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Abstract Primary transport ATPases are divided into several superfamilies; amongst others 

including ATPases of the ABC transporter superfamily, the F-ATPase superfamily or the motor 

ATPases of the General Secretory (Sec) pathway. Motor proteins from these superfamilies show a 

low sequence similarity, except for their nucleotide binding domains (NBDs) that are responsible 

for the binding of ATP molecule. The NBD domain of these ATPases contains many conserved 

amino acid sequence motifs, notably the most typical phosphate-loop (P-loop) sequence. Together 

with the other motifs, the P-loop participates in the formation of the catalytic site that allows 

hydrolysis of ATP. Therefore, these ATPases are often termed P-loop ATPases (1). Sequence 

homology and secondary structure analysis of these ATPases revealed the prototype of a typical 

NBD (2) termed the RecA or F1 fold. Proteins containing a RecA or F1 fold are often called RecA-

like motor proteins. Here we will review RecA –like transport ATPases of extreme thermophilic 

bacteria and archaea in the aspect of their functional, structural and energetic characteristics. We are 

going to focus on the group of thermophilic RecA-like transport ATPases including ABC-type 

uptake systems, ion-translocating ATPases such as the F1F0 and A1A0 rotary motors, but also 

exporter systems like the SecA ATPase of the general protein secretion system (3-7). 

 

 



Introduction 

Primary Active Transporters use a primary source of energy - chemical, electrical or solar - 

to drive the active transport of a solute against its concentration gradient. Phosphate-bond 

hydrolysis driven transporters, a subclass of primary transporters, mostly hydrolyze the diphosphate 

bond of ATP, or other nucleoside triphosphates, to drive the active uptake and/or extrusion of 

solutes. In transport ATPases, the energy requirement of the transport process is fulfilled by the 

conversion of chemical energy to mechanical energy via binding and hydrolysis of ATP molecules. 

Transport ATPases are localized both in the cytoplasm and in the cytoplasmic membrane. They 

undergo structural changes and bind to the membrane anchored transport components as they 

participate in the transport processes. This process involves structural changes of membrane 

transport complexes that enable the conversion of an inwardly directed solute binding site to a 

outwardly directed solute binding site, or vice versa. 

Primary transport motor ATPases constitute a large group of proteins implicated in a wide 

variety of cellular processes that either takes place at the membrane or in the cytosol. This includes 

translation, transcription, replication and repair, intracellular trafficking, membrane transport, and 

activation of various metabolites (8;9). Primary transport ATPases are divided into several 

superfamilies; amongst others including ATPases of the ABC transporter superfamily, the F-

ATPase superfamily or the motor ATPases of the General Secretory (Sec) pathway. Motor proteins 

from these superfamilies show a low sequence similarity, except for their nucleotide binding 

domains (NBDs) that are responsible for the binding of ATP molecule. The NBD domain contains 

many conserved amino acid sequence motifs, notably the most typical phosphate-loop (P-loop) 

sequence, first described by Walker et al (2) in the analysis of the α and β subunits of the F-type 

ATPase, the F1F0 ATP synthase. Together with the other motifs, the P-loop participates in the 

formation of the catalytic site that allows hydrolysis of ATP. Therefore, these ATPases are often 

termed P-loop ATPases (1).  

The α and β subunit of the F1F0 ATPase contain regions that are commonly found in related 

sequences of other ATP-binding proteins notably myosin, phosphofructokinase, adenylate kinase, 

helicases and the ABC transporters. Sequence homology and secondary structure analysis of these 

ATPases revealed the prototype of a typical NBD (2) termed the RecA or F1 fold. This common 

nucleotide binding fold was first observed in the crystal structure of the RecA proteins of E. coli 

(10), Mycobacterium tuberculosis (11) and M. smegmatis (12) involved in homologous genetic 

recombination and DNA repair. Proteins containing a RecA or F1 fold are often called RecA-like 

motor proteins. 

 The RecA monomer consists of a N-terminal (N) domain of a long α-helix, a major central 

domain (M) with the typical RecA or F1 fold, and a C domain with three β-sheet and three α-helix 
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at the carboxyl termini which protrude away from the M domain (Fig. 1). The M domain, hosts 

several functionally important regions, such as the P-loop involved in nucleotide binding and the L1 

and L2 loops involved in DNA binding (11;12). Generally, an NBD – in RecA the M domain - with 

a typical RecA (or F1) fold contains central β-sheets flanked by α-helices and highly conserved 

sequences such as the Walker A (G-X-X-G-X-G-K-S/T) and the Walker B (Φ-Φ-Φ-Φ-D, where Φ 

is a hydrophobic residue) motifs (2). The Walker A motif is located in the flexible P-loop 

responsible for binding of the γ-phosphate of the ATP molecule while the Walker B motif is 

positioned in the β3 strand and coordinates the magnesium ion and the attacking water molecule. In 

the oligomeric structure, six RecA molecules are presented in the unit cell forming a 61 helical 

filament with a deep grove capable of binding DNA (11).  

 

 
Figure 1. Crystal structure of ADP bound Mycobacterium smegmatis RecA monomer (pdb entry: 1UBE). Domains, the 

typical RecA fold and conserved motifs are indicated by; NBD; nucleotide binding domain, WA; Walker A motif, WB; 

Walker B motif. DNA binding loops are indicated by L1 and L2. Bound ADP molecule is shown in stick 

representation. The image was created by using program Pymol. 

 



Nucleotide binding and ATP hydrolysis 

The presence of highly conserved motifs and the common NBD of transport ATPases 

containing the RecA fold point toward a similar ATP binding and hydrolysis mechanism. In 

addition, the position of key residues contacting the nucleotide and coordinating the attacking water 

molecule shows a typical arrangement throughout these ATPases. The bound ATP molecule is 

stabilized through the oxygen atoms of the γ-and β-phosphate groups, coordinated by one or more 

residues including the highly conserved lysine of the Walker A motif or an arginine from the 

neighboring subunit. The attacking water molecule is then polarized by the glutamate residue that in 

the F1 ATPase is located in the tip of a β-strand neighboring the Walker B motif. The transition 

state – when the molecule is at the highest energy level – is further stabilized by a Mg2+ ion that is 

coordinated by the negatively charged residues of the Walker B motif, and the side chain hydroxyl 

group of a tyrosine or serine residue of the Walker A motif (1;13). The nucleotide first binds to one 

RecA fold, but for ATP hydrolysis, residues of the other RecA fold are required. A single ATPase 

might contain two RecA folds on a single polypeptide chain (e.g. SecA (14-16)). However, in this 

case the two NBD domains containing the RecA fold have different functions and affinity to the 

nucleotide. On the other hand, formation of an oligomeric structure can result in the stabilization of 

the ATP molecules between two or more NBDs. 

