair network across the 
subunit interface, while in all less stable enzymes 
both charges have been substituted. Most probably 
in vivo only one substitution leads to an enzyme 
not able to function properly, as was shown in vitro 
here and by Rahman et al. (1998). Although there is 
a clear stabilizing interaction between the central 
residues Argl28 and Glul58, it is not strong 
enough to compensate for the loss of stability con
ferred by the serine and threonine side-chains 
to the wild-type enzyme. This means either that 
ion-pair interactions may not contribute more to 
enzyme stability than polar interactions, or alterna
tively, regarding the only moderate homology 
between the wild-type archaeal and bacterial 
enzymes, it could indicate that the bacterial 
enzyme needs further optimization in order for the 
electrostatics to exert their full effect on the 
enzyme's stability. This is supported by the obser
vation that the subunit interfaces in T. maritima 
GDH are much more hydrophobically optimized 
than in the pyrococcal enzyme (Knapp et ah, 1997) 
and by the work by Vetriani et al. (1998). They 
showed that restoration of an ion-pair network in 
T. litoralis GDH (this GDH is 87% identical on 
amino acid level to P. furiosus GDH, while identity 
between T. maritima and P. furiosus GDH is only 
55%) only resulted in stabilization when 
accompanied by a second-site mutation (Vetriani 
et ah, 1998). 

The effect of the combination of mutations in 
stabilized S128R/T158E/N117R GDH is non-addi
tive. This finding indicates cooperativity between 
the central charge cluster Argl28-Glul58, sym
metry-related Glul58*-Argl28* and the peripheral 
ion-pair Glul20-Argll7. A direct interaction 
between these structural elements is not possible, 
because the C atom of Argi l7 is located 14 and 
17 A from the C atoms of residues 158 and 128, 
respectively. Similar distances separate the charged 
groups of the side-chains of these residues. There
fore the cooperativity is exerted either via backbone 
communication (residues 117, 120 and 128 are all 
part of the same a-helix) or via the electrostatic 
fields generated by the different mutations. Differ
ences between backbone conformations of the 
wild-type and the quadruple mutant are either not 
present or too subtle to be visualized in the 3 A 
structures. The significant differences in stability 
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between GDH mutants containing small and large 
networks show that large ion-pair networks may 
be profitable for this enzyme and furthermore indi
cate that cooperativity of electrostatic interactions 
may extend over large distances. The increase in 
the half-life of inactivation due to substitution 
N117R indicates that ion-pair formation stabilizes 
the enzyme by increasing the kinetic barrier 
towards thermal inactivation. These data are in 
line with the studies on thermal unfolding of 
P. furiosus rubredoxin and T. maritima glyceralde-
hyde-3-phosphate dehydrogenase (Cavagnero et al, 
1998; Pappenberger et al, 1997). In a study of the 
stability of salt bridges at high temperatures 
(Elcock, 1998) simple model calculations have 
suggested that a sizeable energy barrier exists 
for breaking a salt bridge and that the height of 
this barrier increases with temperature. A similar 
barrier is not seen with hydrophobic isosteres. 
The presence of this energy barrier suggests an 
apparent role of salt bridges in increasing the 
kinetic barrier towards thermal inactivation or 
unfolding. 

In conclusion, we have succeeded in introducing 
three 16-residue ion-pair networks into the trimer 
interface of a bacterial GDH which originally has 
been hydrophobically optimized. Successive intro
duction of the amino acids that form the network, 
does not result in incremental stabilization of the 
enzyme. Several combinations of individual desta
bilizing mutations, however, result in restored 
activity and stability. On the one hand, these find
ings indicate that exchange of structural features 
between archaeal and bacterial enzymes that share 
only moderate amino acid identity (but high struc
tural homology) and have developed different 
modes of stabilization, is not straightforward. On 
the other hand, if the right conditions are met 
stabilization is possible, as shown in the combina
torial mutant S128R/T158E/N117R. The high 
cooperativity detected between the different mem
bers of the network may be the ultimate stabilizing 
feature and may explain why large ion-pair net
works are found in many hyperthermostable 
enzymes. 

Materials and Methods 

Construction of mutated gdh genes 

The expression plasmid containing the wild-type 
T. maritima gdh gene that was used as template for the 
production of mutant gdh genes, was described by 
Lebbink et al. (1998). Single mutations were introduced 
using two PCR-based methods and appropriate wild-
type or mutant template DNA; one method is based on 
megaprime and casette mutagenesis (Kuipers et al., 1991; 
Landt et al., 1990), the other on the overlap extension 
method (Ho et al., 1989). Combinations of mutations 
were constructed using either one of the aforementioned 
techniques or by exchange of restriction fragments. 
Mutated gene fragments were sequenced to verify the 
sequence of the amplified DNA and to confirm the pre
sence of the desired mutations. 

Purification and crystallization of GDH 

Wild-type and mutant T. maritima GDH were purified 
as described (Lebbink et al., 1998), except for the decrease 
in heat-incubation temperature from 80 to 70 °C because 
of the thermolability of some of the mutants. Because of 
this an additional chromatography step was needed in 
order to remove the last impurities. The samples were 
applied onto an hydroxylapatite column (BioRad, 
Veenendaal, The Netherlands). GDH was eluted using a 
linear phosphate gradient (from 20 to 300 mM). Purity of 
the samples was analyzed by SDS-PAGE. Pure GDH 
samples were pooled and dialyzed against 20 mM 
sodium phosphate buffer (pH 7.2). Protein concen
trations were determined using an extinction coefficient 
at 280 nm of em = 46,490 M"1 cm'1 calculated as 
described by Gill & von Hippel (1989). Crystals of 
mutant S128R/T158E/N117R/S160E were grown as 
described for the wild-type GDH (Knapp et al, 1997) but 
using slightly higher concentrations of polyethylene 
glycol (4 to 6%, w/v). 

Data collection, analysis and refinement 

Data were collected at the synchrotron facility in 
Hamburg (beamline XI1). Images were recorded by 
the rotation technique using a 300 mm image plate, a 
wavelength of 0.9096 A and a detector to crystal dis
tance of 400 mm. The raw data were indexed and 
evaluated with Denzo and scaled using Scalepack 
(Otwinowski & Minor, 1997). Intensity measurements 
of one crystal were used for the final dataset. Since 
the mutant was identical to the wild-type GDH in cell 
parameters and spacegroup, its structure was directly 
refined with the program X-PLOR (Brunger, 1992a) 
using the phases determined for the wild-type struc
ture (Knapp et al, 1997) and parameters developed by 
Engh & Huber (1991). Each model was refined (X-
PLOR) using the rigid body refinement option as well 
as conventional conjugate gradient minimization pro
cedures on positional parameters. Temperature factors 
were initially set to 20 A2 and were refined (grouped 
and restrained) after the R-value of the model 
dropped below 30%. The improvement of the model 
was monitored with the help of the free R-value cal
culated from 10% of randomly selected reflections 
which were excluded from the refinement procedure 
(Brunger, 1992b). After the R-value dropped below 
25% (R-free 29%) the positions of the atoms in the 
two domains were restrained with an effective energy 
term of 200 kcal/(mol A2). In the final refinement 
cycles the restraints were weakened (100 kcal/(mol 
A2)). In the calculated electron density ((2F^U - F^T) 
exp i«cT) the side-chains of the introduced residues 
were clearly visible. The quality of the electron density 
map was significantly improved by 6-fold averaging 
of the electron density using the program RAVE 
(Kleywegt & Jones, 1994) and a mask calculated at 
3 A distance around the initial model with the help of 
the program MAMA (Kleywegt & Jones, 1993). The 
rotation/translation matrices were refined with IMP 
(Kleywegt & Jones, 1994). The new side-chains were 
built into the density and the mutant structure was 
subsequently refined as described above. The final 
model was refined to a similar R-value as the wild-
type structure (R-value 21.0%, Rfree 27.4%). The geo
metry of the final model was analyzed using the pro
gram PROCHECK (Laskowski et al, 1993). 
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Characterization of wild-type and mutant GDHs 

GDH activity was assayed on a Hitachi U2010 spec
trophotometer as described before (Lebbink et al., 1998), 
except for the change of the final concentration of the 
potassium phosphate reaction buffer from 100 mM to 
20 mM. Thermal irtactivation was studied at an enzyme 
concentration of 50 ng /ml and 85 °C. Residual enzyme 
activity was assayed at 25 °C. Slopes of first-order inacti-
vation plots yielded rate constants for inactivation from 
which half-lives were calculated. Differential scanning 
microcalorimetry was carried out as described before 
(Lebbink et al., 1998) using 20 mM sodium phosphate 
(pH 7.4). Temperature profiles with sharp transitions 
were obtained, that allowed for determination of appar
ent tm values with 0.2 °C accuracy. Since the thermal 
unfolding transition was irreversible, thermodynamic 
parameters were not determined. 

Atomic coordinates 

The atomic coordinates have been deposited in the 
Brookhaven protein database under accession code 
2tmg. 

Acknowledgments 
We thank Kitty Yip, Linda Britton and Timothy Still-

man (Krebs Institute, Sheffield, UK) for their contribution 
to designing the mutants and the staff of the Synchrotron 
facility at EMBL, Hamburg, for their assistance with data 
collection. This work has been partially supported by 
contracts BIOT-CT93-0274 and BIO 4-CT96-0488 of the 
European Union. 

References 
Aguilar, C. F., Sanderson, I., Moracci, M., Ciaramella, 

M„ Nucci, R., Rossi, M. & Pearl, L. H. (1997). Crys
tal structure of the p-glycosidase from the 
hyperthermophilic archaeon Sulfohbus solfataricus: 
resilience as a key factor in thermostability. /. Mol. 
Biol. 271, 789-802. 

Anderson, D. E., Becktel, W. J. & Dahlquist, F. W. 
(1990). pH-induced denaturation of proteins: a 
single salt bridge contributes 3-5 kcal/mol to the 
free energy of folding of T4 lysozyme. Biochemistry, 
29, 2403-2408. 

Bacon, D. J. & Anderson, W. F. (1988). A fast algorithm 
for rendering space-filling molecule pictures. /. Mol. 
Graph. 6, 219-220. 

Baker, P. J., Britton, K. L., Engel, P. C , Farrants, G. W., 
Lilley, K. S., Rice, D. W. & Stillman, T. J. (1992). 
Subunit assembly and active site location in the 
structure of glutamate dehydrogenase. Proteins: 
Struct. Fund. Genet. 12, 75-86. 

Barlow, D. J. & Thornton, J. M. (1983). Ion-pairs in 
proteins. /. Mol. Biol. 168, 867-885. 

Briinger, A. T. (1992a). X-PLOR (Version 3.1) Manual, 
Yale University Press, New Haven and London. 

Briinger, A. T. (1992b). Free R value: a novel statistical 
quantity for assessing the accuracy of crystal struc
tures. Nature, 255, 472-475. 

Cavagnero, S., Zhou, Z. H., Adams, M. W. & Chan, S. 1. 
(1995). Response of rubredoxin from Pyrococcus 
furiosus to environmental changes: implications for 

the origin of hyperthermostability. Biochemistry, 34, 
9865-9873. 

Cavagnero, S., Debe, D. A., Zhou, Z. H., Adams, 
M. W. W. & Chan, S. L. (1998). Kinetic role of elec
trostatic interactions in the unfolding of hyperther
mophilic and mesophilic rubredoxins. Biochemistry, 
37, 3369-3376. 

Chiaraluce, R., Schwerdtfeger, R. M., Scandurra, R., 
Antranikian, G. & Consalvi, V. (1997). Acid-induced 
disassembly of glutamate dehydrogenase from the 
hyperthermophilic archaeon Pyrococcus furiosus 
occurs below pH 2.0. Eur. J. Biochem. 247, 224-230. 

Consalvi, V., Chiaraluce, R., Millevoi, S., Pasquo, A., 
Vecchini, P., Chiancone, E. & Scandurra, R. (1996). 
Refolding pathway and association intermediates of 
glutamate dehydrogenase from the hyperthermo-
phile Pyrococcus furiosus. Eur. ]. Biochem. 239, 679-
685. 

Dao-pin, S., Sauer, U., Nicholson, H. & Matthews, B. W. 
(1991). Contributions of engineered surface salt 
bridges to the stability of T4 lysozyme determined 
by directed mutagenesis. Biochemistry, 30, 7142-
7153. 

Eggen, R. I., Geerling, A. C , Waldkotter, K., 
Antranikian, G. & de Vos, W. M. (1993). The gluta
mate dehydrogenase-encoding gene of the 
hyperthermophilic archaeon Pyrococcus furiosus: 
sequence, transcription and analysis of the deduced 
amino acid sequence. Gene, 132, 143-148. 

Elcock, A. H. (1998). The stability of salt bridges at high 
temperatures: implications for hyperthermophilic 
proteins. /. Mol. Biol. 284, 489-502. 

Elcock, A. H. & McCammon, J. A. (1997). Continuum 
solvation model for studying protein hydration 
thermodynamics at high temperatures. /. Phys. 
Chem. 101, 9624-9634. 

Engh, R. A. & Huber, R. (1991). Accurate bond and 
angle parameters for X-ray protein structure refine
ment. Acta Crystallog. sect. A, 47, 392-400. 

Gill, S. C. & von Hippel, P. H. (1989). Calculation of 
protein extinction coefficients from amino acid 
sequence data. Anal. Biochem. 182, 319-326. 

Hendsch, Z. S. & Tidor, B. (1994). Do salt bridges stabil
ize proteins? A continuum electrostatic analysis. 
Protein Sci. 3, 211-226. 

Hennig, M., Darimont, B., Sterner, R., Kirschner, K. & 
Jansonius, J. N. (1995). 2.0 A structure of indole-3-
glycerol phosphate synthase from the hyperthermo
phile Sulfohbus solfataricus: possible determinants of 
protein stability. Structure, 3, 1295-1306. 

Hennig, M., Sterner, R., Kirschner, K. & Jansonius, J. N. 
(1997). Crystal structure at 2.0 A resolution of 
phosphoribosyl anthranilate isomerase from the 
hyperthermophile Thermotoga maritima: possible 
determinants of protein stability. Biochemistry, 36, 
6009-6016. 

Ho, S. N., Hunt, H. D„ Horton, R. M„ Pullen, J. K. & 
Pease, L. R. (1989). Site-directed mutagenesis by 
overlap extension using the polymerase chain reac
tion. Gene, 77, 51-59. 

Kleywegt, G. J. & Jones, T. A. (1993). Masks made easy. 
In ESF/CCP4 Newsletter, 28, pp. 56-59 . 

Kleywegt, G. J. & Jones, T. A. (1994). Halloween, masks 
and bones. In From First Map to Final Model, (CCP4) 
pp. 59-66. 

Klump, H., Di Ruggiero, J., Kessel, M., Park, J. B„ 
Adams, M. W. & Robb, F. T. (1992). Glutamate 
dehydrogenase from the hyperthermophile Pyroco-

94 



Subunit interface ion-pair network 

ecus furiosus. Thermal denaturation and activation. 
/. Biol. Chem. 267, 22681-22685. 

Knapp, S., de Vos, W. M., Rice, D. & Ladenstein, R. 
(1997). Crystal structure of glutamate dehydrogen
ase from the hyperthermophilic eubacterium 
Thermotoga maritima at 3.0 A resolution. /. Mol. Biol. 
267, 916-932. 

Korndorfer, I., Steipe, B., Huber, R., Tomschy, A. &: 
Jaenicke, R. (1995). The crystal structure of holo-
glyceraldehyde-3-phosphate dehydrogenase from 
the hyperthermophilic bacterium Thermotoga mari
tima at 2.5 A resolution. /. Mol. Biol. 246, 511-521. 

Kort, R., Liebl, W., Labedan, B., Forterre, P., Eggen, R. I. 
& de Vos, W. M. (1997). Glutamate dehydrogenase 
from the hyperthermophilic bacterium Thermotoga 
maritima: molecular characterization and phylo-
genetic implications. Extremophiles, 1, 52-60. 

Kraulis, P. J. (1991). MOLSCRIPT: a program to produce 
both detailed and schematic plots of protein struc
tures. /. Appl. Crystallog. 24, 946-950. 

Kuipers, O. P., Boot, H. J. & de Vos, W. M. (1991). 
Improved site-directed mutagenesis method using 
PCR. Nucl. Acids Res. 19, 4558. 

Landt, O., Grunert, H. P. & Hahn, U. (1990). A general 
method for rapid site-directed mutagenesis using 
the polymerase chain reaction. Gene, 96, 125-128. 

Laskowski, R. A., MacArthur, M. W., Moss, D. S. & 
Thornton, J. M. (1993). PROCHECK: a program to 
check the stereochemical quality of protein struc
tures. /. Appl. Crystallog. 26, 283-291. 

Lebbink, J. H. G., Eggen, R. I. L., Geerling, A. C. M , 
Consalvi, V., Chiaraluce, R., Scandurra, R. & Devos, 
W. M. (1995). Exchange of domains of glutamate 
dehydrogenase from the hyperthermophilic 
archaeon Pyrococcus furiosus and the mesophilic 
bacterium Clostridium difficile: effects on catalysis, 
thermoactivity and stability. Protein Eng. 8, 1287-
1294. 

Lebbink, J. H., Knapp, S., van der Oost, J., Rice, D., 
Ladenstein, R. & de Vos, W. M. (1998). Engineering 
activity and stability of Thermotoga maritima gluta
mate dehydrogenase. I. Introduction of a six-residue 
ion-pair network in the hinge region. /. Mol. Biol. 
280, 287-296. 

Merrit, E. A. & Murphy, M. E. P. (1994). Raster3D 
version 2.0 - a program for photorealistic molecular 
graphics. Acta Crystallog. sect. D, 50, 869-873. 

Ogasahara, K., Lapshina, E. A., Sakai, M., Izu, Y., 
Tsunasawa, S., Kato, I. & Yutani, K. (1998). Electro

static stabilization in methionine aminopeptidase 
from hyperthermophile Pyrococcus furiosus. Biochem
istry, 37, 5939-5946. 

Otwinowski, Z. & Minor, W. (1997). Processing of X-ray 
diffraction data collected in oscillation mode. 
Methods Enzymol. 276, 307-326. 

Pappenberger, G., Schurig, H. & Jaenicke, R. (1997). Dis
ruption of an ionic network leads to accelerated 
thermal denaturation of n-glyceraldehyde-3-phos-
phate dehydrogenase from the hyperthermophilic 
bacterium Thermotoga maritima. J. Mol. Biol. 274, 676-
683. 

Rahman, R., Fujiwara, S., Nakamura, H., Takagi, M. & 
Imanaka, T. (1998). Ion-pairs involved in maintain
ing a thermostable structure of glutamate dehydro
genase from a hyperthermophilic archaeon. Biochem. 
Biophys. Res. Commun. 248, 920-926. 

Russell, R. J. M., Ferguson, J. M. C., Hough, D. W., 
Danson, M. J. & Taylor, G. L. (1997). The crystal 
structure of citrate synthase from the hyperthermo
philic archaeon Pyrococcus furiosus at 1.9 A resol
ution. Biochemistry, 36, 9983-9994. 

Spassov, V. Z., Karshikoff, A. D. & Ladenstein, R. 
(1994). Optimization of the electrostatic interactions 
in proteins of different functional and folding type. 
Protein Sci. 3, 1556-1569. 

Vetriani, C., Maeder, D. L., Tolliday, N„ Yip, K. S. P., 
Stillman, T. J., Britton, K. L., Rice, D. W., Klump, 
H. H. & Robb, F. T. (1998). Protein thermostability 
above 100 C: a key role for ionic interactions. Proc. 
Natl Acad. Sci. USA, 95, 12300-12305. 

Waldburger, C. D., Schildbach, J. F. & Sauer, R. T. 
(1995). Are buried salt bridges important for protein 
stability and conformational specificity? Nature 
Struct. Biol. 2, 122-128. 

Yip, K. S., Stillman, T. J., Britton, K. L„ Artymiuk, P. J., 
Baker, P. J., Sedelnikova, S. E., Engel, P. C., Pasquo, 
A., Chiaraluce, R., Consalvi, V., Scandurra, R. & 
Rice, D. W. (1995). The structure of Pyrococcus furio
sus glutamate dehydrogenase reveals a key role for 
ion-pair networks in maintaining enzyme stability 
at extreme temperatures. Structure, 3, 1147-1158. 

Yip, K. S., Britton, K. L„ Stillman, T. J., Lebbink, J., de 
Vos, W. M., Robb, F. T., Vetriani, C , Maeder, D. & 
Rice, D. W. (1998). Insights into the molecular basis 
of thermal stability from the analysis of ion-pair 
networks in the glutamate dehydrogenase family. 
Eur. J. Biochem. 255, 336-346. 

Edited by R. Huber 

(Received 12 January 1999; received in revised form 1 April 1999; accepted 5 April 1999) 

95 



Chapter 6 

96 



P-glucosidase CelB 

Chapter 7 

The P-glucosidase CelB from Pyrococcus furiosus: 
Production by Escherichia coli, purification 

and in vitro evolution. 

Joyce H.G. Lebbink, Thijs Kaper, Serve W.M. Kengen, 
John van der Oost and Willem M. de Vos. 

Parts of this chapter will be published in 
Methods in Enzymology, 

Volume 'Hyperthermophilic enzymes'. 

97 



Chapter 7 

Introduction 

One of the key enzymes of the hyperthermophilic archaeon Pyrococcus 
furiosus involved in growth on (3-linked sugars, is the inducible p-glucosidase 
(CelB). This enzyme is very well suited to function as a model in studying the 
molecular mechanisms that are employed by hyperthermophilic organisms to 
optimise enzyme stability and catalysis. In this chapter we describe (i) an 
overview of the state of the art on this hyperthermostable enzyme, (ii) protocols 
for improved and scaled-up heterologous production and enzyme purification, 
and (iii) the development and application of a directed evolution procedure, that 
resulted in the isolation and characterisation of an active site mutant. 

Characterisation and application potential of CelB 

The cytoplasmic CelB was purified from P.furiosus, showed a molecular 
mass of 230 kD, and is composed of four identical subunits (Kengen et a/., 
1993). The enzyme is one of the most thermostable glycosyl hydrolases 
described to date, and is optimally active at 102-105°C and pH 5.0 (Kengen et 
a/., 1993). It shows high activity on aryl-glucosides and aryl-galactosides, as well 
as on the (3-(1,4)-linked disaccharides cellobiose and lactose and the P-(1,3)-
linked disaccharide laminaribiose (Kengen et a/., 1993; Bauer et a/., 1999). It 
furthermore has low p-mannosidase and p-xylosidase activity (Kengen et al., 
1993). High catalytic efficiency (4200 s"1 M"1) is reported for hydrolysis of p-
nitrophenyl-p-D-glucopyranoside (pNp-glu), with a Vmax of 700 U/mg and a Km for 
this substrate of 0.15 mM at 90°C (Kengen et a/., 1993). The enzyme is not 
dependent on bivalent cations, and thiol-groups are not essential for activity. 
Finally, the enzyme is competitively inhibited by several ground-state analogues 
like glucose (K, = 40 mM), and transition-state analogues like gluconolactone {K, 
= 0.080 mM), as well as tris(hydroxymethyl)aminomethane (Tris) (K, = 1.3 mM) 
(Bauer & Kelly, 1998). 

The celB gene was cloned and sequenced, and the deduced amino acid 
sequence showed high homology with p-glycosidases that belong to glycosyl 
hydrolase family I (Voorhorst et al., 1995). Overexpression in Escherichia coli 

Abbreviations 
pNp p-nitrophenol 
pNp-glu p-nitrophenol-p-D-glucopyranoside 
pNp-gal p-nitrophenol-P-D-galactopyranoside 
pNp-man p-nitrophenol-(3-D-mannopyranoside 
X-glu 5-bromo-4-chloro-3-indolyl-|3-D-glucopyranoside 
X-gal 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside 
CelB p-glucosidase from Pyrococcus furiosus 
LacC 6-phospho-p-galactosidase from Lactococcus lactis 
BglA p-glucosidase from Bacillus polymyxa 
dNTP deoxy-nucleotide-tri-phosphate 
IPTG isopropyl-p-D-thiogalactopyranoside 
Tris tris(hydroxymethyl)aminomethane 
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resulted in high level production of a thermostable p-glucosidase that was 
purified and found to have similar kinetic and stability properties as CelB 
purified from P.furiosus. This indicated that the E.co//'-produced enzyme could 
replace the native enzyme in studying features of hyperthermostability and -
activity. Furthermore, the heterologous expression system allowed for the first 
protein engineering studies of a hyperthermostable enzyme that was realised by 
changing glutamate 372, which is conserved among family I enzymes. 
Substitution of this residue by an aspartate or a glutamine resulted in 200-fold 
and 1000-fold reduction in specific activity, respectively. This confirmed that this 
conserved glutamate residue is the active site nucleophile involved in catalysis 
above 100°C (Voorhorst et a/., 1995). A comparison of kinetic properties of 
CelB with those of the p-glucosidase BglA from Agrobacterium faecalis, 
indicated that these homologous enzymes share a common catalytic mechanism 
(Bauer & Kelly, 1998). Substrate hydrolysis occurs via a double displacement 
mechanism, involving a covalent glucosyl-enzyme intermediate and results in 
retention of the configuration at the anomeric carbon atom (Kempton & Withers, 
1992; Wang, 1995). A three-dimensional CelB model, based on crystals 
diffracting to 3.3 A, shows the complete conservation of the active site 
architecture compared to other family I enzymes (Chapter 8 of this thesis). 
Evidently, during evolution of family I enzymes from organisms growing 
optimally at different temperatures, the overall protein structure has been 
adapted to the changing environmental conditions while the integrity of the 
active site and thereby substrate binding and enzyme turnover, has been 
maintained. 

It has been reported that CelB production is highest when P.furiosus is 
grown on p-linked sugars and may reach 5% of total cell protein in this organism 
(Kengen et a/., 1993). This production is controlled at the transcriptional level 
and gene expression is induced within ten minutes after addition of cellobiose 
(Voorhorst et a/., 1999). Although CelB is highly active on the p-(1,4)-linked 
disaccharide cellobiose, it is not able to liberate glucose from p-(1,4)-linked 
polysaccharides like cellulose. It does, however, show low activity on the p-
(1,3)-linked polymer laminarin (Kengen et a/., 1993). In fact, a strong synergy 
between CelB and the secreted endo-p-(1,3)-glucanase (LamA) from P.furiosus on 
laminarin has been described (Gueguen et a/., 1997). This indicates that these 
two enzymes cooperate to enable P.furiosus to grow efficiently on p(1,3-1,4)-
glucans, that may be ubiquitously available in its marine environment as 
constituents of the cell wall of eukaryotic algae (laminarin) or methanogenic 
archaea (pseudopeptidoglycan) (Gueguen et a/., 1997; Konig et a/., 1983). 
Recently, a second endoglucanase (EglA) has been characterised, with specificity 
for p-(1,4)-linkages. LamA and EglA may work in concert to hydrolyse (3(1,3-1,4) 
p-glucan, delivering short oligosaccharides to the intracellular CelB (Bauer et a/., 
1999). 

