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ABSTRACT 
In this thesis, studies on the enzyme isocitrate dehydrogenase (IDH) from the 
hyperthermophiles Aeropyrum pernix (ApIDH), Thermotoga maritima (TmIDH), 
Archaeoglobus fulgidus (AfIDH) and Pyrococcus furiosus (PfIDH) are presented. The 
aim of the described work was to contribute to the understanding of protein 
thermostability and to study the catalytic mechanism. Hyperthermophilic organisms 
thrive at temperatures ranging from 80°C to about 120°C. The three-dimensional 
structures of their enzymes are usually very similar to their counterparts in mesophilic 
organisms which optimally grow at 20-50°C. Their similarity suggests that they are 
evolutionary related. However, the hyperthermostable enzymes must have specific 
properties which are distinct from those of the mesophilic homologues in order to 
avoid thermal denaturation. These properties are most likely determined by 
optimization of the weak forces by which proteins are stabilized. IDH is an enzyme in 
the citric-acid cycle and is widely distributed in the three domains of life: Archaea, 
Bacteria and Eukarya. It catalyzes the metal-dependent dehydrogenation and 
decarboxylation of isocitrate to α-ketoglutarate and CO2 using NAD+ or NADP+ as 
cofactor. It was found that ApIDH was most thermostable, with an apparent melting 
temperature of 109.9°C, whereas that of TmIDH, AfIDH and PfIDH was 98.3°C, 
98.5°C and 103.7°C, respectively. The crystal structures of the apo-forms of ApIDH, 
TmIDH and AfIDH were determined. The structures indicated that the enzymes are 
homodimers and homologous to their mesophilic counterparts. In addition, the crystal 
structure of a ternary complex of ApIDH with NADP+, Ca2+ and isocitrate was 
determined. It was suggested that large domain movements and a proton relay chain 
might be essential for the catalytic reaction of IDH. The structures were compared to 
their mesophilic homologues and combined with mutational studies in order to reveal 
determinants for their increased thermostability. The major findings were that ApIDH 
is stabilized by a disulfide bond at the N-terminus, a seven-membered ionic network 
and most likely by a higher total number of ion pairs; TmIDH is stabilized by long-
range electrostatic interactions at the N- and C-termini, aromatic clustering, a higher 
total number of ion pairs and more inter-subunit ion pairs; AfIDH is stabilized 
through aromatic interactions at the N-terminus, inter-domain ionic networks and 
inter-domain aromatic clustering. In solution, ApIDH was found to be monomeric at 
pH 3.0 and dimeric at pH 7.5. Equilibrium unfolding characteristics and kinetic 
stability of ApIDH were investigated by spectroscopic methods. Although the ApIDH 
monomer contains three domains, the unfolding transition was reversible and could 
be approximated by a two-state process. The mutant R211M, which disrupts the 
seven-membered ionic network, was compared to the recombinant wildtype form. 
The apparent thermodynamic and kinetic stability of the mutant was significantly 
reduced and it was concluded that ionic networks contribute to the kinetic barriers 
that prevent unfolding of proteins from hyperthermophiles. 
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1 INTRODUCTION 
 
Proteins are biological macromolecules that make up cells, organs and organisms. 

The term protein was coined by Jöns Jacob Berzelius in 1838, who derived it from 

the Greek proteios, which means "primary" or “of the first rank”. Berzelius was 

correct in assuming that these newly discovered substances would prove to be the 

most important class of biological substances. Each cell in a mammalian organism 

may contain 30.000 different proteins. Many function as enzymes, that is, they serve 

as catalysts by speeding up biological reactions. Other proteins are used for transport 

or regulation: hemoglobin binds oxygen in red blood cells and carries it to the cells, 

where it is used in biological oxidation reactions and energy production; the protein 

insulin functions as a hormone, maintaining optimal levels of glucose. Proteins, such 

as collagen, provide structural support. All proteins consist of one or several 

polypeptide chains made out of 20 different amino acids. In the folding process, the 

chain is transformed to a globular form called the native state. Each protein has a 

particular structure and function which are intimately linked. Thus, from a reliable 

model of a protein structure we may be able to deduce the function of the protein. 

Protein function is often also related to movement and flexibility. As a consequence, 

proteins are only marginally stable. However, in order to maintain their structure and 

function, they must be stable enough to withstand denaturation, that is, unfolding of 

their native state. Proteins from mesophilic organisms, living at 20-50°C, usually 

denature at temperatures above 50-60°C. However, over the last decades, organisms 

living at temperatures up to 121°C have been isolated from environments that were 

previously considered as sterile because of their extreme temperatures and sometimes 

also extreme pH, pressure and salinity. The proteins of these so-called 

hyperthermophilic organisms are remarkably tolerant against high temperatures and 

other denaturing conditions. Comparative structural studies of proteins from these 

organisms have resulted in new insights into protein stability, protein folding and 

structure function-relationships. In addition to the basic knowledge gained, this 

research field is important for our understanding and treatment of several diseases 

related to protein stability (Dobson 2003; 2006) and for the development of rational 

engineering and biotechnological use of enzymes (Egorova and Antranikian 2005). 

New knowledge on evolutionary issues has also been obtained. In this thesis, studies 

on the enzyme isocitrate dehydrogenase from four hyperthermophiles are presented. 
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The structures of three hyperthermophilic members have been determined using X-

ray crystallography and were compared with their homologues from mesophilic 

organisms. The enzymes were studied by differential scanning calorimetry and 

spectroscopic methods in order to relate structural features with stability and function. 

 

1.1 HYPERTHERMOPHILES 
The study of living organisms thriving at elevated temperatures has a long history. The 

earliest recorded observation is from 1774, about a fish living at 82°C in a thermal pool 

on the island of Luzon (Sonnerat 1774). During the following century, growth 

temperatures of 60-98°C were reported for algae, fishes, molluscs, arthropods, worms 

and molds (Gaughran 1947). Whether these observations are correct or not is an open 

question. In 1963 it was believed that the upper temperature limit for life was 73°C 

(Kempner 1963). This view was put aside in 1965 when Thomas Brock found large 

amounts of pale pink filamentous microorganisms at temperatures of 82-88°C in a hot 

spring in Yellowstone National Park. Nowadays, organisms with optimal growth 

temperatures at or above 80°C are defined as hyperthermophiles. They are 

distinguished from thermophiles, growing at 50-80°C, mesophiles, growing at 20-50°C 

and psychrophiles (cold-adapted organisms), growing at 0-20°C. The first isolation and 

characterization of a hyperthermophilic microorganism, Sulfolobus solfataricus, is 

generally attributed to Brock (Brock et al. 1972). The term “thermophilic” to describe 

an microorganism growing at elevated temperatures was probably first used by Miquel 

(Miquel 1888; Morrison and Tanner 1922). 

 

During the last 30 years, hyperthermophiles have been isolated from diverse habitats 

including both terrestial and marine hot environments. Terrestial environments include 

acidic solfataric fields (abundant with sulfur, acidic soils and acidic hot springs and 

boiling mud pots); hot springs in volcanic areas; deep subsurface heated oil reservoirs; 

freshwater hot springs and geysers. However, most of the hyperthermophiles known 

today come from the deep sea. Deep sea marine biotopes were not discovered until the 

end of the 1970s when hot springs at the bottom of the sea at the Galapagos rift were 

found that ejected thermal fluid of 350°C into the ocean (Corliss et al. 1979; Edmond 

and von Damm 1983). These hydrothermal vents look like chimneys or “black 

smokers” and are formed when the overheated volcanic fluid (mostly heavy metal 
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sulfides) is mixed with cold water and precipitate in the immediate vicinity of the 

outflow site. The precipitates form the characteristic chimneys which can reach heights 

of several meters. Further precipitation lead to the typical black “smoke” coming out 

from the chimneys. The walls and immediate surroundings of these black smokers 

contain high concentrations of hyperthermophiles. Because of the hydrostatic pressure, 

the boiling point of water is beyond 400°C.  Hyperthermophiles have also been isolated 

from active sea mounts and heated sediments in shallow sea water. 

 

The hyperthermophiles characterized to date belong to all the three domains of life, 

Archaea, Bacteria and Eukarya. A majority of the hyperthermophiles belong to the 

archaeal domain which was recognized as a distinct phylogenetic group less than 30 

years ago (Woese and Fox 1977; Woese et al. 1990). Archaea is a diverse group of 

microorganisms which can be subdivided into the phyla Chrenarchaeota, Euryarchaeota 

(Woese et al. 1990), Korarchaeota (for which only DNA sequence data exist to date) 

(Barns et al. 1996), and Nanoarchaeota (represented by only one species to date) 

(Huber et al. 2002). The Crenarchaeota, formerly known as “sulfur metabolizers”, 

includes Aeropyrum, Sulfolobus, Pyrolobus, Pyrodictium, Hyperthermus, Pyrobaculum 

and others. The Euryarchaeota includes Archaeoglobus, Pyrococcus, as well as the 

methanogenic and halophilic Archaea. The only hyperthermophilic Bacteria that have 

been isolated belong to the orders Thermotogales and Aquificiales (Huber et al. 1986; 

Huber et al. 1992). By the year 2000, about 75 species of hyperthermophilic Archaea 

and Bacteria, representing 32 genera and 10 orders, had been described (Stetter 2000). 

Eukaryotes that are confirmed to be hyperthermophiles are very rare. One example of 

an eukaryotic organism which can be regarded as hyperthermophilic is the Pompeii 

worm, Alvinella pompejana, which lives in temperatures of 60-81°C and can survive 

short exposures of 105°C (Cary et al. 1998). 

 

The characterized hyperthermophilic organisms have optimum growth temperatures 

ranging from 80-113°C (Blochl et al. 1997; Cowan 2004) and are unable to grow 

below 60-80°C (Stetter 1999; Huber et al. 2000). At present, the maximum growth 

temperature reported is 121°C for an organism called Strain 121 which can survive 

over short periods at 130°C (Kashefi and Lovley 2003). The upper temperature limit of 

life is estimated to 150°C, due to the destabilization of important metabolites such as 

NAD(P)/H, ATP as well as amino acids and DNA (Leibrock et al. 1995; Stetter 1999). 
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However, many small biomolecules decompose already at around 100°C (Phipps et al. 

1991).  The host organisms for the enzymes studied in this thesis, Aeropyrum pernix, 

Archaeoglobus fulgidus and Pyrococcus furiosus from Archaea and the bacterium 

Thermotoga maritima have optimum/maximum growth temperatures of: 90/100°C, 

83/95°C, 100/105°C and 80/90°C, respectively. In order to withstand these extreme 

temperatures, hyperthermophiles must be adapted on all levels, such as maintaining the 

structure and function of their macromolecules and the superstructures of the cell. For 

instance, archaeal organisms have tetraether lipid monolayer membranes, which are 

believed to be more resistant to high temperatures than bacterial bilayer membranes of 

ester-lipid type (van de Vossenberg et al. 1998), and very active DNA repair and 

protection systems (DiRuggiero et al. 1999). 