Several different oligomeric states of ATPases are known starting from dimeric structures of 

ABC transporters, pentameric clamp loaders, to hexameric structures of helicases or F1 ATPase. 

Oligomerization of the NBDs requires a communication initiated movement among the domains. 

Such domain interaction in the F1 NBD is instigated by an arginine residue termed the “arginine 

finger”. Upon ATP binding to the Walker A motif, this arginine finger moves toward the active site 

of the opposing NBD resulting in movement of the entire F1 domain. The arginine finger, if present, 

is usually located between the Walker A and B motifs, in close proximity to the neighboring NBD. 

In the F1F0 ATPase, binding of ATP to the β subunit results in the movement of the α subunit 

arginine relative to the neighboring domain (17). The side chain of arginine is believed to play a 

critical role in catalysis (18-21) as it is suggested to associate with the type of nucleotide (ADP or 

ATP) bound to the catalytic subunit. The side chain flexibility is coupled to the changes in the 

quaternary structure suggesting an important role in catalysis by discriminating between the binding 

of ADP or ATP during the catalytic cycle (22). In the absence of the arginine finger, for example in 

ABC transporters, interdomain communication of the NBDs is maintained by the highly conserved 

ABC signature motif. In a monomeric structure (containing a single NBD) this highly conserved 

LSGGQ motif is located far away from the nucleotide binding site, but upon the ATP dependent 

head-to-tail dimerization, it is positioned in close proximity to the opposing Walker A motif (23). 
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Hyperthermophiles 

Beside the large group of different classes of ATPases, this thesis focuses on RecA –like 

transport ATPases of extreme thermophilic bacteria and archaea. Extreme thermophiles were 

discovered in geothermally heated terrestrial or marine environments. They present a deep branch 

of the 16S rRNA based phylogenetic tree within archaea and bacteria. Most isolated extreme 

thermophiles belong to the domain of Archaea while the groups of Thermotogales and Aquificales 

belong to the domain of Bacteria (24;25). Enzymes of thermophilic organisms usually show very 

high heat stability. In vitro, the enzyme activities are often optimal below the growth temperature of 

the organism (26;27). Extreme thermophiles may use several ways to achieve increased enzyme 

stability. In comparison to mesophilic enzymes, thermophilic enzymes frequently show increased 

van der Waals interactions (28), a higher core hydrophobicity (29), additional hydrogen bonds (30), 

enhanced secondary structure propensity (31), or ionic interactions (32). Recent analyses of the 

structures of several hyper-thermostable enzymes revealed different mechanisms of enzyme 

thermo-stabilization (33). Enzyme thermostability might be achieved by a “structure–based” 

method where the proteins are significantly more compact than their mesophilic homologues. 

Besides dense packing, thermophilic proteins often show an increased number of H-bonds and 

hydrophobic residues, which contribute to the heat stabilization. Other thermostable proteins do not 

show significant changes in their structure packing density compared to their mesophilic 

counterparts but instead thermostability seems to be related to a rather small number of strong ionic 

interactions (34;35). This is termed “sequenced-based” thermostability. Deviation of these two 

groups indicated a connection between the thermodynamics of protein folding/structure and 

thermophilic adaptation, as well the phylogenetic history of the organism. The ‘structure-based’ 

thermostable proteins are found mostly in archaea and other organisms that evolved ”de novo” in 

hot environments, including Pyrococcus furiosus, Thermus thermophilus and Bacillus 

thermoprotheoliticus. In contrast, in the case of certain hyperthermophilic bacteria, Thermotoga 

maritima and Aquifex aeolicus, ‘sequence-based’ thermostabilization seems to be the prominent 

mechanism.  

Phylogenies based on 16S rRNA sequences and translational elongation factors indicated 

that Thermotogales are deep offshoots in the bacterial evolutionary tree and perhaps the most 

slowly evolving branch in the bacterial domain (36). Other studies based on whole-genome 

similarity comparison suggested these bacteria have evolved from mesophilic organisms that later 

re-colonized hot environments (37). Due to lateral gene transfer between archaea and bacteria, both 

T. maritima (37) and A. aeolicus (38) contain archaeal remnants in their genomes. Analysis of these 

genomic regions indicated genes that encode proteins that have evolved from “structure-based” 



thermostabilization while the genes emerged from bacterial origin mostly encode proteins that have 

gained “sequence-based” thermostabilization.  

Energy conservation by mesophilic organisms is well documented, but is less clear with 

(hyper-) thermophiles. Progress of any metabolic reaction can be characterized by the energy 

required or released. To determine the energy budget of a system at the appropriate temperature, 

pressure and chemical composition, it is necessary to resolve if the metabolic reaction is energy-

yielding (exergonic) or energy requiring (endergonic) under the relevant physiological conditions. 

Thermodynamic studies (39) argue that the net synthesis of proteins form amino acids is 

energetically favorable (exergonic) in hot submarine hydrothermal vents, in contrast to the same 

process at surface seawater (endergonic). Under oxidizing near-surface conditions, the autotrophic 

synthesis of amino acids driven by photosynthesis requires a tremendous external energy source 

(solar radiation). However, in ecosystems of high or even moderate reducing potential a reverse 

situation seems to exist. The chemical disequilibria in hydrothermal ecosystems provide substantial 

amounts of energy that can drive anabolic reactions in thermophilic and hyperthermophilic 

chemoautotrophs. Furthermore, the formation of many aqueous organic compounds is favored at 

high temperatures over low temperatures. Thermophilic chemoautotrophs, such as those occupying 

the deepest branches in the universal tree of life, spent considerably less energy for the synthesis of 

macromolecules, such as proteins, than do their mesophilic counterparts.  