CelB is the most thermostable member of the family I of glycosyl 
hydrolases. Half-life values for thermal inactivation of 85 hours and 13 hours at 
100 and 110°C were reported, respectively, and an apparent melting 
temperature determined by differential scanning microcalorimetry of 108°C 
(Kengen et a/., 1993; Bauer & Kelly, 1998). Half-life values for thermal 
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inactivation were lowered considerably when the incubation buffer was changed 
from 140 mM Tris (pH 8.5) to 150 mM sodium citrate (pH 5.0). This stabilising 
effect of Tris became apparent during SDS-PAGE analysis that shows that CelB 
can only be completely denatured when boiled in non-conventional sample 
buffer, in which Tris has been replaced with citrate as buffer component. The 
stabilising effect of Tris was attributed to its structural analogy with several 
compatible solutes that are present in hyperthermophiles and have been shown 
to act as thermostabilisers (Kengen et a/., 1993; Kengen & Stams, 1994). 
Alternatively, the observed stabilisation may be related to the fact that Tris is a 
competitive inhibitor of CelB (Bauer & Kelly, 1998). Interaction between this 
organic compound and active site-residues may stabilise the enzyme against 
thermal inactivation. Incubation in high concentrations of denaturants like 4 M 
urea, 1M guanidine hydrochloride or 8.5 M ethanol and subsequent assaying for 
activity in the absence of these compounds, revealed no loss of activity, and 
indicates that CelB is also very resistant against chemical treatments (Kengen & 
Stams, 1994). 

The nearest family I relative of CelB is the |3-glycosidase (LacS) from the 
hyperthermophilic archaeon Sulfolobus solfataricus (Pisani et al., 1990). This 
enzyme has a half-life of inactivation of 3 hours at 85°C and shares with CelB a 
similar broad substrate specificity (Pisani et al., 1990; Nucci et a/., 1993). 
Stability of LacS towards high temperature, SDS and alkaline pH has been 
extensively studied (Nucci et al., 1995; d'Auria et al., 1998; d'Auria et al., 
1996). The elucidation of the three-dimensional structure of LacS revealed that 
thermostability is achieved by a relatively high number of large ion-pair 
networks and solvent-filled, hydrophilic cavities that were proposed to confer 
resilience to the enzyme, thereby protecting against denaturation upon large 
conformational fluctuations at high temperature (Aguilar et al., 1997). In spite of 
their high degree of amino acid homology and three-dimensional structure 
similarity, the temperatures at which CelB and LacS inactivate for 50% within 
one hour, is at least 20°C higher for CelB. The molecular basis for this difference 
in thermostability between CelB and LacS is currently under investigation 
(Pouwels et a/., 1999). 

CelB is an enzyme with an interesting potential for industrial or 
diagnostic applications. A series of transposons carrying the celB gene as genetic 
marker has been developed for gram-negative bacteria in order to study plant-
bacterium interactions (Sessitsch et al., 1996). In plants or plant-root ecosystems, 
endogenous background p-glucosidase and p-galactosidase activity are easily 
heat-inactivated and the combination of celB and the gusA markers allows for 
simultaneous detection of multiple-strain occupancy of plants and individual 
nodules by Rhizobia. This application has been developed into the CelB Gene 
Marking Kit that is marketed by FAO/IAEA (Sessitsch et al., 1996). CelB is 
furthermore a very suitable enzyme to perform transglycosylation and 
glucoconjugation with retention of configuration at the anomeric carbon atom. 
Due to its ability to accept a wide variety of aglycones like primary and tertiary 
alcohols, CelB seems a promising biocatalyst for regio- and stereoselective sugar 
derivative synthesis (Fischer et al., 1996). In addition, efficient production of (3-
galacto-oligosaccharides from lactose has been described (Boon et al., 1999). At 
present, its performance in high-temperature lactose hydrolysis, oligosaccharide 
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synthesis, and application in biosensors is tested (Kaper and Kengen, personal 
communication). 

Small and large-scale heterologous production of CelB in Escherichia coli 

High level overexpression of the celB gene in Escherichia coli MC1061 
was initially achieved by cloning a 1.9-kb Ssp\-Sma\ DNA fragment into the Smal 
site of vector pTTQ19 under control of the vector-located tac promoter 
(Voorhorst et a/., 1995). Upon induction with B-D-thiogalactopyranoside (IPTG), 
CelB levels in E.coli MC1061 harbouring this plasmid pLUW510, amounted up 
to 20% of total cell protein (Voorhorst et a/., 1995). However, high selection 
pressure had to be applied in order to achieve these levels of overexpression 
(500 ug/ml ampicilline) and even then in medium-scale fermentations, low 
expression levels, probably due to structural instability of the plasmid, were 
often observed. For this reason we decided to develop a new and stable 
expression system, that (i) would preferably confer resistance to an antibiotic that 
is metabolised inside the cells, thereby exerting stronger selection pressure than 
ampicilline which is detoxified outside the cell, (ii) would greatly reduce the 
amount of antibiotic to be added, and (iii) would result in high-level 
overexpression and would allow large-scale fermentations without the problems 
of plasmid instability. 

The coding region of the celB gene was PCR-amplified using primers 
BG238 and BG239 which overlap the start- and stop codons of the gene, 
respectively, and have the following sequence (with the start and stop codons in 
italics and restriction sites underlined): BG238 = 5'-
GCGCGCCAJCGCAAAGTTCCCAAAAAACTTCATGTTTG; BG239 = 5'-
CGCGCGGATCCCLACTTTCTTGTAACAAATTTGAGG. BG238 is homologous 
to the coding strand and introduces a Ncol restriction site (CCATGG) which 
overlaps the startcodon. In order to be able to introduce this restriction site, three 
extra bases were introduced (GCA) that encode for an alanine residue that is 
now inserted in between the N-terminal methionine and lysine at position 2 in 
the enzyme. This alanine will be referred to as residue number 1a and its 
introduction resulted in an enzyme with comparable kinetic parameters and 
resistance against thermal inactivation as the enzyme isolated from P.furiosus 
(Voorhorst et a/., 1995; Chapters 9 and 10 of this thesis). BG239 is homologous 
to the non-coding strand and introduces a BamHI restriction site immediately 
downstream of the stop-codon. The introduction of the Ncol and BamHI 
restriction sites allowed for a translational fusion of the celB gene to the <J>10 
translation initiation and termination signals on expression plasmid pET9d 
(Rosenberg et al., 1987). The resulting plasmid pLUW511 carries celB under 
control of the bacteriophage T7 promoter and could be stable maintained in 
E.coli BL2KDE3) (hsdS gal (X.clts857 ;'nd1Sam7 nin5 /acUV5-T7 gene /)), which 
contains a T7 RNA polymerase gene in its chromosome under control of the 
/acUV5 promoter (Studier et al., 1986). pLUW511 confers kanamycine 
resistance to BL21(DE3) and relatively low amounts of this antibiotic (30-50 
Ug/ml) are required for stable plasmid maintenance. Induction of a log-phase 
culture (OD600nm = 0.5) with IPTG resulted in high level overexpression, with 
CelB amounting to at least 20% of total cell protein. The specific activity of CelB 
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produced from this plasmid amounted to 260 U/mg in cell free extract, 
compared to 220 U/mg for the enzyme produced from pLUW510. Overnight 
growth without induction resulted in a lower expression level but a higher total 
CelB yield because of much higher cell densities. This indicates that the /acUV5 
promoter is not completely blocked by the repressor, and that under these 
conditions, T7 DNA polymerase gene expression is sufficient for high-level 
overproduction of CelB. Because of practical considerations and the high cell 
densities that can be reached during overnight growth without induction, this 
procedure was employed as standard protocol. The new construct pLUW511 
was found to be completely stable during selective and non-selective growth for 
at least 50 generations, and is, therefore, very well suited for large-scale 
fermentations. In an 8-liter fermentor a 20 h culture of BL21(DE3) harbouring 
pLUW511 yielded 140 grams wet weight E.coli, from which 720 mg pure CelB 
was obtained (see below). 

Purification of recombinant CelB 

Purification of CelB from E.coli has been reported as a simple two-step 
method including denaturation of most E.coli proteins by heat-incubation, and 
further purification using anion exchange chromatography (Voorhorst et a/., 
1995). A standard procedure included in this method is the incubation of the cell 
extract with DNase and RNase. However, in spite of this treatment, 
oligonucleotides were sometimes found to co-elute with the p-glucosidase from 
the anion exchange column. The comparison of kinetic and stability parameters 
of mutated variants of CelB with the wild-type enzyme, that is routinely 
performed in our laboratory, requires identical enzyme preparations which are 
completely free of oligonucleotides and other contaminants. We therefore 
adapted the purification procedure, which is described below. 

Purification of CelB from 1 liter batch cultures 
One litre TY medium ( 1% trypton, 0.5% yeast extract, 0.5% NaCI) 

containing 30 ug/ml kanamycine was inoculated with 10 ml overnight culture of 
E.coli BL21(DE3) harbouring expression plasmid pLUW511 and cultured 
overnight in 2 litre baffled Erlenmeyer flasks at 37°C in a rotary shaker. Cells 
(typically 6 g wet weight/litre) were collected at 5400 g, resuspended in 20 ml 
20 mM sodium citrate (pH 4.8) and disrupted using a French Press at 110 MPa 
(Aminco, Silver Spring, Maryland, USA). The resulting cell lysate was incubated 
for 20 minutes at 80°C and cell debris and denatured E.coli proteins were 
removed by centrifugation at 48,000 g for 30 minutes. The use of 20 mM 
sodium citrate (pH 4.8) instead of 50 mM sodium phosphate pH 7.5 (Voorhorst 
et a/., 1995) or 20 mM Tris-HCI (pH 8.0), resulted in a more efficient removal of 
E.coli proteins in this step. The resulting heat-stable cell free extract was dialysed 
overnight against 20 mM Tris-HCI (pH 8.0). A 15 ml Q-Sepharose anion 
exchange column (Pharmacia, Uppsala, Sweden), operated by the Hi Load 
System with Pump and Gradient Kit P50 (Pharmacia), was equilibrated with the 
same buffer. The dialysed heat-stable cell-free extract was loaded onto this 
column and after extensive washing with 20 mM Tris-HCI (pH 8.0), a linear 0.0-
1.0 M sodium chloride gradient in the same buffer was applied. CelB eluted at 
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0.5 M NaCI under these conditions. Active fractions were pooled and 
concentrated to less than 1 ml total volume using Centricon-30 devices (Amicon, 
Beverly, USA). The resulting sample was applied onto a 300 ml Superdex 75 
gelfiltration column (Pharmacia) equilibrated with 20 mM Tris-HCI (pH 8.0), 50 
mM NaCI, in order to remove last traces of E.coli contaminating proteins and 
oligonucleotides. Purity of the fractions was analysed by SDS-PAGE. Pure 
fractions typically showed the presence of a protein band with the expected 
molecular weight for the monomer of 58 kDa, as well as a higher molecular 
weight form presumably corresponding to the tetrameric form, as described 
before (Kengen et a/., 1993; Kengen & Stams, 1994). Absence of 
oligonucleotides was spectroscopically verified using a Hitachi U-2010 UV-VIS 
spectrophotometer, by the location of the UV absorption maximum at 280 nm 
and the absence of a shoulder in the UV spectrum at 260 nm. Pure fractions 
were pooled and dialysed against an appropriate buffer. The exchange of Tris-
HCI to another buffer is required because Tris is a competitive inhibitor of CelB 
and other glycosyl hydrolases with an inhibition constant around 1 mM (Bauer & 
Kelly, 1998; Kempton & Withers, 1992). Sodium citrate (pH 4.8) buffer should 
be avoided because at higher protein concentrations (starting at approximately 1 
mg/ml) CelB reversibly precipitates in this buffer. CelB has a pi of 4.40 (Kengen 
et a/., 1993) and apparently the charge distribution on the enzyme surface at pH 
4.8 is such that aggregation occurs at high protein concentrations. A preferred 
buffer is sodium phosphate at pH 6 or 7. Protein concentrations were 
determined at 280 nm using an extinction coefficient for one subunit of 
£m

280nm = 1.28*105 M W , calculated according to Gill & von Hippel (1989). 
Typically 50-80 mg of pure CelB was obtained from a 1 litre batch culture using 
this protocol. 

Purification of CelB from 8-liter fermentations 
A fermentor containing 8 litre TY medium with 50 (ig/ml kanamycin and 

55 mM glucose was inoculated with 50 ml of an overnight culture of BL21(DE3) 
harbouring pLUW511. A continuous airflow of 18 l/h and a stirring speed of 400 
rpm were employed, and to prevent excessive foaming, 600 u.l antifoam was 
added (Antifoam 289, Sigma). The pH was kept constant at 7.0. After growth at 
37°C for approximately 20 h, an OD660 nm of 8 was reached, and cells were 
collected using a continuous centrifuge (Heraeus Biofuge28RS). Cells (140 g wet 
weight) were resuspended in 420 ml of a 20 mM sodium citrate buffer (pH 4.8) 
and broken using a French Press at 110 MPa. The resulting cell lysate was 
incubated for 60 minutes at 80°C and cell debris and denatured E.coli proteins 
were removed by centrifugation at 48,000 g for 30 minutes. After dialysis against 
20 mM Tris-HCI (pH 8.0), the heat-stable cell-free extract was loaded onto a 50-
ml Q-sepharose column (Pharmacia) equilibrated with the same buffer. After 
extensive washing with the equilibration buffer, CelB was eluted using a 0.0-1.0 
M NaCI gradient in the same buffer. CelB eluted at 0.45 M NaCI. The large 
volume of the pooled samples (330 ml containing 810 mg protein) ruled out gel 
filtration as the subsequent step. The pooled fractions were saturated with 1 M 
ammonium sulphate and loaded onto a Phenyl Sepharose column (Pharmacia), 
after which a linear decreasing ammonium sulphate gradient (1.0-0.0 M) in 20 
mM Tris (pH 8.0) was applied. CelB eluted at the end of the gradient, separated 
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from oligonucleotides that do not bind to the column. Last traces of a 
contaminating E.coli protein were removed by a 30 min heat-treatment at 
100°C. Final yield amounted up to 60% and 720 mg pure CelB was obtained. 

Construction of a random CelB library 

Directed evolution by random mutagenesis and in vitro recombination is 
a powerful approach for studying many characteristics of a model system and to 
evolve a desired new property (Stemmer, 1994a; Stemmer, 1994b; Crameri et 
a/., 1998; Kuchner & Arnold, 1997; Arnold, 1998). This approach has so far 
been restricted to enzymes from mesophiles and thermophiles and has not yet 
been applied to hyperthermostable enzymes. CelB is a very suitable candidate to 
be used as model in the development of such a procedure for hyperthermostable 
enzymes. The enzyme is efficiently overexpressed in E.coli and therefore easily 
accessible for the introduction of random mutations by genetic techniques. The 
enzyme is extremely thermostable and resistant to inactivation by chemical 
denaturants (Kengen & Stams, 1994). Furthermore, because of its broad substrate 
specificity, it is able to hydrolyse a variety of chromogenic substrate analogues. 
Therefore, high-throughput screening and selection methods can be applied that 
are based on the production and analysis of large libraries consisting of random 
CelB variants. 

Description of the model system 
As starting material for a random CelB library, we used the expression 

plasmids pET9d and its derivative pLUW511 in E.coli strain JM109(DE3). The 
genotype of JM109(DE3) is recA1 sup£44endA1 /isdR17 gyrA96 re/A1 thi A(/ac-
proAB) F' [traD36 proAB+ lad* /acZAM15] (A.clts857 md15am7 nin5 /acUV5-T7 
gene 1) and it is therefore deficient in P-galactosidase (LacZ) activity, in contrast 
to BL2KDE3) (see above). In combination with vector pET9d, which does not 
code for the cc-peptide of the E.coli p-galactosidase, this strain wil l result in white 
colony formation on agar plates containing the chromogenic substrates 5-bromo-
4-chloro-3-indolyl-P-D-glucopyranoside (X-glu) or 5-bromo-4-chloro-3-indolyl-P-
D-galactopyranoside (X-gal), and wil l not hydrolyse the artificial substrates pNp-
glu and pNp-gal. When a gene coding for a functional CelB is cloned into 
pET9d, colonies will develop a blue colour due to hydrolysis of either the X-glu 
or X-gal substrates. Alpha-complementation between the truncated LacZ 
produced by E.coli JM109(DE3), and parts of, or the complete CelB enzyme has 
not been observed and is thought to be highly unlikely; LacZ and CelB belong to 
different families of glycosyl hydrolases, which do not share amino acid or 
structural homology. While in family I glycosyl hydrolases the active site is 
buried at the inside of an (aP)8 barrel within each individual monomer, the 
active site in LacZ involves residues from different subunits (Wiesmann et a/., 
1997; Aguilar et a/., 1997; Jacobson et a/., 1994). Even in the absence of an 
inducer, it is evident that the /acUV5 promoter in JM109(DE3) is not fully 
repressed and CelB is produced, as described above for BL2KDE3). Although the 
activity of the thermostable CelB at 37°C is only 2% of its activity at 90°C, this 
is sufficiently high to hydrolyse the chromogenic substrates during overnight 
growth (Figure 1). Blue colour formation in general correlates with the activity of 
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Figure 1: Agar plates containing 16 ug/ml of the chromogenic substrates X-glu (left) and X-gal 
(right) with negative controls (a), and clones producing wild-type CelB (b), and active site-
mutants E417S (c) and (d) N206S. 

the CelB variant that is expressed; wild-type CelB-producing colonies develop a 
darker blue colour than, for example, colonies harbouring plasmid pl_UW513, 
coding for mutant E417S CelB that has a 10-fold reduced specific activity on 
pNp-glucose (Chapter 8 of this thesis). A major advantage of using the pET9d 
expression plasmid, is the possibility of constructing translational fusions, using 
restriction enzyme recognition sites that are overlapping the start and stop 
codons of the gene of interest. This means that solely the coding region of the 
celB gene is mutagenised, and that the library will not contain random clones 
with mutations in promoter or terminator sequences or mutations affecting the 
plasmid replication, stability or copy number. These kind of mutations may 
result in fluctuating expression levels of the gene and thereby total enzyme 
activity, and were shown previously to be responsible for part of the increase in 
activity found for an in vitro evolved fucosidase (Zhang et a/., 1997). 

Random mutagenesis of the celB gene 
Random mutagenesis and DNA shuffling of the celB gene was essentially 

performed according to the protocol of Stemmer (Stemmer, 1994a) with the 
optimisation described by Lorimer and Pastan (Lorimer & Pastan, 1995). 
Individual steps in the procedure are visualised in Figure 2. For the preparation 
of template for DNA shuffling, the ce/B gene was PCR-amplified using Taq DNA 
polymerase, thereby exploiting the lack of proofreading activity of this 
polymerase to introduce random mutations. Primers were developed that just 
overlap the start and stop codons of the celB gene. This allowed mutagenesis of 
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the complete coding region except for the start and stop codons themselves 
without contaminating mutations in the flanking regions. The celB gene was PCR 
amplified using pLUW511 as template and primers BG238 and BG309 (5'-
GTTAGCAGCCGGATCCCT/A; with the BamHI site underlined and the stop 
codon in italics). While BG238 is the same primer as used for the construction of 
expression clone pLUW511, BG309 resembles BG239 but allows amplification 
(and mutagenesis) of all codons up to, but not including, the stop codon. In later 
procedures BG238 has been replaced by primer BG417 (5'-
CTTT A AG A AG GAG AT AT ACC A TG), which allows mutagenesis of all codons 
immediately downstream of the startcodon. The PCR was performed in the 
following reaction mixture (PCR-MIX): 10 ng pLUW511, 100 ng of the primers 
BG238 and BG309, 0.2 mM dNTP's, Tag DNA polymerase buffer and 5 units 
Tag DNA polymerase (Pharmacia). 30 cycles of 30" 94°C, 30" 45°C, 90" 72°C 
on a Perkin Elmer GeneAmp 2400 were performed, preceded by 5' denaturation 
at 94°C and followed by 7' extension at 72°C. PCR products obtained in 24 
independent amplification reactions were pooled and purified using the 
QIAquick PCR purification kit (Qiagen, Westburg, Leusden, The Netherlands). 
PCR products (200 ng/u.l) were incubated with 1 ng/ul DNasel (Sigma, 
Zwijndrecht, The Netherlands) in 50 mM Tris-HCI (pH 7.4) containing 10 mM 
MnCI2 at 20°C. The replacement of magnesium with manganese in this step (i) 
results in the introduction of double-stranded nicks into the DNA instead of 
single-stranded nicks, which means that also after denaturation the single-
stranded fragments will have the length as visualised before denaturation on the 
agarose gel, and (ii) lowers the affinity of DNasel for fragments smaller than 50 
bp, which makes the timing of the DNasel treatment less critical (Lorimer & 
Pastan, 1995). The reaction was stopped after 10 minutes by addition of 0.1 
volume of 0.5 M EDTA pH 8.0. This treatment typically resulted in the formation 
of 50-200 bp fragments (Figure 2). These fragments were purified using the 
Qiaquick Nucleotide Removal kit (Qiagen, Westburg) according to the supplied 
protocol except for the centrifugation at both washing steps that was performed 
at 6000 rpm. Alternatively, DNA fragments of 50-150 bp were excised from an 
agarose gel and purified using the QIAEX II Gel Extraction kit. The concentration 
of DNA fragments after purification was increased by removal of excess water in 
a vacuum excicator. The resulting gene fragments were assembled in a PCR 
reaction without primers (Figure 2). Incubation mixtures containing Taq DNA 
polymerase buffer, 0.2 mM dNTP's, 20 ng/uJ celB fragments and 5 units Taq 
DNA polymerase (Pharmacia) were subjected to 40 cycles of 30" 94°C, 30" 
55°C, 90" 72°C, preceded by 5' 94°C and followed by 7' 72°C. Correct 
fragments were enriched in a subsequent PCR reaction including primers BG238 
and BG309 as follows; the mixtures were diluted 10-fold in PCR-MIX lacking 
pLUW511, and subjected to 30 cycles of amplification as described for the first 
PCR-reaction (see above). Critical in the whole procedure was to avoid 
contamination with intact celB during reassembly steps. A total of 100 cycles of 
PCR amplification using Taq DNA polymerase was performed in this way. The 
resulting products, a smear of DNA fragments equal to and larger than 1.5 kb, 
were digested with Ncol and BamHI (Figure 2). Fragments of approximately 1.5 
kb length were isolated from an agarose gel using the QIAEX II Gel Extraction kit 
and ligated into Ncol-BamHI linearised pET9d using a vectoninsert molar ratio of 
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Figure 2: 2% agarose gel showing DNA shuffling of P.furiosus celB gene. Lane 1 and 2: Markers, 
phage k DNA digested with H/ndlll and EcoRI and a 36 bp oligonucleotide, respectively. Lane 
3: Amplified celB gene, Lane 4: DNasel treated celB gene, Lane 5: Reassembled ce/B gene, Lane 
6: Enrichment of ce/B gene by conventional PCR on assembly product, lane 7: Reassembled 
celB gene after digestion with restriction enzymes Ncol and BamHI and gel purification. 

1:3. E.coli strain JM109(DE3) was transformed with the ligation mixture and 
plated onto TY agar plates containing 30 ug/ml kanamycine and 16 ug/ml X-glu 
(Biosynth, Switzerland). Transformants containing functional P.furiosus CelB 
were identified by blue colour formation. Approximately 5000 transformants per 
ug of transformed linearised vector DNA were obtained, from which V* appeared 
to be blue and contained a complete celB gene, in contrast to the white colonies 
that contained with high frequency celB inserts smaller than 50-100 bp. 

Mutation frequency 
Nine functional CelB clones were randomly picked, and plasmid DNA 

was isolated and sequenced in order to determine the mutation frequency. The 
number of mutations ranged from 0 to 5 and showed the following distribution: 
no mutations (2), one mutation (1), two mutations (2), three mutations (2), four 
mutations (1) and five mutations (1). These mutations were randomly distributed 
along the entire celB gene. The average mutation frequency is 2.3 base changes 
per ce/8 gene, which results in one to two amino acid changes per CelB 
enzyme. This is an acceptable compromise between having a minimum of wild-
type sequences in the library and a maximum of amino acid substitutions per 
enzyme while preventing the occurrence of compensatory mutations starting to 
interfere with desired phenotypic changes. 
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Construction and screening of the random celB library 
Single blue colonies were picked and transferred to microtiter plates 

containing 200 ul of TY medium with 30 ng/ml kanamycine and 10% glycerol. 
Each microtiter plate contained negative and positive controls, namely 
JM109(DE3) harbouring pET9d, pLUW511 or pLUW513 coding for CelB mutant 
E417S (Chapter 8 of this thesis). Seventy microtiter plates were prepared 
(containing approximately 6200 random clones), incubated overnight at 37°C 
and stored at -80°C. For screening on chromogenic substrates, the library was 
replica-plated using a 96-pins replicator stamp onto TY agar plates containing 30 
Hg/ml kanamycine and 16 ng/ml X-glu or X-gal. Plates were incubated overnight 
at 37°C and intensity of blue colour formation was assayed by visual inspection. 
This resulted in blue colour formation of similar intensity on both substrates for 
the wild-type CelB, while clones with empty vector pET9d remained completely 
white, and the E417S mutant developed only a faint blue colour (Figure 1). 
Multiple clones were identified that showed unchanged activity on X-glu but 
largely reduced or completely abolished colour formation on X-gal. 

Characterisation of CelB mutant N206S 
One of the clones displaying a higher ratio in colour formation on X-glu 

over X-gal was selected and a single colony was picked (Figure 1). DNA 
sequencing revealed a single base change of A to G at position 617 of the celB 
coding region. This mutation results in an amino acid substitution of asparagine 
206 to serine in the CelB enzyme. Investigation of this amino acid position in a 
multiple amino acid sequence alignment of family I glycosyl hydrolases, 
revealed that this asparagine is a conserved residue and is located next to active 
site glutamate 207, which is proposed to act as the acid/base catalyst during 
substrate hydrolysis. 