 

According to the phylogenetic analyses based on comparisons of 16S rRNA and 18S 

rRNA sequences, the prokaryotic hyperthermophiles represent the deepest and shortest 

branches (Woese et al. 1990; Stetter 1999) which suggest that they have conserved 

ancestral phenotypes and represent our last universal common ancestors (LUCA) 

(Figure 1) (Pace 1991).  

 
 
Figure 1. The universal three of life based on comparisons of small subunit (16S or 18S) rRNA sequence 
analysis. The branches of the hyperthermophiles are highlighted with bold lines. (Modified from Hough 
and Danson 1999) 
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Furthermore, as a consequence, it suggests that life may have begun in a hot 

environment (Woese et al. 1990; Di Giulio 2001). A hyperthermophilic LUCA is also 

supported by protein phylogenies (Brown and Doolittle 1995; Ronimus and Morgan 

2003). However, the idea of a hot origin is not universally accepted. Other protein 

phylogeny studies claim that proteins of hyperthermophiles evolved from mesophiles 

(Forterre 1996) and the common view that life may have evolved from RNA 

contradicts a hot origin because RNA is relatively unstable at high temperatures (Poole 

et al. 1999). A drawback of the ssRNA method is that it cannot reveal gene exchange 

between members of Archaea and Bacteria revealed in comparative genome studies 

(Buchanan 2002b). The completion of the bacterial genome of Thermotoga maritima 

revealed that almost one quarter of the genome is archaeal in nature, suggesting that 

lateral gene transfer may have occurred (Buchanan 2002a).  

 

However, many hyperthermophiles are chemolithoautotrophs. The discovery of 

chemolithoautotrophic life in hot submarine springs supports Wächtershäuser´s theory 

of a chemoautotrophic origin of life (Wächtershauser 1988b; a) which contradicts the 

classical Oparin-Haldane model which assumes a heterotrophic origin of life that 

started after a supposed accumulation of a prebiotic soup (Oparin 1938; 

Wächtershauser 1988b; Edward and Maden 1995). Chemolithoautotrophs are primary 

producers, oxidizing inorganic compounds to gain energy and use CO2 as carbon source 

to build up organic cell material (Stetter 1999). The energy-yielding respiration in 

chemolithoautotrophic hyperthermophiles is either anaerobic or aerobic. During 

anaerobic growth, elemental sulfur, sulfate, thiosulfate, sulfite, nitrate, nitrite, CO2 or 

various metals are reduced. Molecular hydrogen is the electron donor. In contrast, the 

aerobic hyperthermophiles oxidize hydrogen, elemental sulfur, sulfides or thiosulfate to 

sulfuric acid and use oxygen as electron acceptor.  Some chemolithoautotrophic 

hyperthermophiles are facultative heterotrophs able to use organic material as an 

alternative to inorganic nutrients whenever it is provided by the environment and gain 

energy either by aerobic or anaerobic respiration or fermentation. Obligate 

heterotrophic hyperthermophiles use only organic material as electron donors and 

carbon source (Stetter 1999; Huber et al. 2000). The final metabolic pathway for the 

oxidation of all major nutrients in eukaryotes and bacteria growing under aerobic 

conditions is the complete oxidative citric acid cycle (Figure 2), yielding starting 

materials for a variety of biosynthetic processes such as amino acid biosynthesis and 
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NAD(P)H, and FADH2 coupled to ATP-synthesis (Danson 1993). The complete 

oxidative cycle is also found in a number of Archaea. However, there are several 

variations of the cycle reflecting adaptations to different environments. Many 

hyperthermophiles lack one or more enzymes of the cycle resulting in partial citric acid 

cycles where one part is oxidative (i.e. a clockwise direction of the reaction pathways) 

and the other is reductive (anti-clockwise direction of reaction pathways). Some 

autotrophic hyperthermophiles obtain cellular carbon through the reduction of CO2 via 

a completely reductive version of the citric acid cycle which has been suggested to be 

one of the first pathways to have evolved (Evans et al. 1966; Thauer 1988; 

Wächtershauser 1990; Danson 1993; Melendez-Hevia et al. 1996; Huynen et al. 1999). 
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Figure 2. The individual steps of the complete oxidative citric acid cycle are catalyzed by: 1: citrate 
synthase; 2: aconitase; 3: isocitrate dehydrogenase; 4: α-ketoglutarate dehydrogenase; 5: succinyl–
CoA thiokinase; 6: succinate dehydrogenase; 7, fumarase; 8: malate dehydrogenase. 
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1.2 THE β-DECARBOXYLATING DEHYDROGENASE FAMILY 

Isocitrate dehydrogenase (IDH) is an enzyme in the citric acid cycle that together with 

isopropylmalate dehydrogenase (IPMDH), tartrate dehydrogenase (TDH) and 

homoisocitrate dehydrogenase (HDH) form a unique family of β-decarboxylating 

dehydrogenases (Tipton and Beecher 1994; Chen and Jeong 2000). These are 

bifunctional enzymes that catalyze the Mg2+- and NAD(P)+-dependent dehydrogenation 

at the α-carbon and the subsequent  Mg2+-dependent decarboxylation at the β-carbon of 

(2R, 3S) 2-hydroxy acids, (Figure 3) (Chen and Jeong 2000):  

 
2-Hydroxy acid + NAD(P)+ 

2+Mg
 2-Oxalo acid + NAD(P)H +H+ 

 
2-Oxalo acid + H+ 

2+Mg
 2-Keto acid + CO2. 
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Figure 3. The substrates isocitrate, isopropylmalate, tartrate and homoisocitrate are structurally similar, 
containing a common malate core, i.e. -OOC(HO)CHCH(X)COO- , where X represents the γ-moiety 
which is different in the four substrates:  -CH2COO- in isocitrate,  –CH(CH3)2 in isopropylmalate, -OH in 
tartrate and CH2CH2COO- in homoisocitrate.  
 

 

1.2.1 Isocitrate Dehydrogenase 
Specifically, IDH catalyzes the Mg2+- and NAD(P)+-dependent dehydrogenation of 

isocitrate to oxalosuccinate and NAD(P)H and the subsequent Mg2+-dependent 

decarboxylation to α-ketoglutarate (i.e. 2-oxoglutarate) and CO2: 

 

Isocitrate + NA(D)P+ 
2+Mg

 oxalosuccinate + NAD(P)H + H+ 
2+Mg

α-ketoglutarate + CO2 

 

Since IDH is an enzyme participating in the pathways of central metabolism, it is found 

in a wide range of species in all domains of life, also in organisms that lack a complete 

citric acid cycle. All archaeal IDHs are homodimeric and NADP+-dependent except 

IDH from Pyrococcus furiosus wich is NAD+-dependent (Steen et al. 2001). The 
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bacterial IDHs are usually also homodimeric NADP+-IDHs, although some bacteria 

contain a monomeric NADP+-IDH or a dimeric NAD+-IDH. In eukaryotes, three 

different IDHs have been identified: homodimeric cytosolic NADP+-IDHs, 

homodimeric mitochondrial NADP+-IDHs and heterooligomeric mitochondrial NAD+-

IDHs. According to phylogenetic studies, the dimeric and the heterooligomeric IDHs 

can be grouped into three subfamilies (Figure 4): 

 

 
 

 

Figure 4. Three subfamilies of IDH: Subfamily I comprises all archaeal and most of the bacterial 
homodimeric IDHs. Subfamily II contains eukaryotic homodimeric IDHs and some bacterial IDHs. 
Subfamily III is formed by eukaryotic heterooligomeric IDHs. IPMDH/HDH/TDH form a separate 
group. The isocitrate dehydrogenases from all subfamilies have a subunit molecular weight ranging 
from 40-57 kDa. The monomeric IDHs show no significant sequence similarity to the other 
subfamilies and have a subunit molecular weight ranging from 80 to 100 KDa. The letter (A) indicates 
Archaea, (B) is Bacteria, (E) is Eukarya. (The figure is taken from Steen et al 2001). 
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Several crystal structures of different IDHs from mesophiles have been reported: The 

first structure was a closed apo-form of IDH from E. coli (EcIDH) (PDB-code: 3ICD) 

belonging to subfamily I (Hurley et al. 1989). Later, the structure of an open form of 

EcIDH (1SJS) (Finer-Moore et al. 1997) as well as binary (5ICD) (Hurley et al. 1990) 

and ternary (1AI2) (Mesecar et al. 1997) complexes were determined. Another 

available structure from the same subfamily is the structure of IDH from Bacillus 

subtilis (BsIDH) (1HQS) (Singh et al. 2001). Subfamily II is represented by the 

structures of porcine heart mitochondrial IDH with bound isocitrate (PcIDH, 1LWD) 

(Ceccarelli et al. 2002) and human cytosolic IDH (HcIDH) which is available in a 

closed ternary complex form (1T0L) and in an open binary form with bound cofactor 

(1T09) (Xu et al. 2004). All of these structures are homodimeric NADP+-IDHs. Each 

subunit consists of three domains: a large α+β-domain, a small α/β-domain and a clasp 

domain (Figures 15 & 18) (Hurley et al. 1989). The large domain is connected to the 

small domain by a flexible hinge region. The small domain contains the interface 

between the subunits together with the clasp domain which interlocks the two subunits. 

The clasp domain is structurally different in subfamily I compared to subfamily II. In 

subfamily I, it is composed of two anti-parallel α-helices beneath a single four-stranded 

anti-parallel β-sheet, whereas in subfamily II it is composed of two four-stranded anti-

parallel β-sheets. Available are also the structures of homodimeric IPMDH from 

Thermus thermophilus, (1IPD) (Imada et al. 1991) E. coli (1CM7) (Wallon et al. 1997), 

Salmonella typhimurium (1CNZ) (Wallon et al. 1997), Thiobacillus ferrooxidans 

(1A05) (Imada et al. 1998), Bacillus coagulans (2AYQ) (Tsuchiya et al. 1997) and 

Thermotoga maritima (1VLC) (no reference), which share a common fold with 

homodimeric IDH. Structurally, the main difference between IPMDH and IDH is that 

the clasp region consists of only one four-stranded anti-parallel β-sheet instead of two 

as in the subfamily II IDHs. There are also structures of monomeric IDH from 

Azotobacter vinelandii (1ITW) (Yasutake et al. 2002), homotetrameric isopropylmalate 

dehydrogenase from Sulfolobus tokodaii (1WPW) (no reference) and homotetrameric 

homoisocitrate dehydrogenase from Thermus thermophilus (1XOL) (Miyazaki 2005), 

available. 

