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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). 

 



Introduction 

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).  
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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 
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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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Abstract The genome of the hyperthermophilic bacterium Thermotoga maritima contains the 

genes that encode core subunits of the protein translocase, a complex consisting of the molecular 

motor SecA and the protein conducting pore SecYE. In addition, we identified an erroneous 

sequence in the genome encoding for a putative secG gene. The genes of the T. maritima 

translocase subunits were overexpressed in Escherichia coli and purified to homogeneity. T. 

maritima SecA showed a basal thermostable ATPase activity that was stimulated up to 4-fold by 

phospholipids with an optimum at 74 °C. Membrane vesicles and proteoliposomes containing 

SecYE or SecYEG supported 2 to 4-fold stimulation of the precursor dependent SecA ATPase 

activity. Imaging of small two-dimensional crystals of the SecYE complex using electron 

microscopy showed square-shaped particles with a side-length of about 6 nm. These results 

demonstrate that in T. maritima a highly thermostable translocase complex is operational. 



Chapter 2 

Introduction 

Bacteria secrete a variety of newly synthesized proteins across the cytoplasmic membrane 

via the Sec system. The Sec system consists of a peripheral ATPase SecA, a protein-conducting 

pore formed by the SecY, SecE, and SecG membrane proteins, and the accessory integral 

membrane proteins SecD and SecF (Manting and Driessen, 2000; Driessen et al., 2001). In 

Escherichia coli secretory proteins are targeted to the Sec translocase by the molecular chaperone 

SecB. The minimal functional composition of the Sec translocase corresponds to SecA, SecY and 

SecE (177). SecG is not an essential subunit, but its presence stimulates the translocation reaction 

(74;110). SecA drives newly synthesized preproteins in a stepwise fashion through the SecYE pore 

by cycles of ATP binding and hydrolysis (178). 

The current era of studies on protein translocation aim to relate structure to function. Atomic 

detail has been obtained on the structure of the soluble form of SecA, both from Bacillus subtilis 

(179;180) and of Mycobacterium tuberculosis (16). Recently, also the structure has been reported of 

the archaeon Methanococcus jannashii Sec61 complex (116) that bears similarity to the bacterial 

SecYEG complex. The structure reveals a monomeric unit that appears in closed pore conformation 

assuming that a central hydrophobic constriction is opened during the translocation reaction 

concomitantly with the removal of an extracellular re-entrance loop that closed the pore domain like 

a plug. However, archaea do not contain a SecA protein urging the need for structural information 

of a bacterial protein pore. In this respect, the E. coli and B. subtilis SecYEG complexes have been 

reported to assemble into oligomers (113;115;181;182). At this stage it is unclear if these oligomers 

represent a single or multiple pores. 

 Except for a report on the oligomeric state of the purified Thermus aquaticus SecYE protein 

(181), protein translocation in hyperthermophiles has so far not been studied. Its analysis, however, 

will not only promote further studies on the structure-function of the bacterial protein translocase 

but also provide insight in the mechanisms of protein folding and translocation under the extreme 

thermophilic conditions. Thermophilic proteins tend to fold into an extremely stable conformation, 

and such a state will be incompatible with protein translocation. Moreover, protein folding can be 

very rapid at high temperatures. To investigate the protein translocation reaction at high 

temperatures, we have analyzed the translocase complex of the hyperthermophilic Gram-negative 

eubacterium Thermotoga maritima. Its genomic sequence reveals homologs of the major 

translocase subunits, i.e., SecA, SecY, SecE, SecD and SecF. On the other hand, the molecular 

chaperone SecB and pore subunit SecG appear to be missing. We have overexpressed the T. 

maritima Sec-translocase in E. coli, and in addition identified the T. maritima SecG homolog. The 

proteins were purified and functionally reconstituted into T. maritima phospholipids yielding a 

thermostable minimal Sec translocase that was investigated by high resolution electronmicroscopy. 
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Results 

Cloning, overexpression and characterization of the T. maritima SecA 

The gene of the T. maritima ATPase SecA was cloned in a pBAD TOPO arabinose 

inducible expression vector and overexpressed in E. coli Bl21 containing an extra plasmid 

pM1240DS coding for archaeal tRNAs. This overcomes the codon usage difference between E. coli 

and T. maritima. Overexpression of SecA could only be detected with the co-induction of archaeal 

tRNAs (data not shown). SecA was purified by a heat step and following anion exchange 

chromatography. Since the purified enzyme showed an extremely resistance to heat denaturation, 

samples were boiled for more than 20 minutes to eliminate the 75 kDa aberrant size of SecA (Fig. 

1, indicated by an asterisks). The unfolded protein migrated as a 98 kDa protein consistent with its 

predicted molecular mass of 104 kDa. 

 
 

 

 

Figure 1. Purification of the T. maritima SecA.  

The heat treated cell lysate (lane 1) was applied to 

anion exchange column and washed with 140 mM 

NaCl (Wash) (lane 2-4). SecA was eluted with 1 M 

NaCl (lane 5-8) and concentrated to 1 mg/ml final 

concentration. The * indicate the presence of a small 

fraction of folded SecA that migrates in SDS-PAGE as 

a 75 kDa protein. 

The purified T. maritima SecA showed a basal ATPase activity that was optimal at 74 ºC 

(Fig. 2A). In contrast, the E. coli SecA exhibits an optimal activity at 37 ºC. The pH optimum of the 

ATPase activity of T. maritima SecA was found to be slightly alkaline and maximal at pH 8.0 (Fig. 

2B). At their optimal temperature, the activity of the T. maritima SecA is about twice as low as the 

activity of the E. coli enzyme. The enzyme was rather insensitive to the salt concentration within 

the range of 100 mM to 1.5 M NaCl (data not shown). The basal ATPase activity showed apparent 

Km and Vmax values of 0.26 mM and 28 nmol/mg of protein/min at 74 ºC and pH 8.0. E. coli SecA 

exhibits stimulated ATP activity upon binding to lipid vesicles containing anionic phospholipids 

(123). However, lipid bound SecA becomes thermolabile and denaturates at temperatures above 40 

°C, unless an unfolded precursor protein is present to stabilizes SecA. This stabilization reaction 

which preserves the ATPase activity of SecA is termed SecA lipid ATPase (123). 

To determine if the T. maritima SecA basal ATPase activity is stimulated by phospholipids, the 

enzyme was incubated at 74 °C in the presence of increasing amounts of liposomes composed of 
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phospholipids isolated from T. maritima. The presence of the liposomes stimulated the SecA 

ATPase activity by more than 3-fold (Fig. 2C). Taken together, these data demonstrate that the 

heterologously expressed and purified T. maritima SecA is functionally active and thermostable.

 
 

Figure 2. ATPase activity of the T. maritima SecA.  

(A) Temperature-dependence of the basal ATPase activity of the T. maritima (black bars) and E. coli (open bars) SecA. 

(B) pH dependency and (C) lipid stimulation of the basal ATPase activity of the T. maritima SecA. For lipid activation, 

T. maritima phospholipids were used. The experiments were performed at 75 °C and pH 7.5, unless indicated 

otherwise.

 

Cloning, overexpression and purification of the T. maritima SecYE(G) complex 

The secY and secE genes of T. maritima were cloned in tandem behind the inducible trc 

promoter of pET324 to yield pEK115. To facilitate purification, a C-terminal hexa-histidine tag was 

introduced in SecY. The proteins were expressed in E. coli BL21 RIL. Analysis of the polypeptide 

pattern of isolated inner membrane vesicles by SDS-PAGE indeed demonstrated the high level 

overexpression of SecY (Fig. 3A). Due to the small size, i.e., 7.3 kDa, the T. maritima SecE protein 

could not be resolved from the isolated inner membrane vesicles on SDS-PAGE. The identity of 

SecY was verified by western-blotting and immuno-staining using an antibody directed against the 

His-tag (Fig. 3B). In contrast to the secY and secE genes, there is no secG gene annotated in the T. 

maritima genome. By means of TBLAST using the E. coli SecG sequence, we identified an 

erroneous sequence encoding a putative secG gene in the T. maritima genome. The presence of an 

error caused a frame-shift in the sequence of the gene TM0479. Therefore, the gene was cloned by 

PCR in the pGEM T-Easy and re-sequenced. The correct amino acid sequence was aligned to E. 

coli SecG (Fig. 4) showing a high homology (26.5 % identity, 30 % similarity) over the first 76 

amino acids including the two transmembrane segments that are connected by a glycine-rich loop. 
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The secG gene was cloned separately into an expression vector, and co-transformed with the SecYE 

expression vector, to obtain overexpression of the SecYEG complex in E. coli (Fig. 3A). 

 
Figure 3. Overexpression and purification of the T. maritima SecYE complex. (A) Coomassie brilliant blue staining of 

the polypeptide pattern of membrane vesicles derived from E. coli BL21 RIL cells containing the empty vector pET324 

C-His, pEK115 that expresses the T. maritima SecYE complex with a C-terminal hexa-his tag on SecY, or containing 

pEK115 together with pEK125 that expresses the SecYEG complex. (B) Western blot analysis of using an antibody 

directed against the His-tag on the C-terminus of SecY. (C) Coomassie brilliant blue-stained 15 % SDS-PAGE of 

proteoliposomes reconstituted with the purified T. maritima SecYE complex reconstituted into T. maritima lipids. 

 

 
 

Figure 4. Alignment of the putative 

SecG of T. maritima (Tm0479, 

TmSecG) with E. coli SecG (EcSecG). 

Predicted transmembrane segments are 

underlined and numbered. Identical 

and similar amino acids are indicated 

in black and grey, respectively.

  

In E coli, the ATPase activity of the SecYE(G)-bound SecA is stimulated by a translocation 

competent precursor protein. This activity is termed SecA translocation ATPase (15;183;184). The 

T. maritima SecYE and SecYEG complexes were overexpressed in E. coli and combined with 

purified T. maritima SecA for translocation ATPase assays at 55°C. Attempts to observe 

translocation ATPase activity with the urea-denatured precursor of the E. coli outer membrane 

protein A (proOmpA) were unsuccessful. This most likely related to the rapid aggregation of 

proOmpA as observed in a steep increase in light scattering of urea-diluted proOmpA at high 

temperatures (data not shown). Therefore, we cloned a gene encoding a native precursor protein, 
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TM0593, which specifies a putative amino acid binding protein from the T. maritima genome. The 

full length precursor has a molecular mass of about 28 kDa. The gene was fused at its C-terminus 

with a hexa-his tag and cloned into pET324 which allows expression controlled by the inducible trc 

promoter. The protein was overexpressed in E. coli and purified by Ni-NTA affinity 

chromatography. 

Membrane vesicles containing T. maritima SecYE or SecYEG were assayed for translocation 

ATPase activity with T. maritima SecA using the urea-denatured precursor protein TM0593. In the 

presence of control vesicles, SecA showed only a basal ATPase activity which increased with the 

temperature (Fig. 5, white bars). However, in the presence of precursor protein, SecYE membranes 

supported an up to 2-fold increase in SecA ATPase activity at 55 ºC (Fig. 5, grey bars). 

Furthermore, with SecYEG membranes, an up to 4-fold stimulation of the ATPase activity was 

observed (Fig. 5, black bars). These data demonstrate that the SecYEG complex of T. maritima is 

functionally expressed in E. coli 

 

 

 

Figure 5. Temperature dependence of the translocation 

ATPase activity of T. maritima SecA. The Tm0593 

precursor protein stimulated ATPase activity of SecA 

was measured in the presence of membrane vesicles 

derived from control cells (empty bars), SecYE (grey 

bars) and SecYEG (black bars) expressing cells. 