The putative role of asparagine 206 has been deduced from an 
investigation of the 3D-structures from a mutant form of the 6-phospho-(3-
galactosidase LacG from Lactococcus lactis and BglA from Bacillus polymyxa 
(Wiesmann et a/., 1997; Sanz-Aparicio et a/., 1998). These two family I glycosyl 
hydrolases were co-crystallised with the substrate 6-phospho-galactose and the 
inhibitor gluconate in their active site, respectively. Analysis of the three-
dimensional structures revealed that the amide side chain of the corresponding 
asparagine of the CelB Asn206 is in direct contact with the substrate, with a 
hydrogen bond presumably formed between the side chain nitrogen and the 
hydroxyl group at the C2 position of the sugar moiety of the substrate (Figure 3). 
This interaction would be formed in the case of glucose- and galactose-moieties 
at this position in the substrate, because both sugars have the C2-hydroxyl group 
in an equatorial position. In the case of mannose, however, this hydroxyl group 
is axial, and visual inspection of the models suggests that in this case no 
hydrogen bond can be formed between the C2-OH and the amide side chain of 
Asn 206. Rather, the mannose-C2 hydroxyl group may be stabilised by an 
interaction with Glu 207. In mutant N206S the asparagine side chain is 
shortened to a serine, which is still a polar side chain but because of the 
increased distance, a favourable interaction between the C2-hydroxyl of the 
substrate and this side chain is considered highly unlikely. 
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Figure 3: Model of the active site of B.polymyxa P-glucosidase complexed with the inhibitor 
gluconate. Residue numbering is according to the B.polymyxa enzyme with CelB numbering in 
between brackets. The amide group of the asparagine 206 is hydrogen bonding the hydroxyl 
group at the C2 position of substrates containing glucose and galactose, but not fhannose. In 
the random CelB mutant N206S, this hydrogen bond cannot be formed. The affinity for glucose 
and galactose substrates in this mutant is much reduced compared to wild-type CelB, while the 
affinity for mannose is virtually unchanged. The figure has been prepared using the program 
RASMOL. 

In order to investigate the validity of the analysis described above, we 
purified wild-type CelB and mutant N206S and determined kinetic parameters 
on the artificial substrates pNp-glu, pNp-gal and pNp-mannose. Wild-type and 
mutant CelB were purified from 1 litre cultures according to the protocol 
described above. Kinetic parameters at 90°C were determined on a Hitachi U-
2010 spectrophotometer equipped with SPR-10 temperature controller (Hitachi, 
Tokyo, Japan). A detailed description of the CelB activity assay is described 
elsewhere (Kaper et a/., in preparation). Initial free pNp-formation was 
continuously followed at 405 nm in 150 mM sodium citrate (pH 4.8; set at room 
temperature) containing increasing concentrations of the aryl-glucosides pNp-
glucose (0.05-40 mM), pNp-galactose (0.2-40 mM) or pNp-mannose (0.4-26 
mM). An extinction coefficient of 0.561 M"1 cm"1 was used for pNp in the assay 
buffer. Vmax and Km values were derived from fitting the data according to the 
Michaelis-Menten equation corrected, if appropriate, for substrate inhibition, 
using the non-linear regression program Tablecurve (Tablecurve 2D for 
Windows, version 2.03 Jandel Scientific). Data are listed in Table I. A more 
detailed description of the kinetic data for the wild-type enzyme is described 
elsewhere (Chapter 9 of this thesis). On all three substrates, the maximum 
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Table 1: Kinetic parameters for wild-type and mutant N206S CelB determined at 90°C on aryl-
glucosides pNp-glucose, pNp-galactose and pNp-mannose. 'Maximum substrate 
concentrations employed for pNp-gal are 40 mM, and the calculated Km value solely serves to 
indicate that N206S no longer has noteworthy affinity for this substrate. 

wild-type CelB 

N206S 

pNp-Clu 

•max 

(U/mg) 

1800 

340 

Km 

(mM) 

0.42 

12 

pNp-Gal 

V 
* max 

(U/mg) 

2600 

1200* 

Km 
(mM) 

5.0 

200* 

pNp-Man 

V 
v max 

(U/mg) 

78 

17 

Km 
(mM) 

3.5 

4.7 

activity of the mutant dropped considerably compared to wild-type CelB, 
suggesting that Asn206 is not only involved in substrate binding, but also plays a 
role in catalysis. Indeed, it has been described for several p-glycosidases from 
mesophilic organisms that interactions at the C2 position of the substrate strongly 
stabilise the transition states both for the glycosylation and deglycosylation of the 
enzyme (Namchuk & Withers, 1995; McCarter et a/., 1992; Mega & 
Matsushima, 1983). However, its role in substrate binding appears to be more 
important since the raise in Km for pNp-glu and pNp-gal is much more dramatic 
than its "effect on Vmax values. Because the maximum pNp-galactose 
concentration used (40 mM) was far below the calculated Km value for this 
substrate for mutant N206S, the calculated kinetic parameters for this 
mutant/substrate combination only serve to illustrate that affinity for this 
substrate has been lost in the mutant. This is in agreement with the observation 
that E.coli JM109(DE3) producing mutant N206S remained almost white after 
overnight growth on agar plates containing X-gal (Figure 1). The effects on Km 

values can be directly correlated to the removal of the hydrogen bond acceptor 
in the mutant N206S. This is supported by the fact that the Km for pNp-mannose 
in the mutant is virtually unchanged with respect to the wild-type CelB, which 
indicates that the asparagine is not a ligand for the axial C2-OH of this substrate. 

Conclusions 

CelB from P.furiosus serves as a very suitable model glycosyl hydrolase to 
study substrate specificity as well as adaptations of stability and activity to 
extreme temperatures. Stable production in E.co// and an efficient purification 
protocol allow for simple and rapid preparation of pure wild-type and mutant 
CelB enzymes. These routine procedures have been applied in studying 
substrate recognition, thermostability and low- and high temperature dependent 
activity (Chapter 8 and 9 of this thesis). The in vitro evolution procedure that has 
been developed, allows for easy screening of the existing mutant CelB library for 
altered characteristics and enables further rounds of directed evolution. The 
described results on CelB mutant N206S demonstrates (i) the successful 
construction of the random CelB library, (ii) the feasibility to select mutants with 
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changed catalytic properties and/or substrate specificity, and (iii) the applicability 
of LacG and BglA crystal structures in developing models for interactions 
between Cel B and its substrates. 
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Abstract 

The hyperthermostable Pyrococcus furiosus (J-glucosidase, belonging to 
family 1 of glycosyl hydrolases, has been purified from an overproducing 
Escherichia coli strain, crystallised and a structural model was established at 3.3 
A resolution using the molecular replacement method. The pyrococcal enzyme 
is a homotetramer, with subunits that form a common (Pa)8-barrel, as previously 
found in other family 1 glycosidases. The active site of the P. furiosus p-
glucosidase appeared very similar to that of Lactococcus lactis 6-phospho-p-
galactosidase, although their substrate specificities differ considerably. Three 
substitutions were designed to accommodate the P. furiosus p-glucosidase for the 
hydrolysis of 6-phospho-glycosides. The mutations E417S, M424K and F426Y 
were introduced by site-directed mutagenesis and the three single mutants, the 
double mutant M424K/F426Y, the triple mutant and the wild-type p-glucosidase, 
designated CelB, were overproduced in E. coli, purified and characterised by 
determining the pH optima and kinetic parameters. The kca/Km ratios of single 
mutant E417S and the triple mutant for the hydrolysis of ort/io-nitrophenol-p-D-
galactopyranoside were 4.9 and 2.7 times higher as compared to the wild-type 
CelB. Both mutants had 30 to 300-fold lowered kca/Km ratios for the hydrolysis of 
non- phosphorylated sugars compared to wild-type CelB. These results support 
the structural model of CelB and indicate that 6-phospho-galactosidase activity 
can be engineered in a thermoactive p-glucosidase. 

Introduction 

Glycosyl hydrolases are widely spread among living organisms. Members 
of this enzyme superfamily are involved in a broad range of physiological 
processes, such as food supply and storage, cell wall synthesis and degradation, 
defence systems and signalling events (Davies & Henrissat, 1995). A large 
number of glycosyl hydrolases has been isolated, characterised and the 
corresponding amino acid sequences have been determined. Comparison of the 
amino acid sequences has led to the identification of over 70 families of glycosyl 
hydrolases (Henrissat, 1999). Family 1 consists of p-glycosidases, 6-phospho-p-
glycosidases, lactase-phlorizin hydrolases and myrosinases originating from all 
three domains of life: Bacteria, Archaea and Eucarya. These enzymes hydrolyse 
their substrate with retention of configuration at the anomeric carbon atom, 
which occurs via a double displacement mechanism, in which a covalent 
intermediate is believed to be formed (Kempton & Withers, 1992; Sinnott, 1990; 
Wang et a/., 1995). Two glutamate residues serve as a general acid/base and a 
nucleophile in this reaction. Although family 1 glycohydrolases in general 
display a broad substrate specificity, the glycosidases have been optimised for 
the hydrolysis of non-phosphorylated glycosides and have hardly any activity on 
phosphorylated sugars, while the opposite is true for the family 1 6-P-
glycosidases. 

In the last years, the 3D structures have been solved of family 1 glycosyl 
hydrolases from Eucarya (Barrett et a/., 1995; Burmeister et a/., 1997), Bacteria 
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(Wiesmann et a/., 1995; Sanz-Aparicio et a/., 1998) and Archaea (Aguilar et a/., 
1997). The enzymes display a common TIM barrel motif with the two catalytic 
glutamates located at the C-terminal end of fi-strand 4 and 7. The involvement of 
the two glutamates in catalysis has been widely shown by mutagenesis and 
inhibitor studies (Street et a/., 1992; Trimbur et a/., 1992; Voorhorst et a/., 
1995; Wiesmann et a/., 1995; Moracci et a/., 1996; Febbraio et a/., 1997). 
Recently, the 3D structure of an inactive mutant of the Lactococcus lactis 6-P-
galactosidase LacG has been elucidated with a galactose-6-P bound in the active 
site (Wiesmann et a/., 1997). 

Previously, a p-glucosidase has been purified from the hyperthermophilic 
archaeon Pyrococcus furiosus (Kengen et a/., 1993). The enzyme was active as a 
homotetramer with 58 kD subunits and displayed a high thermostability, with a 
half life of thermal inactivation of 85 h at 100°C. The corresponding celB gene 
has been cloned, functionally expressed in £. coli and its characterisation 
designated the P-glucosidase to family 1 of glycosyl hydrolases, in which E372 
was identified as the nucleophilic catalytic residue by site directed mutagenesis 
(Voorhorst et a/., 1995). A translational fusion of the celB gene to the T7 
promoter of the pET9d vector, in which an alanine residue was inserted after the 
N-terminal methionine, allowed for stable overproduction in £. coli of the P. 
furiosus fi-glucosidase (Chapter 7 of this thesis). The activity, stability and kinetic 
parameters of the resulting enzyme, referred to as CelB, were comparable to 
those of the p-glucosidase isolated from P. furiosus (Chapters 7, 9 & 10 of this 
thesis). Operating at 100°C, CelB serves as a model system to study the substrate 
specificity of family 1 glycosyl hydrolases, since it has been well characterised, 
can be produced in £. coli in wild-type and mutant forms, and shows extreme 
stability, broad specificity and high activity. 

Here, we report the investigation and mutagenesis of the active site of 
CelB, based on a structural model of the P. furiosus p-glucosidase, that was built 
using medium resolution X-ray diffraction data and elucidated at 3.3 A resolution 
by molecular replacement, using the structures of L. lactis 6-P-P-galactosidase 
LacG (Wiesmann et a/., 1995) and Sulfolobus solfataricus p-glycosidase LacS 
(Aguilar et a/., 1997) as search models. Based on the structural model we 
designed mutations to adapt the enzyme to the hydrolysis of phosphorylated 
galactose. Five mutant CelB enzymes have been purified, characterised and 
compared to the wild-type enzyme. The results confirmed the model of CelB and 
indicate that the single substitution E417S caused a significant increase of the 
catalytic activity on phosphorylated galactose. 

Materials and methods 

Strains, vectors and chemicals 
Escherichia coli BL2KDE3) {hsdS gal (AcIts 857 i'nd1 5am7 n/n5 /acUV5-

T7 gene 1) was used for heterologous expression, £. coli TG1 (supE hsdA5 thi 
A(lac-proAB) F'[traD36 proAB* lacP /acZAM15]) was used in the construction of 
derivatives of pET9d (T7 promoter, kanR) (Novagen). All chemicals used were of 
analytical grade. Ortho-nitrophenyl-P-D-glucose (oNp-glu), ortho-nitrophenyl-p-
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D-galactose (oNp-gal) and ortho-nitrophenyl-(5-D-galactose-6-phosphate (oNp-gal-
6P) were purchased from Sigma (Zwijndrecht, The Netherlands). Pfu DNA 
polymerase was obtained from Stratagene. 

Construction of mutants 
Previously, the celB gene (GenBank accession AF013169) has been 

translationally fused to the bacteriophage 17 §10 protein promoter located on 
the pET9d vector, resulting in pLUW511 (Chapter 7). In combination with an E. 
coli strain that carries the bacteriophage T7 polymerase integrated on the 
chromosome, CelB could be produced up to 259 U/mg in total cell extracts 
(Chapter 7). Mutations were introduced in celB using Pfu polymerase in the PCR-
based overlap extension method (Higuchi et a/., 1988). For each mutation a 
sense/antisense primer pair was designed. BG266 (5'-AACAGACAACTACTCCTG 
-3') / BG267 (5'-GGGCCCAGGAGTAGTTGTCTGTT-3') introduced mutation 
E417S (introduced mutations in bold face, introduced restrictions sites 
underlined and restriction enzymes bracketed). BG268 (5'-CAAGGGTTCAGGAA 
AAGATACGGATTGGTTT-3') / BG269 (5'-AAACCAATCCGTATCTTTCCTGAAC 
CCTTG-3') introduced M424K/F426Y. BG333 (5'-GGGTTCAGGAAAAGATTCG 
GATTGGTT-3') / BG334 (5'-AACCAATCCGAATCTTTCCTGAACCC-3') (Xmnl) 
introduced M424K. F426Y was introduced by BG335 (5'-GGTTCAGGATGAGG 
TACGGATTGGTT-3') / BG336 (5'-AACCAATCCGTACCTCATCCTGAACC-3') 
(Rsal). In each case the sense primer BG238 (5'-GCGCGCG4TGGCAAAGTTCCC 
AAAAAACTTCATGI I lG-3', celB start codon italic face (Ncol)) and antisense 
primer BG239 (5MIGCGCGGATCCCTACTTTCTTGTAACAAATTTGAGG-3', 
celB stop codon italic face (BamHI)) were used as flanking primers for the 
amplification of the celB gene. The resulting PCR products were digested with 
Ncol and BamHI and ligated in Ncol/BamHI-digested pET9d vector. In Table I 
the resulting constructs have been listed. Plasmid pLUW511 was used as a 
template in PCR reactions for the construction of pLUW513, 515 and 522. 
Plasmid pLUW513 was used as a template in the construction of pLUW519. 

Table I. List of pET9d constructs with ce/8 derivatives 

Construct 

pLUW511 

pLUW513 

pLUW515 

pLUW518 

pLUW519 

pLUW522 

Gene product 

CelB wild-type 

CelBE417S 

CelB M424K 

CelB M424K/ F426Y1 

CelB E417SIM424K/F426Y2 

CelB F426Y 

1 referred to as CelB double mutant 

2 referred to as CelB triple mutant 
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Plasmid pLUW518 was constructed by replacing a pLUW519 Pst\-Afl\\ fragment 
with a pLUW511 Pst\-Afl\\ fragment. Mutations were verified by DNA sequence 
analysis using the Thermosequenase cycle sequencing kit with infrared dye 
labelled primers. Reactions were analysed on a Licor 4000L automated 
sequencer (Licor, Lincoln, USA) (data not shown). 

Enzyme production and purification 
CelB was routinely produced in £. coli BL21 (DE3) harbouring pET9d 

derivatives (Chapter 7). From a -80°C glycerol stock £. coli BL21(DE3) cells 
harbouring pLUW511 or a pLUW511 derivative were streaked out on a TYA 
plate ( 1 % trypton, 0.5% yeast extract, 0.5% NaCI, 1.5% granulated agar) with 50 
u.g/ml kanamycine and cultered overnight at 37°C. One colony was used to 
inoculate a 10 ml TYK ( 1% trypton, 0.5% yeast extract, 0.5% NaCI, 30 u.g/ml 
kanamycine) preculture. After 8 h growth in a 37°C shaker this culture was used 
to inoculate 1 litre TYK in a 2 litre baffled Erlenmeyer. After overnight growth at 
37°C while shaking at 110 rpm the cells were harvested by centrifugation for 10 
min 5400 g at 4°C. Yields were between 4-8 g wet cells per litre. The cells were 
resuspended in 25 ml 20 mM Na-citrate (pH 4.8) and the cells were lysed by 
passage through a French press (110 Mpa) three times. The resulting cell free 
extract was incubated at 80°C for 45 min. The denatured £. coli proteins were 
precipitated by centrifugation in an ultracentrifuge (Centrikon) for 30 min 20000 
rpm at 20°C. The heat incubated soluble fraction was dialysed against 20 mM 
Tris-HCI (pH 8.0) (buffer A) and applied on a Q-sepharose anion exchange 
column (Amersham-Pharmacia, Uppsala, Sweden) equilibrated with buffer A. 
Protein was eluted by a linear increasing NaCI gradient to 1.0 M. A dominant 
peak with p-glucosidase activity eluted around 0.5 M NaCI. The active fractions 
were pooled and concentrated in Centricon 30 concentrators (Amicon, Inc, 
Beverly, MA, USA) followed by separation over a Hi load 26/60 Superdex 75 
prepgrade column using a Hiload FPLC (Amersham-Pharmacia, Uppsala, 
Sweden) and buffer A with 0.10 M NaCI as elution buffer. Fractions with activity 
were checked for DNA contamination using a spectrophotometer (Beckman, 
Fullerton, CA, USA). Fractions without DNA were pooled, dialysed against buffer 
A and concentrated in a Filtron 30 concentrator. The resulting solution contained 
pure CelB, as was confirmed by SDS-PAGE electrophoresis, and was stored at 
4°C with 0.02% Na-azide. Protein concentrations were determined 
spectrophotometrically at 280 nm with a molar extinction coefficient e2g0 of 
128280 M 'cm 1 , calculated according to Gill & Von Hippel (1989). 

Enzyme preparation, crystallisation and data collection 
P. furiosus G-glucosidase was purified from £. coli MC1061 cells 

harbouring pLUW510 as described previously (Voorhorst et a/., 1995) except for 
the heat denaturation of the cell free extract, which, in this case, was 15 min at 
60°C. Initial crystallisation conditions were determined after screening according 
to Jancarik & Kim (1991). After fine-tuning, the enzyme was found to crystallise 
optimally by vapour diffusion using the hanging drop method at 20°C. Drops of 
5 or 10 u.l contained 10 mg/ml protein, 8% PEG-400, 150 mM CaCI2 and 10 mM 
Tris pH 8.0 and the reservoir contained 20% PEG-400. Within a few days 
crystals grew to an average size of 600 x 600 x 600 urn3. The crystals diffracted 
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to a maximum resolution somewhat less than 3 A on a rotating X-ray generator. 
A native data set at 3.3 A was collected at RT with a multiwire area detector 
(XI000, Nicolet/Siemens) on a rotating anode with exposure times up to 240 sec 
pro frame. The structures of 6-phospho-(3-galactosidase LacG of L. lactis 
(Wiesmann et a/., 1995) and P-glycosidase LacS of 5. solfataricus (Aguilar et a/., 
1997) were used as search models for molecular replacement and subsequent 
construction of the structural model of P. furiosus G-glucosidase. 

Kinetic analyses 
pH optima. The pH optima of wild-type CelB and CelB mutants were 

determined at 90°C in combined citrate/phosphate buffer (80mM/80mM) in a pH 
range of 3.5 - 8.0 (set at 25°C). As substrates oNp-glu, oNp-gal and oNp-gal-6-P 
were used. In the case of oNp-gal-6P, reaction vials (1.5 ml) containing 49 uJ 40 
mM oNp-gal-6-P in buffer were preincubated in a water bath at 90°C for 2 min. 
The reaction was started by the addition of 1 ul enzyme solution to the vials. 
After 5 min the reaction was stopped by the addition of 100 ui ice-cold 0.5 M 
Na2C03, which terminated the reaction and augmented the molar extinction 
coefficient of the released nitrophenol. 125 uJ samples were transferred to a 96-
wells microtiter plate and the extinction of the reaction mixtures was determined 
at 405 nm in a microtiter plate reader (SLT Lab Instruments 340 ATTC). 
Maximum extinction was set at 100%. When oNp-glu and oNp-gal were used as 
substrates, reaction vials containing 195 JLLI 10 mM substrate in buffer were 
treated as for oNp-gal-6-P, only the reactions were initiated by the addition of 5 
u.l enzyme, stopped with 0.4 ml carbonate and 150 \i\ samples were transferred 
to a microtiter plate for analysis. 

Km and Vmax determinations. The Km and Vmax of wild-type CelB and CelB 
mutants were measured for the hydrolysis of the three substrates at 90°C in 100 
mM citrate/phosphate buffer. We followed the release of nitrophenol at 405 nm 
(pH5.0) or 470 nm (pH6.0) in quartz cuvettes using a spectrophotometer 
equipped with a temperature controller (Hitachi, San Jose, CA, USA). For each 
substrate the activities were measured at different concentrations (oNp-glu: 0.05-
50 mM; oNp-gal: 0.10-50 mM; oNp-gal-6-P: 0.4-24 mM). Molar extinction 
coefficients of ortho-nitrophenol at 90°C in assay mixtures were determined (e 
405;PH5.o: 0.6243 cm'tTiM'1; £47O;PH6.O: 0.6339 cm'mM"1, £4o5,pH4.5: 0,5614 cm'mM"', 
E405pH40: 0,5398 cnv'mM"1). Km and Vmax-values were calculated by fitting the 
activities according to Michaelis-Menten kinetics using the non-linear regression 
program TableCurve (Jandel Scientific, AISN Software) 

Results 

CelB structure 
The crystals obtained with the P. furiosus p-glucosidase allowed data 

collection to 3 A resolution, which is too low for a very detailed structural 
analysis. The tetrameric structure of the enzyme was established in the 
molecular replacement procedure (Fig. 1). The search models in this procedure 
were the 3D structures of L lactis 6-phospho-p-galactosidase LacG and the S. 
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solfataricus p-glycosidase LacS, which show 16% and 53% identical amino acid 
residues to the pyrococcal enzyme, respectively. Upon analysis of the crystal 
packing, residue K132 was found to participate in the largest crystal contact 
interaction and was subjected to mutagenesis in order to obtain better crystals. 
For this purpose, the P. furiosus celB gene from the pET9d construct, coding for 
CelB, with an alanine inserted after the N-terminal methionine was mutagenised, 
expressed, and CelB mutants K132G, K132L, K132I, K132Q, K132Y, K132H, 
H129D and H129D/K132Y were purified and crystallised. Crystals were 
obtained, but they failed to diffract to higher resolution than those with the £. 
coli produced P-glucosidase (data not shown). Therefore, the initial structural 
model was used in the analysis of the CelB tertiary structure, the active site and 
for the design of the proposed substitutions. 

The CelB homotetramer has point symmetry 222, with one subunit in the 
crystallographically asymmetric unit. The tetramer consists of two barrels, placed 
next to each other and two dimers placed on top of each other with the barrel 
openings facing each other. The overall size of the tetramer is 110 A x 90 A x 55 
A and it appearance is that of a slightly twisted square. The axes of the (Pa)8-
barrels are almost parallel to one of the tetramer axes (Fig. 1). Each subunit of 
CelB consists of a single domain of 472 amino acids, with 18 helices and 16 p-
strands. The centre of the monomer is formed by a (Pa)8-barrel, with the catalytic 
residues E207 and E372 at the C-terminal end of the 4th and 7th p-strand of the 
barrel, respectively. 

Figure 1. Ribbon model of P. furiosus p-glucosidase, viewed along one of the two-fold axis of 
the tetramer. 
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Architecture of the CelB active site 
The positions of the active site residues in LacG and CelB agree with each 

other, as can be seen in a superposition (Fig. 2). E207 and E372 in CelB are the 
equivalents of the catalytic glutamate residues in LacG and N17, R77, H150, 
N206, Y307 and W410 are conserved residues and likely to be involved in 
substrate binding. However, the residues that interact with the phosphate group 
of a galactose-6-P molecule bound in the active site of LacG, serine, lysine and 
tyrosine, differ at corresponding positions in CelB (E417, M424 and F426) (Fig 
3). These residues have been conserved in all known p-glycosidases that 
hydrolyse 6-P-glycosides. 

E207 and E372 have been identified as catalytic residues by comparison 
with other p-glycosidases and the importance of E372 has been shown by site-
directed mutagenesis (Voorhorst et a/., 1995). The glutamates are essential in the 
catalysis and serve as a general acid/base and nucleophile. The average distance 
between the oxygen atoms in the carboxylate residues in CelB is 4.3 A. The 
active site is more or less located in the centre of mass of a subunit and can be 
reached by a 20 A-long channel. The channel runs between the fifth and sixth 
pa-motive and is opened by a 50°-bending of the helix of the fifth pa-unit. The 
unusual amino acid sequence W287-W288-F289-F290 at this position in S. 
solfataricus LacS is not present in CelB. 

Figure 2. Superposition of P. furiosus CelB (thicker line) with L. lactis LacG (thinner line) that 
has galactose-6-phosphate bound in the active site. The residues that are involved in the 
glucose or galactose binding in both enzymes have been represented. Due to the limited 
resolution, the accuracy of the CelB model can be expected to be in the 1 A range. 
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Figure 3. Alignment of partial amino acid sequences. PfuCelB, P. furiosus p-glucosidase CelB 
(Swiss Prot Q51763); Sso_LacS, S. so/fatar;cus p-glycosidase LacS (P22498); /./a_LacG, L lactis 6-
phospho-fj-galactosidase LacC (P11546); Sau_l_acG, Staphylococcus aureus 6-phospho-P-
galactosidase LacG (P11175); EcoBgIB, Escherichia colt 6-phospho-P-glucosidase BgIB (P11988). 
Conserved residues in all proteins have been shaded light gray, residues that interact with the 
phosphate group of galactose-6-phosphate in L lactis LacG have been indicated (*) and shaded 
black in the 6-phospho-p-glycosidases and dark gray at the corresponding positions in the p-
glycosidases. The conserved catalytic nucleophile in all enzymes has been indicated (#). 