A further extensive thermodynamic study has been published (40) to underscore the 

variability of thermodynamic data as a function of temperature, pressure and pH and how it affects 

the thermodynamic behavior in thermophilic microbial metabolic reactions. The review point out 

that the standard molal Gibbs free energy of reaction, O
rG∆ , for many microbial mediated reactions 

are highly temperature dependent. Adopting values determined at 25 °C for systems at elevated 

temperatures introduces significant errors. The temperature and pH dependence of dissociation 

reactions may affect many microbial metabolic processes. Neutrality is defined as the pH where 

activities of [H+] and [H3O
+] are equal, and the dissociation constant for [H3O

+] is temperature 

dependent. Moreover, changes in temperature may have profound effects on the pKa values for 

inorganic and organic acids involved in microbial metabolism. Further more many thermophiles 

and hyperthermophiles are also barophiles. The effect of pressure on values of the standard molal 

Gibbs free energy of formation is significantly less then the effect of temperature within the range 

of 0 to 100 °C. The calculating the energetics of metabolic processes therefore requires careful 

consideration of the various effects of temperature and requires knowledge on the standard molar 

thermodynamic properties of reactants at the temperature of interest. 

 

 



Introduction 

Here we present a description of the functional, structural and energetic properties of 

transport ATPases of hyperthermophiles that are involved in the transport of molecules across the 

cytoplasmic membrane. The group of RecA-like transport ATPases includes ABC-type uptake 

systems, ion-translocating ATPases such as the F1F0 and A1A0 rotary motors, but also exporter 

systems like the SecA ATPase of the general protein secretion system (3-7). 

 

Rotary molecular motor, F1F0 ATPase 

The F1F0 ATP synthase is a rotary motor that catalyses the synthesis of ATP from ADP and 

Pi in bacteria and mitochondria or chloroplasts of eukaryotes. The ATP synthase is composed of a 

membrane-integral part, the F0 domain, which conducts the movement of protons across the 

membrane, and the cytoplasmic part, the F1 domain, that functions as the catalytic domain for both 

ATP synthesis and hydrolysis (41).  

Both the F1 and F0 domains are composed of multiple subunits that belong to the best 

studied enzyme of E. coli termed, α3β3γδε for the F1 and a1b2c10-12 for the F0 domain (42) (Fig. 2). 

The F1F0 ATPase domain has an alternating arrangement of α and β subunits around a central γ 

subunit, that rotates during ATP hydrolysis together with the ε subunit (43;44). The F0 domain 

comprises of 10-14 c-subunits which form a membrane embedded ring. Rotation of the c ring along 

the fixed a subunit is coupled to movement of H+ across the membrane. The δ subunit of the F1 

domain together with subunit b of F0 form a ‘stator’ that ensures that subunit α3β3 of F1 and subunit 

a of F0 do not rotate with the δε subunits (45). 

 

 
Figure 2. Schematic view of subdomain organization of E. coli F1F0 ATPase  

 

ATP hydrolysis occurs at the three catalytic sites of the β subunit while the γ subunit rotates against 

the surrounding α and β subunits. Reverse rotation of the γ subunit driven by proton flow through 

the membrane embedded F0 subunit leads to ATP synthesis. Upon binding and hydrolysis of an 



ATP molecule by the β subunit, a 90º rotation of the γ subunit occurs, which is followed by an 

additional 30º rotation upon product release (46). In the F1F0 ATPase, both the α and the β subunit 

contain the typical Walker A and B motifs and the RecA fold. However, the α subunit lacks a water 

polarizing residue in the ATP binding site and was shown to be non-catalytic (47) and non-

regulatory (48). Therefore, ATP hydrolysis occurs only in the β subunit. The NBD of the α and β 

subunits are oriented in a hexameric structure in which the N and C terminal parts of the subunits 

form two rings on top of each other (1). This arrangement is held together by the β-barrel of the N-

terminal part, forming a ring like structure that stays stationary while the C-terminal domains move. 

Upon nucleotide binding, the C-terminus undergoes rigid body movement and pushes away the γ 

subunit that therefore moves around (49;50). Distinct structural changes were observed in 

thermodynamic experiments of isolated thermophilic β subunits upon high affinity binding of ADP-

Mg2+. During re-arrangement of the β subunits a concomitant burial and exposure of protein surface 

areas emerged, suggesting that the isolated β subunits show signs of intrinsic structural changes 

similar to that observed in the nucleotide bound F1 (51). 

High resolution structures of the F1-domain have been reported of the thermophilic Bacillus 

PS3 (52) and several mesophilic nucleotide bound mitochondrial (18;53) and chloroplast (54) 

ATPases. Whether the rotation of the central γ-shaft is caused by ATP binding or hydrolysis is 

currently under debate (55). There are several experiments suggesting that the first 90º rotation 

involves both binding and hydrolysis (56;57), while the 30º rotation has been suggested to be 

connected with product release (46;58). Also the ratio of protons translocated per ATP synthesized 

or hydrolyzed, in relation to the number of c subunit rings is still unresolved. It is generally 

accepted that the number of c subunits in the F1F0 ATPase and the number of ATP produced or 

hydrolyzed should directly correlate with the number of protons translocated through the 

membrane. A value of three protons per ATP molecule has been reported for the mitochondrial F1F0 

ATPase (59), while four protons appear to be used in chloroplasts and cyanobacteria (60). On the 

other hand, crosslinking studies of E. coli F0 suggest a stoichiometry of 12 c-subunits (61), which 

would also indicate four protons per ATP synthesized or hydrolyzed. The X-ray structure of the 

yeast F1F0 ATPase, (62), atomic force microscopy of chloroplast c ring (63) and cryo-

electronmicroscopy and X-ray crystallography of the Ilobacter tartaricus c-rings (64;65) revealed 

values of 10, 14 and 11 subunits per ring, respectively. A recent study on a c-ring of an alkaliphilic 

cyanobacterium Spirulina platensis even indicates the presence of 15 subunits per ring (66). Other 

studies suggest that the number of c subunits may vary according to metabolic conditions (67).  

The genomes of archaea harbor genes that encode an A1A0 ATPases while the F1F0 ATPase 

genes are lacking. The archaeal A1A0 ATPase shows structural similarities to the vacuolar-type, H+ 

translocating ATPase (i.e., V1V0 ATPase), but differs fundamentally from this group because of its 
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ability to synthesize ATP, a feature shared with F1F0 ATPases. Recent molecular studies revealed 

that five genes of the A1A0 ATPase family of methanogenic archaea, M. mazei Gö1, are clustered 

on the chromosome and comprise a single operon. Comparison of low-resolution structure of the A1 

complex of M. mazei, F1F0 ATPase from E. coli and V1-ATPas of M. sexta (68) revealed that a 

knob-and-stalk-like shape is common to all three complexes. The stalk domains of the A1 and V1 

were similar in shape and dimensions, however superimposition of the low resolution structure of 

the A1 complex of M. mazei (69) on an atomic model of α3β3γ complex of F1F0 ATPase from E. coli 

(70) revealed striking similarities in disposition of α and β subunits (archaeal A and B subunits). 