 

Functional reconstitution of the T. maritima SecYE complex 

The use of E. coli membranes may present a limit to the temperature range that can be used 

to perform functional assays with the T. maritima translocase. For instance, the lipid composition of 

the E. coli membrane is vastly different from that of T. maritima. To investigate the T. maritima 

translocase in its native lipid environment, the minimal functional unit of the translocase, m i.e., the 

SecYE complex was purified from the E. coli membrane employing the C-terminal hexa-his tag on 

SecY and Ni-NTA affinity chromatography (data not shown). Purified T. maritima SecYE complex 

was reconstituted by means of a detergent absorption method into liposomes composed of T. 

maritima or E. coli phospholipid. With the reconstituted complex both the SecY and SecE 

polypeptide could be resolved on an SDS-PAGE (Fig. 3C). Proteoliposomes were tested for 

translocation ATPase activity of the T. maritima SecA in the presence of the urea-denatured 

precursor protein TM0593. In the presence of empty liposomes composed of T. maritima (Fig. 6A) 
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or E. coli (data not shown) phospholipids, the ATPase activity of SecA was not significantly 

activated. In contrast, SecYE proteoliposomes composed of E. coli (Fig. 6B) or T. maritima (Fig. 

6C) phospholipids, showed a substantial level of the SecA translocation ATPase. At 75 °C, high 

levels of SecA translocation ATPase were observed with the SecYE complex reconstituted into T. 

maritima phospholipids. Taken together, these data demonstrate the functional reconstitution of a 

thermostable translocase complex of T. maritima. 

 

 
 

Figure 6. T. maritima SecYE 

proteoliposomes support the 

translocation ATPase activity of 

SecA. The ATPase activity of 

SecA was measured in the 

absence (empty bars) and 

presence (black bars) of the 

precursor Tm0593 in the presence 

of (A) liposomes prepared from 

T. maritima phospholipids or 

SecYE proteoliposomes 

composed of (B) E. coli or (C) T. 

maritima phospholipids. 

Two-dimensional crystallization and electron microscopy of the purified T. maritima SecYE 

complex 

The monolayer approach was used to reconstitute T. maritima translocase. The His-tagged 

SecYE surrounded by detergents and solubilized lipids bind a Nickel-functionalized lipid layer 

adopting a unidirectional orientation (185). Subsequent detergent removal induces the protein 

reconstitution at the interface. The best crystalline patches were obtained using a DOPC/DOPA 

lipid mixture with a lipid-to-protein ratio (LPR) of 0.6. Fig. 7A displays reconstituted membranes 

where single SecYE complexes (arrows) and rectangular crystalline patches (arrow heads) are 

distinguishable. Diffraction patterns calculated from 6 crystalline areas yielded unit cell dimensions 

of a = 6.59 ± 0.14 nm, b = 13.35 ± 0.41 nm, γ = 90.2 ± 1.6°. Although the crystals are not well 

ordered, and diffracted to a resolution of only 3 nm (Fig. 7 B), some substructure within the SecYE 

complexes is resolved after correlation averaging (Saxton 1996). They have a square-shaped 

appearance and reveal two small and one elongated domains (Fig. 7C). One unit cell houses two 

SecYE complexes, which exhibit a side-length of about 6 nm. 
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Figure 7. 2D-crystallization of T. 

maritima SecYE on the planar 

lipid film.  

(A) Electron micrograph of 

membrane formed at the interface 

after detergent removal shows 

crystalline patches (arrow heads) 

and single complexes (arrows). 

Scale bar, 100 nm. (B) The 

diffraction pattern of the area 

marked in panel A exhibits spots 

to a resolution of 3 nm. Scale bar 

5 nm. (C) The projection map has 

been calculated by correlation 

averaging from the crystalline 

array marked in panel A. Scale 

bar, 10 nm. 

 

Discussion 

 Here we describe the biochemical and structural characterization of the minimal protein 

translocase of a hyperthermophilic bacterium, Thermatoga maritima. This bacterium grows 

between a temperature range of 55 and 90 ºC (174). Our data show that the T. maritima ATPase 

SecA is highly thermostable as compared to the E. coli SecA. Complete denaturation in SDS 

required an extensive boiling step which underscores the high thermostability of this protein. The 

protein exhibited a low basal ATPase activity that was stimulated by the presence of phospholipids. 

In addition, we have identified an erroneous sequence encoding for SecG of T. maritima and co-

overexpressed this protein with SecYE in E. coli. The SecYE complex supported translocation 

ATPase activity of SecA with the urea-unfolded precursor protein Tm0593. Moreover, the presence 

of SecG resulted in a further 2-fold higher stimulation of the translocation ATPase activity which 

demonstrates that the SecYEG complex of T. martima can be functionally overexpressed in E. coli. 
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The purified T. maritima SecYE complex was also functional reconstituted into liposomes 

composed of T. martima phospholipids as shown by the thermostable translocation ATPase activity 

of SecA. Remarkably, unlike the Thermus aquaticus SecYE complex (181), the T. maritima 

complex was not activated by the E. coli precursor proOmpA. We noted, however, that proOmpA 

readily aggregates at high temperature and it is likely that this renders this precursor unsuitable as a 

substrate for a hyperthermophilic translocase. The reconstituted T. maritima SecYE complex was 

optimally active at a temperature close to the growth temperature when reconstituted into its native 

lipids. Because of the high growth temperature, T. maritima mainly contains phospholipids with 

saturated acyl chains. About 10 % of the lipids are membrane spanning C30 -, C32-, C34-, ester lipids 

containing either one central internal methyl branch or two central vicinal methyl branches (174). 

The majority of the lipids, however, appear to be of uncharacterized structure. Unfortunately, it 

proved to be impossible to analyze the translocation of the urea-unfolded precursor protein Tm0593. 

Translocation across the membrane is routinely assayed by means of protection against externally 

added protease. However, even non-translocated Tm0593 precursor readily folds into a protease-

resistant conformation resulting in a high background of protease-resistant protein. The increased 

ATPase activity of SecA in the presence of SecYE proteoliposomes and urea-denatured precursor 

suggest that the system is also capable of translocation. 

Based on the high level of SecA translocation ATPase activity of SecYE reconstituted into 

liposomes, electron microscopy was used to characterize the SecYE after reconstitution in 

membrane and 2D-crystallization. The translocase was successfully incorporated in DOPA/DOPC 

lipids, and electron microscopy analysis revealed well defined single molecules and ordered 

crystalline patches of SecYE (Fig. 7A). By its shape and dimension, the projection map of the 

reconstituted translocase (Fig. 7C) is compatible with the SecY 3D X-ray structure of 

Methanococcus jannaschii (116). A central pore or indentation is distinguishable on single 

particles, but it is less pronounced in the projection map as result of limited resolution (see 

diffraction pattern, Fig. 7B). Unfortunately a higher resolution projection map could not be obtained 

as result of the limited size and order of the crystalline patches.  

A question that remains is how precursor proteins in hyperthermophiles such as T. martima are 

maintained in an unfolded state prior to their translocation. In E. coli, the molecular chaperone 

SecB fulfils this role and in addition, it targets precursor proteins to the SecA subunit of the 

translocase. In order for SecB to stimulate translocation, it needs to transfer the precursor protein to 

SecA (186). This transfer reaction involves the highly conserved C-terminus of SecA that binds to 

SecB where upon the transfer reaction is initiated (126). The C-terminus of the T. maritima SecA is 

not homologous to the SecB binding domain. It does not contain the highly conserved cysteine and 

histidine residues that constitute a zinc atom binding site. We noted that addition of SecB to the in 
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vitro T. maritima system had no effect in the translocation ATPase activity (data not shown). It is 

therefore likely that the T. maritima SecA is unable to interact with the E. coli SecB. Moreover, T. 

maritima and other thermophilic bacteria lack a SecB homolog. These organisms therefore either 

use another molecular chaperone or proteins are translocated in a co-translational mode which 

would prevent premature folding of the precursor protein in a stable conformation. The in vitro 

assay now allows for a direct biochemical identification of such putative chaperones and will 

deepen our insight in the protein translocation reaction at high temperatures. 

  

Materials and methods 

Organism, growth conditions and materials 

Thermotoga maritima MSB8 DSM3109 was grown at 80 ºC as described (174) and used as a source of phospholipids. 

Escherichia coli DH5α (Hanahan, 1983) and Bl21/RIL (Stratagene, La Jolla, USA) were used for genetic manipulation 

and protein overexpression, and grown on Luria both supplemented with the appropriate antibiotics at 37 ºC. 

Phospholipids including Ni2+-chelated 1,2-(Dioleyl-sn-Glycero-3-[N-(5-amino-1-carboxypentyl iminodiacetic acid) 

succinyl]) (Ni+-NTA-DOGS) were purchased from Avanti Polar Lipids. N-dodecyl-ß-D-maltopyranoside (DDM) was 

from Anatrace. Biobeads from Bio-Rad.  

 

Isolation of phospholipids and preparation of liposomes 

Lipids were isolated from freeze-dried T. maritima cells as described (187). Lipids were dried by vacuum rotary 

evaporation, hydrated in buffer (50 mM HEPES, pH 7.5, 30 mM KCl) to a final concentration of 9 mg/ml. Liposomes 

were prepared by five consecutive freezing and thawing steps followed by extrusion through 200 nm polycarbonate 

filters (Avestin, Ottawa, Canada) using Lipofasttm (Basic, Avestin) extrusion apparatus. 

 

Cloning and plasmid construction 

Chromosomal DNA from T. maritima was prepared by CsCl-buoyant density centrifugation (188). Oligonucleotide 

primers for the amplification of sec genes were designed according to the genome sequence of T. maritima available at 

TIGR (http://www.tigr.org/). The forward primer for secE (5’- CCGCCATGGAGAACTCCGAAAGTTCTTCAGGG) 

and reverse primer (5’- CCCGTCGACTTATCCTATTCCCAGCG) contained an NcoI and SalI endonuclease 

restriction site. The forward primer for secY (5’-

CCCGTCGACGGAGGTTTTAATTCATGTGGCAAGCTTTCAAAAAGC) and the reverse primer (5’-

CCCGGATCCTCTCTCCCCCTTATTTTACCC) contained a SalI and BamHI sites, respectively. Digested PCR 

products were ligated into the expression vector pET324 (189) at the NcoI and BamHI sites, downstream from the 

inducible trc promoter yielding pEK115. The forward primer for secG (5’- 

GGGGACGCGTCTAGAGGGAGGTGTAGTGATGAAGAC) and reverse primer (5’- 

GGGGCTGCAGTCATCCCATCACCTCGTTA) contained MluI and PstI endonuclease restriction sites, and the 

resultant PCR fragment was ligated into the pGEM T-EASY cloning vector (Promega Benelux b.v.). The correct 

sequence was confirmed by oligonucleotide sequencing. The plasmid was digested with NcoI and PstI, and the resulting 

DNA fragment was ligated into pK184 resulting in the vector pEK125 that contains the secG gene under control of the 

inducible trc promoter and the kanamycin resistance marker. 



Protein secretion ATPase 

The gene encoding for SecA was amplified by PCR using the forward 

(5’CCCGGATCCGATACTCTTCGATAAGAACAAGCG) and reverse 

(CCCGTCGACTTACCTCTTCACTCTTATTCTACC) primers and cloned with the pBAD TOPO TA Expression Kit 

(Invitrogen, The Netherlands). The gene encoding the putative amino acid binding protein Tm0593 was amplified by 

forward (5’-GGGCCATGGTAAAAAAATACTTGCGG) and a reverse (5’- 

CGCGGATCCCTCTGAGAACCATTTTTCTATAAGCACG) primer NcoI and BamHI digested PCR product was 

ligated into pET15b yielding pEK126. 