Design and production of wild-type and mutant P. furiosus CelB 
In 6-P-P-galactosidase LacG of Lactococcus lactis S428, K435 and Y437 

form a binding site for the phosphate group of galactose-6-phosphate (Fig. 2). 
These three residues are highly conserved among family 1 6-P-p-galactosidases 
(Fig 3). In P. furiosus CelB the corresponding residues at these positions are 
E417, M424 and F426 residues which, in turn, have been highly conserved 
among family 1 P-glycosidases that hydrolyse non-phosphorylated substrates. 
The residues that create the phosphate binding-site in LacG were introduced in 
CelB by a PCR-based method. This resulted in three CelB single mutants, E417S, 
M424K and F426Y, one CelB double mutant M424K/F426Y, and one CelB triple 
mutant E417S/M424K/F426Y. The wild-type and mutant celB genes were 
overexpressed in £. coli to more than 20% of the total cell protein and 
subsequently purified to apparent homogeneity as judged by SDS-PAGE and 
spectrophotometry (not shown) and finally used for further characterisation. 

pH optima and kinetic parameters of mutant and wild-type CelB 
Wild-type CelB hydrolyses the chromogenic substrate pNp-p-glu 

optimally at pH 5.0 (Kengen et a/., 1993). The glycosidic bond is cleaved by a 
common double displacement mechanism (Bauer & Kelly, 1998). The pH 
optimum for this mechanism is found to be determined by the pKa values of the 
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Table II. pH optima of wild-type CelB and CelB mutants at 90°C in 0.1 M Na-
citrate/NaP, 

oNp-glu oNp-gal oNp-gal-6-P 

CelB wt 

CelB E417S 

CelB M424K 

CelB F426Y 

CelB double mutant 

CelB triple mutant 

5.0 

4.5 

6.0 

5.0 

6.0 

5.0 

5.0 

4.5 

5.75 

5.0 

6.25 

5.0 

4.0 

5.0 

4.5 

4.0 

4.5 

6.0 

two catalytic residues (Mcintosh et a/., 1996). Since the substitutions E417S and 
M424K introduced charge differences in the active site, these could influence 
the p/Ca values of these catalytic residues and, as such, change the pH-optimum 
for hydrolysis. Therefore, the pH optima for the hydrolysis of ortho-nitrophenol-
(3-D-glucopyranoside (oNp-glu), ortho-nitrophenol-p-D-galactopyranoside (oNp-
gal) and ortho-nitrophenol-p-D-galactopyranoside-6-phosphate (oNp-gal-6-P) 
were determined for different mutants (Table II). 

The pH optima for the hydrolysis of oNp-glu and oNp-gal were essentially 
the same; this was found for wild-type CelB as well as the CelB mutants (Table 
II). Large differences were observed in the shape of the pH-curves. Three groups 
could be distinguished: i) wild-type CelB, CelB M424K, and CelB F426Y showed 
an optimum activity at a broad pH range for oNp-glu and oNp-gal, but a narrow 
curve for oNp-gal-6-P with the optimum at a lower pH than with oNp-glu and 
oNp-gal as substrates (Fig. 4A and 4B), ii) CelB E417S and the CelB triple 
showed a pH dependency of activity for the three substrates that was opposite 
of that of wild type CelB (Fig. 4C and 4D), iii) the CelB double mutant 
hydrolysed both oNp-glu and oNp-gal as well as oNp-gal-6-P optimally at a 
relatively wide pH range., the optimal pH for hydrolysis with oNp-gal-6-P being 
lower than with oNp-glu and oNp-gal as substrates (Fig. 4E and 4F). The 
mutation F426Y did not have an effect on the pH optimum of hydrolysis, 
compared to the wild-type. However, CelB M424K hydrolysed oNp-glu and 
oNp-gal optimally at pH 6.0, one unit higher than the wild-type. This mutant 
also hydrolysed oNp-gal-6-P optimally at a higher pH than the wild-type. 
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Figure 4 . Typical effects of pH on enzyme activity at 90°C in combined citrate-phosphate buffer. 
Assays were performed with 8.3 ng to 3.3 |ig enzyme. Maximum activity in each case was set at 
1. A: wild-type CelB with oNp-glu (max. 920 U/mg), B: wild-type CelB wi th oNp-gal-6P (max. 
30.7 U/mg), C: CelB E417S with oNp-glu (max. 28.7 U/mg), D: CelB E417S with oNp-gal-6-P 
(max. 88.6 U/mg), E: CelB triple with oNp-glu (max. 124 U/mg), F: CelB triple with oNp-gal-6-P 
(max. 54.3 U/mg), C: CelB double mutant wi th oNp-glu (max. 1241 U/mg), H: CelB double 
mutant wi th oNp-gal-6-P (max. 57.9 U/mg). 
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Table I I I . Kinetic constants of wild-type and mutant CelB with oNp-glu and oNp-gal as 
substrates at 90°C in 0.1 M Na-citrate/NaPi at determined pH-optimum 

CelB w t 

CekB E417S 

CelB M424K 

CelB F426Y 

CelB double 

CelB triple 

oNp-glu 

(mM) 

0.276 

29.3 

0.511 

0.566 

3.66 

59.3 

*cat 

(s-1) 

1093 

3304 

772 

840 

1546 

777 

^cat'^m 
(s-'mM-1) 

4048 

113 

1510 

1484 

422 

13.1 

oNp-gal 

(mM) 

2.28 

41.9 

4.76 

0.891 

2.98 

40.1 

*cat 

<r') 

2050 

1058 

1883 

892 

969 

175 

kcat^m 
(s-'mM') 

899 

25.3 

396 

1001 

325 

4.36 

Activity assays were performed at the pH optima for the substrates and 
the kinetic constants for the hydrolysis of oNp-glu and oNp-gal were determined 
(Table III), as well as those for the hydrolysis of oNp-gal-6-P (Table IV). For wild-
type CelB we determined Km-values of 0.276 mM for oNp-glu and 2.28 mM for 
oNp-gal. All introduced mutations increased the Km for oNp-glu compared to the 
wild-type. Moreover, the turnover number decreased for most mutants and this 
resulted in lower efficiencies for the hydrolysis of oNp-glu. The Km for oNp-gal 
increased in CelB E417S, CelB M424K, and the CelB triple mutant, was 
unaffected in the CelB double mutant, but was significantly lowered in CelB 
F426Y. This made CelB F426Y slightly more efficient on oNp-gal than the wild-
type. The Km-values for oNp-glu and oNp-gal in the mutants that contain the 
mutation E417S (CelB E417S and CelB triple) increased 20-fold to 200-fold. 

Wild-type CelB is able to hydrolyse oNp-gal-6P inefficiently with a Km of 
30.9 mM and a kcal of 49.4 s"1 (Table IV). CelB E417S and the CelB triple mutant 
have lower Km-values and higher turnover numbers. CelB F426Y has a slightly 
higher Km-value and a reduced kcat-value with respect to wild-type CelB. With the 
analysis of the observed Km-values it has to be taken into account that some of 
them were too high to allow assays at saturating substrate concentrations (CelB 
E417S and CelB triple with oNp-glu and oNp-gal; CelB wild-type and CelB 
F426Y with oNp-gal-6-P). The data obtained for CelB M424K and the CelB 
double mutant could not be fitted with the Michaelis-Menten equation, because 
the measured activities showed a linear relationship within used the substrate 
concentration range. CelB E417S and CelB triple are 4.9-fold and 2.7-fold more 
efficient in hydrolysing oNp-gal-6P than wild-type CelB. 
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Table IV. Kinetic constants of wild-type and mutant CelB at 90°C with oNp-gal-6-P as 
substrate in 0.1 M Na-citrate/NaPi at pH-optimum 

oNp-gal-6-P 

CelB wt 

CelBE417S 

CelB M424K 

CelB F426Y 

CelB double mutant 

CelB triple mutant 

LacC2 

(mM) 

30.9 

22.3 

-

38.4 

-

16.2 

0.4 

49.4 

171 

(11.3)1 

25.6 

(57.9)' 

68.8 

83 

KJKm 
(s-'mM-'l 

1.57 

7.67 

-

0.66 

-

4.24 

208 

' data could not be fitted according to Michaelis-Menten kinetics, highest measured kca shown 
2 LacG activity measured at 25°C, data obtained from Hengstenberg et a/., 1995 

Discussion 

CelB structural model and active site 
A structural model of P. furiosus fs-glucosidase with a resolution of 3.3 A 

has been built using the molecular replacement method with the 3D structures 
of L lactis LacG and S. solfataricus LacS. The resulting model has been analysed 
with respect to the active site. 

The central fold of CelB is a (pct)8-barrel (Fig. 1), first found in triose-
phosphate isomerase (Banner et a/., 1975). This fold has been predicted for all 
family 1 glycosyl hydrolases and has been observed for all established structures 
of family 1 glycosyl hydrolases (Barrett et a/., 1995; Wiesmann et a/., 1995, 
1997; Aguilar et a/., 1997; Burmeister et a/., 1997; Sanz-Aparicio et a/., 1998). 
The positions of the active site residues in CelB, LacG and LacS have been 
highly conserved. The distance between the carboxylic oxygen atoms of the 
catalytic residues E206 and E372 of 4.3 A is clearly shorter than the average 5.3 
A from 10 known retaining p-glucosidases (McCarter & Withers, 1994). The 
residues are located at the C-terminal ends of the fourth and seventh p-strand of 
the barrel and identify CelB as a member of the 4/7-super family ((Jenkins et a/., 
1995). 

The family 1 6-P-p-glycosidases have evolved a binding site for the 
phosphate group of galactose-6-phosphate. In L lactis LacG S428, K435 and 
Y437 were found to interact with the phosphate group (Wiesmann et a/., 1997). 
The corresponding residues in CelB, E417, M424 and F426, are highly 
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conserved in the B-glycosidases (Fig 3). The negatively charged E417 would have 
a repulsive action on the phosphate group of an incoming 6-phospho-glycoside. 
The mutations E417S, M424K and F426Y were therefore proposed to create a 
phosphate binding site in CelB, in order to optimise it for the hydrolysis of 6-
phospho-glycosides. In S. solfataricus LacS E432, the corresponding residue of 
E417 in CelB, was postulated to interfere with the carboxylate group of 
substrates such as galuronic acid or glucuronic acid (Aguilar et a/., 1997). From 
the crystal structure of the family 1 B. polymyxa p-glucosidase BgIA with a 
gluconate molecule bound in the active site (Sanz-Aparicio et a/., 1998), it can 
be deduced that only E417 is likely to interact with a non-phosphorylated 
substrate in CelB. The proposed mutation E417S, therefore, can be expected to 
have a significant effect on the binding of non-phosphorylated sugars. 

Characterisation of mutants 
CelB hydrolyses its substrates by a retaining mechanism in which a 

covalent intermediate is formed (Bauer & Kelly, 1998). In the catalytic cycle, the 
C1-atom of an incoming glycoside is attacked by the nucleophilic glutamate. The 
glycosidic bond is broken and a covalent enzyme-substrate intermediate is 
formed. An incoming water molecule hydrolyses the covalent bond and the 
enzyme returns to the initial state (White & Rose, 1997). The hydrolysis of the 
glycosyl-enzyme intermediate is the rate-limiting step in the reaction with oNp-
glu, and the rate is dependent on the ionisation state of the general acid/base 
catalytic residue that abstracts a proton of the incoming water which hydrolyses 
the covalent bond between the enzyme and the sugar moiety (Kempton & 
Withers, 1992). 

The wild-type CelB and CelB E417S, CelB M424K, CelB F426Y, CelB 
double and triple were tested for their ability to hydrolyse oNp-glu, oNp-gal and 
oNp-gal-6-P. Wild-type CelB has little activity with oNp-gal-6-P as substrate and 
the pH optimum for hydrolysis is rather low, pH 4.0. This pH optimum is rather 
narrow, which indicates that wild-type CelB is not adapted to this substrate (see 
Fig 4). In CelB M424K, the optimal pH of hydrolysis of oNp-glu and oNp-gal was 
pH 6.0, 1 unit higher than wild-type CelB. Probably, the introduced positive 
charge at this position has an effect on the pKa-value of the general acid/base. 
The distance between E207 and K424, ca. 15 A, is too large for a direct 
interaction, but there could be an influence of the charge. Besides, mutation of 
the general acid/base residue in S. solfataricus B-glycosidase LacS and 
Agrobacterium faecalis B-glucosidase Abg did not abolish the activity 
completely, which means that other residues are capable of taking over the role 
of the glutamate. K424 could have an effect on these residues. The lysine 
contributes to the position of the pH optimum for the hydrolysis of 
phosphorylated galactose, as can be concluded from the difference in the pH 
optima of CelB E417S and the CelB triple mutant with oNp-gal-6-P as substrate. 
The lysine at this position is also present in wild-type B-glucosidase from 
Thermotoga maritima and Caldocellum saccharolyticum, and, remarkably, the 
pH optimum of the B-glucosidase of T. maritima was the same as that found for 
CelB M424K (Gabelsberger et a/., 1993), 

The mutation E417S has the largest effect on the hydrolysis of oNp-gal-6-
P. CelB E417S and CelB triple are the mutants that have an improved efficiency 
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for the hydrolysis of phosphorylated galactose. The combination of the three 
mutations in CelB triple results in the lowest Km, which is 40-fold higher at 90°C 
than the Km of LacG for oNp-gal-6P at 25°C, but the kcat is in the same range. The 
effect of temperature on the Km is not predictable, as has been found in other 
studies (Chapters 3, 5 and 9 of this thesis). The corresponding glutamate residue 
of E417 in Bacillus polymyxa B-glucosidase BglA was found to interact with the 
hydroxyl group of C4 and C6 of a gluconate molecule bound in the active site. 
Interactions with the hydroxyl group at the C4 position are of importance for the 
binding of glucose and galactose, which are identical molecules except for the 
position of the hydroxyl group on the C4 position, equatorial in glucose and 
axial in galactose. It is believed that the position of this glutamate residue is 
partly responsible for the difference in substrate specificity between a 
glucosidase and a galactosidase (Sanz-Aparicio et a/., 1998). Furthermore, E417 
is important for the stabilisation of the glycosyl-enzyme intermediate in the 
hydrolysis cycle (Namchuk & Withers, 1995). The effects of the removed 
interaction with the C4 hydroxyl group become clear from the kinetic parameters 
on glucose and galactose in CelB E417S. The Km-values for oNp-glu and oNp-gal 
were found to increase 100-fold and 20-fold. 

Based on a comparison of the 3D structure of L lactis 6-phospho-B-
galactosidase LacG and the model of the P. furiosus B-glucosidase, three 
substitutions were introduced in CelB, which increased its activity towards 
phosphorylated galactose. However, the catalytic efficiency of L. lactis LacG for 
oNp-gal-6-P is higher than the CelB mutants, mainly because the Km-values of the 
CelB mutants are relatively high. Probably, subtle changes in the backbone wil l 
be needed to further optimise CelB for phosphorylated galactose, besides the 
introduction of residues in the active site. 

The comparison of related structures can provide a basis to introduce 
substrate specificity characteristics of one enzyme into another. This study shows 
that this may result in an enzyme that is more efficient for a desired reaction than 
the wild-type. This is the first example of a B-glucosidase that has been optimised 
for the hydrolysis of oNp-gal-6-P. The introduction of a functional phosphate 
binding site in CelB indicates that the molecular adaptations of 6-P-glycosidases 
from mesophilic organisms for their substrates are also applicable for 
glycosidases that are active at extreme temperatures. 
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Abstract 

The (J-glucosidase from the hyperthermophilic archaeon Pyrococcus 
furiosus (CelB) is the most thermostable and thermoactive family I glycosyl 
hydrolase described to date. To obtain more insight in the molecular 
determinants of adaptations to high temperatures and study the possibility of 
optimising low-temperature activity of a hyperthermostable enzyme, we 
generated a library of random CelB mutants in Escherichia coli. This library was 
screened for increased activity on p-nitrophenol-p-D-glucopyranoside at room 
temperature. Multiple CelB variants were identified with up to three-fold 
increased rates of hydrolysis of this aryl-glucoside, and ten of them were 
characterised in detail. Amino acid substitutions were identified in the active site 
region, at subunit interfaces, at the enzyme surface, and buried in the interior of 
the monomers. Characterisation of the mutants revealed that the increase in low-
temperature activity was achieved in different ways, including altered substrate 
specificity and increased flexibility by an apparent overall destabilisation of the 
enzyme. Kinetic characterisation of the active site mutants showed that in all 
cases the catalytic efficiency at 20°C on p-nitrophenol-p-D-glucose as well as on 
the disaccharide cellobiose, was up to two-fold increased. In most cases, this 
was achieved at the expense of p-galactosidase activity at 20°C and total 
catalytic efficiency at 90°C. Substrate specificity was found to be affected by 
many of the observed amino acid substitutions, of which only some are located 
in the vicinity of the active site. The largest effect on substrate specificity was 
observed with the CelB variant N415S that showed a 7.5-fold increase in the 
ratio of p-nitrophenol-p-D-glucopyranoside/p-nitrophenol-p-D-galactopyranoside 
hydrolysis. This asparagine at position 415 is predicted to interact with active 
site residues that stabilise the hydroxy! group at the C4 position of the substrate, 
the conformation of which is equatorial in glucose-containing, and axial in 
galactose-containing substrates. 

Introduction 

Carbohydrate polymers can be degraded by a wide variety of glycosyl 
hydrolases that have been classified into more than 60 different families based 
on amino acid sequence comparisons (Davies & Henrissat, 1995; Henrissat & 
Davies, 1997). In recent years, considerable progress has been made in the 
determination and characterisation of primary and three-dimensional structures 
from family I glycosyl hydrolases. From among these enzymes isolated from 
mesophiles, the crystal structures have been solved of the 6-phospho-p-
galactosidase (LacG) from Lactococcus lactis and the P-glucosidase from Bacillus 

Abbreviations 
pNp p-nitrophenol 
pNp-glu p-nitrophenol-P-D-glucopyranoside 
pNp-gal p-nitrophenol-|3-D-galactopyranoside 
X-gl u 5-bromo-4-ch loro-3-indolyl-(3-D-gl ucopyranoside 
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polymyxa (Wiesmann et al., 1995; Wiesmann et al. ; 1997; Sanz-Aparicio et al., 
1998). Both of these enzymes have been cocrystallised with either the substrate 
or an inhibitor in the active site and therefore allow analysis of the interactions 
between the enzyme and its substrate. Biochemical characterisation and primary 
structure determination has been reported for several family I glycosyl 
hydrolases from hyperthermophilic organisms, that optimally grow at and around 
the normal boiling point of water. These include the (3-glucosidase from 
Thermotoga maritima (Gabelsberger et al., 1993), the p-glycosidase LacS from 
Sulfolobus solfataricus (Cubellis et al., 1990; Pisani et al., 1990) and the P-
glucosidase CelB and p-mannosidase BmnA from Pyrococcus furiosus (Voorhorst 
et al., 1995; Kengen et al., 1993; Bauer et al., 1996). The crystal structure of 
LacS and a three-dimensional model for CelB, based on 3.25 A X-ray diffraction 
data, have recently been reported, and their comparison with the homologous 
structures from the mesophiles, allows for studying of the molecular adaptations 
of family I enzymes to high temperatures (Aguilar et al., 1997; Chapter 8). 

We have focused on the most thermostable member of the family I 
glycosyl hydrolases, CelB from the archaeon P.furiosus. CelB was purified from 
P.furiosus, characterised, and found to be a tetrameric enzyme of 230 kD with 
identical 58 kD subunits (Kengen et al., 1993). The enzyme is very well adapted 
to the high growth optimum of the organism (100°C), with a half-life for thermal 
inactivation of 85 hours at 100°C and an optimum temperature for activity of 
102-105°C. CelB shows high activity on the aryl-glucosides p-nitrophenol-p-1,4-
D-glucopyranoside (pNp-glu) and pNp-p-1,4-D-galactose (pNp-gal), as well as on 
P-(1,4)-linked disaccharides cellobiose and lactose and on the p-(1,3)-linked 
disaccharide laminaribiose (Kengen et al., 1993; Driskill et al., 1999). Low 
activity was detected on pNp-mannose and pNp-xylose. The celB gene was 
cloned, sequenced and functionally overexpressed in Escherichia coli (Voorhorst 
et al., 1995). Using site-directed mutagenesis, Glu 372 was identified as the 
active site nucleophile, being the equivalent of the nucleophile in mesophilic 
homologues according to a multiple sequence alignment (Voorhorst et al., 
1995). Moreover, a recent study indicated that the enzymes from P.furiosus and 
the mesophilic bacterium A.faecalis share a common catalytic mechanism 
(Bauer & Kelly, 1998). The 3-dimensional model for CelB shows that the 
conformation of the active site is identical to that of other family I enzymes 
(Chapter 8). 

An alternative approach to study structure-function relations in enzymes, 
is that of directed evolution by combining random mutagenesis, in vitro 
recombination and rapid screening procedures (Stemmer, 1994; Kuchner & 
Arnold, 1997; Arnold, 1998). Subsequent biochemical and structural analysis of 
selected mutant enzymes has been shown to contribute to understanding the 
molecular basis of the observed phenotypic changes and as such to our 
knowledge of enzyme catalysis and stability. Directed evolution approaches 
have hitherto been restricted to enzymes with moderate thermostability and 
have not yet been applied to enzymes from hyperthermophiles. CelB is 
extremely suitable to be used as hyperthermostable model enzyme in the 
development of such a procedure, since it is efficiently produced in E.coli, is not 
post-translationally modified, and is capable of hydrolysing chromogenic 
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substrates, both at low and high temperatures. In this study we describe the 
construction of a random CelB library and the screening of this library for 
increased activity on pNp-glucose at room temperature. Multiple random 
mutants were selected and characterised, with the aim to gain insight in 
substrate recognition and catalysis both at low and at high temperatures, and 
into the relation of these features with thermoactivity and thermostability. 

Materials and methods 

Construction of a random mutant CelB library 
Random mutations were introduced into the celB gene by PCR 

amplification using primers BG238 (5'-GCGCGCCATGGCAAAGTTCCCAAAAA 
ACTTCATGTTTG; Ncol restriction site underlined) and BG309 (5'-
GTT AG C AG CCG G ATCCCTA; BamHI restriction site underlined) and 
proofreading deficient Tag DNA polymerase (Pharmacia, Uppsala, Sweden) 
(Chapter 7). DNA shuffling of the celB gene was essentially performed according 
to the protocol of Stemmer (1994) with the optimisation described by Lorimer & 
Pastan (1995). The resulting shuffled DNA fragments were digested with Ncol 
and BamHI, the restriction sites of which overlapped the celB start- and stop-
codon, respectively. The fragments were subsequently cloned into expression 
vector pET9d as translational fusion with phage <|>10 translation initiation and 
termination signals (Rosenberg et al., 1987). The resulting plasmids were used to 
transform E.coli JM109(DE3) (Studier et al., 1990; Yanisch-Perron & Messing, 
1985). Transformation mixtures were plated onto selective TY agar plates ( 1 % 
trypton, 0.5% yeast extract, 0.5% NaCI; 1.5% granulated agar and 30 (ig/ml 
kanamycine) supplemented with 16 ug/ml of the chromogenic substrate 5-
bromo-4-chloro-3-indolyl-P-D-glucopyranoside (X-glu, Biosynth, Switzerland). 
Transformants harbouring only pET9d or non-functional celB variants wil l remain 
white after overnight growth at 37°C, while transformants harbouring functional 
celB genes wil l develop a blue colour due to hydrolysis of the X-glu. Single blue 
colonies were transferred to microtiter plates containing 200 ul/well of TY broth 
supplemented with 30 ug/ml kanamycine. 

Screening for increased activity on pNp-glu at room temperature 
A replica of the random CelB library was prepared in microtiter plates 

and bacterial growth was quantified by determination of the optical density at 
560 nm using a Thermomax microplate reader (Molecular Devices). Data was 
exported into a spreadsheet (Excel, Microsoft, USA) and corrected for blank 
absorption. E.coli cells were lysed by a combination of freezing/thawing and 
addition of 10 ul chloroform and 5 ul of 0 .1% SDS. No negative effect of these 
additives on CelB activity was detected in control experiments. Viscosity was 
reduced by adding 10 ug/ml DNasel and 10 mM MgCI2. CelB activity at 20°C 
was assayed by transfer and mixing of 5 ul of lysed cells to a second set of 
microtiter plates containing 100 ul/well of 150 mM sodium citrate (pH 4.8) and 
1 mM pNp-glu. After 30 minutes reactions were stopped by addition of 200 uJ 
0.5 M Na2C03. Free pNp formation was quantified at 405 nm using the 
Thermomax microplate reader. Potential high-performance mutants were 
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selected on the basis of an increased ratio of OD405 ™/OD560nm relative to wild-
type controls. These mutants were regrown and rescreened according to the 
same procedure. Plasmid DNA of confirmed high-performance mutants was 
subjected to a second round of mutation and selection. 

Characterisation of high-performance mutants 
High performance mutants were grown overnight in 10 ml selective TY 

medium at 200 rpm. Cells were spun down, resuspended in 1 ml of a 20 mM 
sodium citrate buffer (pH 4.8) and lysed by sonication (Branson sonifier). Cell 
debris was spun down and cell free extract was incubated for 10 min at 80°C. 
Denatured E.coli proteins were precipitated by centrifugation. Protein 
concentration of the heat-stable cell free extract was determined according to 
Bradford (Bradford, 1976) using the Bio-Rad protein assay (Biorad, Veenendaal, 
The Netherlands). SDS-PAGE analysis revealed that CelB was at least 90% pure 
in heat-stable cell-free extract (not shown). CelB activity at 20°C and 90°C was 
determined relative to wild-type CelB in 0.5 ml 150 mM sodium citrate (pH 4.8), 
containing 3 mM pNp-glu or 40 mM pNp-gal. Reactions were stopped by 
addition of 1 ml 0.5 M Na2C03 and the free pNp concentration was quantified at 
405 nm on a Hitachi U-1100 spectrophotometer. Temperature optima were 
determined in 150 mM sodium citrate buffer (pH 4.8) containing 3 mM pNp-Glu 
at desired temperatures up to 98°C in a water bath. Thermostability was 
analysed in an oil bath at 106°C. Heat-stable cell free extract was diluted to 50 
ug/ml protein in a 20 mM sodium citrate buffer pH 4.8. 100 u,l samples were 
incubated in glass vials closed by screw caps with teflon inlay and incubated at 
106°C. Residual CelB activity after 1 h incubation was determined at 20°C as 
described above and compared to activity of a sample kept at room temperature. 

DNA sequencing and three-dimensional structure analysis 
Plasmid DNA was isolated from 3 ml cultures using the Qiaprep spin 

plasmid kit (Qiagen, Westburg, NL) according to the included protocol. 
Sequencing was performed using infrared-labelled oligos (MWG, Germany) 
complementary to pET9d sequences immediately flanking the cloning site on the 
plasmid, and the Thermo Sequenase kit (Amersham Life Science) on the Li-Cor 
4000L automated sequencer. Amino acid substitutions were deduced from 
identified mutations in the DNA sequence of the celB gene and their position 
and possible interactions in the three-dimensional structure of CelB was analysed 
using the 3D-structures of BglA from B.polymyxa (Sanz-Aparicio et al., 1998; 
pdb accession code Ibgg.pdb), LacS from S.solfataricus (Aguilar et al., 1997; 
pdb accession code Igow.pdb) and the three-dimensional model for CelB 
(Chapter 8), with the use of the molecular visualisation software Rasmol (Raswin 
Molecular Graphics V 2.6; Sayle, Glaxo Research and Development, U.K.) on a 
personal computer, and Insightll (V 97.0, Molecular Simulations Inc.) on a 
Silicon Graphics Indy workstation. 