 

The distinct functions of NAD+-IDH, NADP+-IDH, IPMDH, TDH and HDH are 

conferred by their ability to recognize their respective substrates and coenzymes. With 

the help of the available structures and mutational studies, all the residues involved in 
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substrate and cofactor binding have been identified in EcIDH and TtIPMDH. Only a 

few residues are responsible for the discrimination between different substrates or 

cofactors (Chen and Jeong 2000). The major determinants of substrate specificity make 

interactions with the γ-moieties of the substrates (Figure 6). The amino acid residues 

involved in binding the common malate core are identical in IDH and IPMDH. The 

coenzyme NADP+ differs from NAD+ only by a phosphate group esterified at the 2´C 

of the adenosine ribose. Coenzyme specificity in the NADP+-IDH is conferred by 

interactions with the 2´-phosphate of NADP+. The coenzyme specificity toward NAD+ 

is mainly conferred by interactions with two hydroxyls of the adenosine ribose of 

NAD+ (Chen and Jeong 2000). The β-decarboxylating dehydrogenases have a similar 

cofactor binding site which is different from the βαβαβ motif characteristic of the 

Rossmann fold (Rossmann et al. 1974; Hurley et al. 1991; Imada et al. 1991).  

 

The regulation of the activity of the different IDHs is diverse. The NAD+-dependent 

eukaryotic heterooligomeric IDHs are allosterically regulated by the activators AMP 

(Hathaway and Atkinson 1963) or ADP (Cohen and Colman 1972). EcIDH is regulated 

by the IDH kinase/phosphatase mediated phosphorylation of Ser113, which inactivates 

the enzyme by hindering the binding of isocitrate both sterically and by electrostatic 

repulsion (Garnak and Reeves 1979; LaPorte and Koshland 1982; Borthwick et al. 

1984; LaPorte 1993). In human cytosolic NADP+-dependent IDH, a self-regulating 

mechanism was postulated (Xu et al. 2004). The regulation of the activity of other 

IDHs is unknown. 

 

1.2.2 The Enzymatic Reaction Mechanism 
Homodimeric IDHs have two active sites. Each site is located in a large cleft between 

the large and the small domains on each subunit (Figure 5). Structural studies on IDH-

isocitrate complexes have revealed that residues from both of these domains and from 

both subunits are responsible for binding of both isocitrate and NADP+ (Figure 6). 

Thus, the dimer is required for a catalytically active enzyme. It has been shown that the 

binding order of each substrate, isocitrate or NADP+, is random and the binding of 

either one of them does not influence the binding of the other (Dean and Koshland 

1990; Stoddard et al. 1993).  
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Figure 5.  The isocitrate binding residues in the active site of an open subunit of IDH from Aeropyrum 
pernix (ApIDH). (The structure is described in paper III). Three arginines are coloured in blue and four 
polar residues are coloured in violet.  

 
Figure 6. A superposition of isocitrate and isocitrate-binding residues in an open subunit (grey residues) 
and in a closed subunit (green residues) of ApIDH. The interactions made by Thr 112, Ser 120 and Asn 
122 (from the large domain) with the γ-carboxylate group of isocitrate, are responsible for substrate 
specificity. Arg 136, Arg 159 and Tyr 166 belong to the small domain. Lys 233´ belongs to the other 
subunit. 
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The structures of both closed forms and a open forms of IDH indicate that the large 

domains connected to the small domains are rather flexible and that a productive 

Michaelis-Menten complex can only be formed in the closed state. The proposed 

reaction mechanism of IDH is mostly based on studies of EcIDH (Dean and Koshland 

1993; Stoddard et al. 1993). The first step is the oxidation of isocitrate to 

oxalosuccinate by a proton abstraction from the α-hydroxyl group of isocitrate and a 

hydride ion transfer from the α-carbon atom to C4 of the nicotinamide ring of NADP+ 

(Figure 7). The oxalosuccinate intermediate was proposed by Siebert et al and later 

confirmed by Laue structure determination (Siebert et al. 1957; Bolduc et al. 1995). In 

a second step, described in the 1960s, the β-carboxylate group of oxalosuccinate is lost 

as CO2 and is replaced by a proton to form the product, α-ketoglutarate (Lienhard and 

Rose 1964; Dalziel and Londesborough 1968). During the transition states of both 

steps, the negative charge on the hydroxyl oxygen atom of isocitrate is stabilized by a 

magnesium ion. The last few years, studies on mutants of porcine IDH have revealed 

that the initial proton removal is promoted by three positively charged residues 

(Arg110, Arg133 and Lys212, PcIDH numbering) which lower the pKa of the metal-

bound hydroxyl group of isocitrate (Soundar et al. 2000; Kim et al. 2003). However, 

the exact mechanism has not been determined. Several general base candidates (i.e. 

aspartate residues) in the enzyme responsible for the initial proton abstraction have 

been proposed in studies on EcIDH and PcIDH (Hurley et al. 1991; Grodsky et al. 

2000). Two conserved active-site water molecules have also been suggested to accept 

the proton (Ceccarelli et al. 2002; Huang et al. 2004). The mechanism of the final 

protonation of the substrate after decarboxylation is also not clear. In PcIDH, the 

strictly conserved Tyr140 has been suggested to function as a general acid that 

protonates the substrate after decarboxylation (Kim et al. 2003). A contradicting result 

was obtained for EcIDH, where the equivalent Tyr160 seems to be important for the 

initial dehydrogenation step (Lee et al. 1995). Generally, with an intrinsic pKa of 11.1, 

it is more likely that a tyrosine functions as a general base, i.e. in dehydrogenation. A 

lysine is located just beside the tyrosine. Mutational studies of both EcIDH and PcIDH 

have shown that this residue is essential for decarboxylation of oxalosuccinate (Lee et 

al. 1995). To summarize, the reaction mechanism of IDH is rather well characterized, 

however, the initial proton abstraction and the final proton donation step have remained 

unclear. Most likely, the reaction mechanism is identical in EcIDH and PcIDH, since 

the isocitrate binding residues are conserved both structurally and by sequence. 
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Figure 7. The proposed reaction mechanism catalyzed by IDH. A is a general acid and B is a general 
base. The reaction starts with a proton abstraction followed by a hydride transfer to NADP+, forming 
oxalosuccinate. Subsequently, the β-carboxylate group leaves as CO2 and is replaced by a proton, 
forming the product, α-ketoglutarate. Mg2+ stabilizes both transition states. (The figure is modified from 
Hurley et al., 1991). 
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1.3 PROTEIN STABILITY 
There are three ways to characterize the stability of a protein: by its thermal stability, 

thermodynamic stability or kinetic stability. Thermal stability refers simply to the 

melting temperature, Tm, of a protein, i.e. the temperature at which thermal denaturation 

occurs. The concept of thermodynamic stability of proteins is based on the classical 

works of Anfinsen in the 1950s (Anfinsen 1956; 1973). Anfinsen and his colleagues 

showed that a unique, biologically active, three-dimensional structure of a protein can 

be obtained from the unfolded, denatured state without any participation other than 

from the small molecules and ions in the solution surrounding the protein. Under 

appropriate conditions of temperature, pH, and other environmental factors, the protein 

is able to spontaneously return to a particular structure that depends only on the primary 

structure, the sequence of amino acids in the polypeptide chain. Anfinsen concluded 

that folding is an energetically driven process where the native protein is a structure 

that represents the global energetic minimum under certain conditions. The 

thermodynamic stability of a protein is defined by the difference in Gibbs free energy, 

ΔG, between the denatured state, GD, and the native state, GN, and is determined by the 

enthalpic, ΔH, and entropic, ΔS, differences: 

 ΔG(T) = GD – GN   =  ΔH(T) - TΔS(T)  (1) 

The unfolded state of a polypeptide is characterized by high configurational entropy 

and a large number of accessible states. In contrast, the polypeptide chain of the native 

state is conformationally restricted and has low entropy. The loss of entropy of the 

polypeptide per se, as the protein folds, is balanced by a gain of enthalpy to favour 

folding. In addition, the entropy and enthalpy of the solvent water must be considered 

to give the total thermodynamic properties of the denatured or native states. Thus, the 

thermodynamic stability of a protein is dependent on the intramolecular interactions 

and the entropy of the protein but also on its interactions with the solvent because of 

solvent entropy changes upon folding. There is a delicate balance between favourable 

and unfavourable factors, thus the native state of the protein is only marginally stable. 

Typically, the net stabilizing free energy is only 5-20 kcal/mol (Vieille and Zeikus 

2001). Presumably, this marginal stability has a functional role by providing mobility 
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of the protein required for substrate binding, enzyme catalysis and other functional 

properties. If the temperature dependences of ΔH(T) and ΔS(T) are known, the free 

energy change upon unfolding can be represented as a function of temperature 

according to equation (1) (Figure 8): 

 

 
 
Figure 8. The stability curve of a protein given by ΔG(T). The ΔG-value is zero at two temperatures, one 
representing the cold denaturation temperature Tm´ and the other representing the thermal denaturation 
temperature Tm. Whereas the latter proceeds with heat absorption, cold denaturation is accompanied by a 
heat release because both the enthalpy and entropy term have inverted their sign. At Tm,  ΔGm = ΔHm - 
TmΔSm = 0 and thus ΔSm = ΔHm/Tm. Ts is the temperature of maximum stability where ΔS = 0.  
 

Alternatively, it can be calculated using a modified Gibbs-Helmholtz equation (2) 

(Becktel and Schellman 1987):  
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The three parameters determining this equation, the heat capacity difference between 

the native and the denatured state, ΔCp, the enthalpy at the transition temperature, ΔHm, 

and the melting temperature, Tm, can be obtained from a calorimetric scan if the 

unfolding transition is reversible (see section 3.1.1). The slope of the stability curve is 

related to ΔS(T): 
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At ΔS(T) = 0, the ΔG(T) function has its maximum value corresponding to the 

temperature, Ts, where the protein is most stable. The curvature of the stability curve is 

related to the heat capacity difference ΔCp:           

 
( )

T
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T
TΔG p−=

∂
∂

2

2

  (4) 

Determination of the thermodynamic stability for a protein does not reveal any 

information about the folding or unfolding pathway. According to the Levinthal 

paradox, a random search for the folded state is not possible within biological lifetime, 

suggesting a kinetically controlled pathway of folding (Levinthal 1968). The folding or 

unfolding pathway of a protein is determined by the energy landscape, which is a 

description of a protein´s potential energy surface as a function of its conformation 

(Onuchic et al. 1997; Onuchic and Wolynes 2004). The landscape of protein folding is 

funnel-shaped with the native state corresponding to the global minimum at the bottom 

of the funnel (Figure 9): 

 

 
 

Figure 9.  A funnel-shaped rugged energy landscape (Taken from Dobson 2002). 

 

The folding pathway shows several local minima which can trap folding intermediates. 