Overexpression of SecYE and SecYEG complex 

E.coli BL21 cells were co-transformed with plasmids pEK125 (Kanr) and pEK115 (Ampr) encoding for SecG and 

SecYE, respectively. Cells were grown on LB medium supplemented with 0.5 % glucose and ampicillin and kanamycin 

(both at 50 µg/l). For expression of SecYE, plasmid pEK115 was also transformed separately into E. coli strain BL21 

RIL and cells were grown on LB medium supplemented with ampicillin (50 µg/l), chloramphenicol (20 µg/l) and 0.5 % 

glucose. Precultures of 30 ml were grown at 37 ºC for 10 hrs, diluted into 1 l medium and growth was continued up to 

an OD600 of 1. Next, cells were induced for protein expression by the addition of 0.8 mM isopropyl-β-D-

thiogalactopyranoside (IPTG), and growth was continued for an additional 6 hrs. Cells were harvested by 

centrifugation, and resuspended in 50 mM TrisHCl pH 8.0 and 20 % glycerol, and stored at -80 ºC. 

 

Overexpression of SecA 

For the heterologous expression of the T. martima SecA E.coli BL21 was co-transformed with plasmid pEK123 (Ampr) 

which encodes SecA and with pM1240DS (Spcr). pM1240DS (Spcr) is a derivative of pSJS1240 (190;191) and contains 

genes encoding rare E. coli tRNAs; i.e., argU which specifies an arginyl tRNA which reads AGG and AGA codons; 

and ileX which encodes an isoleucyl tRNA that reads AUA codons. Cells were grown in 1 l LB supplemented with 

ampicillin and spectinomycin (both at 50 µg/l) for 8 hrs at 37 ºC. At an OD600 of 1, cells were induced with 0.2% 

arabinose and growth was continued for additional 6 hrs where upon the cells were harvested by centrifugation and 

stored at – 80 ºC as described above. 

 

Purification of T. martima SecA 

Frozen cell suspensions were thawn, and supplemented with 1 mM DTT, 1 mM phenylmethylsulphonylfluoride 

(PMSF) and the proteinase inhibitor cocktail Complete (Roche, The Netherlands). Cells were lysed by French pressure 

treatment, and the cell debris was removed by low speed centrifugation. The supernatant was cleared by ultra 

centrifugation (100,000 x g, 60 min). The cell lysate was supplemented with 100 mM NaCl and heat treated at 70 ºC for 

20 minutes. The suspension was cooled on ice and precipitated proteins were removed by ultracentrifugation (100,000 x 

g, 60 min). The supernatant was applied to a MonoQ column which was washed intensively with 50 mM TrisHCl, pH 

8.0, 10 % glycerol and 140 mM NaCl. SecA was eluted with the same buffer with a linear NaCl gradient from 140 mM 

to 1M. The purified protein was dialysed against 50 mM TrisHCl, pH 8.0, 10 % glycerol and stored in aliquots at -80 

ºC. 

Purification and reconstitution of the T. maritima SecYE complex 

Membranes of E. coli containing overexpressed T. maritima SecYE proteins were isolated at the concentration of 20 

mg/ml as described (192). For precursor stimulated ATPase assays, membranes were subjected to a urea-extraction to 

remove and inactivate the endogenous bound SecA of E. coli. For this purpose, 200 µl membrane vesicles (4 mg of 
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protein) were incubated with 800 µl 8 M urea for 30 minutes on ice where upon the membranes were collected by 

ultracentrifugation (100,000 x g, 30 minutes). The pellet was washed once with a buffer containing 20 % glycerol and 

50 mM TrisHCl, pH 8.0, and finally resuspended in 200 µl of the same buffer. 

For purification of the SecYE complex, membranes were solubilized at 4 ºC for 30 min at 1 mg of protein/ml with 2 % 

DDM in 50 mM HEPES, pH 8, 30 mM KCl, 20 % glycerol and 20 mM imidazole. Non-solubilized proteins and 

aggregates were removed by centrifugation (30 minutes at 40,000 x g) and the cleared supernatant was loaded onto a 

Ni-NTA column. The SecYE complex was eluted at 100 mM imidazole, pH 8.0 and immediately reconstituted into 

liposomes as described below. 

T. maritima lipids (4 mg/ml, 250 µl) were suspended in a buffer containing 0.05% DDM and 50 mM HEPES, pH 7.5 

and 30 mM KCl, and incubated with 250 µl purified SecYE complex (0.2 mg/ml) for 30 min at 4 ºC with constant 

mixing. The mixture was diluted with 800 µl 50 mM HEPES, pH 7.5 and 30 mM KCl and supplemented with 80 mg 

(wet weight) Bio-Beads SM-2 (Biorad Laboratories, Hercules CA). The suspension was gently shaken at 4 °C, and the 

Bio-Beads were replaced after 2, 4 and 6 hours. After overnight incubation, the Bio-Beads were discarded and the 

proteoliposomes were collected by centrifugation (20 min at 200,000 g). The pellet was washed twice with 2 ml 50 mM 

HEPES, pH 7.5 and 30 mM KCl and finally suspended in 100 µl 50 mM HEPES, pH 7.5 and 30 mM KCl and stored at 

-80 ºC. 

 

Expression and purification of the precursor protein Tm0593 

E. coli BL21 RIL cells were transformed with plasmids pEK126 (Ampr) encoding for Tm0593, respectively. Cells were 

grown on LB medium supplemented with 0.5 % glucose, ampicillin (50µg/l) and chloramphenicol (20 µg/l). Precultures 

of 30 ml were grown at 37 ºC for 10 hrs, diluted into 1 l medium and growth was continued up to an OD600 of 1. Next, 

cells were induced for protein expression by the addition of 0.8 mM IPTG, and growth was continued for an additional 

6 hrs. Cells were harvested by centrifugation, and resuspended in 50 mM TrisHCl, pH 8.0, and 20 % glycerol. The cell 

suspension was supplemented with 1 mM DTT, 1 mM PMSF and proteinase inhibitor cocktail Complete (Roche, The 

Netherlands), and lysed by French pressure treatment. Cell debris was removed by low speed centrifugation, and the 

pellet fraction was resuspended in 6 M Urea and the nonextractable protein was removed by ultra centrifugation 

(100,000 x g, 60 min). The supernatant was loaded onto a Ni-NTA column and Tm0593 was eluted with 200 mM 

Imidazole, pH 7.0, 6 M urea, 20 % glycerol, 100 mM NaCl and stored in aliquots at -80 ºC. 

 

ATPase measurements 

The ATPase activity of SecA was measured calorimetrical according to the method described by (193). T. maritima 

SecA (100 µg/ml) or E. coli SecA (20 µg/ml) protein was incubated at the indicated temperature for 1 min in 50 mM 

TrisHCl, pH 8.0, 5 mM MgCl2, and 30 mM KCl with or without liposomes (0-500 µg/ml) or SecYE proteoliposomes (4 

µg/ml). Where indicated, the purified precursor Tm0593 was added to a final concentration of 5 µg/ml. The reaction 

was started by the addition of 2 mM ATP, and after 9 min, when the reaction was still linear in time, the reaction was 

stopped by freezing in liquid nitrogen. The amount of inorganic phosphate released was measured as described (193). 

The pH dependence of the ATPase activity was monitored by adjusting the buffer composition: pH 5.5-6, MES; pH 6.5-

7.5, HEPES; and pH 8-9.5, TrisHCl. 

 

2D crystallization and electron microscopy 

His-tagged SecYE was reconstituted on Ni2+-chelating lipid film using the method described by Levy et al (185). The 

reconstitutions were achieved with ternary mixtures made of 0.3 mg/ml of His-tagged T. maritima SecYE translocase, 
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0.5 mg/ml DDM and dioleylglycerophosphocholine-dioleylglycerophosphatidic acid lipid mixtures (DOPC/DOPA, 

90/10, w/w ratio). The detergent concentration of the mixtures was adjusted in order to have a final DDM concentration 

of 5 mg/ml in the monolayer well after ternary mixture addition. The lipid-protein-detergent micellar solution was 

injected below the Nickel-containing lipid layer in a 10 mM TrisHCl pH 7.6, 50 mM NaCl buffer. To induce 

reconstitution and crystallization, detergent was removed by adding 10 mg of polystyrene beads (biobeads). The 

interfacial surfaces were transferred to carbon-coated grids and negatively stained with 2% uranyl acetate. Electron 

micrographs were recorded on a Hitachi 7000 electron microscope operating at 100 kV. Electron micrographs of 

crystalline patches were digitized using a Leafscan-45 scanner (Leaf Systems, Inc., Westborough, MA) and processed 

with the SEMPER image processing system (Saxton 1996; Synoptics Ltd., Cambridge, UK). 

Other methods 

Protein levels were determined by using the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA) with bovine serum 

albumin as a standard. 
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Abstract ATP-binding cassettes transporters drive the transport of substrates across the 

membrane by the hydrolysis of ATP. They typically have a conserved domain structure with two 

membrane-spanning domains that form the transport channel and two cytosolic nucleotide-binding 

domains (NBDs) that energize the transport reaction. ATP binding to the NBD monomer results in 

formation of an NBD dimer. Hydrolysis of the ATP drives the dissociation of the dimer. The 

thermodynamics of distinct steps in the ATPase cycle of GlcV, the NBD of the glucose ABC 

transporter of the extreme thermoacidophile Sulfolobus solfataricus were studied by isothermal 

titration calorimetry using the wild-type protein and two mutants, which are arrested at different 

steps in the ATP hydrolytic cycle. The G144A mutant is unable to dimerize, while the E166A 

mutant is defective in dimer dissociation. The ATP, ADP and AMP-PNP binding affinities, 

stoichiometries and enthalpies of binding were determined at different temperatures. From this data, 

the thermodynamic parameters of nucleotide binding, NBD dimerization, and ATP hydrolysis were 

calculated. The data demonstrate that the ATP hydrolysis cycle of isolated NBDs consists of 

consecutive steps where only the final step of ADP release is energetically unfavorable. 
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Introduction 

ATP-Binding Cassette (ABC) transporters represent one of the largest superfamilies of 

primary transporters (4). They are found in all phyla of life and are responsible for many 

physiological processes ranging from solute uptake to multi-drug resistance. ABC transporters have 

a conserved domain structure, which consist of two membrane-spanning domains (MSDs) that form 

the transport pathway and two cytosolic nucleotide-binding domains (NBDs) that energize the 

transport via the hydrolysis of ATP. The amino acid sequences of the MSDs are divers, while the 

NBDs are highly conserved with amino acid sequence motifs that are involved in the binding of 

nucleotides. 

Several structures of full-length ABC transporters and of many isolated NBDs have been 

solved. The structures of the NBDs are highly conserved (for reviews see (5;6;194;195)). The NBD 

monomer forms an L-shaped molecule with two domains. Lobe I includes the ATP-binding core 

domain with the Walker A and B motifs. This domain contains central β-sheets which are flanked 

by α-helices. Residues of the Walker A motif interact with the phosphates of ATP and ADP, while 

an aspartate of the Walker B motif coordinates the magnesium ion. The glutamate immediately 

following this aspartate most likely coordinates the water molecule that attacks the γ-phosphate and 

thus may function as a catalytic base. Recently, it was suggested that this glutamate functions in a 

catalytic dyad together with the conserved histidine in the H-loop (160). The characteristic ABC 

signature motif is located in the second domain, which is called lobe II, and is far away from the 

nucleotide that is bound to lobe I. In the presence of ATP, two monomers form a dimer in which the 

monomers are oriented in a head-to-tail configuration with two ATP molecules bound at the subunit 

interface. These are sandwiched between the Walker A and B motifs from one monomer and the C-

loop of the other that complements the nucleotide-binding site (23;149;158-160).  

Analysis of the structures of various NBDs in the ADP-bound and free states reveals only 

minor structural differences, while upon binding of ATP, a large rigid body movement occurs of 

lobe I towards lobe II. This rigid body movement aligns the monomers in such a manner that the 

dimer can be formed as a kind of ‘induced-fit’. ATP, and in particularly the γ-phosphate, occupies a 

significant part of the dimer interface, and many residues of the NBDs contact the bound nucleotide 

rather than residues of the opposite dimer. In this way, ATP stabilizes the dimeric state (149), while 

hydrolysis of ATP results in the loss of many of the dimer stabilizing interactions. Next to the 

monomeric and dimeric states, a slightly opened nucleotide-free state was observed for Escherichia 

coli MalK (159). In this state the dimer is maintained through contacts between the C-terminal 

regulatory domains, which is an extra domain found in several NBDs like in the Sulfolobus 

solfataricus GlcV (see below). Addition of Mg2+ to the ATP-bound dimer resulted in a opened post-

hydrolytic ADP–Mg2+ bound state which showed that ADP–Mg2+ is unable to stabilize the closed 
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dimer (196). Thus the closed dimer was only observed in the presence of ATP, but never in the 

presence of ADP or AMP-PNP. 