Purification of CelB and determination of biochemical parameters 
One litre selective TY medium in 2 litre baffled Erlenmeyer flasks, was 

inoculated with E.coli harbouring expression plasmids containing either wild-
type or mutant celB genes and cultured overnight at 37°C while vigorously 
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shaking. Cell lysate was prepared and CelB was purified using heat-precipitation 
and anion exchange chromatography essentially as described by Voorhorst et al., 
1995) with an additional gelfiltration in 20 mM Tris-HCI buffer (pH 8.0) on a 
300 ml Superdex 75 column (Pharmacia, Sweden). Pure CelB fractions were 
pooled and dialysed against a 20 mM sodium citrate buffer (pH 4.8). Protein 
concentrations were determined at 280 nm using an extinction coefficient for 
one subunit of em

280nm= 1.28*1 O ^ ' c n v ' according to Gill & von Hippel (1989). 
Initial CelB activity of pure fractions was monitored continuously in a total 
volume of 1.0 ml 150 mM sodium citrate buffer (pH 4.8, set at 20°C) at 20 and 
90°C on a Hitachi U-2010 spectrophotometer equipped with SPR-10 
temperature controller (Hitachi, Tokyo, Japan). Free pNp formation was followed 
at 405 nm. Specific activities were calculated using determined extinction 
coefficients for pNp in the assay buffer of em

 40s nm = 0.178 mM'1 cm'1 at 20°C 
and sm

 405nm = 0.561 mM"1 cm"1 at 90°C. Kinetic parameters were determined by 
measuring initial velocity at varying substrate concentrations, ranging from 0 to 8 
mM pNp-glu (up to 40 mM for N415S at 90°C) and 0.2-40 mM pNp-gal. 
Hydrolysis of disaccharides was performed in 150 mM citrate buffer (pH 4.8) 
with 0-150 mM cellobiose or 0-300 mM lactose at 20 and 90°C. Glucose 
formation was quantified using the Peridochrom Glucose kit (Boehringer 
Mannheim, Germany) according to the included protocol. The signals of the 
reaction substrates cellobiose and lactose and the product galactose, were found 
to be negligible. For each Km and Vmax determination, at least 14 
substrate/velocity data pairs were determined. Kinetic data were fitted according 
to functions describing Michaelis-Menten kinetics, and corrected, when 
necessary, according to a function describing substrate inhibition, using the non
linear regression program Tablecurve (Tablecurve 2D for Windows, version 
2.03, Jandel Scientific). /ccat values were calculated by normalising Vmax according 
to the subunit molecular weight M r = 54,580 Da. The formation of reaction 
products after 30 minutes incubation at 20 and 90°C of 20 ug wild-type CelB 
with 20 and 150 mM cellobiose was analysed by HPLC using a Polyspher 
OAHY column (Merck, Darmstadt, Germany). 20 mM solutions of glucose, 
cellobiose and a mixture of cellulodextrines were used as standards. Thermal 
inactivation of pure enzyme samples was studied by incubation of 50 u.g/ml 
samples of wild-type and mutant CelB at 106°C in 20 mM sodium citrate buffer 
(pH 4.8). Remaining activity as a function of time was assayed relative to a 
standard kept at room temperature. First-order plots of inactivation yielded half-
life values for thermal inactivation. 

Results and discussion 

Construction of a random mutant CelB library 
The hyperthermostable P-glucosidase CelB from P.furiosus is optimally 

active at 102-105°C, and its activity at room temperature does not exceed 1 % of 
its optimal activity. In order to study the possibility of increasing this low activity 
at room temperature and in order to gain more insight in the factors determining 
this temperature dependance of activity, we subjected the celB gene to random 
mutagenesis and a low-temperature activity screening. Random mutations were 
introduced into the celB gene using error-prone PCR and in vitro recombination 
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by DNA shuffling according to Stemmer (1994). Upon cloning the mutated ce/B 
genes in E.coli, transformants harbouring functional CelB enzymes were selected 
by their ability to hydrolyse the chromogenic substrate analogue X-glu at low 
temperature. An ordered library consisting of 6160 random E.co// mutants was 
constructed. Complete DNA sequence analysis of 9 randomly picked mutants 
revealed an average mutation frequency of 2.3 basepair per celB gene, 
indicating that on average 1 or 2 amino acids will be changed in each CelB 
enzyme (data not shown). 

Screening for increased activity on pNp-Glu at room temperature 
The mutant CelB library was screened for increased activity on pNp-glu at 

room temperature. This resulted in the identification of about 400 mutants with 
significantly higher activity than the wild-type controls. These mutants were 
transferred to new microtiter plates and rescreened. Heat-stable cell-free extract 
of the 42 most active mutants was further analysed for low-temperature f3-
glucosidase activity. Eventually, the nine most active mutants (harbouring 
plasmids pLUW838-pLUW846) were selected, analysed in detail and found to 
contain heat-stable (3-glucosidase activities that were up to three-fold higher at 
room temperature than that of E.co//' producing wild-type CelB (Table 1). 
Variation in enzyme production levels was ruled out as an explanation for this 
increased activity since protein analysis using SDS-PAGE, showed that CelB 
expression levels were similar in all mutants (data not shown). Plasmid inserts 
were sequenced and amino acid substitutions were deduced from the changes in 
the DNA sequence (Table 1). 

Amino acid substitutions in high performance mutants 
The 3-dimensional model of CelB (Chapter 8), and the crystal structures of LacS 
(Aguilar et al., 1997) and BgIA from Bacillus polymyxa complexed with 
gluconate in the active site (Sanz-Aparicio et al., 1998), were used to analyse the 
position and possible interactions of each of the amino acid substitutions found 
in the high-performance mutants. Their position is marked in the CelB sequence 
in a multiple amino acid sequence alignment, which furthermore highlights the 
active site residues and residues involved in intersubunit contacts (Figure 1). 
Moreover, analysis of the position of the substitutions in the CelB model 
revealed a more or less uniform distribution over the enzyme (Figure 2). Based 
on the position of the substitutions in the enzyme structure, three classes of CelB 
mutants were distinguished (Table 1, Figure 2). The first class (Class I) involves 
substitutions of residues in the immediate vicinity of the active site, that often 
directly interact with active site residues. The second class (Class II) involves 
substitutions that are located at or near subunit interfaces. The remainder of the 
mutations was assigned to Class III, and involves substitutions at the protein 
surface or buried in the interior of the monomers. Five of the high-performance 
mutants contained single amino acid substitutions. While in these mutants the 
genotype-phenotype relation is straightforward, this is less clear in the remaining 
mutants containing multiple amino acid substitutions. 
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The majority of the amino acid substitutions in the mutants containing 
only a single substitution belong to Class I (Figure 3). These mutations 
predominantly affect the C-terminal part of the enzyme. Plasmid pLUW839 
encodes amino acid substitution N415S, which involves an asparagine residue 
that is hydrogen bonded to active site residues glutamine 17 and glutamate 417. 
These two residues directly interact with the hydroxyl group at the C4-position of 
the substrate. The serine side chain in the mutant is much shorter than the 
original asparagine. Therefore, interactions will be significantly weakened or 
destroyed and a cavity may be introduced. In homologous family I glycosyl 
hydrolases this residue is conserved except for Llactis LacG (and other 6-
phospho-(3-galactosidases), which contains a valine (or a leucine or glutamine) at 
this position (Figure 1) (Witt et al., 1993). Mutant N415S displays the highest 
increase in (3-glucosidase activity and is as thermostable as the wild-type 
enzyme. DNA of pLUW839, coding for this mutant, was therefore used to start a 
second generation evolution, resulting in a derivative (harbouring pLUW847) 
with considerably higher activity on pNp-glu than the N415S mutant CelB (Table 
1). 

Plasmid pLUW842 encodes the single amino acid substitution M424V, 
which involves a methionine that, like the asparagine at position 415, contacts 
active site glutamate 417. The valine in the resulting mutant CelB introduces a 
shorter but more bulky side chain, which may influence the conformation of this 
active site glutamate. Residues at position 424 in homologous enzymes are 
either methionine or lysine, which both have long, unbranched side chains 
(Figure 1). In LacG this lysine, together with a serine instead of E417, and a third 
conservative mutation (a tyrosine at position 426 instead of phenylalanine), 
serves to stabilise binding of the negatively charged phosphate group on the 
substrate (Wiesmann et al., 1997; Chapter 8). 

Plasmid pLUW843 encodes T371A CelB, with a substitution that results 
in the removal of the polar side chain of a threonine residue that is located 
adjacent to the catalytic nucleophile E372. Although this threonine does not 
seem to interact directly with the glutamate side chain, the fact that this residue 
and several adjacent residues are completely conserved in all family I glycosyl 

Figure 1 (next page): Alignment of family I glycosyl hydrolases. Sequences are obtained from 
GenBank and Swiss Prot and include: Pf (3-glu = P-glucosidase (CelB) from P.furiosus 
(AF013169), Ss B-gal - p-galactosidase (LacS) from Sulfolobus solfataricus (P22498), Pf B-man 
- P-mannosidase from P.furiosus (U60214), Tm P-glu - P-glucosidase from T.maritima 
(Q08638), Bp p-glu - p-glucosidase (BgIA) from Bacillus polymyxa (P22505), Af p-glu = P-
glucosidase (Abg) from Agrobacter/um faecalis (P12614), LI 6P-gal - 6-phospho-P-
galactosidase (LacG) from Llactis (P11546). The active site nucleophile and acid-base catalyst 
are marked with N and A below the sequences, respectively; other active site residues are 
marked with an asterisk. Residues involved in intersubunit interactions are indicated with dots. 
Identified amino-acid substitutions in high-performance mutants are indicated in bold and 
underscored. Active site mutation N206S, a random mutant obtained from the same library 
with a different screening method (Chapter 7) is marked #,'residues involved in stabilisation of 
the negatively charged phosphate group on the substrate in LacG are marked P below the 
sequences (Wiesmann et al., 1997; Chapter 8). 
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Figure 2: View of the CelB tetramer (Chapter 8). Subunits are depicted in light-grey ribbon 
presentation. Side chains of the amino acids that have been substituted in the high-
performance CelB mutants, are shown in space-filling representation, with Class I 
substitutions in dark-grey, Class II substitutions in light grey and Class III substitutions in 
black. The figure has been generated with RASMOL 

hydrolases, strongly suggests that interactions in this region are critical for 
correct catalysis (Figure 1). 

Plasmid pLUW846 encodes A419T CelB, which involves a buried alanine 
at the top of the active site barrel next to W418 that interacts with the hydroxyl 
group at the C3 position of the substrate. Because the alanine is buried, the 
larger threonine side chain will probably change the side chain packing in this 
area. Remarkably, the same substitution into threonine or into the similar polar 
residue serine has also occured in 6-phospho-P-galactosidases (Figure 1) (Witt et 
al., 1993). 

Another plasmid that contains only a single base change in the celB gene, 
is pLUW844 coding for the amino acid substitution K285R. This mutation is 
located at the kink in the a-helix that creates a tunnel in the side of the (ctB)8-
barrel, which probably forms the substrate entrance to the active site (Aguilar et 
al., 1997). K285R is, however, a very conservative mutation and the residue is 
not conserved at all in homologous enzymes. The model of CelB predicts an ion-
pair interaction between K285 and E281, which may still be formed in the 
mutant K285R CelB. 

The fifth substitution in the active site region, although not as close to the 
active site itself as the other substitutions, is V211A that involves a completely 
buried valine in the same a-helix as active site residues N206 and the acid/base 
catalyst E207. Residues at this position are always hydrophobic and the mutation 
will introduce a cavity. This substitution is found in combination with two class 
II substitutions, V163I and F447S, at the subunit interface in the CelB mutant 
encoded by pLUW841. The V163I substitution is located in a loop that is only 
present in the tetrameric family I enzymes. The phenylalanine at position 447 is 
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Figure 3: Close-up of the active site of B.polymyxa BgIA with inhibitor gluconate (Sanz-Aparicio 
et a/., 1998). Gluconate is depicted in ball-and-stick representation. Active site residues are 
shown in stick representation. Corresponding residues that are changed in the high performance 
CelB mutants (T371A, M424V, N415S and A419T) are shown in ball-and-stick representation. 
Numbering of the residues is according to the homologous CelB residues in order to allow 
comparison with the text. The figure has been generated using Molscript (Kraulis, 1991). 

completely buried close to the subunit interface and its substitution to serine wil l 
therefore result in a cavity. The aromatic ring at this position in the enzyme 
seems to be important, since in all family I enzymes either a phenylalanine or a 
tyrosine residue is present. 

Two of the above mentioned active site substitutions, N415S and V211 A, 
are also present in the enzyme encoded by plasmid pLUW847 that was selected 
from a second-generation library. The N415S substitution is derived from the 
template plasmid in the DNA shuffling procedure; the V211A substitution is 
introduced independently in this second round of evolution. Two additional 
mutations are present in pLUW847, resulting in E26G in which a surface-
exposed charge is removed, and Y227H, in which intersubunit interactions are 
changed. This second-generation CelB variant is significantly more active at 
room temperature than N415S CelB and exceeds the wild-type CelB activity 
more than three-fold (Table 1). 

Two mutants contain multiple substitutions belonging to Class II and III. 
pLUW845 codes for substitution 1161V that is also located in the subunit 
interface loop that is unique in tetrameric family I enzymes. Furthermore, the 
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surface-exposed El 19 has been exchanged for a glycine. This may result in the 
loss of electrostatic interactions and may have significant effects on the local 
flexibility of the polypeptide because of the large conformational freedom that is 
introduced with the glycine residue. pLUW840 codes for the three substitutions 
K70R, L45P and F344L. This triple mutant is highly destabilised, possibly mainly 
by the L45P substitution in which the conserved leucine is changed to a proline, 
which may introduce severe strain into the polypeptide chain. 

Plasmid pLUW838 codes for three class III substitutions, viz. I67T, 
D159N and A341T. This CelB mutant displays an unchanged temperature 
optimum curve, is as thermostable as the wild-type enzyme, and shows 
relatively minor effects on activity (Table 1). These properties indicate that even 
a highly optimised, hyperthermostable enzyme is able to incorporate changes 
without loosing stability and thermoactivity. None of these residues is 
completely conserved among close relatives, and moreover, LacS also contains a 
threonine at position 341 (Figure 1). 

Characterisation of high-performance CelB variants 
The increase in rate of (5-glucosidase activity on pNp-glu as substrate that 

is found in the heat-stable extract of the first generation mutants differs from 1.1-
to 2.6- fold (Table 1). A further increase to more than 3-fold higher activity was 
obtained in the second-generation mutant. However, fi-galactosidase activity is 
increased in only four of the mutant CelB enzymes, is unchanged in three other 
mutants, and has decreased in the remaining three mutant CelB enzymes (Table 
1). The largest increase in the ratio of pNp-glu/pNp-gal hydrolysis is observed in 
the mutants containing the active site-associated mutation N415S (pLUW839 
and pLUW847) as well as in the enzyme encoded by pLUW845. This latter 
mutant CelB is remarkable because its amino acid substitutions are at the 
enzyme surface (E119G) and on the subunit interface (1161V), indicating that 
substrate specificity is not solely determined by interactions in the active site 
region. Large reductions in both (J-glucosidase and p-galactosidase activity at 
90°C are found in the mutant CelB mutants, except for the enzyme encoded by 
plasmid pLUW841 that has increased activity on both substrates, the active site 
mutant T371A that has unchanged activity, and, again remarkably, the CelB 
mutant encoded by pLUW845 that shows increased p-galactosidase activity, 
although this was severely reduced at room temperature. 

To study whether the low temperature adaptation of the mutant enzymes 
affected the activities at other temperatures, their temperature optima were 
determined. Changes that were detected in the optimum curves, could be 
divided in three categories (Fig 4); (i) flattening of the curve, as is found for 
mutant N415S (Fig 4a) that shows below 50°C higher activity than the wild-type 
CelB, while the reverse was observed above 60°C, (ii) shifting of the curve to 
lower temperature values as observed for mutant M424V (Fig 4b), and (iii) a 
much earlier inactivation as found for the mutant encoded by pLUW840 (Fig 4c). 
All mutants with lower temperature optima for activity also have a lower 
resistance towards thermal inactivation (Table 1). 
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Figure 4: Optimum temperature curve for wild-type CelB (A) compared to a) mutant CelB 
N415S (•), b) mutant CelB M424V (•), and c) the enzyme encoded by plasmid pLUW840 (•). 

Biochemical characterisation of wild-type and active site mutant CelB 
In order to gain more insight in the effects realised by the amino acid 

changes in the vicinity of the active site, we decided to completely purify and 
characterise mutant CelB enzymes containing a single substitution in this region, 
namely N415S, M424V, T371A and A419T. In order to obtain an accurate 
measure of the persistence of catalytic function at high temperature, thermal 
inactivation of purified wild-type and CelB mutants was followed in time (Table 
2). Mutant N415S CelB is as thermostable as the wild-type enzyme, while the 
other mutants are considerably destabilised; compared to all other family I 
glycosyl hydrolases they are, however, still extremely thermostable enzymes 
because they all retain a considerable amount of activity after incubation at 
106°C. Kinetic parameters for all these mutants were determined and compared 
to those of the wild-type CelB at 20°C on the aryl-glucosides pNp-glucose and 
pNp-galactose, as well as on B-(1,4)-linked disaccharides cellobiose and lactose 
(Table 2 and see below). Kinetic parameters at 90°C were determined for wild-
type and mutant N415S CelB (Table 3 and see below). 

Kinetic characterisation of wild-type CelB at 20 and 90°C. The 
hydrolysis of pNp-glu by wild-type CelB revealed an apparent inhibition in a 
hyperbolic Michaelis-Menten plot, starting at substrate concentrations above 1 
mM at 20°C (Figure 5) and above 2-4 mM pNp-glu at 90°C (not shown). A 
similar phenomenon was observed during cellobiose hydrolysis (Figure 6). 
Plotting the data according to a Lineweaver-Burk equation resulted in a curve 
typically found when substrate inhibition occurs (inset in Figure 6). This process 
has not been reported in the previous kinetic characterisation of CelB, 
presumably because employed maximum substrate concentrations did not 
exceed 1.5 mM pNp-glu at 90°C (Bauer & Kelly, 1998). Apparent substrate 
inhibition was, however, also observed with the B-glucosidase from Thermotoga 
maritima (Gabelsberger et al., 1993). Fitting of the data according to Michaelis-
Menten kinetics, corrected for substrate inhibition, resulted in a Vmax of 15 U/mg 
and a Km of 0.53 mM for pNp-glucose at 20 °C (Table 2). The enzyme is two-
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Figure 5: Comparison of rate of pNp-glu hydrolysis by wild-type (A) and mutant CelB N415S 
(•) as a function of substrate concentration at 20°C. 

fold less efficient on pNp-gal than on pNp-glu, due to a lower hydrolysis rate 
and a lower affinity for the galactosyl substrate. On cellobiose and lactose, 
similar Vmax values are found, but affinity for the B-(1,4)-linked disaccharides is 
relatively low. Vmax-values for the aryl-glycosides at 90°C are 1.5- and 4-fold 
higher than reported earlier for the enzyme purified from E.coli by Voorhorst and 
coworkers (1995) and Bauer & Kelly (1998), respectively. This difference may be 
related to the observed substrate inhibition or may reflect the variability between 
independent enzyme preparations that have been purified by different methods. 
Calculated Km values at 90°C are more or less similar to those already reported. 
Interestingly, while Km values of wild-type CelB for pNp-glu and cellobiose at 
90°C decrease compared to those at 20°C, these values increase for pNp-gal 
and lactose. Substrate affinity is, apparently, highly influenced by the operation 
temperature. It should be noted that, although Vmax values for pNp-gal and 
lactose are considerably higher than for pNp-Glu and cellobiose, the enzyme 
shows, based on catalytic efficiency, a higher B-glucosidase than p-galactosidase 
activity. 

Transglycosylation. Transglycosylation is common among family I 
glycosyl hydrolases. It has been described before for P.furiosus CelB and 
A.faecalis Abg in the case of pNp-xylose and pNp-arabinose substrates and for 
CelB as well using cellobiose and lactose (Bauer & Kelly, 1998; Kempton & 
Withers, 1992; Fischer et al., 1996; Boon et al., 1999). Cellotriose formation 
from cellobiose has been reported for BglA from B.polymyxa and for the B-
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50 100 
mM cellobiose 

150 

Figure 6: Comparison of the rate of cellobiose hydrolysis by wild-type (A) and mutant T371A 
CelB (•) as a function of substrate concentration at 20°C. Inset is Lineweaver-Burk plot for wild 
type CelB. 

glucosidase from T.maritima (Painbeni et al., 1992; Gabelsberger et al., 1993). 
Analysis of reaction products of CelB incubated with 150 mM cellobiose by 
HPLC revealed, apart from glucose and cellobiose, the presence of an additional 
product with the same retention time as cellotriose, strongly suggesting that 
transglycosylation is indeed occurring. Kinetic characterisation of this process 
was not possible because its effect on product formation was completely masked 
by the large observed substrate inhibition (see above). 

Kinetic characterisation of active site mutant CelB enzymes at 20°C. 
The catalytic efficiencies of mutated CelB on pNp-glu and cellobiose are 
increased up to two-fold in comparison with wild-type CelB (Table 2). This has 
either been achieved by large increases in Vmax values, as in the case of mutant 
N415S CelB on pNp-glu (Figure 5), or by a decrease in Km values as observed for 
T371A CelB on cellobiose (Figure 6). Increase in efficiency of pNp-glu hydrolysis 
is at the expense of catalytic efficiency on pNp-gal. However, a similar effect is 
not observed on f3-(1,4)-linked disaccharides, moreover, a significant increase in 
efficiency is reported for T371A CelB on lactose. Evidently, the effect of the 
leaving group (either pNp or glucose for the aryl substrates and disaccharides, 
respectively) on catalytic efficiency is not comparable for glucosyl and galactosyl 
substrates. This is most clearly illustrated for mutant N415S CelB, for which a 
large reduction in maximum activity on pNp-galactose is found, that is now 
more than ten-fold lower than maximum activity on pNp-glucose. In contrast, 
cellobiose is hydrolysed with the same maximum velocity as lactose. 
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Kinetic characterisation of active site mutant CelB N415S at 90°C. 
Because N415S CelB is as thermoactive and thermostable as the wild-type CelB, 
we decided to analyse its kinetic parameters at 90°C in order to see the relation 
between these characteristics at low and high temperatures (Table 3). Maximum 
activity of mutant N415S CelB at 90°C was lower than for the wild-type enzyme 
for pNp-glu and especially pNp-gal. Because also Km values increase, N415S 
CelB is less efficient than wild-type CelB on pNp-glu and pNp-gal. The same is 
found for the disaccharides. Higher performance on pNp-glu at room 
temperature is therefore not only at the expense of galactosidase activity at room 
temperature, but also at the expense of high-temperature catalysis. Because of 
the apparent unchanged temperature optimum and thermostability of this 
mutant, this effect is not caused by an overall destabilisation of the enzyme, but 
must be a direct result of the effects of the single mutation on substrate binding 
and turnover rates. 

Conclusions 

Screening of a random CelB library resulted in the selection of CelB 
variants with significantly higher activity on pNp-glu at room temperature than 
the wild-type enzyme. Amino acid substitutions were located in the active site 
region (Class I), at or close to subunit interfaces (Class II), or either at the protein 
surface or buried in the subunit interior (Class III). All mutants containing subunit 
interface substitutions were less thermostable and had lower temperature optima 
than the wild-type CelB, suggesting that subunit interfaces play an important role 
in thermoadaptation. Hyperthermostable enzymes are most probably highly 
optimised with respect to packing efficiency (Jaenicke & Bohm, 1998; Scandurra 
et al., 1998) However, a recent database survey showed that proteins from 
mesophiles and thermophiles essentially do not differ in packing (Karshikoff & 
Ladenstein, 1998). The present study indicates that CelB is able to accommodate 
amino acids in its interior with larger or smaller side chains and different 
properties, without affecting its thermostability or temperature optimum for 
catalysis. 

Remarkably, substrate specificity of CelB seems to be a characteristic that 
is determined by the enzyme as a whole, since changes in the ratio on pNp-glu 
and pNp-gal are not restricted to substitutions in the active site region. However, 
the most drastic effect on the pNp-glu/pNp-gal ratio (a 7.5-fold increase) is 
caused by the disruption of interactions between asparagine at position 415 and 
two active site residues that directly contact the hydroxyl group on the substrate 
at the C4 position. This is exactly the (only) position at which glucose and 
galactose differ in orientation of this hydroxyl group. The loss of hydrogen bonds 
between the substituted asparagine and active site residues Q17 and E417 may 
influence the position and the flexibility of these side chains, thereby changing 
their interactions with the substrate and the ratio between binding and turnover 
on substrates with either glucose- or galactose moieties at this position. This is 
indeed found for mutant N415S on aryl-glycosides and, to a lesser extent, on p-
(1,4)-linked disaccharides. In fact, a key role in determining glucose/galactose 
specificity for residues interacting with the active site Q17 and E417 was 
proposed recently on the basis of the interactions between the inhibitor 
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gluconate and active site residues of B.polymyxa BglA (Sanz-Aparicio et al., 
1998). Further indications that slight changes in conformational freedom of 
active site residues may have large effects on catalysis and substrate recognition, 
is provided by the large and opposing effect of operational temperature on 
affinities for different substrates. While wild-type CelB has an 8-fold higher 
efficiency on pNp-glucose than on pNp-galactose at 90°C, this ratio is reduced 
to 2-fold at 20°C. Until recently it was assumed, based on lactate dehydrogenase 
from T.maritima and T.neapolitana xylose isomerase, that an increased 
temperature causes the decrease of one enzyme's affinity for its substrate (Hecht 
et al., 1989; Vieille et al., 1995; Vieille & Zeikus, 1996). However, the results 
presented here indicate that this assumption does not hold. Also for glutamate 
dehydrogenase from P.furiosus and T.maritima we have reported different 
changes in substrate affinity with increasing temperature, depending on the 
substrate (Chapters 3 and 5 of this thesis). 