Such structural similarity suggests a common catalytic mechanism for ATP synthesis. Unlike the F0 

domain of F1F0-ATPases, the A0 domain contains only two membrane integral subunits, i.e., A0I, 

which is homologous to the F0 subunit and the so called proteolipid, which is the homolog of F0c. 

Interestingly, there is an astonishing variability in the size of the proteolipid in methanoarchaeal 

A1A0-ATPases with six, four, or two transmembrane helices. Remarkably, the proteolipid of the 

A1A0-ATPase of Methanococcus jannaschii (67;71) has six predicted transmembrane helices and 

three c subunits.  

Despite the differences in structure, A1A0 and F1F0 enzymes function as ATP synthases in 

cells whereas the V1V0- ATPase works as an ATP-driven ion pump. The elucidation of the 

structural basis for this functional difference remains a challenge for future studies. 

 

Protein translocation is driven via ATP hydrolysis by SecA 

Secretion of newly synthesized proteins through the cytoplasmic membrane requires energy 

of ATP hydrolysis converted by secretion ATPases. For the General Secretory Pathway, the 

secretion ATPase is SecA. SecA also contains a NBD with a typical RecA or F1 core, but it belongs 

to a separate family called General Secretory Pathway (Sec) Family.  

Secretory proteins are synthesized as precursor proteins with a signal sequence and 

translocated via the Sec pathway. This pathway involves a membrane embedded protein complex, 

the translocase, which consists of a protein conducting pore formed by the integral membrane 

proteins SecY (72), SecE (73) and SecG (74-76) and the additional membrane integrated complex 

of SecD, SecF and YajC (77-79). SecA functions as motor protein that drives the translocation of 

unfolded polypeptide segments at the expense of ATP (80) (See Fig. 3 ).  

Ribosome translated precursor proteins are equipped with an N-terminal signal sequence 

that functions both as a targeting and as a recognition signal for secretion. The length of the 

bacterial signal sequence ranges from 18-30 amino acid residues and is composed of three domains; 

a positively charged amino terminal domain (N-domain), a hydrophobic core region (the H-

domain), and a polar carboxyl-terminal domain (C-domain) that bears the cleavage region (81). 



 

 
Figure 3. Schematic view of the General Secretion (Sec) Pathway in Bacteria 

In bacteria the ribosome translated precursor protein can be targeted to the translocase with two distinct pathways; the 

SRP mediated pathway that involves the signal recognition particle (SRP) and FtsY, or the molecular chaperone SecB 

mediated pathway. The precursor protein is then translocated across the SecYEG membrane integrated pore complex. 

The translocation process is energized by ATP hydrolysis via the motor protein SecA. The signal sequence of the 

precursor protein is cleaved by signal peptidases (for example Lep in E. coli) 

 

The short N-terminal domain contains basic amino acids with a net positive charge. This 

region is thought to orient the N-terminus of the precursor in the cytoplasm in the direction of the 

∆ψ (82), and through interactions with negatively charged phospholipids (83) and the translocation 

ATPase SecA. The H-domain is usually 10–15 amino acids long and consists of hydrophobic 

residues with a high propensity to fold into α-helical conformation in the membrane. A helix-

breaking glycine or proline residue is often found in the middle of the H-domain and has been 

proposed to promote the insertion of the signal peptide into the membrane by forming a hairpin-like 

structure (84). Finally, the short polar C-domain contains the recognition site for the signal 

peptidase. The signal peptidase recognizes and proteolytically cleaves the precursor protein at the -1 

and -3 positions relative to the cleavage site (85) during or after translocation. In archaeal secretory 

proteins, the N-domain of the signal sequence usually contains two positively charged residues with 

a preference for arginine compared to lysine (86). The H-domain of the signal sequences of 

Methanococcus jannaschii was also found to have a higher content of isoleucine and leucine 

residues than the typical bacterial signal peptides (87). From the comparison of the cleavage site 

prediction of archaeal signal sequences and experimentally determined archaeal cleavage positions, 

an eukaryotic type of cleavage appears to be preferred in archaea (86).  



Introduction 

When the precursor protein is translated by the ribosome, it can be targeted to the 

translocase either via the signal recognition particle (SRP) or the molecular chaperone SecB. The 

signal sequence of a ribosome nascent chain complex (RNC) can be bound by SRP. SRP consists of 

a 4.5 sRNA and a GTPase called Ffh (stands for fifty four homologue) (88-91). In E. coli, SRP 

tightly interacts with FtsY (92;93), a homologue of the α-subunit of the mammalian SRP receptor 

(SRα) that provides a membrane binding site for SRP. The RNC-SRP-FtsY complex binds to the 

membrane (94) and subsequent hydrolysis of GTP, by both SRP and its receptor, dissociates the 

RNC-SRP-FtsY complex and causes the transfer of the RNC to the translocase (95). At the 

translocase, polypeptide chain elongation can continue and concomitantly with its synthesis, the 

preprotein is translocated across the membrane. This process is termed co-translational 

translocation.  

Posttranslational translocation involves the tetrameric molecular chaperon, SecB (96;97). 

SecB maintains the ribosome released precursor protein in an unfolded and translocation competent 

state. The SecB tetramer contains two binding sites for the preprotein (98). The first is thought to 

interact with polypeptide stretches with an extended β-sheet structure (99;100) and the second site 

is thought to interact with hydrophobic regions of the polypeptide (101-103). SecB targets the 

unfolded preprotein to the translocase where it binds to the molecular motor protein SecA (104). 

However, SecB is found only in certain Gram-negative proteobacteria, and is absent in Gram-

positive bacteria and in Archaea, 

The protein-conducting channel is formed by the membrane-embedded complex of SecY, 

SecE and SecG proteins. The heterotrimeric SecYEG complex is conserved in all phyla of life. The 

eukaryotic and archaeal translocation complex is called the Sec61 complex. The α- and γ-subunits 

of Sec61 are homologous to SecY and SecE, respectively. The β subunit shows no sequence 

similarity to bacterial SecG. SecY/Sec61α is the largest and highly conserved subunit with 10 

transmembrane segments (TMS). The bacterial SecY and SecE form a stable complex 

(105;105;106). In the absence of SecE, E. coli SecY becomes unstable and is degraded by the 

membrane bound protease FtsH (107). Most bacterial SecE proteins, as well as eukaryotic and 

archaeal Sec61γ proteins contain only a single TMS in contrast to the E. coli SecE, which harbors 

three TMSs. SecG comprises two TMSs but this subunit is not essential for protein translocation 

although it increases the stability of SecY (108) and the SecYE complex (109) and strongly 

stimulates in vitro translocation reactions (110). Immune-precipitation studies suggest that SecG 

only interacts with SecY in the heterotrimeric complex (109). The exact nature of the oligomeric 

state of the active translocase is under debate as biochemical studies indicate the presence of 

monomeric, dimeric and tetrameric complexes (111-114).  