How ATP hydrolysis occurs in detail is currently a matter of debate. Several different 

models have been proposed, e.g. the ‘alternating catalytic site’ and the ‘processive clamp’ model. 

The ‘alternating site’ model (165) is based on transition state mutants of the E. coli MalFGK2 (169) 

and Pgp (197) transporters where one single nucleotide binds to the NBDs. This model suggests 

that ATP hydrolysis occurs in the first catalytic site, followed by opening of this domain while the 

second catalytic site remains closed. Additional ATP binding then induces closure of the first site 

and leads to ATP hydrolysis in the second site. Thus, hydrolysis would take place without complete 

dissociation of the dimer. The ‘processive clamp’ or ‘ATP switch’ models (6;170;198) are based on 

biochemical and structural data obtained with isolated NBDs that showed that two ATP molecules 

are bound in the dimeric state, and on kinetic data that showed that association and dissociation of 

the dimer are important steps in the ATP hydrolysis cycle (199). These data suggest that ATP 

molecules bind to the two monomers resulting in the formation of the dimer, whereupon the 

hydrolysis of both ATP molecules subsequently results in dissociation of the dimer (5).  

The intimate features of the ATP hydrolytic cycle and how this process is coupled to the 

transport mechanism remain to be elucidated. A thermodynamic analysis of nucleotide binding and 

hydrolysis can provide detailed information on the energetics of nucleotide binding, and on the 

conformational changes that are associated with nucleotide binding and hydrolysis and with 

dimerization of the NBDs. Recently, the thermodynamics of the transition state of the ATP 

hydrolysis cycle of Pgp was studied by determining the ATP hydrolysis rate as a function of the 

temperature and application of the Arrhenius and Eyring equations (200). This study demonstrated 

two different transition states in the presence and absence of substrates. The approach used, 

however, only allowed the determination of the thermodynamics of the rate limiting step. 

 Here we set out to study the thermodynamics of different steps in the ATP hydrolysis cycle. 

Such studies are typically conducted by Isothermal Titration Calorimetry (ITC). ITC experiments 

are facilitated by the use of thermostable proteins that allow the determination of the change in heat 

capacity (∆Cp) of a ligand-binding event over a wide range of temperatures. To analyze the 

thermodynamics of the ATP hydrolytic cycle of an isolated NBD, we have employed the NBD of 

the glucose ABC transporter of the extreme thermoacidophile Sulfolobus solfataricus (135).  

This transporter consists of five proteins; the heterodimeric MSDs (GlcT, GlcU), two copies 

of the NBD (GlcV) forming a homodimer, and the glucose binding protein (GlcS). GlcV has been 

crystallized in a monomeric form in the nucleotide free, ADP-Mg2+ and AMP-PNP-Mg2+-bound 

states (13). The structure of GlcV shows a similar fold as other NBDs but it contains an additional 

C-terminal domain that is connected to the NBD via a linker region. The function of this C-terminal 
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domain is unknown, but it shows 28 % sequence identity to the regulatory domain of MalK that is 

responsible for the binding of MalT the positive regulator of the mal operon (156). I In both 

structures the C-terminal domain has a similar β-barrel structure. The MalK structure contains an 

additional connecting α-helix (154) while in GlcV, it contains only a loop region between β13 and 

β14 (13). The isolated GlcV and mutants have been characterized biochemically (27). The ATPase 

activity of wild-type GlcV is too high to allow the detection of a dimer in solution. Mutation of the 

conserved glutamate downstream of the Walker B of GlcV (E166Q) resulted in a strongly reduced 

ATPase activity and this allowed the demonstration of ATP dependent dimerization of GlcV (27). 

Substitution of the glutamate for alanine resulted in a GlcV mutant that is inactive for ATP 

hydrolysis and that required both ATP and Mg2+ for dimer formation. Finally, mutation of the 

second glycine (G144A) in the C-loop motif also resulted in an inactive protein, but this mutant 

also failed to dimerize. This indicated an essential role of this residue in the stabilization of the 

productive dimeric state. 

To study the thermodynamics of nucleotide binding to GlcV, we have employed the wild-

type (wt) protein which is highly active in ATP hydrolysis, and two of the mutants that still bind 

nucleotide but that are inactive in ATP hydrolysis and arrested at different intermediate stages in the 

catalytic cycle. The use of these three proteins allowed the determination of kinetic and 

thermodynamic parameters of nucleotide binding at the different steps of the ATP hydrolytic cycle. 

 

 

Results 

Stabilization of the GlcV dimmer 

To analyze the thermodynamics of the ATPase cycle of GlcV, the NBD of the glucose 

transporter of S. solfataricus, we used mutants that are arrested at different stages of the catalytic 

cycle. The G144A and E166A mutants, which carry mutations in the C-loop and in the residue 

directly after the aspartate of the Walker B binding motif, have a strongly reduced ATPase activity 

(27). In the presence of ATP, the E166A mutant of GlcV showed ATP dependent dimerization as 

shown by size-exclusion chromatography, whereas the wt GlcV and the G144A mutant eluted as 

monomers (27). This dimerization, however, is observed only when ATP is present in the elution 

buffer suggesting that the E166A dimer is in a dynamic equilibrium with the monomer and readily 

dissociates on the size-exclusion column. Therefore, we searched for conditions that yielded a more 

stable E166A dimer. Remarkably, in the absence of glycerol in the elution buffer, the E166A 

mutant eluted as a dimer even under conditions where ATP was present in sub-stoichiometric 

amounts (Figure 1A). In the absence of ATP, or at very low ATP concentrations, GlcV eluted as a 
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monomer. Analysis of the absorption at 260 nm showed that ATP from the running buffer remained 

bound to GlcV (data not shown). 

 
Figure 1. The GlcV E166A mutant dimerizes in the absence of glycerol. A, 30 µM of the GlcV E166A mutant was pre-

incubated in the presence of different concentrations of ATP (grey line, no ATP; long dashed grey line, 0.94 µM ATP; 

short dashed grey line, 1.87 µM ATP; long dashed black line, 3.75 µM ATP, short dashed black line, 7.5 µM ATP; 

black line, 30 µM ATP) in 20 mM MES pH 6.5, 100 mM NaCl and 5 mM MgCl2, and applied to a gel filtration column 

equilibrated with the same ATP and buffer concentrations. B, Dynamic light scattering experiments of the E166A 

(circles, black lines) and G144A (triangles, gray lines) mutants in the presence of 5 mM Mg2+ (closed symbols, 

continuous lines) or 2 mM EDTA (opened symbols, dashed lines). 

 

Since the NBD elutes faster from the column than the nucleotide, it will constantly 

encounter and bind fresh nucleotides. Apparently, the nucleotides remain bound to the NBD. This 

suggests a high binding affinity for nucleotides, and explains why sub-stoichiometric ATP 

concentrations already sufficed to stabilize the dimeric form. This also explains the small shift of 

the elution volume of the dimeric species at lower ATP concentrations, since some of the dimer is 

formed only after injection on the column. Remarkably, in the absence of glycerol and Mg2+ but in 

the presence of EDTA, similar results were obtained (data not shown). This shows that even in the 

absence of Mg2+, the GlcV E166A ATP-bound dimer is stable in a buffer without glycerol. 

To determine the extent of dimerization and the ATP dependence under steady-state 

conditions, the translational diffusion coefficient of the E166A mutant was determined by Dynamic 

Light Scattering (DLS). DLS experiments in the absence of ATP resulted in a diffusion coefficient 

of 646 10-9 cm2/s (Figure 1B). The observed translational diffusion coefficient decreased with the 

ATP concentration, but remained stable (565 10-9 cm2/s) when ATP was present in higher then 

stoichiometric amounts relative to the GlcV monomer (Figure 1B). A further increase of the ATP 

concentration was without effect suggesting that the NBD dimer contains two nucleotides. As 

observed in the gel filtration experiments, the E166A mutant stably dimerizes in an ATP-dependent 

manner both in the presence and absence of Mg2+ (Figure 1B). On the other hand, the G144A 

mutant showed a translational diffusion coefficient of 644 10-9 cm2/s, and remained unaffected by 
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the ATP concentration confirming the previous findings that this mutant remains monomeric in the 

presence of ATP (27). The maximal (~ 645 10-9 cm2/s) and minimal (~ 570 10-9 cm2/s) translational 

diffusion coefficients corresponded to globular proteins of 54 and 73 kDa, respectively. Monomeric 

GlcV is an elongated protein with a molecular mass of 39.1 kDa, while the proposed dimeric GlcV 

has a more spherical shape. When the HYDROPRO program (201) was used to predict translational 

diffusion coefficients based on the crystal structures of GlcV, values of 683 10-9 and 578 10-9 cm2/s 

were obtained for the monomeric and dimeric protein, respectively. These numbers fit well with the 

observed data showing that the E166A mutant stably dimerizes both in the presence and absence of 

EDTA in a buffer that is devoid of glycerol. 

 

ATPase activities of wild type and mutant GlcV proteins.  

Wt GlcV has an optimum ATPase activity at pH 6.5 and 80 ºC (Chapter 4), while no 

ATPase activity could be detected for the G144A and E166A mutants using the malachite green 

ATPase assay (202). Using a sensitive method based on radiolabeled [γ-32P]ATP, the E166A 

mutant showed about 1 % of the activity of wt GlcV in the presence of 5 mM ATP, while no 

ATPase activity was detectable with the G144A mutant (Figure 2A).  

The thermodynamics of the transition state of a reaction can be determined by measuring the 

reaction rate as a function of temperature and application of the Eyring-equation. The determination 

of the activation entropy (-T∆S≠), which is derived from the y-intercept of the Eyring-plot is for 

mesophilic enzymes rather inaccurate since the rates can often only be determined over a small 

temperature range of 15 to 20 ºC. We were, however, able to determine the ATP hydrolysis rate of 

GlcV over a range of 60 ºC. Analysis of the temperature dependence of the ATPase activity (Figure 

2B) yielded rather similar activation enthalpies (∆H≠) for ATP hydrolysis of 10.3 and 9.2 kcal/mol 

for the wt and E166A mutant, respectively. Larger differences were, however, observed between 

the wt and E166A mutant for the free activation enthalpy (∆G≠), 14.9 (wt) and 18.0 (E166A) 

kcal/mol respectively and the free activation entropy (-T∆S≠), 4.6 (wt) and 8.8 kcal/mol (E166A), 

respectively. Thus while the enthalpy change to reach the transition state is approximately similar 

for the wt and E166A mutant, the lower reaction rate of the E166A mutant is a result of the more 

positive -T∆S≠ of its transition state. This suggests that the transition state of the E166A mutant has 

a more ordered or more rigid structure than the transition state of the wt protein. 

Next to the thermodynamics of the transition state, we also set out to determine the 

thermodynamics of different steps in the ATP hydrolysis cycle. Since even a small remaining 

ATPase activity can influence the analysis of the ITC measurements, the ATPase activities of wt 

and mutant GlcV proteins were determined under conditions that are used in the ITC experiments, 

i.e., 30 µM GlcV and 3 µM ATP per injection. Under those conditions, the concentration of ATP 
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during a single injection is 10-fold lower than the protein concentration and all ATP was 

hydrolyzed within the first minute in the presence of wt GlcV. Even after 20 consecutive injections, 

ATP was hydrolyzed within a minute by the wt GlcV (data not shown). Therefore, accumulation of 

ADP does not noticeably inhibit the ATPase activity of wt GlcV under the conditions of the ITC 

experiments. The E166A mutant showed still significant ATPase activity under these conditions (50 

% hydrolyzed after an injection of 3 minutes at 60 ºC, Figure. 2C), while the activity of the G144A 

mutant was negligible (< 3% hydrolyzed after an injection of 3 minutes at 60 ºC) (data not shown). 