Our results show that the quality of the random CelB library is good and 
that the sensitivity of the screening procedure is sufficient to isolate mutants with 
only 10% increase in activity. Mutants displaying evolved properties, like N415S 
CelB with two-fold increased catalytic efficiency on pNp-glu but unchanged 
stability, and mutant T371A CelB with two-fold higher affinity for cellobiose, 
could be interesting candidates for industrial or diagnostic applications. 

In conclusion, this random screening approach using a hyperthermostable 
enzyme resulted in the identification of residues that are critical in determining 
thermostability, low-temperature activity, and substrate recognition. It was 
shown that low-temperature activity can be engineered into a hyperthermostable 
enzyme without affecting its extreme stability. Not only is directed evolution a 
powerful approach to introduce a desired property into an industrially relevant 
biocatalyst, but, as we have shown here, it may facilitate our understanding of 
the mechanisms determining enzyme catalysis, stability, and substrate 
recognition at physiological or extreme conditions. 
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Thermostability of the 
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from the hyperthermophilic archaeon 
Pyrococcus furiosus 
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Summary 

The p-glucosidase CelB from the hyperthermophilic archaeon Pyrococcus 
furiosus is a highly thermostable and thermoactive enzyme with an optimal 
temperature for activity of 102-105°C, a half life for thermal inactivation of 85 
hours at 100°C, and an apparent melting temperature of 108°C. The molecular 
basis for this extreme stability has been addressed by comparative analysis of the 
three-dimensional model of CelB and the crystal structure of the homologous (3-
glycosidase LacS from Sulfolobus solfataricus, as well as by biochemical 
characterisation of wild-type CelB and mutants thereof, containing substitutions 
or deletions of charged residues at the C-terminus, which may be involved in the 
formation of ion-pair networks. All mutant CelB enzymes show decreased 
optimal temperatures for activity and increased rates of thermal inactivation, 
indicating that ion-pairs at the C-terminus of CelB play a role in determining the 
extreme thermostability of this enzyme. Furthermore, increased thermal 
inactivation of CelB in the presence of sodium chloride and at extreme pHs, 
supports the role of electrostatic interactions in this enzyme. The CelB structure 
indicates that part of CelB stability is derived from structural adaptations that 
allow oligomerisation and the presence of solvent-filled, hydrophilic cavities, 
which have earlier been identified in LacS. However, structural comparison of 
several large ion-pair networks that are present in LacS, reveals that a five-
residue and a six-residue membered network are not present in CelB and that a 
large 16-membered network at the subunit interface, extensively cross-linking 
the subunits, has been fragmented. CelB must therefore be stabilised to a large 
extent by other factors, such as efficient hydrophobic packing, optimised 
hydrogen bonding patterns or reduction of exposed solvent area. 

Introduction 

The recent elucidation of a variety of three-dimensional structures of 
enzymes from hyperthermophilic Bacteria and Archaea has revealed a large 
variety of stabilising mechanisms. Among these are reduction of the number of 
thermolabile residues, decreased surface-to-volume ratio, improved hydrophobic 
packing, improved hydrogen bonding and electrostatic interactions, and 
oligomerisation (recently reviewed by Ladenstein & Antranikian, 1998; Jaenicke 
& Bohm, 1998). Many of these strategies are theoretically supported by model 
calculations and data base surveys (Spassov et a/., 1995; Elcock, 1998). One of 
the strategies that seems to be employed by many enzymes from 
hyperthermophiles, is an increase in the number of ion-pairs and the 
arrangement of these ion-pairs into large networks (Yip et a/., 1995; Aguilar et 
a/., 1997). Several protein engineering studies have corroborated the stabilising 
effect of large ion-pair networks at subunit interfaces in oligomeric enzymes 
(Pappenberger et a/., 1997; Vetriani et a/., 1998; Chapter 6 of this thesis). 
However, for networks at the protein surface and at domain interfaces of the 
same oligomeric enzymes, no stabilising effect could be detected (Tomschy et 
a/., 1994; Chapter 5 of this thesis). 

Glycosyl hydrolases are enzymes that are able to hydrolyse 
oligosaccharides, and they are classified in more than 60 sequence-based 
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families (Davies & Henrissat, 1995; Henrissat & Davies, 1997). Glycosyl 
hydrolases belonging to family I include p-glucosidases, P-galactosidases, and 6-
phospho-fi-glycosidases. The most thermostable representative of this family is 
P-glucosidase (CelB) from the hyperthermophilic archaeon Pyrococcus furiosus, 
encoded by the celB gene (Kengen et a/., 1993; Voorhorst et a/., 1995). This 
enzyme is involved in the intracellular cleavage of oligosaccharides during 
growth of this organism on polysaccharides at temperatures up to 103°C. CelB 
has been purified from P.furiosus and overproducing E.coli strains, and found to 
be a tetrameric enzyme with 58 kD subunits that retained their kinetic and 
stability properties irrespective of its source (Kengen et a/., 1993; Voorhorst et 
a/., 1995). This allowed for the first protein engineering studies of a 
hyperthermostable enzyme and showed that the active site nucleophile at 
100°C is the same as that of other family I glycosyl hydrolases at ambient 
temperatures (Voorhorst et a/v 1995). CelB is very well adapted to high 
temperatures, with an optimal temperature for activity at 102-105°C, a half life 
of thermal inactivation of 85 h at 100°C, and an apparent melting temperature 
of 108°C (Kengen etal., 1993; Bauer & Kelly, 1998). 

Several three-dimensional structures of family I glycosyl hydrolases are 
available, among which that of the homologous p-glycosidase (LacS) from the 
hyperthermophilic archaeon Sulfolobus solfataricus (Aguilar et a/., 1997). LacS 
is a thermostable, tetrameric enzyme with a half-life of thermal inactivation of 3 
h at 85°C and a temperature optimum for activity of 95°C (Pisani et a/., 1990). 
The active site nucleophile and acid-base catalyst (Glu 387 and Glu 206, 
respectively) were identified by a site-directed mutagenesis approach (Moracci 
et a/., 1996). The crystal structure of LacS revealed two possible mechanisms, 
that may be responsible for the high thermostability of LacS, i.e. the presence of 
large, solvent-filled, hydrophilic cavities on the one hand, and the formation of 
large ion-pair networks on the other hand (Aguilar et a/., 1997). C-terminal 
deletions and single amino acid substitutions, that are predicted to disrupt an 
extensive ion-pair network which tightly crosslinks the subunits, significantly 
reduced the resistance of LacS towards thermal inactivation at high temperatures 
(Moracci et a/., 1998). Recently, a three-dimensional model of CelB has been 
reported, based on 3.25 A X-ray diffraction data and LacS as search model in the 
molecular replacement procedure (Chapter 8). LacS and CelB share 55% amino 
acid identity, a similar overall three-dimensional fold as well as many catalytic 
properties, but differ considerably in thermostability. 

In this chapter we describe a survey of the unique characteristics of CelB 
by comparative analysis of the deduced primary, and determined tertiary and 
quaternary structure of CelB with that of homologous family I enzymes. Specific 
attention has been focused on the oligomerisation state of the mesophilic and 
thermostable members and to the detailed comparison of CelB with LacS as 
representatives of hyperthermophilic archaea. The contribution of ionic 
interactions to the thermostability of CelB was determined by the substitution 
and deletion of charged residues at the C-termini of CelB, and comparison of 
biochemical parameters of these mutants to the wild-type enzyme. 

155 



Chapter 10 

Materials and Methods 

Construction of mutant celB genes 
Wild-type CelB was produced in E.coli BL2KDE3) from the expression 

plasmid pLUW511, which contains the celB coding region fused to the start and 
stop codons of the <J>10 gene on plasmid pET9d under control of the 17 promoter 
(Chapter 7). The translational fusion required the introduction of an additional 
triplet coding for an alanine immediately downstream of the start-codon. This 
alanine wil l be referred to as residue number 1a. Mutations were introduced by 
PCR amplification of the celB gene using Pfu polymerase (Stratagene). One 
universal primer (BG238 = 5'- GCGCGCG4TGGCAAAGTTCCCAAAAAACTTC 
ATGTTTG), overlapping the startcodon of the celB gene (italic) and introducing 
an Ncol restriction site (underlined) was used for the construction of all mutated 
gene fragments. A second, mutagenic primer was used for each mutant, 
overlapping the stop-codon (italic) of the celB gene and introducing a BamHI 
restriction site (underlined): BG298 for amino acid substitution R471A = 5'-
CGCGCGGATCCCTACTTGGCCGTAACAAATTTGAGGTCTGCG, BG442 for 
K472A = 5'-GCGCGCGGATCCCTAGGCTCTTGTAACAAATTTGAGGTC, 
BG300 for K472A = 5'-CGCGCGGATCCCTATCTTGTAACAAATTTGAGG, 
BG443forR471A/K472A = 5'-GCGCGCGGATCCCTAGGCGGCTGTAACAAAT 
TTGAGGTC, BG406 for R471A/K472A = 5'-GGCGGGGAJCCCTATGTAACAA 
ATI I IAAATCTGCGAGGTG. Amplified gene fragments were digested with 
Ncol and BamHI and subsequently ligated into the expression vector pET9d. 
BL2KDE3) was transformed with the ligation mixtures, plated onto selective 
medium and single colonies were picked. DNA was isolated using the Qiaprep 
spin plasmid kit (Qiagen, Westburg, The Netherlands) and the DNA sequence of 
the complete gene of each mutant was confirmed by DNA sequencing using 
infrared-labelled oligos (MWG, Germany) complementary to pET9d sequences 
immediately flanking the cloning site on the plasmid, and the Thermo 
Sequenase kit (Amersham Life Science) on a Li-Cor 4000L automated sequencer. 

Enzyme purification 
One litre selective TY medium in 2 litre baffled Erlenmeyer flasks, was 

inoculated with E.coli BL21(DE3) harbouring an expression plasmid containing 
either wild-type or mutated ce/B genes and cultured overnight at 37°C while 
vigorously shaking. Cell lysate was prepared and CelB was purified using heat-
precipitation, anion exchange chromatography and gel filtration as described in 
Chapter 7 of this thesis. Pure CelB fractions were pooled and dialysed against 20 
mM sodium phosphate buffer (pH 6.0). Protein concentrations were determined 
at 280 nm using an extinction coefficient for one subunit of sm

280nm= 1.28*105 M 
'cm"' according to Gill & von Hippel (1989). 

B-glucosidase activity assay 
Standard activity measurements were performed in 0.5 ml 150 mM 

sodium citrate buffer (pH 4.8) containing 3 mM of the artificial substrate p-
nitrophenol-B-D-glucopyranoside (pNp-Glu). Assay mixtures were preheated 
when necessary. Typically an aliquot (10 ul) of an appropriate enzyme dilution 
was added and the mixture was incubated for 10 min. Under these conditions 
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pNp-liberation was linearly related to enzyme concentration and no substrate 
depletion occured. After 10 min the reaction was stopped by addition of 1 ml 
0.5 M sodium carbonate, raising the pH of the mixture to approximately 10 and 
increasing the Em

405 nm for the free pNp-molecule to 18,500 M"1 cm'1 at room 
temperature. The amount of free pNp was quantified at 405 nm on a Hitachi U-
1100 spectrophotometer or, in the case of 100 uJ volumes, in microtiter plates 
using a Thermomax microplate reader (Molecular Devices) at the same 
wavelength. 

Thermal inactivation 
The effect of the additional alanine, which was introduced in the enzyme 

for cloning purposes immediately downstream of the N-terminal methionine, 
was studied in heat-treated cell free extract of E.coli cultures harbouring either 
pLUW510 (coding for CelB without the alanine) or pLUW511 (CelB including 
the alanine) (Chapter 7). Heat-treated cell-free extract and purified wild-type and 
mutant CelB enzymes were diluted to 50 ug/ml in 20 mM sodium citrate buffer 
pH 4.8 (pH set at room temperature) and 100 uJ samples were incubated at 
desired temperatures in an oil bath in glass vials closed with a screw cap with 
teflon inlay. Following incubation, samples were cooled down and remaining 
activity was determined relative to a sample kept at room temperature. Data 
were fitted according to first-order inactivation and half-life values were 
obtained from these fits. Dependance of the rate of inactivation on protein 
concentration was studied at 5, 25, 50, 100 and 500 |a.g/ml. Samples of 200 
Ug/ml were used for analysis on SDS and native PAGE. Lyotropic salts were 
added at 1M / ionic strength. Buffers for pH dependent stability were 20 mM 
sodium acetate from pH 3.74 to 5.8, 20 mM sodium phosphate from pH 6.2 to 
8.2 and 20 mM sodium carbonate from 8.7 to 10.5. pH values are set at room 
temperature. Theoretical changes in the pH values of the phosphate and acetate 
buffers at 90°C do not exceed 0.1 unit, while for the carbonate buffers changes 
may amount up to 0.4 unit (Bates, 1970; Stoll, 1990). 

Guanidinium chloride induced inactivation 
Wild-type and mutant CelB enzymes were diluted to 50 ug/ml in 20 mM 

sodium citrate buffer (pH 4.8) containing increasing concentrations of 
guanidinium chloride (GdmCI) ranging from 0 to 2.5 M. After 24 hour 
incubation at room temperature, enzymes were 50-fold diluted into the assay 
mixture and remaining activity was determined. From plots of activity versus 
concentration denaturant, the concentration GdmCI was determined at which 
50% of the enzyme was irreversibly inactivated. Samples of 200 ug/ml were 
incubated with different concentrations of GdmCI and used after 24 h for 
analysis on native PAGE. 
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Results 

Stability of wild-type CelB 
The routine expression plasmid for production of CelB (pLUW511) 

contains, in comparison with the originally reported gene sequence (Voorhorst 
et a/., 1995), three additional bases immediately downstream of the N-terminal 
methionine codon. These bases were introduced for cloning purposes and result 
in the presence of an additional alanine residue in the produced CelB enzyme 
(Chapter 7). In order to address the effect of this additional residue, the thermal 
inactivation of CelB expressed from pLUW510 (coding for CelB without the 
alanine; Voorhorst et a/., 1995) and pLUW511 was studied. Comparable rates 
for thermal inactivation of both enzymes at 106°C were found, with the half-life 
for inactivation of the CelB containing the alanine, being approximately 25% 
lower than that of the enzyme produced from pLUW510. This indicates a local, 
slightly destabilising effect of the alanine without the occurrence of large 
conformational changes and indicates that the CelB enzyme produced from 
pLUW511 (referred to as wild-type CelB) may be used to replace the enzyme 
produced from pLUW510 in studies of structure-function and structure-stability 
relations in CelB. 

The half-life value of wild-type CelB was found to be 2.3 hours at 106°C, 
11 hours at 101 °C and 16.5 hours at 96°C. This stability was independent of 
protein concentration over the range 5-500 (ig/ml. When the buffer was changed 
from 20 mM sodium citrate (pH 4.8) to 20 mM Tris (pH 8.0), a remarkable 
stabilisation was achieved, with a 7-fold increase of the half-life at 96°C. This 
stabilising effect of Tris was reported earlier and may reflect the in vivo 
stabilisation of CelB by organic compounds in the cytoplasm containing primary 
amine groups (Kengen, 1994). Alternatively, it may be related to the fact that 
Tris is a competitive inhibitor of CelB (Bauer & Kelly, 1998). Interaction 
between this organic compound and active site-residues may serve to stabilise 

Table 1: Effect of the addition of 1 M / lyotropic salts on the half-life for thermal inactivation 
of wild-type CelB at 101 °C. 

lyotropic salt t1/2 (hours) 

-

sulphate 

acetate 

chloride 

nitrate 

11 

9.6 

23 

0.1 

< 0.01 
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Figure 1: pH dependent thermostability of wild-type CelB. Residual activity after 1 hour 
incubation at 90°C was determined and plotted relative to the remaining activity at pH 6. 

the enzyme against thermal inactivation. The addition of low concentrations of 
sodium chloride was also found to be stabilising. The enzyme was stabilised 
more than three-fold at 150 mM NaCI at 101°C. No effect of 0.2 M GdmCI on 
CelB stability was observed, while addition of 1 and 3 M GdmCI resulted in 
immediate and complete inactivation at 106°C. 

The effect on CelB stability by addition of lyotropic salts more or less 
followed their position in the Hofmeister series of anions (Table 1). The addition 
of 1.0 M / (ionic strength equivalent) sodium sulphate or sodium acetate slightly 
increased or doubled, respectively, the half-life of CelB inactivation at 101 °C. 
The addition of 1.0 M / sodium chloride decimated, and that of 1 M / sodium 
nitrate completely abolished activity after incubation of only a few minutes at 
101°C. 

Wild-type CelB was diluted to 50 ng/ml in 20 mM sodium acetate, 
sodium phosphate or sodium carbonate buffer with a pH between 3.7 and 10.5. 
At room temperature, CelB is completely stable at all pH values. After 1 h 
incubation at 90°C, remaining activity was determined (Figure 1). At the high 
pH- end of the stability curve, wild-type CelB inactivates around pH 8.5. At the 
low pH-end of the stability curves, activity diminishes below pH 5. 
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Three-dimensional structure analysis 
A three-dimensional model of CelB has recently been reported, based on 

3.3 A X-ray diffraction data and using the crystal structure of LacS from 
S.solfataricus as search model in the molecular replacement procedure (Chapter 
8). Because of the low resolution of the diffraction data, and the anticipated 
model bias towards LacS, the CelB model can not be used for detailed analysis 
of hydrogen bonds, ion-pairs and residue packing efficiency. These analyses are 
crucial in accessing the molecular basis for thermostability. However, the 
overall folding and the role of certain residues within larger structural features 
may be considered, as is detailed below. 

A schematic alignment of CelB with several homologous family I glycosyl 
hydrolases revealed a clustering in two groups (Figure 2). CelB clusters with 
LacS as well as with the thermostable (5-mannosidase from P.furiosus (Bauer et 
a/., 1996). The mannosidase is a tetrameric enzyme like CelB and LacS, and its 
half-life for thermal inactivation is in between that of the other two glycosidases 
(60 hours at 90°C). The second group in the alignment is formed by the p-
glucosidases from the hyperthermophilic bacterium Thermotoga maritima and 
the mesophile Bacillus polymyxa, and the 6-P-p-galactosidase (LacG) from 
Lactococcus lactis. The enzyme from T.maritima is thermostable (half-life for 
thermal inactivation is approximately 6 hours at 95°C) and reported to be a 
dimer, while LacG is a monomer and the enzyme from Bacillus is an octamer 
(Gabelsberger et a/., 1993; Wiesmann et a/., 1995; Sanz-Aparicio et a/., 1998). 
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Figure 2: Schematic alignment of P.furiosus CelB with several other members of family 1 of 
glycosyl hydrolases, namely LacS from S.solfataricus, the p-mannosidase from P.furiosus, fj-
glucosidases from T.maritima and B.polymyxa and the 6-P-(5-galactosidase from the mesophile 
Lactococcus lactis. The conserved glutamate residues (T) that have been identified as the acid-
base catalyst and the nucleophile are indicated. Regions that are involved in subunit 
interactions in CelB and LacS are overlined, with the three insertions indicated as filled parts of 
the sequences. The loop at the site of the barrel at the substrate entrance, which has been 
shortened in LacS and deleted in CelB, is indicated by an arrow. The state of oligomerisation 
and percentage amino acid identity with CelB is indicated. 
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Figure 3: Overview of the tetrameric composition of CelB. 

The quaternary conformation of CelB was found to be very similar to that 
from LacS and shows an arrangement of four identical subunits, termed A, B, C 
and D, in a slightly twisted square (Figure 3). No interactions between subunits 
A and C are present. The intersubunit surface between A and B is twice as large 
(1377 A) as the one between A and D (814 A) that forms a roof over the active 
site barrel (Kopp, 1998). Three of the regions that are involved in intersubunit 
contacts in LacS and CelB, are part of insertions which are not present in the less 
stable homologous enzymes (Fig 2). Upon formation of the tetramer, a little over 
11 % of the total solvent accessibility of each subunit is buried (Kopp, 1998). 

Each CelB monomer is predicted to adopt a classical (Ba)8 barrel fold 
with elaborate extensions at the top of the barrel (Fig 4a). The overall fold of the 
CelB monomer is identical to that of LacS with the exception of the deletion of 
one loop on the outside (see below) (Figure 4b and c). The active site is located 
inside the barrel and is connected to the outside via a radial channel. Access to 
the channel is generated by a kink in one of the helices lining the barrel. 

CelB is also predicted to contain the large, solvent-filled, hydrophilic 
cavities that were reported for LacS and may play a major role in 
thermostabilisation by conferring resilience to the enzyme (Aguilar et a/., 1997). 
The residues that are located within 4 A distance of the solvent molecules in the 
largest cavity, are completely conserved, with the only exception of serine at 
position 172 being an alanine in CelB. This is, however, one of the residues that 
contacts the solvent molecules with its backbone carbonyl group. The 
conservation of the involved residues is highest among the thermostable 
members of the family I glycosyl hydrolases and progressively diminishes in 
enzymes from less thermophilic and mesophilic species. 
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Figure 4: View of a CelB monomer from the side (a) and from the top (b), and view of a LacS 
monomer from the top (c). Active site glutamates are depicted in ball-and-stick representation. 
The orientation of the monomer in panel a is similar to that of subunit D in figure 3. The 
subunit in panel b is turned 90° across the x and z axis compared to panel a. 

Entry to the active site is via a radial channel in the side of the (ocp)8-
barrel. Opening of this channel is generated by a kink in the helix of the fifth Pa-
unit and by drastic shortening of a loop that is folded over this side of the barrel 
in the homologous enzymes that have their active site entrance at the top of the 
barrel. In LacS this loop is shortened to a small beta-strand, composed of two 
small beta-sheets, by residues 297-310 and is attached to the barrel by extensive 
ion-pair networks. One ion-pair network comprises Arg313-Asp248-Arg245-
Asp309-Arg307-Asp104, the other network links Arg378-Asp291-Arg295-
Glu297-Lys304. In CelB, the loop is completely deleted and consequently the 
ion-pair networks wil l not be present (Fig 2 and 4). 

The C-termini in LacS join in the central part of the enzyme and have 
been crosslinked to their own and two neighbouring subunits by one large ion-
pair network involving 12 residues: The C-terminal negatively charged carboxyl 
group of His489 interacts with the positively charged side chain of the same 
residue, and as well ion-pairs with Arg488, which in turn interacts with Glu345 
from its own and an opposite subunit (Aguilar et a/., 1997). In CelB the C-
terminus has been shortened by two residues, although the forelast residue is 
still an arginine and the last residue is still positively charged (lysine). The large 
ion-pair network that is crosslinking four subunits, however, seems not to be 
present. In contrast, the CelB structure indicates that the side chain of arginine 
471 (488 in LacS) is pointing the other way and is now ion-pairing with Asp358 
and Asp392 from an adjacent subunit (Figure 5). In this way, five-residue ion-
pair networks crossing one subunit interface, seem to be formed. 

A detailed analysis of ion-pairs and networks in the CelB structure is not 
possible due to the low resolution of the model. However, taken into 
consideration the described absence of several of the largest LacS networks, it is 
unlikely that CelB will contain a significantly higher number of large ion-pair 
networks than LacS. In contrast, it seems more likely that the extent of ion-pair 
formation in the most thermostable glycosidase is less than in its less stable 
counterpart. A further indication for a reduced number of large networks in CelB 
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Figure S: Proposed ionic interactions at the C-termini of the CelB monomers based on the 
three-dimensional CelB model (Chapter 8). Residues from two opposite monomers interact 
and in total four 5-residue ion-pair networks are formed. 

is the reversal of the Arg/Lys ratio between this enzyme and LacS. Arginines are 
often found in large ion-pair networks because of their ability to form bidentate 
interactions. The Arg/Lys ratio in LacS is 1.4, while in CelB it is only 0.6, an 
observation that could reflect the higher number of large ion-pair networks in 
LacS. 

Design and analysis of C-terminal CelB mutants 
In order to study the role of the proposed C-terminal ion-pair interactions 

in CelB, we constructed a series of mutants with progressive deletion of parts of 
or the complete amino acid residues at the C-terminus; amino acid substitutions 
R471A, K472A and R471A/K472A remove the positive side chains, while 
substitutions K472A and R471A/K472A remove the complete amino acid 
residues at the indicated positions. Since the C-terminal backbone carboxyl 
group is negatively charged, deletions will also influence electrostatic 
interactions between this group and other residues in the enzyme, if present. 

Expression of the mutated genes in E.coli resulted in high level 
production of a protein at the same position on an SDS-PAGE gel as the wild-
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Table 2: Half-life values for thermal inactivation at 106°C for wild-type CelB and C-terminal 
mutants with standard error in minutes, and optimal temperature for catalysis, nd = not 
determined. 

Half-life values at optimum T for catalysis 
106°C (minutes) (°C) 

wild-type 

R471A 

K472A 

K472A 

R471A/K472A 

R471A/K472A 

139 

91 

43 

58 

37 

137at90°C 

+ 3.5 

± 14 

±9.4 

±4.8 

±7.4 

±nd 

100-105 

98 

90 

94 

85 

80 

type CelB (not shown). Wild-type and mutant CelB enzymes were purified from 
E.coli and biochemically characterised. Half-life values for thermal inactivation 
at 106°C were determined and revealed a progressive decrease of 
thermostability with the severeness of the respective mutations (Table 2). The 
effect of the complete deletion of two C-terminal residues even forced us to 
lower the incubation temperature with 15°C to be able to determine an accurate 
half-life value. Furthermore, the optimal temperature for catalytic activity was 
determined, which followed the same trend as found for half-life of thermal 
inactivation (Table 2). Reactivation curves after prolonged incubation of wild 
type CelB and mutant enzymes R471A and R471A/K472A in guanidinium 
chloride were determined (Figure 6). Mutants R471A and R471A/K472A 
reactivate less efficient than the wild-type CelB. Concentrations at which 50% of 
the enzymes is irreversibly inactivated are 1.6, 1.5 and 1.3 M GdmCI for wild-
type CelB, R471A and R471A/K472A, respectively. 

Correlation between enzyme activity and presence of tetrameric conformation 
Wild-type CelB and mutants R471A and R471A/K472A were incubated at 

200 u,g/ml at 106°C for different periods of time. Mutant R471A/K472A was 
furthermore incubated at 90°C. Remaining activity was determined relative to a 
sample kept at room temperature. Aliquots of the controls and the incubated 
samples were run on a native polyacrylamide gel (Figure 7). Progressive 
incubation of wild-type and mutant R471A CelB enzymes leads to inactivation 
of the enzyme and to a lower intensity of the tetramer band on native PAGE. 
Mutant R471A/K472A is not stable at 106°C and tetrameric enzyme can only be 
detected in the sample kept at room temperature. Loss of tetramer of this mutant 
can be followed at 90° (Figure 7). Also for guanidinium dependent reactivation, 
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Figure 6: Reversibility of inactivation after 24 hours incubation in increasing concentrations 
of guanidinium chloride. • - wild-type CelB, A - R471A, 0 - R471A/K472A 

a correlation between percentage of reactivation and the presence of CelB 
tetramers on native PAGE was found (results not shown). 