Two dimensional crystals of E. coli SecYEG (113;115) showed the complex arranged as dimeric 

species, which has been suggested to resemble the closed state of the translocase. Negative staining 

electron microscopic study of the SecYEG complex visualized an oligomeric organization of the 

translocase (113) upon the interaction of the complex with SecA in the presence of a preprotein and 

ATP or the non-hydrolysable ATP analog AMP-PNP. These structures of the SecYEG complex 

appear much larger most likely representing a tetrameric assembly (113). Recently, the three 

dimensional structure of the Sec61αβγ complex of the archaeon Methanococcus jannaschii has been 

solved, showing a monomeric SecYEG complex (116), while a cryo-EM reconstruction of an active 

E. coli SecYEG complex bound to the ribosome and engaged with a inserted nascent monotopic 

membrane protein (117), indicates the presence of a dimeric SecYEG complex as the active species. 

SecA is a homodimeric ATPase (118) that functions as a motor protein. SecA contains two 

NBDs per polypeptide; nucleotide binding site (NBS) I-and II. The NBDs contain the typical 

Walker A and B motifs (2;15). NBS-I is located in the N-terminal portion of the protein and 

specifies a high affinity binding (Kd=0.13 µM), while NBS-II is located at the C-terminus and has 

been suggested to bind nucleotides with low affinity (Kd=340 µM) (119). NBS-II has also been 

suggested to be a non-catalytical NBD that influences the binding of nucleotides at NBS-I 

(120;121). SecA exists as free cytosolic and membrane bound forms (122). The C-terminus of SecA 

has a low affinity for phospholipids membranes (123) and tightly interacts with SecB (124) (125). 

This conserved C-terminal region of E. coli SecA contains three cysteines and a histidine residue 

that are responsible for coordination of a zinc ion. This zinc ion is required for the productive 

interaction between E. coli SecA and SecB (126) and stabilizes the positively charged C-terminus 

of SecA. However, these residues are not essential for the ability of SecA to energize translocation 

(127). Several thermophilic bacteria lack this region in their SecA, which is in agreement with the 

absence of SecB in these microorganisms (26). SecA binds with high affinity to the SecYEG 

complex (104) but the exact sites of interaction have not been determined. SecA exhibits a low 

endogenous ATPase activity that is stimulated upon binding to the SecYEG complex while the 

activity is further enhanced in the presence of precursor proteins. This stimulated ATPase activity is 

termed “translocation ATPase activity” as it is coupled to preprotein translocation across the 

membrane. SecA interacts with both the signal sequence (94) and the mature domain of precursor 

proteins (104).  

Recently, the structures of the Mg2+-ADP bound and ligand-free Bacillus subtilis and 

Mycobacterium tuberculosis SecA were solved (14;16) (Fig. 4). In both structures, the overall 

backbone trace of the apo and ADP-bound protein showed no large conformational changes 

induced upon nucleotide binding. In the B. subtilis structure the core of SecA comprises two F1 (18) 

or RecA (1) type nucleotide binding folds (Fig. 4). Sato and coworkers have suggested the aspartate 
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residue (Asp-133 in E .coli) to function as a catalytic base based on drastically reduced ATPase 

activity and translocation efficiency upon mutation to asparagines (E. coli SecA-D133N) (128). 

However, position of this residue in the crystal structure of B. subtilis SecA does not appear in the 

correct position to catalyze hydrolysis. Rather, the position of a glutamate (Glu-208 in B. subtilis) 

indicates this residue to serve as a possible candidate for this function as it forms hydrogen bonds 

with the water molecule that hydrolytically attacks the γ-phosphate of the ATP. A recent study have 

also indicated that mutation of the aspartate to alanine (in E. coli D133A) appeared to be fully 

functional while mutation of the glutamate 210 to asparagine, aspartate, glutamine or alanine 

disrupted SecA ATPase activity (129). The nucleotide further contacts the helicase motif V at the α-

phosphate and the ribose; and the helicase motif VI at the ribose and residue Asp-492 of the NBF II 

(14). The structure of M. tuberculosis SecA was proposed to be an active dimer with a central pore 

suggested to align with the channel formed by the membrane component SecYEG (16). A similar 

ring like structure was observed during electron microscopy study of E. coli SecA incubated with 

negatively charged phospholipids, however, the physiological role of the obtained structure has 

remained elusive (130).  

 

 
Figure 4. Structure of the monomeric ADP bound Bacillus subtilis SecA (pdb entry:1M74) (A) and dimeric 

Mycobacterium tuberculosis SecA (pdb entry: 1NKT) (B).The typical RecA folds and conserved motifs are indicated 

by; NBD1 and NBD2; nucleotide binding domain 1 and 2, WA; Walker A motif, WB; Walker B motif. Bound ADP 

molecule is shown in stick representation. The image was created by using program Pymol. 

 

Despite an intensive search for a motor protein, no homologue of SecA has been discovered 

in archaea to function in protein secretion. It has been suggested that protein secretion might be 

energized solely by the proton motive force and that this would involve the archaeal homolog of 



SecDF. However, SecDF is present only in some euryarcheaotes and not in crenarcheotes. 

Interestingly, the structure of the Sec61αβγ complex of M. jannaschii (116) showed a long loop that 

extends into the cytosol. These loops have been implicated in SecA and ribosome binding. Archaea 

may either use a functional homologue of SecA or depend solely on co-translational translocation 

which involves the ribosome. However, several studies propose that proteins can be translocated 

post-translationally in archaea (131-133) which further suggests that must be as yet unidentified 

motor proteins associated with this process. 

 

ABC transporters 

ABC transporters are highly conserved in all phyla of life and are responsible for many 

physiological processes. They form the ATP-binding Cassette (ABC) superfamily among the 

Phosphate-bond-hydrolysis-driven transporters. In prokaryotes they often function as uptake 

systems whereas in eukaryotes they mostly catalyze export. In humans, mutations of ABC 

transporter genes can result in severe diseases, while the classical multidrug resistance phenotype 

may result from the overexpression of certain ABC transporters. A typical ABC transporter consists 

of two membrane spanning domains (MSD) that mediate the permease function, and two nucleotide 

binding domains (NBD) that power transport via ATP hydrolysis (Fig 5). 