 

 

 

 

 

Figure 2. ATP hydrolysis of wt GlcV and the G144A 

and E166A mutants. A, ATP hydrolysis rate at 5 mM 

Mg2+-ATP and 30 µM GlcV as a function of 

temperature (wt, closed circles; E166A, opened circles; 

G144A, closed triangles) B, Eyring plot of the ATP 

hydrolysis rates of wt GlcV (closed circles) and the 

E166A mutant (opened circles) C, Percentage of ATP 

hydrolyzed when 3 µM Mg2+-ATP is incubated in the 

presence of 30 µM E166A-GlcV at 20 (closed circles ), 

30 (open circles), 40 (closed triangles), 50 (open 

triangles) and 60 ºC (closed squares) as a function of 

time. The open squares depict the background of ATP 

hydrolysis of E166A-GlcV in the presence of EDTA at 

60ºC

Remarkably, the E166A mutant hydrolyzed only part of the ATP after consecutive 

injections with ATP. The ITC profile of the E166A mutant in the presence of Mg2+ therefore will 

reflect nucleotide binding, dimerization and partial hydrolysis. In the absence of Mg2+, the E166A 

mutant was inactive for ATP hydrolysis (Figure 2C), although the protein still dimerizes under 
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these conditions. Thus, ATP binding experiments with the E166A mutant in the absence of Mg2+ 

will yield an ITC profile that only reflects nucleotide binding and the conformational changes that 

result in dimerization.  

To determine if the G144A mutant still binds ATP, 8-azido-ATP photolabeling experiments 

were conducted. Wt, G144A and E166A GlcV could be photo labeled with 8-azido-[γ-32P]ATP, 

while the labeling was specifically competed by excess of unlabeled ATP (Figure 3A). At 20 ºC, the 

three proteins showed binding affinities in the nanomolar range, with the E166A mutant binding 

with a slightly lower affinity. Due to the high affinity, low amounts of protein and 8-azido ATP 

were used in the experiments, and therefore it was difficult to reduce the error in the experiment and 

to obtain an accurate estimation of the affinity (data not shown). Although the G144A mutant is 

unable to hydrolyze ATP or to dimerize, the experiment clearly shows that this mutant still binds 

ATP with high affinity. Indeed in the monomeric NBD structures, this residue is not part of the 

ATP-binding site. Therefore, ATP binding experiments with the G144A mutant both in the absence 

and presence of Mg2+ will yield an ITC profile that only reflects nucleotide binding without 

dimerization. We therefore conclude that the three proteins (wt, G144A and E166A) reflect 

different intermediates of the ATP hydrolytic cycle of GlcV. 

 

 

 

Figure 3. 8-azido-[γ-32P]ATP photo labeling of wt and 

the G144A and E166A mutants. 15 nM 8-azido-[α-

32P]ATP was bound to the purified NBD (10 nM) and 

competed with increasing concentrations (0-2 µM) of 

nucleoside triphosphates in binding buffer.  

 

 

Thermodynamics of nucleotide binding to wild type and mutant GlcV proteins 

The thermodynamics of nucleotide binding to GlcV were investigated by ITC. This method 

directly measures the heat of the reaction (enthalpy, ∆H), the stoichiometry of substrate binding (n) 

and the binding affinity of the substrate (Ka). From these values the Gibbs free energy of the 

association (∆G=-RTlnKa) and the entropy (T∆S=∆H-∆G) can be calculated. Furthermore, based 

on the dependence of the enthalpy on the temperature, changes in the heat capacity (∆Cp=∆H/∆T) 

can be determined. ITC profiles for the different nucleotides were recorded at various temperatures. 
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Figure 4. Isothermal titration calorimetry of Mg2+-ADP binding to wt GlcV and the G144A and E166A mutants. A, 

The upper panel depicts the dilution effect of the titration of Mg2+-ADP at 60 °C. The middle panel depicts the binding 

isotherm for the titration of wt GlcV and the G144A and E166A mutants with Mg2+-ADP at 60 °C. 20 injections of 5 µl 

of a 600 µM nucleotide solutions were made at 180 s intervals in a 2.1 ml containing 30 µM protein. The area under 

each injection signal was integrated, and in the lower panel, the enthalpy per mol of nucleotide injected is plotted versus 

the nucleotide/NBD molar ratio. The solid line represents a non-linear least squares of the reaction heat for the 

injection. B, Temperature dependence of the thermodynamic parameters of ADP-Mg2+ binding from 20 to 60 °C. Open 

circles are values of ∆H; closed circles are for values of ∆G and closed triangles are for -T∆S. 
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Figure 5. Isothermal titration calorimetry of Mg2+-AMP-PNP binding to wt GlcV and the G144A and E166A mutants. 

A, The upper panel depicts the dilution effect of the titration of Mg2+-AMP-PNP at 40 °C. The middle panel depicts the 

binding isotherm for the titration of wt GlcV and the G144A and E166A mutants with Mg2+-AMP-PNP at 40 °C. 20 

injections of 5 µl of a 600 µM nucleotide solutions were made at 180 s intervals in a 2.1 ml containing 30 µM protein. 

The area under each injection signal was integrated, and in the lower panel, the enthalpy per mol of nucleotide injected 

is plotted versus the nucleotide/NBD molar ratio. The solid line represents a non-linear least squares of the reaction heat 

for the injection. B, Temperature dependence of the thermodynamic parameters of Mg2+-AMP-PNP binding from 20 to 

60 °C. Open circles are values of ∆H; closed circles are for values of ∆G and closed triangles are for the -T∆S. 
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Above 60 ºC, the ITC profiles became noisy while the binding affinity of AMP-PNP and 

ATP in the absence of Mg2+ became too low to be determined accurately. Therefore, the 

experiments were performed at 20, 30, 40, 50 and 60 ºC. First, the thermodynamics of ADP and 

AMP-PNP binding to the wt and mutant GlcV proteins in the presence of Mg2+ were determined. 

Figures 4 and 5 show typical ITC titration curves for the binding of ADP at 60 ºC (Figure 4A) and 

of AMP-PNP at 40 ºC (Figure 5A). In Figures 4B and 5B, the calculated values for ∆G, ∆H and -

T∆S for the binding of ADP and AMP-PNP to wt and mutant GlcV proteins are shown for the 

temperature range of 20 to 60 ºC. Table I summarizes the thermodynamic parameters, the 

nucleotide binding affinities and stoichiometries that were calculated from the ITC experiments. As 

expected, ADP and AMP-PNP binding occurs with a stoichiometry close to one (Table I). 

Compared to ADP, the affinity for AMP-PNP was 100-fold reduced. The Kd values for ADP and 

AMP-PNP binding to the various GlcV proteins were essentially indistinguishable, except for the 

E166A mutant that showed a reduced binding affinity for ADP. The affinities decreased with the 

temperature and reached lower micromolar values at the optimal growth temperature (80 ºC) of S. 

solfataricus, which is within the same range as binding affinities observed for other NBDs of ABC 

transporters (170;203-205). The ∆G, ∆H and -T∆S values for AMP-PNP binding were much 

smaller than observed for ADP. For ADP the binding reaction was associated with a large negative 

∆H and opposed by a positive -T∆S. The ∆H for ADP binding showed distinct temperature 

dependence, whereas the ∆H for AMP-PNP binding was much smaller and temperature 

independent (Figures 4B and 5B). The temperature dependence of ADP binding corresponded to a 

∆Cp of -167 cal/mol/K for wt GlcV, -94 cal/mol/K for the G144A and -115 cal/mol/K for the 

E166A mutant. These values are relatively small, but suggest that upon binding of ADP the protein 

becomes more compact and exposes a reduced protein surface area to the aqueous solvent, whereas 

in the AMP-PNP bound state no changes in solvent accessible area occur (see discussion). 

In contrast to ADP and AMP-PNP binding, large differences are expected for the ITC 

diagrams of the binding of ATP to wt and mutant GlcV proteins. Since each titration of the E166A 

mutant with ATP will include not only ATP binding but also ATP hydrolysis and NBD 

dimerization, such titrations are difficult to analyze and are therefore not further described here. 

Figure 6A shows typical ATP titration curves for wt GlcV and the G144A mutant at 60 ºC in the 

presence of Mg2+. The nucleotide binding stoichiometry was close to 1 for both proteins (See Table 

II). Remarkably, when the ITC diagrams of the wt GlcV and the G144A mutant were compared, a 

constant enthalpic contribution was observed for wt GlcV for every injection. This constant 

enthalpic contribution remained after saturation of the proteins with nucleotide and subtraction of 

the nucleotide dilution effect (Figure 6A). When the ITC data of the wt GlcV was corrected for the 

ATP dilution effect and for the observed constant enthalpic contribution (∆Hconstant), values for ∆H, 
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Figure 6. Isothermal titration calorimetry of Mg2+-ATP binding to wt GlcV and the G144A mutant. A, The upper panel 

depicts the dilution effect of the titration of Mg2+-ATP at 60 °C. The middle panel depicts the binding isotherm for the 

titration of wt GlcV and the G144A mutants with Mg2+-ATP at 60 °C. 20 injections of 5 µl of a 600 µM nucleotide 

solutions were made at 180 s intervals in a 2.1 ml containing 30 µM proteins. The area under each injection signal was 

integrated, and in the lower panel, the enthalpy per mol of nucleotide injected is plotted versus the nucleotide/NBD 

molar ratio. The solid line represents a non-linear least squares of the reaction heat for the injection. B, Temperature 

dependence of thermodynamic parameters of Mg2+-ATP binding to the G144A mutant from 20 to 60 °C. The G144A 

mutant represents the thermodynamics of ATP binding to the NBD. Open circles are values of ∆H; closed circles are 

for values of ∆G and closed triangles are for -T∆S.  
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∆G, and -T∆S of the remaining curve were calculated (See Table II). The obtained values at the 

different temperatures were remarkably similar to those observed for ADP binding to the wt GlcV, 

and show a similar dependence as ADP binding, which indicates that the titration curves of wt GlcV 

with ATP consist of the sum of ATP hydrolysis (∆Hconstant in Table II) and ADP binding (∆Hbinding 

in Table II). No signal was observed for the G144A protein after subtraction of the ATP dilution 

effect at higher ATP/NBD stoichiometries, which confirms that no ATP hydrolysis occurs with this 

mutant. Since the G144 is not located in the binding site of the monomeric NBD, we propose that 

the ITC profile of Mg2+-ATP binding to the G144A mutant corresponds to the ATP-binding 

reaction to monomeric GlcV. 

 

Thermodynamics of nucleotide-induced dimerization of GlcV.  

To determine the thermodynamics of dimerization of GlcV, ITC curves of ATP binding to 

the G144A and E166A mutants in the presence of EDTA were determined. Under these conditions, 

no hydrolysis of ATP takes place (Figure 2A), whereas the E166A mutant forms a stable dimer 

(Figure 1B). Figure 7A shows a typical ATP titration curve for G144A and E166A GlcV at 40 ºC, 

and Figure 7B shows the ∆G, ∆H and -T∆S values as a function of the temperature. Both the ∆H 

values and ATP binding affinities (Table III) were lower in the absence of Mg2+ and more similar to 

those observed for AMP-PNP binding. This demonstrates that Mg2+ has a large effect on both the 

affinity and entropy of nucleotide binding. Although the ∆G values are comparable for the two 

mutants, ∆H and -T∆S values differed as well as their temperature dependence. The binding 

enthalpy for the G144A mutant showed a negative ∆Cp of -102.5 cal/mol/K, while the E166A 

mutant showed a positive ∆Cp of 111.7 cal/mol/K. Remarkably, both the G144A and E166A 

mutants gave binding stoichiometries around 1. Since in the E166A, the dimer is formed, this 

further demonstrates that the E166A dimer contains two nucleotides. Since the G144A and E166A 

mutants behaved very similar in binding of ADP and AMP-PNP, and since both mutants were 

unable to hydrolyze ATP in the absence of Mg2+, we conclude that the difference between the two 

mutants is caused by the dimerization reaction. Therefore, the ∆H, and -T∆S of dimerization can be 

calculated from the difference in ∆G, ∆H and -T∆S between the G144A and E166A mutants. The 

∆G, ∆H and -T∆S of dimerization changed with temperature, ranging from -1, -5.6, and 4.6 

kcal/mol dimer formed at 20 ºC to -3, 11.6, and –14.6 kcal/mol dimer formed at 60 ºC, respectively. 