Discussion and conclusions 

In order to obtain more insight into the molecular basis for the extreme 
thermostability of CelB from P.furiosus, we analysed its three-dimensional 
model and biochemically characterised the wild-type enzyme as well as several 
CelB mutants containing deletions of positively charged amino acids at the C-
terminal end that are likely involved in ion-pair interactions. 

Inactivation of CelB at 106°C seems not to be caused by aggregation. 
Aggregation is a multimolecular event that would not result in the observed first-
order kinetics and the independence of the kinetics of inactivation on protein 
concentration. Furthermore, no stabilisation was achieved by addition of GdmCI 
to the incubation mixtures. Glutamate dehydrogenase from Sulfolobus 
solfataricus is a thermostable enzyme which inactivates due to aggregation, and 
this enzyme can be stabilised by the addition of GdmCI in pre-transition region 
concentrations (Consalvi et a/., 1993). The mechanism of this stabilisation is 
suggested to be the shielding of hydrophobic patches of reversible denatured 
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Figure 7: Native polyacrylamide gels with 15 microliter samples of 200 microgram/ml wild-
type CelB and mutants that have been incubated for different periods of time at 106 and 90°C. 
Panel a, lane 1-4 and 5-8: wild-type CelB and mutant R471A incubated at 106°C for 0, 0.8, 2 
and 4 h, respectively. Panel b, lane 1: wild-type CelB kept at room temperature, lane 2-5: 
R471A/K472A incubated at 90°C for 0, 1, 2 and 3 hours, lane 6-8, R471A/K472A incubated at 
106°C for 0, 0.8 and 1.3 hours. 

enzyme by the denaturant, which would otherwise interact and result in 
irreversible aggregation. 

A correlation was found between (3-glucosidase activity and the presence 
of tetrameric CelB on native PAGE. Loss of quaternary structure is probably 
followed by immediate unfolding of the individual subunits since there is no 
indication for completely folded monomers on the native gels. For the mutant 
CelB enzymes a correlation between remaining activity and tetramer presence 
on native gels was also observed, indicating that removal of ion-pair interactions 
at the C-terminus results in accelerated subunit dissociation. These results 
suggest that loss of quaternary structure may be responsible for thermal 
inactivation of CelB. However, an apparent correlation may also be the result of 
subunit dissociation, occurring immediately after an unidentified inactivating 
event. In this case the loss of tetrameric conformation is only indicative of but 
not the reason for, the observed inactivation of CelB. 

Lyotropic salts have different effects on the stability of enzymes. Sulphate 
and acetate ions are cosmotropic salts and stabilise hydrophobic interactions by 
preferentially being excluded from the native protein surface (Arakawa, 1990). 
Nitrate is a chaotropic anion that decreases the strength of hydrophobic 
interactions. Chloride ions have neither of these effects (Hatefi, 1969; von 
Hippel, 1969). All ions at high concentrations have the ability to interfere with 
ion-pair interactions, decreasing the strength of these interactions by charge 
shielding. The net effect of lyotropic salts on enzyme stability will therefore be 
the sum of the effect on hydrophobic interactions and ion-pair interactions. The 
presented results show that wild-type CelB is strongly stabilised by acetate ions 
and that sulphate ions result in a more or less unchanged half-life for 
inactivation. Sodium chloride at 1 M / is strongly destabilising, indicating that 
CelB is indeed stabilised by ion-pair interactions. A comparative study towards 
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the stability of CelB and LacS confirmed this accelerated inactivation in the 
presence of high salt concentrations and showed that LacS is more sensitive than 
CelB (Pouwels et a/., 1999). Nitrate combines the effects of charge shielding and 
weakening of hydrophobic interactions and inactivates the enzyme at 101 °C 
completely. Remarkable is the effect of sodium chloride at low concentrations 
where charge shielding is not or only partially taking place. Up to 150-200 mM 
NaCI, CelB is stabilised by this compound. Moreover, CelB activity is stimulated 
by these amounts of NaCI (Kengen et a/., 1993). 

Further evidence for the stabilisation of CelB by ionic interactions is the 
pH dependent resistance towards thermal inactivation. Upon increasing pH, 
protons are abstracted from positively charged groups, resulting in the breakage 
of ion-pairs and salt-bridges and unfolding of the enzyme. Decreasing pH results 
in protonation of negatively charged groups and concomitant loss of electrostatic 
interactions, and hence implies less resistance to unfolding. The increased loss 
of CelB activity above pH 8 and below pH 5 suggests a role for charged groups 
in maintaining an active enzyme structure at high temperatures. The lower 
sensitivity of CelB to pH induced and sodium chloride induced inactivation in 
comparison with LacS suggest different stabilisation strategies in both archaeal 
enzymes. While LacS seems to be mainly stabilised by ion-pair networks, these 
features may play a less prominent role in CelB. Because CelB is a much more 
thermostable enzyme than LacS, it must have been stabilised by other 
interactions like improved hydrophobic interactions, hydrogen bond formation 
or optimised packing efficiency. 

There seems to be no correlation between family I glycosyl hydrolase 
thermostability and their state of oligomerisation (Aguilar et al., 1997). It is, 
however, interesting to note that the variability in oligomerisation of the two 
enzymes from mesophiles and the one from T.maritima (1-mer, 8-mer, 2-mer) is 
achieved without large deletions and insertions between the amino acid 
sequences (Fig. 2). Amino acid substitutions seem to have been sufficient to 
induce oligo-(or mono-) merisation. In fact, also some tetra- and octameric 
species of the T.maritima |3-glucosidase were detected using size-exclusion 
chromatography, indicating that there is equilibrium between the different 
oligomerisation states (Gabelsberger et al., 1993). In contrast, many of the 
subunit interfaces in LacS and CelB are formed between residues of which some 
or all are part of insertions (Fig. 1). This means that in these enzymes, 
tetramerisation has been achieved after extensive structural adaptations, in 
contrast to the enzymes from mesophilic sources. While there is no correlation 
between oligomerisation and thermal stability, the mechanism by which 
oligomerisation has been achieved in the most thermostable enzymes differs 
greatly from that in mesophiles and, hence, may be an important adaptation 
towards high temperatures. 

All mutant CelB enzymes inactivate faster at 106°C than the wild-type 
enzyme, have lower temperature optima for activity, and do not reactivate as 
efficient as the wild-type CelB after prolonged incubation in guanidinium 
chloride. The loss of activity is paralleled by a loss of tetrameric conformation as 
visualised by native PAGE for some of the mutants. This indicates that both the 
C-terminal arginine and lysine residues are involved in interactions that 
contribute to the thermal and other stability of CelB. These interactions involve 
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the side chains of these residues, because both mutants R471A and K472A CelB 
are less stable than the wild-type CelB. However, not only the side chains, but 
also the backbone atoms of these residues are involved in stabilising 
interactions. Complete deletion of these residues, as in R471A/K472A CelB, 
results in an even faster thermal inactivation. The fact that R471A/K472A CelB 
already inactivates at 90°C, while wild-type CelB and the other mutants survive 
significantly at 106°C, indicates that the effect of this C-terminal deletion may 
be more than local. 

In conclusion, we suggest that CelB is stabilised in relation to 
homologues from mesophilic sources by oligomerisation and the formation of 
ion-pair networks. The fact that CelB is more thermostable than LacS but 
probably does not contain a higher number of large ion-pair networks, most 
likely means that CelB must be stabilised to a high extent by hydrophobic 
interactions or more efficient hydrogen bonding. However, confirmation of this 
hypothesis awaits the availability of a high-resolution structure for CelB and a 
more detailed biochemical and structural analysis of wild-type and mutant CelB 
en LacS enzymes. 
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Summary and concluding remarks 

Hyperthermophilic organisms are able to survive and reproduce optimally 
between 80°C and 113°C. Most of them belong to the domain of the Archaea, 
although several hyperthermophilic Bacteria have been described. One of the 
major questions regarding hyperthermophiles concerns the molecular 
mechanisms that determine the extreme stability of their macromolecules. In 
particular, enzymes on the one hand should be flexible in order to efficiently 
perform catalysis, while on the other hand they should be sufficiently rigid in 
order to prevent thermal unfolding and inactivation. In other words, they have to 
be thermostable as well as thermoactive. Therefore, the research described in 
this thesis has been focused on analysing the molecular determinants of enzyme 
thermostability and thermoactivity. 

In the first chapter of this thesis, hyperthermophilic microorganisms are 
introduced, and the origin of the hyperthermophilic phenotype is discussed in 
the light of established and emerging phylogenetic, biochemical and structural 
biological considerations. Furthermore, thermodynamic and kinetic protein 
stability is explained, and an overview is given of the strategies that have been 
suggested to confer thermostability to enzymes from hyperthermophiles, by 
analysing amino acid sequences, homology-based structural models, and three-
dimensional structures. One of the proposed general strategies for achieving 
hyperthermostability relates to the number of ion-pairs and their organisation in 
extensive networks in hyperthermostable enzymes. While biochemical studies 
have shown that isolated ion-pairs at room temperature do not contribute 
significantly to protein stability, several theoretical considerations indicate that 
arrangements of ion-pairs into networks at high temperatures may play an 
important role in protein stabilisation. In contrast to the need for maximum 
stability at high temperatures, it is the requirement for flexibility that enables an 
enzyme to efficiently perform its catalytic function. The mechanisms that 
determine hyperthermostability on the one hand, hyperthermoactivity on the 
other hand, and the interplay between these two characteristics, have been 
investigated in the research described in this thesis, using three different 
approaches of protein engineering, namely (i) domain swapping, (ii) site-directed 
mutagenesis, and (iii) random mutagenesis and directed evolution. 

In order to study the molecular determinants of enzyme thermostability 
and thermoactivity, we decided to include representatives of both 
hyperthermophilic Archaea and Bacteria in the analysis. Pyrococcus furiosus was 
selected as hyperthermophilic Archaeon, since it optimally grows at 100°C 
(Fiala & Stetter, 1986). Moreover, P.furiosus is very well studied with regard to 
its physiology, biochemistry and genomics. As representative of the 
hyperthermophilic Bacteria we choose Thermotoga maritima that grows 
optimally at 80°C (Huber et a/., 1986). Both organisms are able to ferment 
mixtures of polypeptides and a variety of oligosaccharides. One of the enzymes 
that was chosen as model, is p-glucosidase, a glycosyl hydrolase involved in the 
hydrolysis of disaccharides and oligosaccharides into the corresponding 
monomeric sugars that are further metabolised. The second model enzyme is 
glutamate dehydrogenase (GDH), a key enzyme in a pathway that is involved in 
the disposal of reducing equivalents that are generated during sugar 
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fermentation. In both P.furiosus and T.maritima these two key enzymes are 
expected to perform similar functions. 

GDH is extensively introduced in Chapter 2 and is a useful model 
enzyme since it is well studied, catalyses an important reaction, and has been 
isolated and characterised from many organisms in all three kingdoms of life, 
ranging from psychrophiles to hyperthermophiles. Multiple amino acid 
sequences are available, as well as high resolution three-dimensional structures 
from GDH of various sources including the hyperthermophiles P.furiosus and 
T.maritima (Yip et a/., 1995; Knapp et a/., 1997). Furthermore, the gdh genes 
from these hyperthermophiles can be easily overexpressed in Escherichia coli, 
allowing efficient enzyme purification and mutagenesis (Chapter 3; Kort et a/., 
1997). GDH is in general a hexameric enzyme, composed of six identical 
subunits that are arranged in two trimers that are stacked upside down on top of 
each other (Baker et a/., 1992). Each subunit is composed of a substrate and a 
nicotinamide cofactor binding domain, linked by a flexible hinge region and 
separated by a deep cleft in which the active site is located. During catalysis, the 
hinge region mediates the opening and closing of the cleft by a rotation of the 
cofactor-domain with respect to the substrate-binding domain. In this way an 
adequate hydrophobic environment for hydride transfer during catalysis is 
created (Stillman etal., 1993). 

Chapter 3 describes the functional expression of the gdh gene from 
P.furiosus in E.coli. The P.furiosus GDH amounted to 20 % of total E.coli cell 
protein, with the majority of the expressed protein in the hexameric conformation. 
Following activation by a heat-treatment, the GDH that could be purified from 
E.coli was indistinguishable from that purified from P.furiosus. The role of the 
GDH substrate and cofactor binding domains in conferring thermoactivity and 
thermostability were studied by exchanging them between the GDHs of the 
hyperthermophilic archaeon P.furiosus and the mesophilic bacterium C.difficile. 
Hybrid genes were constructed and successfully expressed in E.coli. One of the 
resulting hybrid proteins, containing the glutamate-binding domain of the 
C.difficile and the cofactor-binding domain of the P.furiosus enzyme, did not show 
detectable activity. In contrast, the complementary hybrid, containing the 
P.furiosus glutamate and the C.difficile cofactor binding domain was found to be a 
catalytically active hexamer that showed a reduced substrate affinity but 
maintained efficient cofactor binding with the specificity found in the C.difficile 
enzyme. Compared to the C.difficile GDH, the latter archaeal-bacterial hybrid is 
slightly more thermoactive, less thermostable but much more stable towards 
guanidinium chloride-induced inactivation and denaturation. These results indicate 
(i) that the cofactor-binding domain is structurally independent from the substrate-
binding domain with respect to affinity for the coenzyme, and (ii) that thermal and 
chemical stability may be uncoupled. 

The elucidation of the three-dimensional structure of GDH from 
P.furiosus and its comparison with the homologous GDH from the mesophilic 
bacterium C.symbiosum, has highlighted the formation of extensive ion-pair 
networks at domain and subunit interfaces as a possible explanation for the 
superior thermostability of the archaeal enzyme (Yip et al., 1995). In order to 
assess whether this is a more general stabilising strategy which is not only 
employed in GDH from P.furiosus, but also in enzymes from other 
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hyperthermophilic Archaea and Bacteria, an homology-based modelling study 
was carried out using GDH amino acid sequences derived from species 
spanning a wide spectrum of optimal growth temperatures. Chapter 4 describes 
the observed correlation between the amount and extent of ion-pair networks 
and the thermal stability of the studied enzymes, which is consistent with a role 
for the involvement of such networks in the adaptation of enzymes to extreme 
temperatures. 

In order to analyse the role of ion-pair networks in more detail, we 
decided to rationally engineer the networks that are found in the GDH from 
P.furiosus, into the GDH from T.maritima, in which most of the networks are 
largely reduced or absent and which is much less thermostable than the 
pyrococcal GDH (Knapp et al., 1997). In the study that is described in Chapter 5, 
we focused on the flexible hinge region that is connecting the two domains. 
While in GDH from P.furiosus a five-residue ion-pair network is present, this is 
reduced to two single ion-pairs in T.maritima GDH. Using a site-directed 
mutagenesis approach, the missing charged residues were introduced into 
T.maritima GDH. The resulting mutant GDHs as well as the wild-type enzyme 
were overproduced in Escherichia coli and subsequently purified. Elucidation of 
the three-dimensional structure of the double mutant N97D/G376K at 3.0 A, 
showed that the designed ion-pair interactions were indeed formed. Moreover, 
because of interactions with an additional charged residue, a six-residue network 
is present in this double mutant. Melting temperatures of the mutant enzymes 
N97D, G376K and N97D/G376K, as determined by differential scanning 
calorimetry, did not differ significantly from that of the wild-type enzyme. 
Identical transition midpoints in guanidinium chloride-induced denaturation 
experiments were found for the wild-type and all mutant enzymes. Thermal 
inactivation at 85°C occured more than two-fold faster for all mutant enzymes 
than for the wild-type GDH. At temperatures of 65°C and higher, the wild-type 
and the three mutant enzymes showed identical specific activities. However, at 
58°C the specific activity of N97D/G376K and G376K was found to be 
significantly higher than that of the wild-type and N97D enzymes. These results 
suggest that the engineered ion-pair interactions in the hinge region do not affect 
the stability towards temperature- or guanidinium chloride-induced denaturation 
but rather affect the specific activity of the enzyme and the temperature at which 
it functions optimally. 

Chapter 6 focuses on the role of an 18-residue ion-pair network, which is 
present at the subunit interface of the GDH from P.furiosus. This network has 
been studied by introducing four new charged amino acid residues into the 
subunit interface of GDH from T.maritima. Amino acid substitutions were 
introduced as single mutations as well as in several combinations. Elucidation of 
the crystal structure of the quadruple mutant S128R/T158E/N117R/S160E 
T.maritima GDH showed that all anticipated ion-pairs were formed and that a 
16-residue ion-pair network was present. Enlargement of existing networks by 
single amino acid substitutions unexpectedly resulted in a decrease in resistance 
towards thermal inactivation and thermal denaturation. However, combination 
of destabilising single mutations in most cases restored stability, indicating the 
need for balanced charges at subunit interfaces and high cooperativity between 
the different members of the network. Combination of the three destabilising 
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mutations in triple mutant S128R/T158E/N117R resulted in an enzyme with a 30 
minutes longer half-life of inactivation at 85°C, a 3°C higher temperature 
optimum for catalysis, and a 0.5°C higher apparent melting temperature than 
that of wild type GDH. These findings confirm the hypothesis that large ion-pair 
networks do indeed stabilise enzymes from hyperthermophilic organisms. 

Regarding subunit interfaces in GDH, a more or less complete picture of 
the role of ion-pair networks has emerged by now. The modelling study that 
involved GDHs derived from different sources spanning the complete 
temperature spectrum, showed a progressive increase in formation of networks 
at the subunit interfaces with increasing temperature. The removal of central ion-
pairs from the large 18-residue ion-pair network in P. kodakaraensis GDH has 
been reported to reduce the half-life for thermal inactivation (Rahman et a/., 
1998). Furthermore, there are now multiple examples of reconstituted large 
networks in less thermostable GDHs that significantly increase half-life values for 
thermal inactivation and apparent melting temperatures (Rahman et a/., 1998; 
Vetriani et a/., 1998; Chapter 6). Ion-pair networks therefore play an important 
role in the thermostabilisation and maintenance of a correct structure of this 
enzyme. However, except for the studies described in this thesis (Chapter 5 & 6), 
three-dimensional structures of mutated GDHs have not been determined. This 
implies that only for the charged residues introduced into the subunit interface 
and hinge region of T.maritima GDH it has actually been proven that the 
predicted networks are indeed formed. The role of ion-pairs in the flexible hinge 
region of GDH is less well resolved. These networks are apparently involved in 
determining thermoactivity and kinetic parameters, which is consistent with the 
hinge region being involved in positioning of the domains with regard to each 
other during catalysis. However, the introduction of a 6-residue ion-pair network 
in the hinge of T.maritima GDH did not increase the thermostability of this 
enzyme. This result may reflect the considerable differences between the 
archaeal and the bacterial enzyme, which share 55% amino acid identity. This 
consideration is supported by the fact that (i) in Thermococcus litoralis GDH, 
which has a much higher homology (87% identity) with P.furiosus GDH, a 
restored ion-pair network was found to be stabilising only in combination with a 
second site mutation (Vetriani et a/., 1998), and (ii) stabilisation of the 
T.maritima GDH subunit interface is only observed after the combination of 
multiple, destabilising single mutations (Chapter 6). Apparently, different 
strategies for stabilisation have evolved within the hyperthermostable members 
of this protein family. While the subunit interfaces of the most thermostable, 
archaeal members are highly charged, the subunit interface of the T.maritima 
GDH is optimised by hydrophobic interactions (Knapp et al., 1997). In spite of 
this, we have shown that it is possible to successfully introduce an archaeal 
feature into a bacterial enzyme that is stabilised by a different mechanism. The 
electrostatic optimisation of the subunit interfaces in the archaeal GDHs, on the 
one hand, and the hydrophobic optimisation of the bacterial GDH subunit 
interface on the other hand, is not a universal division. Remarkably, exactly the 
opposite situation has been observed in the superoxide dismutase family, which 
shows electrostatic optimisation of the subunit interfaces in the enzyme from the 
bacterium Aquifex pyrophilus, and hydrophobic optimisation in the enzyme of 
the archaeon Sulfolobus acidocaldarius (Lim et al., 1997; Knapp et al., 1999). 
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The thesis continues with an overview of the current knowledge on the 
well-studied second model enzyme, the p-glucosidase CelB from P.furiosus 
(Chapter 7). CelB is involved in the hydrolysis of P-(1,4)-linked disaccharides 
during growth on sugars, and is highly thermostable and thermoactive, with a 
half-life of thermal inactivation of 85 hours at 100°C and an optimum 
temperature for catalysis of 102-105°C (Kengen et a/., 1993). Heterologous 
expression and enzyme purification procedures have been developed that allow 
for routine site-directed mutagenesis and in vitro applications (Voorhorst et a/., 
1995 and Chapter 7). 

Directed evolution is a potent approach to evolve a desired property into 
a biocatalyst, as well as a promising method to study structure-function and 
structure-stability relationships. So far, this approach was restricted to model 
enzymes from mesophilic and thermophilic sources. Chapter 7 describes the 
development of a directed evolutionary approach for the thermostable CelB by 
random mutagenesis, in vitro recombination and a rapid screening procedure. 
The constructed library contains over 6000 random CelB clones with an average 
of 1 or 2 amino acid substitutions per enzyme. The ability of CelB to hydrolyse 
chromogenic glucose- and galactose derivatives was used to isolate mutants with 
a changed ratio in the hydrolysis of these enantiomeric sugars. One of the 
isolated mutants was characterised in detail and found to contain a single amino 
acid substitution of asparagine to serine at position 206 in the active site. In the 
wild-type enzyme this asparagine forms a hydrogen bond with the hydroxyl 
group of the substrate at the C2 position. Biochemical analysis of the mutant 
using different substrates provided insight in the active-site architecture of CelB, 
and indicated that the interactions between CelB and its substrates are similar to 
those observed in three-dimensional structures of mesophilic homologues 
complexed with substrate analogues. 

Chapter 8 describes a three-dimensional model of CelB and the validation 
of this model by engineering substrate specificity. The model is based on 3.3 A 
X-ray diffraction data and on the tetrameric p-glycosidase LacS from Sulfolobus 
solfataricus and the monomeric 6-phospho-p-galactosidase from Lactococcus 
lactis (LacG) as search models (Aguilar et a/., 1997; Wiesmann et a/., 1995). 
CelB shows high structural homology with LacS and contains subunits that adopt 
the common (aP)8 barrel motif and are arranged in a slightly twisted tetramer. 
The difference in substrate specificity between p-glycosidases and 6-phospho-P-
glycosidases seems to be determined by three residues in the active site that are 
conserved within, but not between, both types of glycosidases. This hypothesis 
was tested by replacing these residues in CelB with the corresponding 
substitutes, as present in LacG. Mutant CelB containing all three substitutions 
showed a reduced catalytic activity on non-phosphorylated sugars and increased 
efficiency on 6-phospho-p-galactose. These results indicate that the phosphate-
binding site is functional at elevated temperatures. 

Low-temperature activity and substrate specificity of CelB was studied in 
Chapter 9 using the random CelB library described in Chapter 7. Screening of 
this library at room temperature on the artificial substrate pNp-glucose resulted 
in the isolation and characterisation of mutants with up to three-fold increased 
rates of hydrolysis of this aryl-glucoside. Amino acid substitutions were identified 
in the active site region, at subunit interfaces, at the enzyme surface, and buried 
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in the interior of the monomers. Characterisation of the mutants revealed that the 
increase in low-temperature activity was achieved in different ways, including 
altered substrate specificity and increased flexibility by an apparent overall 
destabilisation of the enzyme. Kinetic characterisation of active site mutants 
showed that in all cases the catalytic efficiency at 20°C on p-nitrophenol-fi-D-
glucose as well as on the disaccharide cellobiose, was up to two-fold increased. 
In most cases, this was achieved at the expense of P-galactosidase activity at 
20°C, and of total catalytic efficiency at 90°C. Substrate specificity is affected by 
many of the observed amino acid substitutions, only some of which are located 
in the vicinity of the active site. The largest change in the ratio of p-nitrophenol-
fi-D-glucopyranoside/p-nitrophenol-fi-D-galactopyranoside hydrolysis is a 7.5-fold 
increase, which was observed in N415S CelB. This asparagine at position 415 
interacts with active site residues that stabilise the hydroxyl group at the C4 
position of the substrate, the conformation of which is equatorial in glucose-
containing and axial in galactose-containing substrates. In conclusion, this 
random screening approach using a hyperthermostable enzyme resulted in the 
identification of residues that are critical in determining thermostability, low-
temperature activity, and substrate recognition. It was shown that low-
temperature activity may be engineered into a hyperthermostable enzyme 
without affecting its extreme stability. Several mutants display evolved properties 
that could enable them to perform more efficiently in industrial or 
biotechnological applications than the wild-type CelB. It is feasible that N415S 
CelB with its increased catalytic efficiency on cellobiose but unchanged stability, 
or T371A CelB with its much better affinity for cellobiose, could be applied 
instead of wild-type CelB in biosensors for the detection of cellobiose at low 
temperatures. Not only is directed evolution a potent approach to evolve a 
desired property into a biocatalyst of potential industrial interest, but, as is 
shown here, it may enhance our understanding of the mechanisms determining 
enzyme catalysis, stability, and substrate recognition at physiological or extreme 
conditions. 

In Chapter 10 the molecular basis for the extreme thermostability of CelB 
has been addressed by comparative analysis of the three-dimensional model of 
CelB and the crystal structure of the homologous (J-glycosidase LacS from 
S.solfataricus. Furthermore, this chapter describes the biochemical 
characterisation of wild-type CelB and mutants thereof, containing substitutions 
or deletions of charged residues at the C-terminus, which may be involved in the 
formation of ion-pair networks. All mutant CelB enzymes show decreased 
optimal temperatures for activity and increased rates of thermal inactivation, 
indicating that ion-pairs at the C-terminus of CelB play a role in determining the 
extreme thermostability of this enzyme. Moreover, increased thermal 
inactivation of CelB in the presence of sodium chloride and at extreme pHs, 
supports the role of electrostatic interactions in this enzyme. The CelB structure 
indicates that part of CelB stability is derived from structural adaptations that 
allow oligomerisation and from the presence of solvent-filled, hydrophilic 
cavities, which have earlier been identified in LacS. However, structural 
comparison of several large ion-pair networks that are present in LacS, reveals 
that a five-residue and a six-residue membered network is not present in CelB 
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and a large 16-membered network at the subunit interface, extensively cross-
linking the subunits, has been fragmented. 

The picture emerging from the structural and biochemical characterisation 
of wild-type, site-directed, and random mutants of CelB, is that, compared to 
homologous enzymes from mesophilic sources, active site architecture, substrate 
recognition, acid-base catalysis and transition state stabilisation have been 
preserved, while thermoactivity and thermostability have been adapted to the 
high-temperature conditions in which the enzyme has to function optimally. 