In analogy with the theory for chemical reactions, a transition state is envisioned for the 

folding-unfolding process. The transition state for a chemical reaction is a well defined 

structure on the saddle point of the energy surface of the reaction path. In the protein 

folding-unfolding process, the transition state is less well defined but a molten globule 
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is assumed (Ptitsyn et al. 1990; Ptitsyn 1995). The transition state can be probed 

experimentally by measuring the activation energy of unfolding or folding (Fersht et al. 

1992; Serrano et al. 1992). The height of the activation energy barrier, DGΔ ‡ , between 

the unfolded and the folded state determines the kinetic stability of a protein and is 

related to the rate constant, k, of unfolding or folding according to: 

 
expbk T Gk

h RT
κ ⎛ ⎞−Δ

= ⎜ ⎟
⎝ ⎠

‡

  (5) 

where k is the rate constant, κ is the transmission factor, kb is the Boltzmann constant 

and h is Plancks constant (Eyring 1935; Bieri and Kiefhaber 2000). The difference 

between the activation energies of unfolding, DGΔ ‡ , and folding, NGΔ ‡ , is equivalent to 

the thermodynamic stability, ΔG, of the folded protein (Figure 10):  

 D NG G GΔ = Δ −Δ‡ ‡

  (6) 

 

 
 
 
Figure 10. The difference between the activation energy of unfolding DGΔ ‡  and that of folding, NGΔ ‡  is 
equivalent to the free energy difference, ΔG, between the native, (N), and the denatured, (D), state. The 
symbol ‡ indicates the transition state, kf is the rate constant for folding and ku is the rate constant for 
unfolding. 
 

 

1.3.1 Determinants of Protein Stability.  
The molecular interactions determining the stability of the native state are mainly non-

covalent in character. However, the presence of disulfides, which are covalent 
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interactions, contribute to protein stability as well. The hydrophobic effect is considered 

as the major driving force of protein folding and results in the burial of most of the 

hydrophobic residues in the protein core (Kauzmann 1959; Dill 1990b). Thus, it has a 

strong influence also on protein stability. At lower temperatures, the low solubility of 

hydrophobic amino acids in water causes ordering of mutually attracted water 

molecules around hydrophobic groups. This negative entropy is unfavorable and forces 

the hydrophobic groups to associate, i.e. the hydrophobic effect is entropy-driven. At 

higher temperatures, the hydrophobic effect is more enthalpy-driven because the 

entropy of the water molecules is increased (Dill 1990b; a).  

 

Interactions between hydrophobic amino acids involve interactions between aliphatic or 

aromatic groups. These so-called van der Waals interactions refer to a combination of 

interactions involving attractive London forces with a distance dependence of 1/r6 and 

on extremely short-range repulsive interactions resulting from overlaps of electron 

orbitals with a distance dependence of 1/r12. The strong distance sensitivity suggests 

that van der Waals interactions of proteins will be optimized by improved packing of 

the hydrophobic core. Aromatic interactions are weakly polar because of the 

asymmetric distribution of electrons in aromatic rings (Burley and Petsko 1985; 

Makhatadze and Privalov 1995). The hydrogen atoms of the rings are partially 

positively charged whereas the two faces of the planar rings are partially negatively 

charged. For pairwise aromatic-aromatic interactions, three different geometric 

orientations with regard to their inter-planar angles have been distinguished: near-

parallell face to face interactions (0-30°), tilted geometry (30-60°) and perpendicular T-

shaped packing geometry (60-90°). The latter is the energetically most favourable and 

is the most preferred geometry found in proteins (Burley and Petsko 1985). Aromatic-

aromatic interactions are usually identified by a distance of less than 7 Å between the 

centers of the aromatic rings. Aromatic groups can also interact with water, sulphur and 

amino-groups (Reid et al. 1985; Burley and Petsko 1986; Perutz et al. 1986; Ma and 

Dougherty 1997).  

 

Most of the polar amino acids are located at the surface of the protein where they 

favour the solubility in water. The polar groups interact by hydrogen bonds, which refer 

to the sharing of a hydrogen atom between a donor atom and an acceptor atom which 

has a lone pair of electrons. The hydrogen is covalently bound to the donor atom. The 

identification of hydrogen bonds is highly dependent on the distance cut-off. Usually, 
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they are defined by a distance of less than 3 Å between the H-donor and the H-acceptor 

and by a donor-hydrogen-acceptor angle below 90° (Vieille and Zeikus 2001). 

Hydrogen bonds are important determinants for the stability of secondary structure 

elements in proteins and for the interactions between these elements. They are also 

important for the binding of substrates and water molecules. 

 

An interaction between oppositely or equally charged amino acids is referred to as an 

ion pair. The electrostatic interaction energy of an ion pair is given by the Coulomb 

law: 

 12
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where Q1 and Q2 are the two charges, ε is the dielectric constant of the medium and R12 

is the distance between the charges. Thus, the contribution of an ion pair to protein 

stability is strongly dependent on the dielectric constant and the distance. The standard 

distance cut-off for the identification of ion pairs is 4 Å (Barlow and Thornton 1983). 

However, “weak” ion pairs, or ion pairs defined by an increased distance cut-off, might 

also have an impact on protein stability (Szilagyi and Zavodszky 2000). It has been 

suggested, that ion pairs are destabilizing in proteins or not contributing to the stability, 

because of the entropy cost of the localization of the residues and because the 

desolvation penalty associated with bringing oppositely charged side chains together is 

large and unfavourable (Horovitz et al. 1990; Dao-pin et al. 1991; Honig and Nicholls 

1995). However, model calculations have shown that the desolvation penalty is 

decreased at higher temperatures, partially because of a decrease of the water dielectric 

constant (Elcock 1998). In general, the desolvation penalty is decreased if the dielectric 

difference between the protein and the solution is decreased (Karshikoff and Ladenstein 

2001).  

 

1.3.2 Mechanisms of Increased Thermal Stability 

The melting temperatures of proteins from mesophiles are usually below 50-60°C. 

Thus, proteins from hyperthermophiles must be stabilized by some mechanism(s) to 

achieve increased thermal stability and these mechanisms are most likely hidden in the 

interplay between the different intra-molecular and solvent interactions. In spite of 

considerable efforts to understand the basis of increased thermal stability of proteins, 

the mechanisms of thermal stabilization are still not well understood. In fact, it has been 
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found that proteins from hyperthermophiles are remarkably similar to their mesophilic 

counterparts with respect to structure and function. In addition, the difference in 

thermodynamic stability between proteins from hyperthermophiles and those from 

mesophiles is small, especially at the respective growth temperatures of their hosts.  

 

However, the stability curve of a hyperthermostable protein, showing the 

thermodynamic stability as a function of temperature, is usually different from that of 

its mesophilic counterpart. Figure 11 illustrates three theoretical ways by which 

increased thermal stability can be achieved with respect to the stability curve of a 

mesophilic protein. A majority of hyperthermophilic proteins use various combinations 

of these three mechanisms to reach their superior thermal stabilities (Vieille and Zeikus 

2001). The optimum growth temperature of hyperthermophiles is in most cases quite 

close to the melting temperature, Tm, of their proteins where the stabilization free 

energy, ΔG = 0. The stability curves in Figure 11 indicate that at these temperatures, 

the thermodynamic stability of the hyperthermostable proteins is very low.  

 

 
 
Figure 11. Theoretical stability curves representing proteins from a mesophile (M) and three 
hyperthermophiles (A), (B) and (C) with increased Tm values. (A) shows a broadened curve (arising from 
a smaller difference in heat capacity between the protein’s folded and unfolded states, ΔCp). (B) 
illustrates a stability curve shifted toward higher overall ΔG values and (C) shows a curve shifted to the 
right. Tc represents the cold denaturation temperature.  
 
 
The marginal thermodynamic stability is equivalent to only a small number of weak 

intermolecular interactions and indicates that a large number of different mechanisms 

are possible for increased thermal stability (Jaenicke and Böhm 1998). The current 

understanding of the structural basis of protein stability has emerged from three 

different approaches: i) large-scale studies that carry out comparative analyses of 

genomes or protein families from mesophilic and thermophilic organisms, ii) directed 

evolution strategies, and iii) detailed analysis and rational modification of individual 
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protein structures (Yano and Poulos 2003). The most common difference found is an 

increased number of ion pairs and larger ionic networks in hyperthermostable proteins. 

It seems that ionic networks contribute more to the stabilization energy of the protein 

than the sum of the pairwise interactions do, suggesting a cooperative effect (Horovitz 

et al. 1990; Lebbink et al. 1999). One reason is that only one residue for each new 

member in the network needs to be desolvated (Yip et al. 1998). Another reason is that 

each charged residue will affect the polar environment or dielectric response of the 

protein itself and will therefore have a non-additive impact on the electrostatic 

interactions (Karshikoff and Ladenstein 2001; Dominy et al. 2004). The statistical 

prevalence of ionic interactions in proteins from hyperthermophiles is also in 

agreement with the finding that the desolvation penalty seems to be decreased at 

increased temperatures because of a decrease of the dielectric constant of water (Elcock 

1998). In addition, the desolvation penalty might be reduced even more by an increase 

of the dielectric constant of the protein. An increased protein dielectric constant has 

been suggested in hyperthermostable proteins on the basis of model calculations 

(Dominy et al. 2004). Furthermore, electrostatic optimisation and reduction of 

repulsive charge-charge interactions seem to be crucial components for the stability of 

hyperthermostable proteins (Spassov et al. 1995). However, the picture describing the 

contribution of ionic interactions is still not clear. Mutational studies have given 

contradicting results on the stabilizing contribution of ion pairs and ionic networks and 

it seems that their location in the overall electrostatic field generated by the charged 

groups of the protein is an important factor (Tomschy et al. 1994; Lebbink et al. 1998; 

Xiao and Honig 1999). 

  

Although ion pairs and ionic networks seem to be most important determinants of 

increased thermal stability, these structural determinants appear to be combined with 

other stabilizing contributions in different ways and sometimes characteristic for certain 

protein families. Examples are: a reduction of hydrophobic accessible surface area 

(Knapp et al. 1999), increased hydrogen bonding (Pfeil et al. 1997; Vogt and Argos 

1997), charged-neutral hydrogen bonds (Macedo-Ribeiro et al. 1996; Tanner et al. 

1996), improved packing of the hydrophobic core (Knapp et al. 1997), an increased 

number of hydrophobic residues (Hennig et al. 1997; Voorhorst et al. 1997; Knapp et 

al. 1999), an increased number of aromatic interactions and formation of aromatic 

clusters (Burley and Petsko 1985; Kannan and Vishveshwara 2000), oligomerization 

(Vonrhein et al. 1998; Zhang et al. 2001), strengthening of intersubunit interactions 
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(Arnott et al. 2000), loop deletions (Russell et al. 1997; Wallon et al. 1997), 

stabilization by disulfide bonds (Ren et al. 1998; Isupov et al. 1999; Bonisch et al. 