 

 

 

 

Figure 5. Schematic view of the subunit organization 

of archaeal ABC transporters. SBP; membrane 

anchored substrate binding protein, MSD; membrane 

spanning domain, NBD; nucleotide binding domain. 

Substrate is presented by ball presentation. The 

transport of substrate is energized by hydrolysis of 

ATP molecules by the ABC ATPase. 

 

 

In eukaryotes, the ABC and MSD domains are fused in various combinations, while in 

bacteria and archaea, these domains may exist as individual subunits or as fused domains. In 

bacterial and archaeal uptake systems an additional extracellular substrate binding protein (SBP) is 

present that is responsible for high affinity substrate binding. Substrate binding proteins of Gram-

negative bacteria freely float in the periplasmic space while in Gram-positive bacteria they are 



Introduction 

attached to the membrane via a lipid anchor (134). In most archaeal ABC transporters, the binding 

proteins are anchored to the membrane by a transmembrane segment that is either present at the N- 

or C-terminus (135;136). Bacterial and archaeal SBPs exhibit a low amino acid sequence similarity 

but have a similar three dimensional fold. A typical binding protein consists of two lobes connected 

via a hinge region. The substrate binding site is located between the two lobes that closes upon 

ligand binding (137) according to a so called “Venus flytrap” mechanism. The substrate bound by 

the binding protein is then presented to the permease domain of the ABC transporter.  

The majority of prokaryotic ABC transporters contain 6 TMS per MSD, however some 

MSD may contain more or less. In recent years, several structures of ABC transporters have been 

published. The E. coli (138) and Vibrio cholera (139) MsbA proteins, which function in the 

transmembrane transport of lipid A are so called half-transporters. In these proteins, the MSD is 

interacting with the NBD via the intracellular domain (ICD). These proteins function as 

homodimers.  

The ICD is a highly conserved feature of ABC proteins and likely contributes to MSD-NBD 

interactions (138-140). In the E. coli MsbA, the ICD assembles from the α-helixes ICD1 and ICD2 

substructures while in V. cholera an additional less conserved ICD3 region is found with an 

extended coil structure. It has been suggested that the crystal structure of E. coli MsbA is in an open 

state, while the V. cholera MsbA would be in a more closed conformation. However, the MsbA 

structures have been critically discussed because of the unusual folding behavior of the NBD. 

Recently, the structure of Salmonella typhimurium MsbA was reported with correctly folded ADP-

vanadate bound ATPase domain structure (140). However, implication of the NBD open state as a 

post hydrolysis state with only one vanadate trapped ADP molecule again raised questions due to 

the non-symmetric structure and its disputed functional explanation (141). The crystal structure of 

the other full length ABC transporter, the vitamin B12 transporter BtuCD, contains two copies of the 

BtuC MSD and BtuD NBD. It is generally accepted as a physiologically correct ABC transporter 

structure (142). Each BtuC TMD traverses the membrane 10 times yielding a permease domain 

with 20 TMSs whereas the canonical total is 12 TMSs in typical ABC transporters. At the dimer 

interface of the two BtuC MSD subunits, a cavity exists that is open to the periplasmic space and 

closed to the cytoplasm by cytosolic loops. Although there was no substrate presented in the 

structure, the cavity size can accommodate a vitamine B12 molecule. The model of the BtuCD 

complex with BtuF, the binding protein, and the vitamine B12 molecule generated from individual 

crystal structures positions the substrate molecule over the entrance of the translocation pathway 

formed by two BtuC (143;144). 

The MSD of ABC transporters show a low overall sequence homology beside a conserved 

“EAA” motif (EAA-X3-G-X9-I-X-LP) of bacterial uptake systems and the “fourth intracellular 



loop” of the cystic fibrosis transmembrane conductance regulator (CFTR). Residues of the “EAA” 

motif (145;146) and also the corresponding region in MsbA (138) have been shown to interact with 

the NBDs. In the BtuCD structure, the MSD and NBD connect via a loop between the 6th and 7th 

TMS of BtuC (145;147;148). This loop folds into two short antiparallel α-helices that are called the 

L1- and L2-loops. This L loop may present a general interface between TMS and NBD in ABC 

transporters. Conformational changes generated through nucleotide binding to BtuD are possibly 

transmitted via this loop to the MSD, and this may reorient or open the periplasmic cavity to the 

cytoplasmic face of the membrane thus allowing the transport of a substrate via an alternating 

access model as will be discussed below. The overall fold of the BtuD NBD closely resembles the 

structure of the other ABC domains like the DNA repair enzyme Rad50, HisP, MJ1267, MJ0796 

and MalK (147;149-152). The subunits of BtuD are aligned in the head-to-tail arrangement, similar 

to the observed semi-open state of the homodimeric E. coli MalK (147). 

The ABC ATPases are the most conserved domain of ABC transporters. Beside the 

conserved structural organization of this ATPase with the F1 core, it contains the highly specific 

ABC signature motif (LSGGQ). A monomeric ABC NBD is organized in two lobes that together 

form an L-shaped molecule. Lobe I includes the ATP-binding core domain with the typical F1 fold 

containing the Walker A (or P-loop) and Walker B motifs (Fig. 6). The characteristic ABC 

signature motif is located in the second domain, lobe II or the ABC α-domain, and is far away from 

the nucleotide binding lobe I. In the dimeric state, two monomeric ABC ATPases are oriented in a 

head-to-tail arrangement with two ATP molecules bound at the dimer interface. Therefore, the two 

ATP molecules are sandwiched between the Walker A and B motifs from one monomer and the 

signature motif of the other monomer (23). The typical “head-to-tail” orientation of ABC NBDs 

was first discovered in Rad50, a DNA double-strand break repair enzyme from the 

hyperthermophilic Pyrococcus furiosus (149). The same domain organization was found later in the 

ABC ATPases of thermophilic archaeal solute transporters like MalK of Thermococus litoralis 

(147;147;153). The latter two proteins also contain a C-terminal extension that forms an additional 

subdomain. 