An evaluation of the obtained results and conclusions against the original 
aims as set in the introduction of this thesis reveals the following. With the GDH 
model we have established and validated a strategy for enzyme stabilisation that 
seems to be employed by many different hyperthermophiles. Furthermore, we 
have shown that these features can be successfully engineered into less 
thermostable enzymes, in order to raise their thermostability. In addition, we 
have increased our knowledge of enzyme catalysis and substrate recognition at 
high temperatures and in relation with low-temperature catalysis, using site-
directed mutagenesis and directed evolution of the hyperthermostable f3-
glucosidase. The directed evolutionary approach, in particular, has been shown 
to be a potent technique which wil l in the near future rapidly increase our 
knowledge of enzyme characteristics and may be employed to increase the 
biotechnological potential of the enzymes under study. 
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Hyperthermofiele micro-organismen zijn staat te overleven en optimaal te 
groeien tussen 80 en 113°C. De meeste hyperthermofielen zijn Archaea, hoewel 
eveneens verscheidene hyperthermofielen tot het domein van de Bacteria 
behoren. Een belangrijke vraag op het gebied van hyperthermofielen, is welke 
moleculaire mechanismen de extreme stabiliteit van hun macromoleculen 
bepalen. Hun enzymen moeten aan de ene kant voldoende flexibel zijn om hun 
catalytische functie te kunnen uitoefenen, terwijl ze aan de andere kant 
voldoende rigide moeten zijn om inactivatie en ontvouwing te kunnen 
weerstaan. Met andere woorden, enzymen van hyperthermofielen moeten zowel 
thermostabiel als thermoactief zijn. Het onderzoek dat beschreven wordt in dit 
proefschrift, is gericht op de analyse van de moleculaire mechanismen van 
enzym thermostabiliteit en -activiteit. 

In het eerste hoofdstuk van dit proefschrift worden de hyperthermofiele 
micro-organismen ge'i'ntroduceerd en wordt de oorsprong van het 
hyperthermofiele fenotype bediscussieerd in het licht van bestaande en nieuwe 
fylogenetische, biochemische en structuurbiologische argumenten. Daarnaast 
worden de principes van thermodynamische en kinetische eiwitstabiliteit 
uitgelegd, alsmede de mechanismen die mogelijk verantwoordelijk zijn voor de 
hoge stabiliteit van enzymen uit hyperthermofiele organismen, en die afgeleid 
zijn uit analyse van aminozuursequenties, homologie-gebaseerde 
structuurmodellen en drie-dimensionale kristalstructuren. Een van de mogelijk 
algemene strategieen voor het verkrijgen van thermostabiliteit, betreft het aantal 
ionparen en hun organisatie in grote netwerken in hyperthermostabiele 
enzymen. Terwijl biochemische studies hebben aangetoond dat ge'i'soleerde 
ionparen bij kamertemperatuur niet significant bijdragen aan eiwitstabiliteit, 
suggereren verscheidene theoretische argumenten dat de organisatie van 
ionparen in netwerken bij hoge temperatuur een belangrijke rol zouden kunnen 
spelen in eiwitstabilisatie. Recht tegenover de vraag naar stabiliteit, of rigiditeit, 
bij hoge temperatuur, staat de eis van flexibiliteit waardoor het mogelijk is voor 
een enzym om catalytisch actief te zijn. De mechanismen die stabiliteit aan de 
ene kant en activiteit aan de andere kant bepalen, alsmede de wisselwerking 
tussen deze twee eigenschappen, zijn onderzocht in dit proefschrift door middel 
van drie verschillende benaderingen van 'protein engineering' (eiwitaanpassing), 
namelijk (i) domeinuitwisseling, (ii) plaatsgerichte mutagenese, en (iii) random 
mutagenese en geforceerde evolutie. 

Om de moleculaire mechanismen van thermostabiliteit en 
thermoactiviteit in enzymen te kunnen bestuderen, zijn zowel hyperthermofiele 
Bacteria als Archaea onderzocht. Pyrococcus furiosus is geselecteerd als 
hyperthermofiel archaeon, omdat dit organisme optimaal groeit bij 100°C (Fiala 
& Stetter, 1986). Bovendien zijn de fysiologie, biochemie en genetica van 
P.furiosus zeer goed bestudeerd. Als representant voor de Bacteria is Thermotoga 
maritima gekozen, een bacterie die optimaal groeit bij 80°C (Huber et a/., 
1986). Beide organismen zijn in staat mengsels van eiwitten en suikers te 
fermenteren. Een van de enzymen die als model zijn gekozen in dit proefschrift 
is p-glucosidase, een glycosyl hydrolase dat disacchariden en oligosacchariden 
hydrolyseert tot de overeenkomstige monomere suikers die verder 
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gemetaboliseerd worden. Het tweede modelenzym is glutamaat dehydrogenase 
(GDH), dat een sleutelenzym is in een metabole route, betrokken bij de 
verwijdering van overtollige reductie-equivalenten die gegenereerd zijn 
gedurende de suikerfermentatie. In zowel P.furiosus als T.maritima wordt aan 
beide enzymen dezelfde functie toebedacht. 

GDH wordt uitgebreid geTntroduceerd in hoofdstuk 2 van dit proefschrift 
en is een geschikt modelenzym aangezien het goed bestudeerd is, een 
belangrijke metabole reactie katalyseert, en is geTsoleerd en gekarakteriseerd in 
veel organismen in alle drie domeinen van het leven, varierend van 
psychrofielen tot hyperthermofielen. Veel aminozuursequenties zijn 
beschikbaar, alsmede verschillende hoog-resolutie structuren van GDH 
waaronder de hyperthermofielen P.furiosus en T.maritima (Yip et a/., 1995; 
Knapp et a/., 1997). Verder komt het gdh gen gemakkelijk tot expressie in 
Escherichia coli, wat een efficiente eiwitzuivering en mutagenese mogelijk 
maakt (Kort et a/., 1997; hoofdstuk 3). GDH is in het algemeen een hexameer 
enzym, bestaande uit zes identieke subeenheden die twee trimeren vormen 
(Baker et a/., 1992). Elke monomeer bestaat uit een substraatbindend en een 
cofactorbindend domein, verbonden door middel van een flexibele scharnier 
(hinge) en gescheiden door een diepe groef waarin het actieve centrum zich 
bevindt. Gedurende de katalyse reguleert de hinge regio het openen en sluiten 
van de groef door middel van een rotatie van het cofactorbindend domein ten 
opzichte van het substraatbindend domein. Op deze manier wordt een adequate 
hydrofobe omgeving gecreeerd voor de protonoverdracht gedurende de katalyse 
(Stillman etal., 1993). 

Hoofdstuk 3 beschrijft de functionele expressie van het gdh gen van 
P.furiosus in E.coli. Het P.furiosus GDH omvatte 20% van het totale E.coli 
eiwitgehalte, met de meerderheid daarvan in de hexamere conformatie. Na hitte-
incubatie werd een GDH gezuiverd dat niet te onderscheiden was van het GDH 
dat uit P.furiosus is geTsoleerd. De rol van de substraat- en cofactorbindende 
domeinen in het bepalen van thermoactiviteit en thermostabiliteit werd 
bestudeerd door het uitwisselen hiervan tussen de GDHs van de 
hyperthermofiele archaeon P.furiosus en de mesofiele bacterie C.difficile. 
Hybride genen werden geconstrueerd en tot expressie gebracht in E.coli. Een 
van de resulterende hybride eiwitten, met het glutamaatbindend domein van 
C.difficile GDH en het cofactorbindend domein van P.furiosus GDH, had geen 
detecteerbare katalytische activiteit. Het complementaire hybride enzym, met 
het P.furiosus glutamaatbindend domein en het C.difficile cofactorbindend 
domein, was een katalytisch actieve hexameer met gereduceerde 
substraataffiniteit waarin een efficiente cofactorbinding behouden was met een 
specificiteit zoals die van het C.difficile enzym. Vergeleken met het C.difficile 
GDH is de laatstgenoemde archaele-bacteriele hybride thermoactiever, minder 
thermostabiel maar veel resistenter tegen guanidiniumchloride ge'induceerde 
inactivatie en denaturatie. Deze resultaten geven aan dat (i) het cofactorbindend 
domein structureel onafhankelijk is van het substraatbindend domein met 
betrekking tot affiniteit voor de cofactor, en dat (ii) thermostabiliteit en 
chemische stabiliteit ontkoppeld kunnen worden. 

De opheldering van de driedimensionale structuur van GDH van 
P.furiosus en de vergelijking hiervan met de homologe structuur van de 
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mesofiele C.symbiosum heeft de aanwezigheid van grote netwerken van 
ionparen op domein- en subeenheid contactvlakken (subunit interfaces) als 
mogelijke verklaring aangewezen voor de superieure thermostabiliteit van het 
archaele enzym (Yip et al., 1995). Om te bepalen of dit een meer algemene 
strategie is, die niet alleen wordt aangewend door P.furiosus maar ook in 
enzymen van andere hyperthermofiele Archaea en Bacteria, is een op homologie 
gebaseerde modelleringsstudie uitgevoerd met GDH aminozuursequenties uit 
verschillende soorten afkomstig uit een wijd spectrum van optimale 
groeitemperaturen. Hoofdstuk 4 beschrijft de gevonden correlatie tussen de 
hoeveelheid en de vorming van netwerken van ionparen en de thermostabiliteit 
van de bestudeerde enzymen, die consistent is met een rol van deze netwerken 
in de adaptatie van enzymen aan extreme temperaturen. 

Om de rol van ion-paren in meer detail te bestuderen is gepoogd de 
netwerken, zoals ze aanwezig zijn in het GDH van P.furiosus, te introduceren in 
het GDH van T.maritima, waarin de meeste netwerken veel kleiner of zelfs 
afwezig zijn en dat veel minder thermostabiel is dan het enzym uit P.furiosus 
(Knapp et al., 1997). In de studie die beschreven wordt in hoofdstuk 5, is de 
flexibele hinge regio die beide domeinen verbindt, bestudeerd. Terwijl in 
P.furiosus GDH een 5-residuen ionpaar netwerk aanwezig is, is dit gereduceerd 
tot twee geTsoleerde ionparen in T.maritima GDH. Gebruik makend van 
plaatsgerichte mutagenese zijn de ontbrekende residuen ge'i'ntroduceerd in het 
T.maritima GDH. Zowel de resulterende mutante GDHs als het wild-type enzym 
werden overgeproduceerd in E.coli en vervolgens gezuiverd. Opheldering van 
de kristalstructuur van de dubbelmutant N97D/G376K, Net zien dat de 
ontworpen ionpaar-interacties inderdaad gevormd zijn. Vanwege interacties met 
een extra geladen residue is zelfs een 6-residuen netwerk gevormd in deze 
dubbelmutant. Smelttemperaturen van de mutante enzymen N97D, G376K en 
N97D/G376K, bepaald met behulp van differentiele scanning microcalorimetrie, 
verschilden niet significant van die van het wildtype enzym. Identieke 
transitiemiddelpunten in guanidiniumchloride ge'fnduceerde 

ontvouwingsexperimenten werden gevonden voor het wild-type en alle mutante 
enzymen. Thermische inactivatie bij 85°C vond twee keer sneller plaats voor de 
mutanten dan in het wild-type GDH. Bij temperaturen van 65°C en hoger, 
hadden het wild-type en de mutanten identieke specifieke activiteiten. Echter, bij 
58°C is de specifieke activiteit van N97D/G376K en G376K significant hoger 
dan dat van N97D en het wild-type GDH. Deze resultaten suggereren dat de 
ontworpen ionpaar interacties in de hinge regio geen invloed hebben op de 
stabiliteit versus temperatuur- of guanidinium-ge'i'nduceerde ontvouwing maar 
eerder effect hebben op de specifieke activiteit van het enzym en de temperatuur 
waarbij het optimaal functioneert. 

Hoofdstuk 6 behandelt de rol van een 18-residuen ionpaar netwerk dat 
aanwezig is op de subunit interface van het GDH van P.furiosus. Dit netwerk is 
bestudeerd door vier ontbrekende geladen aminozuren te introduceren in de 
subunit interface van het GDH van T.maritima. Aminozuursubstituties werden 
geintroduceerd als enkelvoudige mutaties, alsmede in verschillende combinaties. 
Opheldering van de kristalstructuur van de viervoudige mutant 
S128R/T158E/N117R/S160E T.maritima GDH, Net zien dat alle geanticipeerde 
ionparen inderdaad gevormd zijn en dat een 16-residuen ionpaar netwerk 
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aanwezig is. Uitbreiding van bestaande kleine netwerken door toevoeging van 
enkelvoudige mutaties resulteerde in een verlaging van de resistentie tegen 
thermische inactivatie en denaturatie. Combinatie van destabiliserende 
enkelvoudige mutaties herstelde in de meeste gevallen de stabiliteit, wat 
aangeeft dat gebalanceerde ladingen belangrijk zijn en dat er grote 
cooperativiteit is tussen verschillende delen van het netwerk. Combinatie van 
destabiliserende mutaties in de drievoudige mutant S128R/T158E/N117R 
resulteerde in een enzym met een 30 minuten langere halfwaardetijd voor 
inactivatie bij 85°C, een 3°C hoger temperatuuroptimum voor katalyse, en een 
0.5°C hogere smelttemperatuur dan die van het wildtype GDH. Deze resultaten 
bevestigen de hypothese dat grote ionpaar netwerken inderdaad een 
stabiliserende invloed hebben op enzymen uit hyperthermofiele organismen. 

Met betrekking tot subunit interfaces in GDH is nu een min of meer 
compleet beeld ontstaan. De modelleringsstudie met de GDHs uit soorten 
afkomstig uit het complete temperatuurspectrum, Net een progressieve trend in 
de vorming van netwerken van ionparen met stijgende temperatuur zien. Het 
verwijderen van centrale ionparen uit het grote 18-residue netwerk in 
P.kodakaraensis GDH reduceerde de halfwaardetijd voor thermische inactivatie 
(Rahman et a/., 1998). Verder zijn er meerdere voorbeelden van 
gereconstitueerde grote netwerken in minder thermostabiele GDHs met 
significant hogere halfwaardetijden voor thermische inactivatie en schijnbare 
smelttemperaturen (Rahman et al., 1998; Vetriani et a/., 1998; hoofdstuk 6). 
Netwerken van ionparen leveren dus een belangrijke bijdrage aan de stabilisatie 
en het behoud van een correcte structuur van dit enzym. Echter, met 
uitzondering van de studies beschreven in dit proefschrift (hoofdstuk 5& 6), zijn 
er geen kristalstructuren bepaald voor de gemuteerde enzymen, wat betekent dat 
alleen voor de geladen residuen die ge'i'ntroduceerd zijn in de subunit interface 
en de hinge regio van T.maritima GDH werkelijk is aangetoond dat de 
voorspelde netwerken inderdaad gevormd zijn. De rol van ionparen in de 
flexibele hinge regio van GDH is minder duidelijk. Deze ionparen zijn blijkbaar 
betrokken bij het bepalen van de thermoactiviteit en kinetische parameters, wat 
overeenkomt met de rol van de hinge regio in de positionering van de domeinen 
ten opzichte van elkaar gedurende katalyse. Echter, de introductie van een 6-
residuen netwerk van ionparen in de hinge regio van T.maritima GDH 
verhoogde niet de thermostabiliteit van dit enzym. Dit resultaat kan een 
afspiegeling zijn van aanzienlijke verschillen tussen het bacteriele en het 
archaele enzym, die 55% identiek zijn op aminozuurniveau. Deze overweging 
wordt versterkt door het feit dat (i) in Thermococcus litoralis GDH, dat veel 
homologer (87% identiteit) is met het P.furiosus GDH, slechts in combinatie met 
een tweede mutatie een hersteld netwerk stabiliserend was (Vetriani et al., 
1998), en (ii) dat stabilisatie van de T.maritima subunit interface alleen bereikt 
werd door combinatie van destabiliserende enkelvoudige mutaties (hoofdstuk 6). 
Blijkbaar zijn verschillende strategieen voor eiwitstabilisatie geevolueerd binnen 
de GDH familie. Terwijl de subunit interfaces van de meest stabiele, archaele 
leden geladen zijn, is de subunit interface van het T.maritima GDH 
geoptimaliseerd door middel van hydrofobe interacties (Knapp et al., 1997). 
Desondanks is aangetoond dat het mogelijk is een archaele eigenschap te 
introduceren in een bacterieel enzym dat met behulp van een andere strategie 
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gestabiliseerd is. De electrostatische optimalisatie van de subunit interfaces in de 
archaele GDHs aan de ene kant, en de hydrofobe optimalisatie van het 
bacteriele GDH aan de andere kant, is geen algemeen onderscheid. Integendeel, 
precies de tegenovergestelde situatie is waargenomen in de superoxide 
dismutase familie, dat electrostatische optimalisatie laat zien van de subunit 
interfaces van het enzym uit de bacterie Aquifex pyrophilus en hydrofobe 
optimalisatie in het enzym van het archaeon Sulfolobus acidocaldarius (Lim et 
a/., 1997; Knapp eta/., 1999). 

Het proefschrift vervolgt met een overzicht van de bestaande kennis over 
het goed bestudeerde tweede modelenzym, het p-glucosidase CelB van 
P.furiosus (Hoofdstuk 7). CelB hydrolyseert f5-(1,4)-gekoppelde disacchariden 
gedurende groei van P.furiosus op suikers, en is buitengewoon thermostabiel en 
thermoactief, met een halfwaardetijd van 85 uur bij 100°C en een optimum 
temperatuur voor katalyse van 102-105°C (Kengen et a/., 1993). Verbeterde 
heterologe expressie en enzymzuiveringsprotocollen zijn beschreven, wat 
routinematige plaatsgerichte mutagenese en in vitro toepassingen mogelijk 
maakt (Voorhorst et a/., 1995; hoofdstuk 7). 

Geforceerde evolutie is een krachtige benadering om een gewenste 
eigenschap te introduceren in een industrieel relevante biokatalysator, alsmede 
een veelbelovende methode om structuur-functie en structuur-stabiliteitsrelaties 
te bestuderen. Tot zover is deze benadering beperkt gebleven tot modelenzymen 
uit mesofiele en thermofiele organismen. Hoofdstuk 7 beschrijft de ontwikkeling 
van een geforceerde evolutiebenadering voor het thermostabiele CelB door 
middel van random mutagenese, in vitro recombinatie en snelle 
screeningsmethoden. De geconstrueerde bank bevat meer dan 6000 random 
CelB varianten met een gemiddelde van 1 tot 2 aminozuurveranderingen per 
enzym. De mogelijkheid van CelB om chromogene glucose- en galactose 
substraten te splitsen, is gebruikt om random mutanten te isoleren met een 
veranderde verhouding in hydrolyse van deze enantiomere suikers. Een van de 
geisoleerde mutanten is in detail gekarakteriseerd en bevatte een enkele 
aminozuurverandering van asparagine naar serine op positie 206 in het actieve 
centrum van het enzym. In het wild-type CelB vormt deze asparagine een 
waterstofbrug met de hydroxylgroep van het substraat op de C2 positie. 
Biochemische analyse van de mutant met verschillende substraten verleende 
inzicht in de architectuur van het actieve centrum van CelB, en toonde aan dat 
de interacties tussen CelB en zijn substraten hetzelfde zijn als geobserveerd in de 
kristalstructuren van mesofiele homologe glycosidases gecomplexeerd met 
substraat analogen. 

Hoofdstuk 8 beschrijft een driedimensionaal model van het P.furiosus 
CelB en de validering hiervan door middel van het veranderen van de 
substraatspecificiteit. Het model is gebaseerd op 3.3 A X-ray diffractie data en het 
tetramere p-glycosidase LacS uit Sulfolobus solfataricus en het monomere 6-
fosfo-fi-galactosidase van Lactococcus lactis (LacG) als zoekmodellen (Aguilar et 
a/., 1997; Wiesmann et a/., 1995). CelB vertoont hoge structurele homologie 
met LacS en bevat subeenheden die het bekende (a(3)e barrel motief vormen. Het 
verschil in substraatspecificiteit tussen p-glycosidases en 6-fosfo-p-glycosidases 
lijkt te worden bepaald door drie residuen in het actieve centrum die 
geconserveerd zijn binnen, maar niet tussen, de beide typen glycosidasen. Deze 
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hypothese is getest door de drie residuen in CelB te vervangen voor de 
corresponderende LacG residuen. Mutant CelB dat alle drie 
aminozuursubstituties bevat, had een lagere katalytische activiteit op niet-
gefosforyleerde substraten dan wildtype CelB en hogere efficientie op 6-fosfo-P-
galactose. Deze resultaten suggereren dat de geTntroduceerde 
fosfaatbindingsplaats functioneel is bij hoge temperatuur. 

Activiteit bij lage temperatuur en substraatspecificiteit van CelB is 
bestudeerd in hoofdstuk 9, door gebruik te maken van de random CelB bank die 
beschreven is in hoofdstuk 7. Screening van deze bank bij kamertemperatuur 
met het kunstmatige substraat pNp-glucose, resulteerde in de isolatie en 
karakterisatie van mutanten met tot drie keer hogere hydrolysesnelheden op dit 
arylglucoside. Aminozuurveranderingen werden ge'i'dentificeerd in of vlakbij het 
actieve centrum, op subunit contactvlakken, aan het enzymoppervlak en binnen 
in de monomeren. Karakterisatie van de mutanten liet zien dat de verhoging in 
lage-temperatuursactiviteit bereikt is op verschillende manieren, waaronder 
veranderende substraatspecificiteit en verhoogde flexibiliteit door middel van 
een schijnbare destabilisatie van het eiwit. Kinetische karakterisatie van actief 
centrum mutanten liet zien dat in alle gevallen de catalytische efficientie bij 
20°C zowel op p-nitro-(3-D-glucose als op de disaccharide cellobiose, tot twee 
keer toe toegenomen is. In de meeste gevallen is dit bereikt ten koste van p-
galactosidase activiteit bij 20°C en totale activiteit bij 90°C. Substraatspecificiteit 
wordt be'fnvloed door veel van de geobserveerde aminozuursubstituties, 
waarvan slechts enkelen in de buurt van het actieve centrum gelokaliseerd zijn. 
De grootste verandering in de verhouding van p-nitrofenol-p-o-
glucopyranoside/p-nitrofenol-p-D-galactopyranoside hydrolyse is een 7,5-voudige 
verhoging, die veroorzaakt werd door aminozuursubstitutie asparagine 415 naar 
serine (N415S). De asparagine op positie 415 gaat een interactie aan met de 
actieve-centrumresiduen die de hydroxylgroep op de C4-positie van het substraat 
stabiliseren, waarvan de conformatie equatoriaal is in glucose-bevattende 
substraten en axiaal in galactose-bevattende substraten. Concluderend heeft deze 
random-screening benaderingsmethode geresulteerd in de identificatie van 
residuen die van belang zijn voor de bepaling van de thermostabiliteit, lage 
temperatuursactiviteit en substraatherkenning. Lage-temperatuursactiviteit kan 
verhoogd worden in een hyperthermostabiel enzym zonder de thermostabiliteit 
aan te tasten. Verscheidene mutanten laten geevolueerde eigenschappen zien 
die interessant zouden kunnen zijn voor industriele of biotechnologische 
toepassingen. Mutant N415S CelB met een hogere efficientie op cellobiose en 
onveranderde stabiliteit, of mutant T371A CelB met een hogere affiniteit voor 
cellobiose, zouden in plaats van het wild-type CelB toegepast kunnen worden in 
biosensoren die gebruikt kunnen worden om cellobiose aan te tonen bij lage 
temperatuur. Geforceerde evolutie is niet alleen een krachtige benadering om 
een gewenste eigenschap in een biokatalysator van potentieel industrieel belang 
te evolueren, maar kan, zoals hier is laten zien, ons begrip van de mechanismen 
die enzymcatalyse, -stabiliteit en substraatherkenning bepalen, vergroten. 

In hoofdstuk 10 wordt de moleculaire basis voor de thermostabiliteit van 
CelB onderzocht door middel van vergelijkbare analyse van het 
driedimensionale model van CelB en de kristalstructuur van het homologe p-
glycosidase van S.solfataricus. Verder beschrijft dit hoofdstuk de biochemische 
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karakterisatie van wildtype CelB en mutanten hiervan met substitutes of deleties 
van geladen residuen aan de C-terminus, die ionparen kunnen vormen. Alle 
CelB mutanten hebben lagere optimumtemperaturen voor katalyse en 
inactiveren sneller dan het wildtype CelB, wat aantoont dat ionparen aan de C-
terminus van CelB een rol spelen in het bepalen van de extreme thermostabiliteit 
van dit eiwit. Het CelB model geeft aan dat een deel van de stabiliteit afgeleid 
wordt van structurele adaptaties die oligomerisatie mogelijk maken en door de 
aanwezigheid van watergevulde, hydrofiele gaten, die eerder ge'i'dentificeerd 
waren in LacS. Echter, vergelijking van verscheidenen grote netwerken die 
aanwezig zijn in LacS, laat zien dat een 5 en een 6 residuen network niet 
aanwezig zijn in CelB en een groot 16-residuen netwerk op de subunit interface, 
dat subunits verbindt, gefragmenteerd is. 

Het beeld dat de structurele en biochemische karakterisatie van wildtype, 
plaatsgerichte en random mutanten CelB oplevert, is dat in vergelijking met 
mesofiele homologen, actief-centrum architectuur, substraatherkenning, zuur-
base catalyse en overgangstoestand-stabilisatie behouden zijn, terwijl 
thermoactiviteit en thermostabiliteit aangepast zijn aan de hoge-
temperatuurscondities waarin het enzym optimaal moet functioneren. 

Een evaluatie van de verkregen resultaten en conclusies ten opzichte van 
de originele doelen zoals beschreven is in de inleiding van dit proefschrift, laat 
het volgende zien. Met het GDH model is een algemene strategie voor 
enzymstabilisering bij hoge temperatuur uitgewerkt en gevalideerd. Eveneens is 
gevonden dat de stabiliserende netwerken van ionparen succesvol in minder 
stabiele enzymen ge'i'ntroduceerd kunnen worden om de thermostabiliteit te 
verhogen. Tenslotte is onze kennis van enzymcatalyse en substraatherkenning bij 
hoge temperatuur in relatie met laag-temperatuur catalyse vergroot, gebruik 
makend van plaatsgerichte en geforceerde evolutie van het hyperthermostabiele 
fi-glucosidase. Met name de geforceerde evolutiebenadering is een krachtige 
techniek die in hoog tempo de kennis over enzymeigenschappen zal uitbreiden 
en eveneens gebruikt zal worden om de biotechnologische potentieel van 
bestudeerde enzyme uit te breiden. 
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