2002), increased number of secondary structure formation (Warren and Petsko 1995), 

helix capping (Harpaz et al. 1994) and increased contact order (Robinson-Rechavi and 

Godzik 2005). A question that still remains to be answered is whether any of these 

factors explain the low ΔCp values found in many hyperthermophilic proteins (Knapp et 

al. 1996; Motono et al. 2001). This is a quite difficult problem because it is related to 

conformational entropy and the number of states which are accessible for the native 

protein, so that Cp(N) increases and  ΔCp= Cp(D) – Cp(N) decreases. 

 

Regarding the kinetic stability of hyperthermophilic proteins, kinetic unfolding studies 

of these proteins are rather limited. A few studies have shown a considerable decrease 

in the unfolding rate, ku, compared to the values for their mesophilic counterparts, 

suggesting increased kinetic barriers that protect these proteins from unfolding 

(Cavagnero et al. 1998; Perl et al. 1998; Dams and Jaenicke 1999). The folding rate 

constant, kf, seems to be comparable to those found for mesophilic homologues, 

suggesting similar activation energy barriers for the folding process (Perl et al. 1998). 
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2 OBJECTIVES 
 

The aim of this project was to study mechanisms for thermal adaptation in isocitrate 

dehydrogenases from four hyperthermophiles: Aeropyrum pernix, Thermotoga 

maritima, Archaeoglobus fulgidus and Pyrococcus furiosus. The project was a 

collaboration with Prof. Nils-Kåre Birkeland and Dr. Ida H. Steen at the Department of 

Biology, University of Bergen, Norway, Dr Dominique Madern at the Institut de 

Biologie Structurale, Grenoble, France and with Prof. Valerio Consalvi and Dr. 

Roberta Chiaraluce at the University of Rome, “La Sapienza”, Italy. Specifically, the 

aims of my contributions were:  

 

- to determine the three-dimensional structures of ApIDH, TmIDH, and AfIDH 

using  X-ray crystallography and comparison with their mesophilic counterparts 

in order to identify determinants for increased thermal stability (Paper II, III, IV 

and V). 

- to gain more information about the reaction mechanism of IDH by crystal 

structure determination of IDH with bound substrate and cofactor (Paper III). 

- to determine the melting temperatures of all four IDHs (Paper I).  

- to analyze the thermodynamic and kinetic stability of ApIDH (Paper VI). 
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3 METHODS 
 

 

3.1 DETERMINATION OF THE THERMODYNAMIC AND KINETIC 
STABILITY OF A PROTEIN 

 

The thermodynamic stability is determined by the free energy difference between the 

native and denatured state.  For a reversible two-state unfolding transition, it can be 

calculated from the equilibrium constant, K 

 ΔG = - RT ln K  (8) 

where R is the universal gas constant and T is the absolute temperature. K is determined 

by: 

 

[ ]
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u
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DkK
k N

= =
  (9) 

where ku and kf are the rate constants for unfolding and folding, respectively and [D] 

and [N] are the concentrations of the denatured (unfolded) and native (folded) protein, 

respectively. A reversible two-state unfolding transition suggests that a chemical 

equilibrium exists between only two thermodynamically stable states and that the 

native structure breaks down cooperatively as a whole. Usually, the two-state 

approximation is only valid for small single domain proteins (Privalov 1979). In the 

case of large or multidomain or oligomeric proteins, proper folding often competes 

with aggregation (so-called “kinetic partitioning”) and leads to (partial) irreversible 

unfolding (Jaenicke and Böhm 1998). In these cases, it is difficult to obtain 

thermodynamic stability data. The thermodynamic stability of proteins is usually 

obtained by analysis of equilibrium unfolding transitions induced by temperature, pH, 

pressure or chemical denaturants such as guanidine hydrochloride (GdnCl) or urea. To 

monitor the unfolding transition, differential scanning calorimetry (DSC) or 

spectroscopic methods, i.e. Circular Dichroism (CD) spectroscopy, fluorescence 

spectroscopy or ultraviolet (UV) absorption spectroscopy, can be used. 
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3.1.1 Differential Scanning Calorimetry 
DSC measures the heat capacity of a protein as a function of temperature at constant 

pressure: 

 p
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=
  (10) 

The calorimeter contains two cells, one for the sample with buffer and one for the 

buffer only. The two cells are heated separately with a constant rate of heating while 

the temperature difference between the sample and reference cell is maintained equal to 

zero. The differential power needed to heat the sample cell is recorded and is directly 

proportional to the heat capacity difference between the cells (Freire 1995). When the 

protein unfolds, a peak in the heat absorption profile, representing the enthalpy of 

unfolding, ΔHm, is obtained. The temperature related to the maximum of the peak is the 

melting temperature, Tm (Figure 12): 

 

 
 
Figure 12. Using DSC, a peak in the heat absorption profile is obtained representing the enthalpy of 
unfolding, ΔHm and corresponds to the area under the curve after subtracting the baseline. The 
temperature related to the maximum of the peak is the melting temperature, Tm. If the unfolding transition 
is reversible, the heat capacity difference, ΔCp, between the folded and unfolded state can be retrieved 
from the difference between the pre- and post-transition baselines. In cases where the unfolding is 
irreversible, only an apparent Tm-value is obtained. 
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3.1.2 Spectroscopic Methods 
Proteins absorb light and emit radiation in the UV range of the spectrum. The 

absorption is mainly determined by the peptide groups and the aromatic side chains. 

Fluorescence emission originates from the aromatic groups and is observed when an 

excited electron returns from the first excited state back to the ground state. As some 

energy is always lost by non-radiative processes, the energy of the emitted light is 

always less than that of the absorbed light. Hence the fluorescence emission is shifted 

to longer wavelengths compared to the absorption of the respective chromophore 

(Schmid 1989). The aromatic amino acids, tryptophan, tyrosine and phenylalanine have 

absorbance maxima at 280, 274 and 257 nm, respectively. If the excitation wavelength 

is 295 nm or above, the intrinsic fluorescence of a protein is dominated by the 

contribution from tryptophan residues. The fluorescence quantum yield (the intensity) 

and emission wavelength maximum of tryptophan are sensitive to the local 

environment of the indole side chain. Solvent-exposed tryptophans show fluorescence 

with a wavelength maximum of about 340-360 nm depending on the solvent. Buried 

tryptophans have a wavelength maximum from 308-340 nm. Thus, upon protein 

unfolding, the wavelength maximum will be increased and the intensity will change 

depending on location of the indole ring with respect to sidechains with different 

fluorescence quenching ability. In other words, the folded and the unfolded protein 

show characteristic fluorescence spectra. CD spectroscopy measures the optical activity 

of asymmetric molecules in solution due to the unequal absorption of left- and right-

handed circularly polarized light. Far-UV CD (170-250 nm) gives information about 

the peptide bonds and secondary structure of a protein, especially on α-helix content. 

Near-UV CD (250-300 nm) gives information about tertiary structure of a protein 

(Schmid 1989). Thus, the unfolding-folding transition can be monitored by both far- 

and near-UV CD spectroscopy. 

 

3.1.2.1 Denaturant-Induced Equilibrium Unfolding 

Using denaturant-induced unfolding, the free energy change upon unfolding is 

determined at different denaturant concentrations and is extrapolated to zero denaturant 

concentration according to:  

 [ ]2H O
gG G m denaturantΔ = Δ +   (11) 
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where ΔG is the free energy change for unfolding at a given denaturant concentration in 

the transition region, 2H OGΔ , the free energy change for unfolding at zero denaturant 

concentration and mg a slope term which describes the dependence of ΔG on the 

denaturant concentration in the transition region. The unfolding curve related to a two-

state model can be described by an equation that expresses the spectroscopic signal as a 

function of denaturant concentration which takes into account the dependence on the 

denaturant concentration in the pre- and post-transition region: 

 

   

 

 

 

      (12)

      

where yi is the observed signal, yf and yu are the baseline intercepts for folded and 

unfolded protein, mf and mu are the baseline slopes for the refolded and unfolded 

protein and OHG 2Δ  the extrapolated free energy of unfolding at zero denaturant 

concentration. By a non-linear regression fit of equation (12), to the experimental data, 

the parameters can be retrieved directly  (Santoro and Bolen 1988). 

 

3.1.2.2 Denaturant-Induced Unfolding and Folding Kinetics 

The rate of unfolding, OH
uk 2 , or folding, OH

fk 2 , can be estimated by measuring the rates, 

ku or kf , at different denaturant concentrations and subsequent extrapolation to zero 

denaturant concentration. The individual time courses can be obtained by recording the 

intrinsic fluorescence emission decrease at a certain wavelength. The individual rate 

constants, ku or kf, are obtained by non-linear regression analysis of each time course. A 

plot of the logarithm of the rate constants for unfolding or folding against the 

concentration of denaturant is usually close to linear for proteins obeying two-state 

kinetics and allows extrapolation to zero denaturant concentration according to:  

 [ ]2 ´ln ln H O
u u uk k m denaturant= +   (13) 

 [ ]2 ´ln ln H O
f f fk k m denaturant= +   (14) 
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where OH
uk 2  and OH

fk 2 are the extrapolated values and ´
um  and ´

fm are proportionality 

constants (Tanford 1970). The sum of the microscopic rate constants ku and kf yields the 

single observable macroscopic rate constant, λ, i.e. ku + kf  = λ. A plot of the two 

logarithmic curves yields a V-shaped curve describing unfolding and folding kinetics 

called a Chevron plot: 

 [ ]( ) [ ]( )( )denaturantmkdenaturantmkk u
OH

uf
OH

fobs
´´ expexplnln 22 +=  (15) 

Non-linear branches of the usually V-shaped curve suggest more complex mechanisms 

involving intermediates. If the rate constants, obtained at different denaturant 

concentrations, are converted to their respective apparent activation energies according 

to the Arrhenius equation (5), at a fixed temperature, the different activation energy 

values of DGΔ ‡  or NGΔ ‡ obtained can be extrapolated to zero denaturant concentration 

according to:   

 [ ]2( )H O
D D DG G m denaturantΔ = Δ +‡‡   (16) 

 [ ]2( )H O
N N NG G m denaturantΔ = Δ +‡‡   (17) 

  

where ( )2H O
DGΔ ‡ and ( )2H O

NGΔ ‡  are the free energies of activation for unfolding and 

folding at zero denaturant concentration and [ ]/D Dm G denaturant= ∂Δ ∂‡  and 

[ ]/N Nm G denaturant= ∂Δ ∂‡  (Schönbrunner et al. 1997; Bieri and Kiefhaber 2000).  