The C-terminal extension first described in MalK, the ABC ATPase of the E. coli and 

Salmonella typhimurium maltose transporter (154;155), and in other binding protein-dependent 

ABC transporters (13;147) functions as a regulatory domain. In the E. coli and S. typhimurium 

maltose transporter, MalK, the C-terminal domain was shown to function as a transcriptional 

regulatory interaction site (155;156). In the absence of maltose, MalT, the transcriptional activator 

of the mal gene operon, binds to the C-terminal region of MalK and thereby the transcription of the 

mal operon is suppressed (156). Upon presence of maltose in the medium, the activated MalK 

releases MalT which then initiates transcription of the mal operon. 
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Figure 6. Structure of ABC ATPases. (A) ADP bound monomeric GlcV from S. solfataricus (pbd entry: 1OXU). (B) 

Dimeric ATP-bound structure of the NBD of MJ0796 (pbd entry: 1L2T). ATP is depicted in stick presentation. 

Domains and different motifs are indicated. NBD; nucleotide binding domain, WA; Walker A motif, WB; Walker B 

motif, LSGGQ, ABC signature motif. The image was created by using program Pymol. 

 

The maltose transporters, MalK of Thermococcus litoralis (147) showed a maltose-specific 

repressor mechanism for transcriptional regulation by TrmB (157). The C-terminal domain of MalK 

and GlcV(13) show a high sequence similarity to the region of the E. coli MalK, but it is unknown 

if this region also interacts with a regulatory protein. The C-terminal subdomain has a β-barrel 

structure that in MalK contain an additional connecting α-helix (154) while in GlcV, it contains 

only a loop region between β13 and β14 (13). 

Upon binding of ATP to the Walker A motif of one ABC ATPase, the NBD undergoes a 

rotation as a large rigid body movement of lobe I triggered towards lobe II. This rigid body 

movement aligns the monomers in such an ‘induced-fit’ manner that the dimer can be formed 

(151;152). In the dimeric structure of MJ0796 (E171Q), the side chains of the mutated residue, 

together with the H-loop histidine seem to take place in the NBD “induced fit” formation, and 

contact with the hydrolytic water and the γ- phosphate, respectively. The dimer is further stabilized 

by the ATP molecule which functions as a “molecular glue” since many residues of the NBDs 

contact the nucleotide rather then the other NBD. Finally, the helical domain undergoes the 

predicted rigid body rotation of 17º (158). Formation of the nucleotide bound dimer completes the 

catalytic sites for ATP hydrolysis. The mechanism of ATP hydrolysis is still a matter of debate 

based on different biochemical and structural data of ABC NBDs. Several structural studies suggest 

that during nucleotide binding residues of the P-loop interact with the phosphates of ATP and ADP 

(27;149-152;159), while an aspartate of the Walker B motif coordinates the magnesium ion 

(27;151;152). The glutamate immediately following the Walker B motif may coordinates the water 



molecule which attacks the γ-phosphate and was previously suggested to function as a catalytic 

base (27;152). However based on the nearly complete loss of ATPase activities upon mutations of 

H-loop histidine, the importance of this residue in the catalytic cycle was also suggested (160-162). 

This highly conserved catalytic dyad formed by H662 and E631 (HlyB) was recently discovered 

(160). In this dyad the histidine together with the E631 residue would act as a “linchpin’ to hold the 

interaction between the ATP, the water and the Mg2+ ion (cis interaction). Moreover H662 can also 

mediate communication between the two monomers connecting amino acids of the D-loop via its 

immidazole side chain to S634 and van der Waals interactions with L636 and A635 (trans 

interaction). 

Several full-length ABC transporters contain degenerated versions of the conserved motifs 

in one of their NBDs (163) or show a tolerance against disruption of one of the NBDs (27;164). 

Presently there are two widely discussed models describing the ATP hydrolysis cycle. Based on 

studies with vanadate trapped (165;166) and transition state (167;168) mutants of the multidrug 

transporter P-glycoprotein and the E. coli maltose transporter MalFGK2 (169), an alternating 

catalytic site model was suggested (165). The alternating site model proposes that after binding of 

two ATP molecules, hydrolysis occurs only in the first catalytic site, with an opening of this domain 

while the second domain remains closed. Upon release of the ADP and re-loading of the site with 

ATP and subsequent closure of the site, hydrolysis takes place in the second catalytic site (Fig.7a). 

Based on the crystal structures (158-160) and biochemical data (5;170) of two nucleotide bound 

ABC ATPases the processive clamp or ATP switch (6) model was proposed to explain the 

mechanism of the ATPase catalytic cycle (Fig. 7b). In the processive clamp model, two ATP 

molecules are bound and hydrolyzed consecutively and the dimeric NBD structure dissociates prior 

to the reloading with ATP. This model proposes a symmetric movement of the two NBD 

monomers, which is supported by structural (158) and kinetic studies of the beryllium-fluoride 

trapped, nucleotide bound state of the mitochondrial peptide transporter Mdl1 (170).  

So far, these studies describe the mechanism of action of the dimeric ABC ATPase, but a 

remaining challenge is to understand how the catalytic cycle is coupled to the translocation of a 

substrate through the permease domain. A thorough understanding of this process will reveal how a 

common architecture can be responsible for the two different processes, i.e., uptake and excretion 

of solutes. 
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Figure 7. Mechanistic models for the ATP hydrolysis cycle of the ABC NBD. (A) Processive clamp model and (B) 

alternating catalytic site model. Structures shown as ribbon drawing of the monomeric and dimeric forms of the ABC 

NBD during ATP hydrolysis cycle.. ATP and ADP are depicted as space filled molecules and colored dark grey and 

back respectively. The modified picture is adopted from (5) 

 

 

Studying function and stability of ATPases 

Based on the ability of ATPases to bind and hydrolyze ATP, their activity can be primarily 

characterized by measurement of the discharged free phosphate in in vitro ATPases assays. Most 

ATPase posses a low endogenous ATPase activity, that can be further stimulated by addition of 

different substances, such as the lipid environment, substrates of the transporter or other 

components of the transport system. In vitro reconstitution of a functional transport system provides 

an even deeper view of the requirement of the given transport system and its motor protein. 

ATPases can be further characterized by the binding affinity of different nucleotides and non-



hydrolysable nucleotide triphosphate analogs - for example ADP or AMP-PNP - to generate the 

ground-state, nucleotide-bound forms of the protein. 