We therefore conclude that dimerization of the E166A mutant at the lower temperatures is driven 

by enthalpic contributions while at higher temperatures the entropic contributions dominate. The 

latter is most likely due to the exclusion of water molecules from the protein surface that is involved 

in dimer formation. 
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Figure 7. Isothermal titration calorimetry of ATP binding to the G144A and E166A mutants in the absence of 

magnesium. A, The upper panel depicts the dilution effect of the titration of ATP at 40 °C. The middle panel depicts the 

binding isotherm for the titration of the G144A and E166A mutants with ATP at 40 °C. 20 injections of 5 µl of a 600 

µM nucleotide solutions were made at 180 s intervals in a 2.1 ml containing 30 µM GlcV. The area under each injection 

signal was integrated, and in the lower panel, the enthalpy per mol of nucleotide injected is plotted versus the 

nucleotide/NBD molar ratio. The solid line represents a non-linear least squares of the reaction heat for the injection. B, 

Temperature dependence of the thermodynamic parameters of ATP binding from 20 to 60 °C. Open circles are values 

of ∆H, closed circles are for values of ∆G and closed triangles are for -T∆S.  
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Discussion 

In the last decade, the mechanism of ATP-dependent transport by ABC transporters has 

been studied extensively using genetic, biochemical and structural approaches (5;6;194;195;206-

208). Crystal structures and biochemical data have deepened our understanding of these processes, 

although the exact mechanism of the coupling between transport and ATP hydrolysis remains a 

topic of debate.  

Thermodynamic studies can provide detailed insights in the coupling mechanism and in 

particular in the conformational changes that are associated with nucleotide binding and hydrolysis. 

GlcV is the NBD of the glucose ABC transporter of the hyperthermoacidophile S. solfataricus. It 

has been characterized both biochemical and structural (13;27;135;202). GlcV, the ATPase subunit 

of the glucose transporter is highly thermostable over a wide range of temperatures and therefore an 

excellent candidate for thermodynamic studies.  

The ATPase cycle of the NBD is believed to involve several distinct steps, namely ATP 

binding, NBD dimerization, ATP hydrolysis, and subsequent dissociation of the dimer and release 

of the bound ADP. Here we have used mutants of GlcV that are arrested at specific steps in this 

cycle. The wild-type GlcV protein immediately hydrolyses the ATP to ADP. Therefore the non-

hydrolysable ATP analog AMP-PNP, which is often suggested to mimic ATP binding was used. It 

should be noted that AMP-PNP was shown not to induce dimerization (198), and therefore does not 

completely mimic ATP binding. Our data shows that a mutant of GlcV, G144A, still binds ATP 

with high affinity, but that it is unable to hydrolyse ATP. This mutant no longer dimerizes (Figure 

1B) and thus represents an intermediate in which nucleotide binding to the monomeric NBD can be 

analyzed independently of the dimerization step. Furthermore, also a mutant was used that still 

dimerizes but that is unable to hydrolyze ATP. The E166A mutant was previously described as a 

mutant which shows a Mg2+ and ATP-dependent dimerization with a strongly reduced ATPase 

activity (27). However, the protein could only be trapped in a dimeric form at an high ATP 

concentration as evidenced by size exclusion chromatography, suggesting that the dimer is unstable 

on the column (27). Remarkably, the presence of glycerol destabilized the dimeric species. We now 

report that this mutant forms stable dimers at low ATP concentrations in the absence of glycerol 

and Mg2+. Indeed, it was previously shown that the ATP hydrolysis of several NBDs, e.g. HisP 

(209) and Mdl1 (van der Does C., and Tampé R., unpublished data) is inhibited by glycerol. 

Moreover, studies on protein and solvent dynamics suggest that compounds such as glycerol can 

control the solvent dynamics of proteins and affect their activity by forming rigid structures that 

increase the energy barriers for conformational fluctuations of proteins (210). We also noticed that 

the E166A mutant is not completely arrested in ATP hydrolysis, but that its activity is decreased 

100-fold as compared to wt GlcV. Analysis of the activation enthalpies (∆H≠) for ATP hydrolysis 
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by the wt and E166A mutant showed rather similar activation enthalpies, but larger differences 

were observed for the free activation enthalpy and the free activation entropy indicated that the 

enthalpy change to reach the transition state is approximately similar for the wt and E166A mutant, 

but the lower reaction rate of the E166A mutant is a result of the more positive -T∆S≠ of its 

transition state. This suggests that the transition state of the E166A mutant has a more ordered or 

more rigid structure than the transition state of the wt protein. Since the ATPase activity 

complicates the analysis of the ITC experiments, we sought for conditions that result in a complete 

block of the ATPase activity without affecting ATP-dependent dimerization. In the absence of 

Mg2+, the ATPase activity of this mutant is negligible (Figure 2C) while the protein still forms 

stable dimers (Figure 1B). With these optimized conditions the wt and the two mutant proteins 

enabled us to determine thermodynamic parameters of different steps of ATP hydrolysis cycle. 

As expected, the ITC data demonstrates that the nucleotides bind to GlcV and the two 

mutants in a nearly stoichiometric fashion. This implies that the monomer binds a single ATP 

molecule and that 90 % or more of the isolated and purified protein is active in ATP binding. ATP 

and ADP bind with a comparable high affinity, while AMP-PNP bind with a 100-fold reduced 

affinity. Likewise, in the absence of Mg2+, also ATP was found to bind with a reduced affinity (see 

Kd values in Table II and III). Furthermore, the ∆G, ∆H and –T∆S values were much smaller for 

Mg2+-AMP-PNP (Figure 5) or ATP in the absence of Mg2+ (Figure 7) than for Mg2+-ATP (Figure 6) 

or Mg2+-ADP (Figure 4). In the Mg2+-ADP GlcV structure, the nucleotide has several contacts with 

the Mg2+ ion. Mg2+ stabilizes the binding of the nucleotide resulting in large change in enthalpy, 

which compensates the decrease in entropy upon Mg2+ binding (See Table III). Compared to the 

Mg2+-ADP structure, the Mg2+-AMP-PNP structure shows several extra hydrogen bonds with the γ-

phosphate and the nitrogen between the β- and γ-phosphates, but also changes in the coordination of 

the Mg2+ (13). Based on the crystal structures of GlcV the lack of, or improper coordination of 

Mg2+ results in a reduced binding-affinity of ATP in the absence of Mg2+ or of Mg2+-AMP-PNP. In 

our experiment we also observed that the nucleotide binding affinity strongly decreases with the 

temperature. At temperatures close to the growth temperature of S. solfataricus, the nucleotide 

binding affinity of GlcV is comparable to what has been observed for the NBDs of other ABC 

transporter, i.e., values in the micromolar range (170;203;205;209). However, at low temperatures, 

the nucleotides bind with nanomolar affinity.  

 

The measured values of ∆H, ∆G, T∆S for ADP and AMP-PNP binding and their 

temperature dependence was similar for wt GlcV and the G144A mutant indicating that this 

mutation does not influence nucleotide binding. Indeed, Glycine 144 is not localized in the 

nucleotide-binding site of the monomer. Comparison with the dimeric structures shows, however, 
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that in the dimer this residue contacts the γ-phosphate of the nucleotide bound to the opposite dimer 

(149;158-160). This contact seems important for dimer formation, and the complete lack of ATPase 

activity (Figure 2A) upon mutagenesis of this residue shows the importance of dimer formation for 

ATP hydrolysis. The E166A mutant showed a slightly reduced nucleotide binding affinity. 

Although glutamate 166 does not directly contact the nucleotide, in the HlyB structure, it 

coordinates a water molecule, which coordinates the γ-phosphate and a water molecule, which 

forms the octrahedral coordination sphere of Mg2+ (160). This contact thus likely contributes to the 

stability of the bound nucleotide. Indeed, the presence of Mg2+ had a strong effect on binding of 

nucleotides. Binding of the nucleotides was driven with a large negative ∆H and opposed by a 

positive -T∆S. While the binding enthalpy for Mg2+-ATP and Mg2+-AMP-PNP to the G144A 

mutant was temperature independent, Mg2+-ADP binding showed strong temperature dependence. 

The ∆Cp for Mg2+-ADP binding to the wt, G144A and E166A GlcV proteins was –167.5, -115.4, 

and -94.5 cal/mol/K, respectively. In ligand binding experiments, a strong correlation exists 

between ∆Cp and the buried surface area (211;212). A large negative ∆Cp suggests a reduced 

exposure of the protein surface area to aqueous solvent (213). Analysis of the nucleotide-bound and 

free states of crystal structures of various NBDs indicated only minor structural changes between 

the ADP bound and nucleotide free state. However, upon ATP binding, a large rigid body 

movement occurs. Remarkably, in the crystal structure of GlcV conformational differences were 

found between the nucleotide-free and the more rigid Mg2+-AMP-PNP and Mg2+-ADP states, 

whereas the comparison between the Mg2+-AMP-PNP and Mg2+-ADP structures showed only 

minor differences (13). Compared to the changes in ∆Cp found for other protein–ligand interactions, 

e.g. -780 cal/mol/K for B. subtilis SecA (214) and -330 kcal/mol/K for native myosin (215), the 

∆Cp value observed upon ADP binding to GlcV is relatively small. This supports the notion that 

either the changes in solvent accessibility upon nucleotide binding are small, or the increase of 

solvent accessible area in one area is compensated by a decrease in solvent accessible area in 

another region.  

 

Vanadate trapping experiments with several complete transporters, like P-glycoprotein (P-

gp) (165;216) and the maltose transporter of E. coli MalFGK2 (169) indicated the presence of only 

one nucleotide in the NBD dimer, and led to the ‘alternating site’ (165) model for ATP hydrolysis. 

Our DLS and ITC experiments indicate, however, that the dimer contains two nucleotides 

confirming previous structural information on NBD dimers (149;158-160). Moreover, previous size 

exclusion experiments with GlcV E166Q (27), and analysis of the nucleotide composition of three 

trapped intermediate states of the NBD of Mdl1p, a mitochondrial peptide ABC transporter (170), 

also indicated a stoichiometry of two nucleotides per dimer. These data have led to the ‘processive 
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clamp’ model for ATP hydrolysis in which two nucleotides are bound to the NBD which are 

hydrolyzed in a processive manner (170). Since in this study we also find a stoichiometry of two 

nucleotides per dimer, we will here discuss the thermodynamics of ATP hydrolysis based on this 

‘processive clamp’ model.  

Our data shows that the first step in the ATP hydrolysis cycle, ATP binding, is an 

energetically favorable step, which is driven by a negative ∆H and opposed by a positive -T∆S. The 

second step, dimerization of ATP-bound NBD, is in the E166A-GlcV also an energetically 

favorable process, which is driven at low temperatures by enthalpy and at higher temperatures by 

entropy. We propose that dimerization in wt GlcV behaves similar to the dimerization of the 

E166A-GlcV. The ∆G of ATP hydrolysis was determined to be in the range of -7 and -9 kcal/mol. 