 

However, the usual approach to calculate the activation energies of unfolding or folding 

is to use equation (5) together with temperature induced unfolding and folding 

experiments. The activation energy, GΔ ‡ , for unfolding or folding can then be obtained 

from the slope of an Arrhenius plot, i.e. the logarithm of the unfolding or folding rate 

constants, ln ku or ln kf, versus 1/T. However, many proteins follow non-Arrhenius 

kinetics with non-linear slopes (Fersht 1999). 
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3.2 PROTEIN STRUCTURE DETERMINATION BY X-RAY 
CRYSTALLOGRAPHY 

 

3.2.1 X-rays and X-ray Scattering 
Crystal structure analysis is usually based on diffraction phenomena caused by the 

interaction of matter with X-rays, electrons or neutrons. The range of X-ray 

wavelengths is found between the ultraviolet region and the region of γ-rays. The 

interval of wavelengths of particular usefulness in crystallography ranges between 

about 0.5-2.5 Å. In the in-house laboratory, X-rays are usually generated in X-ray tubes 

or by rotating anode generators. For the structure analysis of proteins, CuKα radiation  

(λ = 1.5418 Å) is most commonly used. In order to obtain diffraction data with better 

quality and higher resolution, synchrotron radiation is used. In particle storage rings, 

charged particles (electrons, positrons) move at nearly the speed of light under the 

influence of an accelerating magnetic field and emit electromagnetic radiation in very 

narrow tangential cones. The wavelength of synchrotron radiation is tunable which is 

an advantage for anomalous dispersion experiments (Drenth 1999). 

 

If X-rays, which can be considered as plane waves, are scattered by a crystalline object, 

the secondary spherical waves will interfere constructively or destructively and in this 

way create a diffraction pattern, which in turn is related to the crystalline object. The 

volume element dr contains a number of electrons, ρ(r)dr, with ρ(r) describing the 

electron density. The wave scattered on the element dr is given, in amplitude and 

phase, by ρ(r)dr exp2πihr. Thus, the total scattered wave will be:  

 
( ) ( ) [ ] ( )exp 2

V

i dρ π ρ⎡ ⎤= ⋅ = ⎣ ⎦∫F h r h r r rF
  (18) 

where F(h) represents the structure factor and F  the Fourier transform operator. The 

space spanned by the vector h k l∗ ∗ ∗= ⋅ + ⋅ + ⋅h a b c  is called reciprocal space or 

Fourier space. The vector x y z= ⋅ + ⋅ + ⋅r a b c  defines real space, or a position in the 

crystalline object. The crystal unit cell and the reciprocal cell are defined by the vectors 

a, b, c and a*, b*, c*, respectively, with the lengths of the basis vectors |a*|, |b*|, |c*| 

inversely proportional to the lengths of the basis vectors |a|, |b|, |c| of the unit cell. 
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Equation (18) constitutes an important result: the diffraction pattern, which is related to 

the structure factor F(h) can be considered as the Fourier transformation of the electron 

density ρ(r) of the elementary scatterers. With the help of Fourier transform theory the 

inverse transform can be calculated: 

  

( ) ( ) ( ) ( )

( ) ( ) ( )
*

1exp 2

exp exp 2
V

V

i d

i i d

ρ π

α π

∗

− ⎡ ⎤= ⋅ − = ⎣ ⎦

= ⋅ ⋅ −

∫

∫

r F h hr h F h

F h h hr h

F

  (19) 

Therefore, from knowledge of the amplitudes, |F(h)|, and the phase angles, α(h), of the 

scattered waves, the electron density, ρ(r), within a unit cell can be calculated. The 

amplitudes, |F(h)|, are available by collection and evaluation of the intensities, I(h), of 

the diffraction spots via: 

 ( ) ( )C I= ⋅F h h
  (20) 

C is a correction (scaling) factor, representing absorption, polarization and radiation 

damage. 

 

The crucial problem in each X-ray structure analysis is to obtain an accurate set of 

phase angles α(h), which is today most commonly achieved by anomalous dispersion 

methods involving Se-methionine derivatives and Patterson methods (molecular 

replacement, see below). All diffraction patterns are centrosymmetric according to 

Friedel´s law, i.e. the intensity of each reflection, Ihkl, is identical to the intensity of 

reflection, I –h-k–l. Each pair of identical reflections is designated as a Friedel or Bijvoet 

pair. When X-rays of a wavelength close to an absorption edge is used, anomalous 

scattering arises from phase changes of the scattered X-rays caused by electron 

transitions between the inner orbitals. The effect is that centrosymmetry in the 

diffraction pattern described by Friedel´s law breaks down. 

 

3.2.2 Crystallization 
The arrangement of molecules in a protein crystal can be described by a three-

dimensional lattice. Crystals are formed under certain conditions in order to reach the 

lowest possible Gibbs free energy state of the system. Generally, crystallization is a 

transition from a liquid state with hydrated protein molecules, to a solid state. However, 

protein crystals still contain ordered and disordered water molecules with a solvent 
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content of typically 40-60 % (Matthews 1968). The formation of crystal nuclei requires 

a condition of supersaturation achieved by mixing a protein solution of high 

concentration (typically 5-40 mg/ml) with a precipitant. Under optimal conditions, only 

a few nuclei are formed and are allowed to grow slowly so that well-ordered crystals 

can be obtained. Usually, the starting point is a random approach where different salts, 

organic solvents or polymers such as polyethylene glycol (PEG), different buffers with 

different pH using different protein concentrations are screened at different 

temperatures in order to obtain an initial hit which can be further optimized. Several 

techniques to create a driving force for crystal formation have been developed. Using 

the vapour-diffusion technique, the protein solution is mixed with a precipitant solution 

in a sitting or hanging drop which is separated in space from a reservoir with the 

precipitant solution. The drop and the reservoir make up a closed system where water 

molecules are allowed to diffuse from the drop to the reservoir in order to level out the 

concentration difference. In this way, the drop is slowly brought to supersaturation and 

a condition favouring formation of crystal nuclei and crystal growth is achieved. 

Examples of other techniques used are dialysis, liquid-liquid diffusion and batch 

crystallization under oil (McPherson 1999). 

 

3.2.3 Crystal Symmetry and Space Group Determination 
The protein molecules in a crystal unit cell are arranged in a symmetric way. The 

characteristic symmetry of a crystal is described by the space group. In total, there are 

230 space groups describing the number of possible ways in which to arrange objects 

together in a lattice. Each space group is characterized by a certain set of symmetry 

elements. Because of the chiral centers of biomolecules, many symmetry elements are 

not present, reducing the total number of space groups of protein crystals to 65. The 

allowed symmetry operations in protein crystals are rotation, translation and screw 

operation (defined by the combination of a translation and a rotation). A symmetry 

operation usually acts on the fractional coordinates x,y,z of a point, P, in order to obtain 

the coordinates x´,y´,z´, of the symmetry equivalent point P´: 

 

11 12 13 1

21 22 23 2

31 32 33 3

´
´
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  (21) 
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The R matrix is a proper or improper rotational component. t is a vector, which 

describes the translational component of the operation. The smallest unit in the crystal 

without crystallographic symmetry is the asymmetric unit. The asymmetric unit 

contains one or more molecules. Applying the symmetry operations on the asymmetric 

unit yields the position of all molecules in the unit cell of the crystal (Figure 13). The 

symmetry operations can be applied on the unit cell content without changing its 

appearence. Local symmetry is sometimes detected in the asymmetric unit and is 

referred to as non-crystallographic symmetry (NCS). The space groups represent 14 

possible lattice types (the Bravais lattices). Six of them are primitive. A primitive lattice 

is designated by the capital letter P and has one lattice point at each corner of the unit 

cell. Non-primitive lattices contain additional lattice points. 

              

 
 
Figure 13. A schematic picture showing the crystal symmetry of IDH from Aeropyrum pernix. A crystal 
is generated from the asymmetric unit by application of a set of symmetry operators called the space 
group operators (here, represented by P43212). A small set of packed identical asymmetric units is 
obtained which comprise the unit cell. Multiple, ordered unit cells form the crystal. 
 

The space group of the crystal can be deduced from the unit cell dimensions and the 

symmetry of the diffraction pattern. For this purpose, it is helpful to use simulated 

precession photographs of recipocal lattice layers. Mirrors and inversion centers can be 

present in the diffraction pattern if anomalous scattering is absent. However, these 

       Crystal lattice

Space group

  Asymmetric 
         unit 

Unit cell 



 

  33 

symmetry elements are not present in the protein crystal. The presence of a mirror 

plane in the diffraction pattern indicates a perpendicular 2-fold rotation axis. Screw 

axes are detected by the identification of systematic absences of expected reflections 

along a principal crystallographic axis. For instance, a 21 screw axis is a 180° rotation 

combined with a translation by one-half of the axis length. It is distinguished by the 

absence of every second spot on the axis that is perpendicular to the mirror plane in the 

diffraction pattern. The systematic absences correspond to diffracted waves of 

symmetry related atoms which cancel out when they have exactly opposite phases. 

Further special extinctions indicate the presence of non-primitive lattices. 

 
3.2.4 Data Collection by the Rotation Method 

When the crystal is mounted on a goniometer and is exposed to X-rays, only some of 

the reciprocal lattice points fulfill Bragg´s diffraction condition. Using the rotation 

method, the crystal is oscillated over a small angle increment (e.g. 0.5-2°) bringing 

lattice points from several reciprocal lattice planes to diffracting positions. Each 

exposure contains reflections corresponding to parts of several reciprocal lattice planes. 

Depending on the crystal symmetry, the total oscillation range needed for a complete 

dataset may be 60°, 90° or 180°. A rotation of 180° is usually sufficient for 

completeness of the data because of the centrosymmetric diffraction pattern, unless 

anomalous scattering is present. In order to minimize radiation damage, cryo-conditions 

are used, that is, the crystal is flash-frozen in a stream of nitrogen at 100 K so that the 

crystal reaches a vitrified ice state which preserves the crystal lattice and reduces 

radiation damage. The method requires the presence of a cryo-protectant such as 

glycerol, ethylene glycol or a cryo-salt. After data collection, each reflection is given an 

index, hkl, and the space group is assigned. The intensities are integrated and the data 

from different blocks or data sets are scaled. Partial or symmetry-related reflections are 

merged, reducing the reflections to a unique dataset.  