In ATPases the catalytic reaction involves the formation of a transition state complex that 

contains an occluded nucleotide. Binding of radioactively labeled nucleotides - like 8-azido-ATP - 

can be detected after UV exposure and protein separation by SDS PAGE. Moreover, addition of 

trapping agents such as orthovanadate, beryllium fluoride or aluminum fluoride can provide the 

possibility to trap the motor protein in its transition state as it bind to the γ-phosphate group of the 

nucleotide. Orthovanadate is able to adopt a trigonal bipyramidal coordination that has been 

proposed to mimic the conformation of the phosphate group in the post-hydrolytic state (171). At 

the same time the two other complexes , the MgADP-BeFx–protein and MgADP-AlF4–protein can 

mimic the pre-hydrolytic state (172;173).  

More insight in the enzyme substrate interactions and stability of the protein can be obtained 

by measuring thermodynamic parameters in calorimetrical studies. Calorimetry is the direct 

measurement of heat emitted or absorbed during a chemical or physical reaction in a sample. The 

two principal types of calorimetry of interest to biochemists are differential scanning calorimetry 

(DSC) and isothermal titration calorimetry (ITC). Isothermal titration calorimetry is a powerful 

technique to study molecular interactions, substrate binding, and conformational changes induced 

upon enzyme-ligand interactions. During the ITC measurement the calorimetric cell is filled with 

the enzyme or substrate and equilibrated at a certain temperature with the reference cell. The other 

reactant is then titrated – normally in about 20 steps to a final concentration of 2 times the binding 

stoichiometry - into the stirred cell. The energy required maintaining the equal temperature in the 

calorimetric cell and the reference cell is monitored and is proportional to the heat of the reaction 

(∆H; enthalpy). During the titration, the enzyme or substrate will be saturated. From the titration 

curve both the stoichiometry of binding (n) and the binding affinity (Ka) can be calculated. Using, 

aKRTG ln−=∆  and STHG ∆−∆=∆ , also G∆ , the Gibbs free energy and S∆ , the entropy can be 

calculated. In addition, varying the temperature of the experiment allows the determination of the 

heat capacity ( pC∆ ) of the reaction. 
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During the measurement of Differential Scanning Calorimetry the sample cell containing 

the reactant – for example a protein solution - is heated or cooled at a controlled rate, while a 

separate reference cell containing only buffer solution is heated simultaneously. When the solution 

reaches a temperature level where the protein undergoes structural changes, heat will be absorbed or 
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released and extra energy will be required to maintain the same temperature for the reference cell. 

The energy difference of the two cells will be measured, and is equivalent to the heat capacity of the 

protein solutions’ transition state. Moreover, the enthalpy of the given transition can be obtained by 

integration of the heat capacity curve. 

The thermal transition measured by DSC can generally be described with the Tm; that is the 

thermal midpoint of the transition, ∆H; the calorimetric heat change, and ∆Hv, the van’t Hoff heat 

change (heat change per unfolding unit). Transitions of most proteins can be fitted with two 

different models. The two state model is generally used for globular proteins where the protein has 

a folded and unfolded state separated by a single transition. Transitions of proteins containing more 

then one domains can be fitted with using a non-two state model that can provide information about 

the van’t Hoff heat change involved in the transition. While the calorimetric heat ∆H is determined 

only by the area under a transition peak, the van't Hoff heat ∆Hv is determined by the shape of the 

transition peak. The relationship between H and Hv can sometimes provide insights of protein 

structural changes. For example, if a protein is composed of two identical domains which unfold 

independently with the same Tm and H, then the ratio of H/Hv will be 2.0, while it would be 1.0 if 

the protein had only a single domain. If, on the other hand, the protein dimerizes and the dimer 

undergoes only a single coupled transition then the H/Hv ratio will be 0.5.  

 

Scope of the thesis 

In the last decade major insight has been gained into the mechanisms of ATP dependent 

transport processes. Beside biochemical and functional data, the crystal structures of several 

transport ATPases have been elucidated. The aim of the thesis is to expand our knowledge on the 

molecular and structural basis of ATP driven transport processes at high temperatures. Such 

ATPases utilize the chemical energy of ATP to fuel transport processes across membrane. These 

ATPases all contain the highly conserved F1 core including the phosphate binding loop (P-loop) 

suggesting a common mechanism for binding and hydrolysis of ATP. In addition, they contain 

motifs that are specific for certain ATPase families. Proteins from hyperthermophiles are usually 

characterized by high thermo- and structural stability and therefore are often used in protein 

crystallization studies. To add to such structural studies, we have chosen to study two different 

ATPases with a F1 core from hyperthermophilic archaea and bacteria, and analyzed their ATPase 

activity, functional stability and thermodynamics under conditions close to their growth 

temperature.  

Chapter 2 describes the biochemical and structural characterization of a hyperthermophilic protein 

secretion system from Thermotoga maritima. T. maritima was originally isolated from 

geothermally heated marine sediment at Vulcano, Italy (174). It grows at temperatures of 55-90 °C, 



with an optimum temperature of 80 °C. T. maritima is an anaerobic, Gram-negative, rod-shaped 

bacterium (174) with a unique composition of ether and ester lipids in its membrane (174;175). The 

motor protein, SecA and the minimal core of protein conducting channel SecY and SecE of T. 

maritima were overexpressed, purified and characterized. The system was reconstituted in lipids 

that support activity close to growth temperature of this organism. Finally, small two-dimensional 

crystals of the minimal Sec translocase were analyzed by electron microscopy. 

Chapter 3 reports on the thermodynamic analysis of distinct steps in the ATP hydrolytic cycle of 

GlcV, the ABC ATPase of the glucose transporter of S. solfataricus. S. solfataricus is an extreme 

thermoacidophilic crenarchaea isolated from terrestrial hydrothermal sites including solfataric 

fields, hot waters, mud pots with low pH and high temperature conditions. S. solfataricus as a 

thermoacidophile growth optimally at pH values from 2 to 4 and temperature ranging between 70 to 

90 ºC (176). The isolated NBD, GlcV, was studied by isothermal titration calorimetry (ITC). By the 

use of the previously characterized wild type GlcV and two mutants which are blocked at different 

steps in the ATP hydrolytic cycle a model was proposed to describe the energetics of nucleotide 

binding, dimerization and hydrolysis by ABC-type ATPases.  

Chapter 4 focuses on the structural stability of GlcV. Differential scanning calorimetry was 

utilized to detect and analyze the thermal unfolding of GlcV and two mutant forms. Our results 

indicate that GlcV behaves as a globular protein that is stabilized by extensive intermolecular 

domain interactions.  

Chapter 5 summarizes the results of this thesis with an outlook for further work. 
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