ATP hydrolysis is a favorable step, driven by both a negative ∆H and –T∆S. Since no stable dimers 

of the NBDs of ABC transporters are formed in the presence of ADP (13;151;152;217) and the 

ADP bound dimers could only be isolated when the system was stabilized by BeFx-trapping (170), 

dissociation of the NBD dimer after hydrolysis of both ATP molecules most likely also is an 

energetically favorable step. This result fits well with the recent crystal structure of ADP-Mg2+ 

bound MalK, the closest homologue of GlcV, where the dimer in the post-hydrolytic state is reset to 

the open state (196). Whether or not dissociation of the ATP:ADP bound state is favorable may 

depend on the NBD studied. Therefore, only the final step in the cycle, ADP dissociation from the 

NBD is an energetically unfavorable process. The energy requirement of this step is, however, 

compensated by the more favorable binding of ATP in a next round, and the higher ATP 

concentration in the cell. Here we have determined the thermodynamics of different steps of the 

ATP hydrolysis cycle of an isolated NBD. Future studies should determine the thermodynamics 

with the full-length transporter, as to assess whether the interaction between the NBDs and MSDs 

influences the thermodynamic pathway. Although the determination of this pathway in full-length 

proteins will be a challenging task, it will provide a detailed insight on the mechanism of energy 

conversion in ABC transporters and how this is coupled to the movement of the transported 

substrate.  
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Materials and methods 

Expression and purification.  

Sulfolobus solfataricus wt GlcV, the E166A and G144A mutant were expressed in Escherichia coli and purified as 

described previously (13;27;202). 

 

Size-exclusion chromatography.  

Size-exclusion chromatography was employed to analyze the oligomeric state of wt and mutant GlcV proteins. GlcV 

(30 µM) was incubated for 5 min at 20 °C in 20 mM MES pH 6.5, 100 mM NaCl and 5 mM MgCl2 or 2 mM EDTA in 

the presence of different concentrations of ATP. Samples were applied to a Superdex 200 size-exclusion column (PC 

3.2/30; bed volume 2.4 ml) mounted on a SMART system (Amersham Biosciences) equilibrated with the same buffer 

containing an equal concentration of ATP at 20 °C and at a flow rate of 75 µl/min. The molecular mass was determined 

using molecular mass standards: ribonuclease A, 14 kDa; chymotrypsinogen A, 25 kDa; ovalbumin, 44 kDa; albumin, 

67 kDa; and γ-globulin, 158 kDa. 

 

ATP binding and hydrolysis assay.  

ATP binding was determined by means of 8-azido-ATP photo labeling. GlcV (10 nM) was added to a premixed 

solution of 15 nM 8-azido-[α-32P]ATP in the presence of increasing concentrations (0-2 µM) of ATP in binding buffer 

(20 mM MES pH 6.5, 100 mM NaCl and 5 mM MgCl2).
 After 5 min. incubation on ice, samples were irradiated by UV 

(254 nm) for 2 min, directly resuspended in SDS loading buffer, and separated by 12% SDS-PAGE. Gels were dried 

and quantified by phosphor imaging. ATP hydrolysis was measured using radio labeled [γ-32P]ATP (10 mCi, 3000 

Ci/mmol). WT and mutant GlcV (30 µM) were incubated at different temperatures with 3 µM or 5 mM [γ -32P]ATP in 

50 µl 50 mM MES pH 6.5 and 100 mM NaCl, in the presence of 5 mM MgCl2 or 2 mM EDTA. The reaction was 

stopped after 0-10 minutes by the addition of 950 µl 10 (w/v) % charcoal in 10 mM EDTA. Solutions were mixed and 

incubated for 3 hrs to allow ATP binding to the charcoal. The mixture was then centrifuged for 15 minutes at 14,000 g 

and the radioactivity in the supernatant was measured by liquid scintillation counting. To determine non-specific ATP 

binding control experiments were performed under identical conditions in the absence of GlcV. Blank values were 

subtracted from the total counts, and the total hydrolysis was calculated. 

 

Dynamic Light Scattering.  

Dynamic light scattering experiments were performed with a Dynapro 801. Before use, GlcV and nucleotide solutions 

were filtered and concentrations in the filtrate were determined spectrophotometrically. Before injection, 30 µM of the 

E166A and G144A GlcV protein was incubated for 5, 15 and 30 minutes in 20 mM MES pH 6.5, 100 mM NaCl with 5 

mM MgCl2 or 2 mM EDTA at 20 °C in the absence and presence of different ATP concentrations. After injection into 

the measuring chamber, the diffusion coefficient and the apparent molecular weight were determined from the light 

scattering using the Dynamics software Version 5.26.37 (Protein Solution Inc). Translational diffusion coefficients of 

monomeric and dimeric GlcV were predicted using the HYDROPRO version 5.a program (201). 

 

Isothermal Titration Calorimetry (ITC).  

Nucleotide binding to GlcV was analyzed using a Microcal MCS titration calorimeter (Microcal). Stock solutions (100 

mM) of the nucleotides (ATP, ADP or AMP-PNP) were prepared, adjusted to pH 6.5 with NaOH and diluted in dialysis 

buffer. Purified wt GlcV and the G144A and E166A mutants were dialyzed against 20 mM MES pH 6.5, 100 mM NaCl 

and 5 mM MgCl2, or when indicated, against 20 mM MES pH 6.5, 100 mM NaCl and 2 mM EDTA. Before use, all 
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solutions were degassed by gentle stirring under vacuum. ITC experiments were performed by injecting nucleotide into 

the sample cell containing the purified GlcV proteins. The instrument and the equations used to fit the calorimetric data 

have been described in detail previously (218). In a typical experiment, the 2.1-ml sample cell was filled with a 30 µM 

protein solution. Typically, 20 injections (10.6 second duration) of 5 µl of a 600 µM nucleotide solutions were made at 

180 s intervals from a 100 µl syringe rotating at 400 rpm. At 20 and 30 ˚C, injection intervals were increased to 600 s 

for the G144A and E166A mutants. Control experiments to determine the dilution effects of the nucleotides were 

performed under identical conditions with the sample cell filled with buffer only. 

 

Miscellaneous methods.  

Protein and nucleotide concentrations were determined spectrophotometrically at 280 and 260 nm using extinction 

coefficients of 20,000 and 14,900 M-1 cm-1, respectively. The spectroscopic analysis of protein was confirmed by 

determination of the total amino acid content (Eurosequence). 
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Abstract GlcV is the nucleotide binding domain of the ABC type glucose transporter of the 

hyperthermoacidophile Sulfolobus solfataricus. Structurally, GlcV is a two domain protein with an 

N-terminal nucleotide binding domain and a C-terminal β-barrel domain with unknown function. 

The unfolding and structural stability of the wild-type (wt) protein and three mutants that are 

blocked at different steps in the ATP hydrolytic cycle were studied. The G144A mutant is unable to 

dimerize, while the E166A and E166Q mutants are defective in ATP hydrolysis and dimer 

dissociation. Unfolding of the wt GlcV and G144A GlcV occurred with a single transition, whereas 

the E166A and E166Q mutants showed a second transition at a higher melting temperature 

suggesting an increased stability of the ABCα/β subdomain. The structural stability of NBD domain 

of GlcV was increased in the presence of nucleotides indicating that the transition corresponds to 

the unfolding of the NBD domain. Unfolding of the C-terminal domain appears to occur at 

temperatures above the unfolding of the NBD, and remained undetectable due to aggregation of the 

protein upon the unfolding of the NBD. Analysis of the domain organization of GlcV by trypsin 

digestion demonstrates cleavage of the NBD domain into three fragments, whereas nucleotides 

protect GlcV against proteolysis. The cleaved GlcV protein retained the ability to bind nucleotides 

and to dimerize. These data indicate that albeit structurally being a two-domain protein, the wt 

GlcV NBD domain unfolds as a single domain protein, while its stability is modified by mutations 

in the glutamate after the Walker B motif and by nucleotide binding. 
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Introduction 

ATP-binding cassette (ABC) transporters drive the transport of substrates across the 

membrane by the hydrolysis of ATP (4). ABC transporters have a conserved domain structure, with 

two membrane-spanning domains that form the transport channel and two cytosolic nucleotide 

binding domains (NBDs) that energize the transport via the hydrolysis of ATP. The NBD is the 

most conserved domain of ABC transporters, and it comprises a number of highly conserved amino 

acid sequences that are involved in the binding and hydrolysis of nucleotides such as the Walker A 

and B motifs (2), the Q-, D-loops (149) and the H-loops (219) and the ABC signature motif (220). 

The crystal structures of ABC ATPases (13;147;149-152;208;219-222) showed a typical fold which 

consists of two subdomains, named ABCα/β and ABCα respectively. The ABCα/β subdomain 

consists of central β-sheets which are flanked by α-helices. This subdomain contains the Walker A 

and B motifs and is found also in proteins involved in cellular functions such as double strand DNA 

repair (Rad50) (149), DNA mismatch repair (MutS) (223) and chromosome condensation (SMC) 

(224;225). The ABCα domain is an insertion of 70 residues between the β6 and β7 strands of the 

ABCα/β subdomain, and contains mainly α-helices and the highly conserved ABC signature motif 

and Q-loop. While the Walker A and B motifs are common for P-loop nucleotide triphosphate 

binding proteins and involved in the coordination of ATP and Mg2+, the Q-, D- and H-loops and 

ABC signature motifs are unique features of ABC ATPases. The highly conserved residues of the 

C-loop motif participates in the binding and hydrolysis of ATP (27;149;208;221) and mutants 

thereof were defective in ATP-hydrolysis while retaining the ability to bind ATP (221;222). 

Mutagenesis of the glutamine, the histidine and the aspartate in the Q-, H- and D-loops, 

respectively, results in defective transport (2;27;150;161;166;222;226).  

Crystal structures of the monomeric NBDs showed that the C-loop motif is far away from 

the nucleotide binding domain. On the other hand, the structure of the ATPase domain of Rad50 in 

complex with ATP showed a head-to-tail organization of two monomers (149). In this dimer, the 

nucleotide is sandwiched between the Walker A and B domains of one monomer and ABC 

signature motif of the other monomer. Such ATP-induced dimerization was further demonstrated 

for several NBDs of ABC transporters which formed a stable ATP induced NBD dimer after 

mutation of the putative catalytic glutamate adjacent to the Walker B motif (27;158;198), or the 

histidine of the H-loop (205) or for wild-type Escherichia coli MalK (154). Sequence alignment of 

bacterial and archaeal ABC ATPases revealed that some of these transporters harbor an additional 

C-terminal extension of about 130 residues. This extension is also found in many binding protein-

dependent ABC transporters that mediate for the uptake of solutes like maltose or glucose. The C-

terminal extension of the MalK NBDs of the E. coli and S. typhimurium maltose transporters 

interacts with MalT, a transcriptional activator of the mal operon (156). In the absence of maltose, 
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MalT binds to MalK, whereas in the presence of maltose, MalT is released whereupon it activates 

transcription of the mal operon. 

Sequence alignment (25 % of sequence identity) and crystal structure comparison indicates 

that GlcV, the ABC ATPase of the glucose transporter from S. solfataricus, has a similar domain 

organization as MalK of E. coli and T. litoralis. The N-terminal domain of GlcV consists of about 

225 residues with a typical fold of ABC ATPases. The protein contains an additional 125 residue at 

its C-terminus, forming a β-barrel shaped structure very similar to the regulatory domain of T. 

litoralis. However, the additional α-helix in between β13 and β14 of the E. coli and T. litoralis β-

barrel, is replaced by a loop region only in GlcV. The structural similarity also involves the linker 

region between the N- and C-terminal domains. Despite the high structural and sequence similarity 

between the C-terminal domain of MalK and GlcV, a regulatory function of this region in the S. 

solfataricus GlcV remains to be shown. 