 
3.2.5 Phasing 

Molecular replacement is a method to obtain phase information by using a model 

structure which is similar to the unknown structure (Rossmann and Blow 1962; 

Rossmann 1990). Because of the enormous increase of available structures over the last 

few years, molecular replacement has become the major method to obtain phase 

information. The model should have at least 25 % sequence homology and show a 

homologous three-dimensional fold (Taylor 2003). Since phase information is related 
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to the position of the atoms in the unit cell, the model must be superimposed upon the 

unknown structure before approximate phases can be calculated from the model. The 

search for the correct position of the model is a six-dimensional problem which can be 

simplified by two separate three-dimensional searches, a rotational search and a 

translational search. Both searches are performed on the basis of equation (22) using 

Patterson maps. A Patterson map represents all inter-atomic distances between all 

atoms in the unit cell. The distances show up as maxima representing vectors from a 

common origin of the map (Patterson 1935). A crystal containing N non-hydrogen 

atoms results in a Patterson map containing N2 maxima. The Patterson map of the 

experimental data is calculated by Fourier transformation using only the intensities 

( ) 2
F h of the diffraction pattern as coefficients: 

 
( ) 21( ) [ 2π ]

V h
P exp i= − ⋅∑u F h h u

  (22) 

where u is a vector position (u.v,w) in Patterson space, h is a vector position (h,k,l) in 

reciprocal space and |F(h)|2 is the intensity. Intra-molecular vectors from one atom in 

the molecule to another atom in the same molecule are called Patterson self vectors and 

depend only on the orientation of the molecule, thus these can be exploited by the 

rotation function R(C) in a rotation search (Rossmann and Blow 1962). A correct 

solution, defined by three angles, is found for the rotation which gives the highest 

correlation between the Patterson map of the model and that of the experimental data:  

 
( ) ( ) ( )cryst mod

V

R  P P dV= ∫C u Cu
  (23) 

where Pcryst(u) is the Patterson function of the experimental intensities and Pmod(u) is 

the Patterson function of the model. C represents a rotation matrix equivalent to a 

rotation about three angles, usually defined in an Eulerian angle system (Rossmann and 

Blow 1962; Evans 2001) or a polar angle system (Evans 2001). The best rotation 

solutions are used in the translational search along directions x, y and z using maps of 

Patterson cross vectors. These are inter-molecular vectors between atoms of symmetry-

equivalent molecules and depend both on the orientation of the molecule and on its 

position. Once the correct orientation is known, these can be exploited by the 

translation function (Crowther and Blow 1967): 
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( ) ( ) ( ),cryst mod

V

T  P P dV= ∫t u Cu t
  (24) 

where t represents the translation vector with its components tx, ty, tz. Using Patterson 

Correlation (PC) refinement, the model is separated into domains that can be rotated 

independently. This approach can improve the molecular replacement solution in cases 

where the conformation of the protein model domains is different from the unknown 

structure and can be used both before and after the translation search (Brünger 1990). 

Alternatively, the position of each domain can be searched for individually. 

 

For entirely new structures, without known homologous structures, or in cases where 

the molecular replacement method fails, the major method used today to obtain phase 

information is single or multiple wavelength anomalous dispersion (SAD/MAD). This 

method requires the presence of anomalous scatterers, either occurring naturally in the 

molecules (usually Fe, Mn, Cu or S), or introduced into the amino acid sequence (Se-

methionine) (Hendrickson et al. 1988; Hendrickson et al. 1990; Dodson 2003). 

Anomalous scattering will occur if X-rays are used with a wavelength close to the 

absorption maximum of the anomalous scatterer. The difference between the Bijvoet 

pairs can be used to determine the positions of the anomalous scatterers and thus, the 

phase information can be obtained.  

 

3.2.6 Electron Density and Density Modification 
If phases and amplitudes corresponding to each reflection I(hkl) have been obtained, an 

electron density map can be calculated according to equation (19). If several identical 

protein subunits are located in the asymmetric unit, non-crystallographic symmetry 

(NCS) is present and the electron density representing all subunits can be improved by 

averaging in real or reciprocal space. This requires the knowledge of one or several 

rotation matrices describing the symmetry operation(s) by which the subunits are 

related (Vellieux and Read 1997). The presence of NCS can be detected by a rotation 

function analysis of a Patterson self-vector map. If correlation maxima are obtained that 

are not related by crystallographic symmetry, the local NCS symmetry can be 

determined from the rotation angles corresponding to these maxima (Rossmann and 

Blow 1962). Averaging is usually performed together with solvent flattening, i.e. 

flattening of the residual density corresponding to solvent in between the molecules of 

the unit cell (Wang 1985). Flattening of the solvent regions will reduce noise in the 
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map. Improved phases can be calculated from the modified density by Fourier 

transformation and combined with the experimental data to calculate a new electron 

density map. This procedure is usually repeated until convergence is reached 

(Kleywegt and Jones 1994). Density modification requires that the solvent content of 

the crystal is estimated and that an envelope that covers the molecule has been defined 

(Matthews 1968; Wang 1985; Cowtan and Zhang 1999; Terwilliger and Berendzen 

1999). 

 
 

3.2.7 Model Building and Structural Refinement 
The model can be either manually built into the electron density using computer 

graphics programs such as O (Jones et al. 1991) or COOT (Emsley and Cowtan 2004) 

or built automatically by programs such as ARP/WARP (Lamzin and Wilson 1993; 

Perrakis et al. 1997) or RESOLVE (Terwilliger 2004). Errors in the model are 

minimized by refinement of the atomic positions, x, y, z. Generally, in all refinement 

approaches, the ratio between observations/parameters should be as high as possible. 

Model building and subsequent refinement is an iterative process. The model is 

adjusted according to an ideal target geometry based on a library derived from high-

resolution structures of small molecules (Engh and Huber 1991). If the parameters 

defining the ideal geometry are allowed to vary around a certain value, the refinement 

is called restrained. Using restraints will increase the number of observations used in 

the refinement procedure. If rigid parameter values are used, the refinement is 

constrained and the number of parameters to be refined is reduced. NCS can be 

employed as a restraint or a constraint. The classical refinement method is the least 

squares method which seeks to minimize the squares of the differences between the 

observed and calculated amplitudes (|Fo(h)|-|Fc(h)|)2 weighted by a factor wh: 

 ( ){ }2
minh o c

h
Q w | ( )| | |= − =∑ F h F h   (25) 

In addition, stereochemical terms are used to increase the number of observations. The 

refinement process easily gets stuck in local minima if the errors in the starting model 

are too large. In order to overcome local minima, energy minimization and molecular 

dynamics algorithms are used. The former includes potential energy terms for bond 

stretching, bond angle bending, torsion potentials, van der Waals interactions and 

electrostatic interactions. The latter involves solving Newton´s equations of motion, 

allowing uphill search directions to overcome barriers in the Q-function. Using 



 

  37 

simulated annealing, the molecular dynamics simulation is combined with heating of 

the molecule so that the local energy barriers can be overcome, followed by a slow 

cooling process allowing the model to reach the global energy minimum.  

 

Maximum likelihood refinement is a powerful method that uses a different approach 

(Adams et al. 1997; Murshudov et al. 1997). This method assumes that the best 

structure model is one that is most consistent to observations (data): 
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The assumption of using maximum likelihood for crystallographic refinement is that 

the errors ε(h) in the magnitudes Fo(h) are random variables distributed in accordance 

to a Gaussian law and the ultimate goal is to find the coordinates (rj), which maximize 

the probability, P, provided the experimental errors are ε(h). The basic concepts are: (a) 

given the current model, consistency is measured statistically by the probability that the 

reflections would be observed; (b) if changes of the model make the observations more 

probable, the model gets better and the likelihood increases; (c) the probabilities 

include the effects of all sources of errors. As the model gets better, the errors get 

smaller and the probabilities get sharper, which also would increase the likelihood. 

 

In addition to the atomic positions, x, y, z, an additional parameter to be refined is the 

B-factor or temperature factor. The B-factor is a displacement parameter describing the 

atomic thermal motion, protein motion (conformational disorder) and crystal disorder. 

If the total disorder is too high, the scattering power of the atom will be decreased and 

the electron density will be smeared out, resulting in high B-factors. Using low 

resolution data, only average or grouped B-factors are applied. Atomic B-factors can be 

applied with high resolution data and are defined by the mean square displacement 

<u2> of the atom from its equilibrium position: 

 2 2B = 8 <u >π ⋅   (27) 

If data of very high resolution has been obtained, refinement of anisotropic B-factors, 

defined by six parameters, can be applied so that each atom is described by in total nine 

parameters. In some cases, it is useful to model disorder in the crystal described by 

anisotropic motion of rigid groups prior to atomic B-factor refinement. This method is 

called TLS-refinement and needs only a few additional parameters to be refined, thus, it 
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can be used with low resolution data. The TLS parameters describe the anisotropic 

factor in terms of the T, L and S matrices. T describes the mean square translation, L 

the mean square libration, and S is the cross-correlation between T and L described by 

a screw-motion (Winn et al. 2001). 

 

3.2.8 Validation 
The accuracy of the refined model is judged by the crystallographic R-factor which is 

monitored throughout the whole refinement procedure. It is calculated between the 

observed structure factor amplitudes versus those of the model by:  

 
o c

hkl

hkl

k
R

−
=
∑
∑ o

F F

F
  (28) 

where k is a scale factor. The crystallographic R-factor is cross-validated by a free R-

factor calculated from a set of reflections omitted in the refinement procedure, usually 

5-10 % of the observed reflections. The stereochemistry of main-chain dihedral angles 

φ and Ψ of each residue is monitored in a Ramachandran plot. A properly refined 

structure should have an average B-factor close to that obtained from a Wilson plot 

(Wilson 1949). An extensive quality check of the model is performed at the end of the 

refinement using computer programs such as SFCHECK (Vaguine et al. 1999) and 

PROCHECK (Laskowski et al. 1993). 
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4 RESULTS 
 

4.1.1 Comparison of Isocitrate Dehydrogenase from Three 
Hyperthermophiles Reveals Differences in Thermostability, 
Cofactor Specificity, Oligomeric State, and Phylogenetic 
Affiliation. (Paper I) 

 

Isocitrate dehydrogenase (IDH) from three hyperthermophiles, the bacterium 

Thermotoga maritima (TmIDH) and the Archaea Aeropyrum pernix (ApIDH) and 

Pyrococcus furiosus (PfIDH) were studied and compared with IDH from the 

archaeon Archaeoglobus fulgidus (AfIDH). Differential scanning calorimetry revealed 

that ApIDH was the most thermostable with an apparent melting temperature of 

109.9°C, whereas those of PfIDH, TmIDH and AfIDH were 103.7°C, 98.3°C and 

98.5°C, respectively. None of them showed a reversible unfolding transition under 

the conditions used. Each of the IDHs had an optimum for activity at 90°C or above. 

TmIDH and ApIDH were found to be NADP+-dependent whereas PfIDH was NAD+-

dependent. PfIDH is the only NAD+-dependent IDH identified within Archaea. 

Analytical ultracentrifugation revealed a homodimeric state for ApIDH and PfIDH 

whereas a heterogeneous mixture of tetrameric and dimeric species of TmIDH was 

identified. The tetrameric form of TmIDH represents a unique oligomeric state of 

NADP+-IDH. ApIDH and PfIDH were grouped into the same subfamily (I) as AfIDH 

and EcIDH. In contrast, TmIDH was grouped together with homodimeric bacterial 

and eukaryotic IDHs from another subfamily (II). TmIDH represents the only 

hyperthermostable IDH known within this subfamily.  
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4.1.2 Crystallization and Preliminary X-ray Structure Analysis of 
Isocitrate Dehydrogenase from two Hyperthermophiles, 
Aeropyrum pernix  and Thermotoga maritima.  (Paper II) 

 

Tetragonal crystals of ApIDH with dimensions of approximately 0.8 x 0.2 x 0.2 mm 

were obtained in 12 % PEG 6000, 60 mM MgCl2, 100 mM sodium citrate pH 5.6. They 

diffracted to 2.6 Å using synchrotron radiation (Figure 14). A solution from molecular 

replacement, using EcIDH as model, was obtained in space group P43212 with each 

asymmetric unit containing a dimer. TmIDH was crystallized in 15 % PEG 6000, 200 

mM sodium acetate, 100 mM succinate buffer pH 6.0. The dimensions of the crystals 

were approximately 0.7 x 0.2 x 0.2 mm and they diffracted to 2.8 Å with CuKα 

radiation. The space group was P212121.  

 

 

 
 

 Figure 14. Crystals of ApIDH were obtained with 
dimensions of approximately 0.8 x 0.2 x 0.2 mm. 
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4.1.3 Isocitrate Dehydrogenase from the Hyperthermophile 
Aeropyrum pernix: X-ray Structure Analysis of a Ternary 
Enzyme–Substrate Complex and Thermal Stability. (Paper III) 

 
Crystals were obtained as described in paper II. The crystals were soaked in two 

different solutions: (1) 11 % (w/v) PEG 6000, 100 mM d-isocitrate-buffer pH 5.6, 50 

mM CaCl2 and 5 mM NADP+; (2) the original mother solution with 10 mM etheno-

NADP+. A crystal soaked in solution (1) diffracted to 2.3 Å using synchrotron 

radiation, whereas a crystal soaked in solution (2) diffracted to 2.1 Å. A new 

synchrotron dataset was collected for native ApIDH using a crystal that diffracted to 2.2 

Å. Three structures were obtained with molecular replacement using a refined model of 

ApIDH obtained with the previous dataset reported in paper II: a native ApIDH (PDB-

code: 1XGV), a pseudo-native ApIDH (1TYO) and a ternary isocitrate-Ca2+-NADP+-

ApIDH complex (1XKD). The pseudo-native ApIDH is in complex with etheno-

NADP+ which was located at the surface instead of in the active site and revealed a 

novel adenine-nucleotide binding site in ApIDH. The native and the pseudo-native 

ApIDHs were found in an open conformation, whereas one of the subunits of the 

ternary complex was closed. The open subunit of the ternary complex was involved in 

several crystal contacts that interfered closing. The closed subunit showed a domain 

rotation of 19° compared to the open subunit (Figure 15). The binding of isocitrate in 

the closed subunit was identical with that of the binary complex of porcine 

mitochondrial IDH, whereas the binding of NADP+ was similar to that of the ternary 

complex of IDH from Escherichia coli. Several ordered water molecules were 

identified in the active site and a proton relay chain involving at least five solvent 

molecules, the 5´-phosphate group of the nicotinamide-ribose and a coupled lysine-

tyrosine pair was suggested. The proton relay chain might be important in both the 

initial and the final steps of the catalytic reaction of IDH (Figure 16). 
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Figure 15. Ribbon representation of the ternary complex of ApIDH from subfamily I with colour-coded 
domain definitions and the position of the domain rotation axis. Due to crystal contacts, one subunit of 
ApIDH remained in an open conformation, whereas the other subunit was in closed form when the crystal 
was soaked with isocitrate, NADP

+
 and Ca

2+
.  

 

 

In order to identify determinants for the extreme thermal stability of ApIDH, the 

structure was compared with the mesophilic homologues EcIDH and BsIDH from the 

same subfamily. The apparent melting temperature of EcIDH was determined to 

52.6°C. Mutational studies revealed that a disulfide bond at the N terminus and a seven-

membered inter-domain ionic network at the surface are major determinants for the 

higher thermostability of ApIDH compared to EcIDH (Figure 17). Furthermore, the 

total number of ion pairs was dramatically higher in ApIDH compared to the 

mesophilic IDHs if a cut-off of 4.2 Å was used. In addition, larger ionic networks were 

identified in ApIDH. A calculated net charge of only +1 compared to +19 and +25 in 

EcIDH and BsIDH, respectively, suggested a high degree of electrostatic optimization. 
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Figure 16. View of the active site of ApIDH in complex with Ca2+, isocitrate and NADP+. The water 
molecules and the NADP+ molecule presumably constitute a proton relay chain that might be important 
for proton translocation. 
 

 
Figure 17. Left panel: three seven-membered ionic networks were identified in ApIDH. The figure shows 
one of them forming inter-domain interactions in one subunit. A mutation that disrupts the network, 
R211M, decreased the apparent Tm with -11.3°C. Right panel: a disulfide bond was identified at the N-
terminus between Cys 9 and Cys 87. The cystein S-atoms are indicated in orange. The mutation C87S 
decreased the apparent Tm with -9.6°C. Thus, the ionic network and the disulfide seem to be important for 
the extreme heat tolerance of ApIDH. 
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4.1.4 The Crystal Structure of a Hyperthermostable Subfamily II 
Isocitrate Dehydrogenase from Thermotoga maritima.   

           (Paper IV) 
 

The crystallization conditions for TmIDH were optimized at 16 % PEG 6000, 100 

mM succinate buffer pH 6.0, 200 mM sodium acetate and 50 mM sodium chloride. A 

new dataset to 2.2 Å was collected using synchrotron radiation. The structure was 

solved by molecular replacement using the mammalian PcIDH and HcIDH as 

multiple models (Figure 18). The refined structure was homologous to PcIDH and 

HcIDH. However, the conformation of TmIDH was open and showed a domain 

rotation of 25-30° compared to PcIDH and the closed form of HcIDH. Mutational 

studies revealed that stabilization of the N- and C-termini through long-range 

electrostatic interactions were important for the higher thermostability of TmIDH. 

Moreover, the number of intra- and inter-subunit ion-pairs was higher in TmIDH and 

the ionic networks were larger compared to the mesophilic IDHs. Other differences 

identified were a less hydrophobic and more charged accessible surface, a more 

hydrophobic subunit interface, more hydrogen bonds per residue and a few loop 

deletions. Most likely, all these factors make contributions to the increased thermal 

tolerance of TmIDH. The residues responsible for the binding of isocitrate and 

NADP+ 
were found to be highly conserved in TmIDH and the mammalian IDHs. It is 

likely that the reaction mechanism is the same.  

 
Figure 18. Ribbon representation of the TmIDH dimer from subfamily II. The large domains are 
coloured in green and marine blue. The small domains are coloured in orange and light blue. The clasp 
domains are coloured in pink and purple. 
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4.1.5 X-ray Structure Analysis of Isocitrate Dehydrogenase from the 
Hyperthermophile Archaeoglobus fulgidus: Thermal Stability 
and Domain Swapping. (Paper V) 

 
Crystals of AfIDH were obtained with 0.6 M ZnSO4 and 0.1 M Na Cacodylate, pH 6.3  

and diffracted to 2.5 Å. The structure was solved with molecular replacement using 

ApIDH as model. To identify mechanisms of heat adaptation, a detailed structural 

comparison was performed with EcIDH. AfIDH was strikingly similar to EcIDH and 

displayed almost the same number of ion pairs and ionic networks. However, in 

contrast to EcIDH, AfIDH contained a three-membered ionic network between the large 

and the small domain, a four-membered ionic network between the clasp and the small 

domain, a three-membered aromatic cluster at the N-terminal, an inter-subunit six-

membered aromatic cluster in the clasp domain and three small loop deletions, one of 

which was found in the clasp domain. These features are most likely important for the 

increased thermal stability of AfIDH. Especially, the unique features of the clasp-like 

domain were confirmed as stabilizing because the apparent melting temperature, Tm, 

decreased by 18ºC when this domain was swapped with that of EcIDH. In contrast, 

EcIDH was only thermally stabilized by 4ºC when the clasp domain of AfIDH was 

introduced. This stabilization effect is probably due to the introduction of the four-

membered aromatic inter-subunit cluster and loop shortening.  

 
Figure 19: Overlay of the clasp-domain showing an aromatic cluster in the AfIDH structure compared to 
EcIDH. 
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4.1.6 Thermodynamic and Kinetic Stability of Isocitrate 
Dehydrogenase from Aeropyrum pernix. (Paper VI) 

 

The thermodynamic and kinetic stability of ApIDH was studied by denaturant-induced 

unfolding. The equilibrium unfolding was monitored by changes in far-UV CD 

ellipticity and intrinsic fluorescence. The kinetic stability was measured by intrinsic 

fluorescence change upon unfolding. It was found that the multidomain dimeric ApIDH 

unfolds reversibly. The reversibility of the unfolding of both the monomer and the 

dimer was 95-100 %. At pH 7.5, the spectral data suggested a complex unfolding 

mechanism of the wt ApIDH dimer. At pH 3.0, analytical ultracentrifugation revealed 

that the enzyme was monomeric and the spectral data suggested a two-state unfolding 

transition. However, there was a significant hysteresis between the unfolding and the 

refolding transitions suggesting different pathways for unfolding and refolding. 

Therefore, quantitative thermodynamic parameters could not be obtained in a 

straightforward way. The mutants R211M, which disrupts a seven-membered ionic 

network and C9S/C87S, which removes the cysteines of a disulfide bond, were 

compared to the recombinant wildtype form of ApIDH. Apparent thermodynamic 

stability values obtained were 7.3 kcal/mol for wt ApIDH, 5.4 kcal/mol for the R211M 

mutant and 6.5 kcal/mol for the C9S/C87S mutant according to far-UV CD data at pH 

3.0 (Figure 20). The decrease of the apparent thermodynamic stability and a 4.3-fold 

increase of the unfolding rate of the R211M mutant compared to wt ApIDH 

demonstrated the importance of ionic networks for the stability of proteins from 

hyperthermophiles. The decrease of the apparent thermodynamic stability of the 

C9S/C87S mutant according to CD data was not supported by the fluorescence data 

and the kinetic data. On the contrary, these data indicated that the C9S/C87S mutant 

was more stable than wt ApIDH. An increased hysteresis between the unfolding and 

refolding transition of the C9S/C87S mutant suggested a role for the disulfide in the 

folding process of wt ApIDH. However, the role of the disulfide needs further 

investigations before any conclusions can be made. 
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Figure 20. Apparent ΔG-values were obtained with non-linear curve fitting of CD (above) and 
fluorescence (below) unfolding data using the linear extrapolation model of Santoro & Bolen (1988) 
for a two-state transition. 
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