To further investigate the structural aspects of GlcV and its interaction with nucleotides, we 

have employed Differential Scanning Calorimetry to study the unfolding of the isolated ABC 

ATPase. Herein, we compared the unfolding characteristics of the wild type enzyme with that of 

two mutants that are defected for ATP hydrolysis. The data demonstrate that the nucleotide binding 

domain of GlcV thermodynamically behaves like a single domain protein that is stabilized by 

nucleotides. 

 

Results 

Differential scanning calorimetry of GlcV reveals the presence of a single unfolding transition 

Differential Scanning Calorimetry (DSC) is a powerful technique to study the 

thermodynamics of protein unfolding and the effects of substrate-enzyme interactions on protein 

stability. DSC experiments were performed with purified GlcV, the nucleotide binding domain of 

the glucose transporter of S. solfataricus. S. solfataricus is a hyperthermoacidophile that grows 

optimal at 85 °C and pH 2.5. Therefore, its proteins are highly thermostable and thus especially 

suitable for DSC analysis. The DSC profile of wild-type (wt) GlcV showed a single endothermic 

transition that was followed by aggregation of the protein (Fig. 1A). Both the unfolding and 

precipitation of the protein were irreversible as the transition was lost upon cooling of the sample 

and subsequent re-scanning (data not shown). The transition midpoint (Tm) for nucleotide free wt 

GlcV was 72 ± 0.5 °C and remained unchanged in the presence of EDTA (Table 1) or MgCl2 

(Table 2). In an EDTA containing buffer, nucleotide binding resulted in an increase in the Tm 

compared to nucleotide free wt GlcV (Fig. 1A). In the presence of ATP or ADP, the increase was 

about 5.5-6 °C, with a slightly higher up-shift for ADP, while the non-hydrolyzing ATP analogue 

AMP-PNP caused only a minor up-shift (Table 1). This demonstrated that the nucleotides stabilize 
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the NBD in the order ADP > ATP > AMP-PNP. In the presence of nucleotides, addition of MgCl2 

resulted in a further increase of the stability (Fig. 1B). This stabilizing effect was most pronounced 

with ATP-Mg2+ or ADP-Mg2+ yielding similar thermograms with an increase in the Tm of more 

than 10 °C as compared to the nucleotide free wt GlcV. Again, addition of AMP-PNP-Mg2+ caused 

only a minor up-shift (Table 2). 

 

 

 

 

 

Figure 1. Differential scanning calorimetry of GlcV  

(A) Thermogram of wt GlcV under non-hydrolyzing (2 

mM EDTA) and B) hydrolyzing (5 mM MgCl2) 

conditions were recorded in the absence of nucleotides 

(dark line), or in the presence of AMP-PNP (dark grey 

line), ATP (black long dashed line) or ADP (light grey 

long dash). 

Since addition of Mg2+ alone did not increase the stability of the protein, the stabilizing 

effect of Mg2+ seems to occur via interactions with the nucleotide. The unfolding of the nucleotide 

free wt GlcV was fitted with a non-two-state model (Table 3). Unfortunately, the data of nucleotide-

bound GlcV could not be fitted since unfolding was immediately followed by the precipitation of 

the protein. The fit of the unfolding of nucleotide free GlcV yielded an enthalpy of unfolding 

(∆Hcal) and a van’t Hoff energy (∆HvH) of 97 and 222 kcal/mol, respectively. Thus the ratio 

between ∆H and ∆HvH was close to 0.5 (Table 3). A ratio of 0.5 generally indicates that the protein 

undergoes structural changes - like dimerization - that change the molar ratio of the active species. 

In this experiment, however, the absence of nucleotides excludes this possibility. Alternatively, this 

ratio may indicate that only part of the protein is unfolded under the conditions employed. As the 

Tm shows a strong nucleotide dependence, the transition probably corresponds to the unfolding of 

the NBD while the unfolding of the C-terminal domain does not appear as a separate transition. The 

unfolding of the C-terminal domain remains undetected caused by a higher thermostability with a 

Tm for unfolding above the precipitation temperature. Structurally, GlcV is a two domain protein 

but by DSC only unfolding of the NBD can be observed.  
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The G144A mutation does not effect thermal unfolding of GlcV 

In a next step, the effects of mutations which block the nucleotide binding domain in a 

specific step of the ATP hydrolysis cycle were studied. First, a mutation of the second glycine in 

the ABC signature motif was studied. This mutation does not interfere with nucleotide binding but 

radically reduces ATP hydrolysis and dimerization in the presence of ATP-Mg2+ (27) (Chapter 3). 

The DSC profile of G144A GlcV was essentially indistinguishable from that of wt GlcV (Fig. 2A 

and B). 

 

 

 

 

 

Figure 2 A and B. Differential scanning calorimetry of 

the G144A mutants of GlcV. 

Thermograms of G144A GlcV in the presence of 2 

mM EDTA (A) or 5 mM MgCl2,(B) in the absence of 

nucleotides (dark line), or in the presence of AMP-PNP 

(dark gray line), ATP (black long dashed line) or ADP 

(light gray long dash) 

Again, unfolding occurred with a single endothermic transition both in the presence and 

absence of nucleotides, at similar transition temperatures as observed for the wt GlcV. In the 

presence of Mg2+, ADP and ATP both the wt and the G144A GlcV showed similar thermograms. In 

case of the wt GlcV, this results from the hydrolysis of the total ATP to ADP. The G144A GlcV 

mutant is radically defective in ATP hydrolysis although a low level of residual hydrolysis cannot 

be totally excluded. The long term incubation close to optimal temperature during DSC experiment 

may trigger a slow ATP hydrolysis by the G144A GlcV. The appearance of similar transition 

patterns for these two proteins therefore suggests that a similar strong protein-nucleotide interaction 

occurs that is stabilized by the presence of Mg2+ during ATP hydrolysis. The enthalpy of unfolding 

(∆Hcal) and the van’t Hoff energy (∆HvH) were calculated to be 98 and 238 kcal/mol, respectively. 

Thus the ratio between ∆H and ∆HvH was again close to 0.5 (Table 3). This indicates that the 

G144A mutation does not affect the thermal unfolding characteristics of GlcV. 
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Thermal unfolding of the E166A GlcV mutant occurs through two transitions.  

Replacement of the putative catalytic base, e.g. the glutamate residue adjacent to the Walker 

B motif to an alanine results in a strong reduction of the ATPase activity of GlcV. With this mutant, 

the formation of an ATP dependent stable dimer can be observed by gel filtration (27). Remarkably, 

DSC of E166A GlcV showed two endothermic transitions under all conditions tested. In the 

absence of nucleotide, the first Tm (Tm1) closely resembled the Tm of the wt and the G144A mutant, 

whereas the second transition (Tm2) occurs at a temperature that is about 4 °C higher. Both 

transitions were found to be irreversible (data not shown). In the presence of ATP or ADP and 

EDTA (Fig. 2 C), Tm1 was up-shifted by 5-7 °C and thus essentially comparable to the Tm of the 

wild-type protein. Tm2 was also up-shifted but by 9-11 °C compared to the nucleotide free wt GlcV 

(Table 1). The presence of AMP-PNP only slightly influenced the protein stability. The largest 

increase in Tm was observed in the presence ATP-Mg2+or ADP-Mg2+ (Fig. 2D).  

 

 

 

 

 

Figure 2 C and D. Differential scanning calorimetry 

of the E166A mutant of GlcV 

Thermograms of E166A GlcV in the presence of 2 mM 

EDTA (C) or 5 mM MgCl2 (D) in the absence of 

nucleotides (dark line), or in the presence of AMP-PNP 

(dark gray line), ATP (black long dashed line) or ADP 

(light gray long dash) 

 

Under these conditions, Tm1 only increased by 7 °C, while the up-shift of Tm,2 was more than 11 °C 

as compared to the nucleotide-free protein (Table 2). Again, the presence of AMP-PNP-Mg2+ 

induced only a small increase in the Tm values. Since the presence of the two transitions with GlcV 

E166A was also observed in the nucleotide-free state, this phenomenon can not be associated with 

dimerization of GlcV. Therefore, we concluded that two subdomains which unfold at a similar 

temperature in wt and G144A GlcV, unfold separately in the E166A mutant. Remarkably, addition 

of nucleotides results in an up-shift of both Tm1 and Tm2 demonstrating the nucleotide binding 

affects the stability of both subdomains.  
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To further investigate the structural basis of the two transitions of the GlcV E166A mutant, 

the previously characterized E166Q mutant (27) was also studied by DSC. Whereas substitution of 

the glutamate by an alanine results in formation of an empty pocket, substitution by a glutamine 

only replaces a hydroxyl-group by an amino-group. As shown previously, mutation of the 

glutamate to glutamine resulted in an 80 % reduction of the ATPase activity of GlcV and the stable 

formation of the dimer (27). DSC of the nucleotide-free E166Q GlcV mutant again showed two 

transitions (Fig. 2E and F). Importantly, under all conditions tested, the protein showed a dominant 

first Tm which is at a similar temperature as Tm1 of the E166A mutant. Remarkably, the observed 

second transition was much smaller than observed for E166A GlcV (Fig. 2C and D).  

 

 

 

 

 

 

Figure 2.E and F. Differential scanning calorimetry of 

the E166Q mutant of GlcV. 

Thermograms E166Q GlcV in the presence of 2 mM 

EDTA (E) or 5 mM MgCl2 (F) in the absence of 

nucleotides (dark line), or in the presence of AMP-PNP 

(dark gray line), ATP (black long dashed line) or ADP 

(light gray long dash) 

 

Addition of ATP or ADP resulted in an up-shift of both Tm1 and Tm2 comparable to the shift 

observed for the E166A mutant. Apparently not only the length of the side chain, but the presence 

of an acidic group at position 166 strongly affects the structural stability of the subdomain. By 

changing the carboxyl group of the glutamate to a carboxyamide group, the subdomains of GlcV 

are apparently stabilized. The glutamate residue plays an important role in ATP hydrolysis as a 

catalytic base (150;170;198;222), and in the crystal structure of GlcV, the hydroxyl group interacts 

with the coordinating water molecule. Apparently this interaction destabilizes the subdomain. It was 

recently proposed that this glutamate together with the histidine of the H-loop forms a catalytic 

dyad for ATP hydrolysis. The histidine was suggested to acts as a 'linchpin', holding together a 

complicated network of interactions between ATP, water molecules, Mg2+, and amino acids both in 
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cis and trans, necessary for intermonomer communication (205). Possibly mutagenesis of E166 

affects this network, and therefore its mutation influences the stability of the ABCα/β and ABCα 

subdomains.  

 

Proteolytic cleavage and 8-azido ATP photoaffinity labeling of wild-type and mutant GlcV proteins. 

In order to study the domain structure of GlcV in more detail, the enzyme was subjected to 

proteolytic cleavage by trypsin. GlcV was cleaved into two fragments with apparent sizes of 26 

(Frag. 1) and 9 kDa (Frag. 2) on a coomassie stained SDS-PAGE, respectively (see Fig. 4 A, B, C 

lane 1). To remove uncleaved GlcV, samples were also applied to a gel filtration column. However, 

both the cleaved and intact GlcV eluted at identical positions, suggesting that the fragments remain 

associated (data not shown). Analysis of the proteolytic fragments by MALDI-TOF mass 

spectrometry showed that GlcV was cleaved at lysine residues at positions 83 and 126 resulting in 

the formation of peptide fragments of 9 and 26 kDa. These positions are indeed exposed in the 

crystal structure of GlcV (Fig. 3).  

 

 
Figure 3. Sequence alignment of GlcV and the trypsin cleavage fragments identified by mass spectrometry.  

The light grey area corresponds to the 9 kDa N-terminal fragment, dark grey are indicates a small 5 kDa peptide 

cleaved by trypsin that is not detected on SDS PAGE; and the white are corresponds to the 26 kDa cleaved C-terminal 

peptide The conserved regions are underlined and indicated below. Empty boxes in the sequence and GlcV structure 

(pdb entry: 1OXU) indicate the position of the trypsin cleavage. 

 

The remaining mass of 5 kDa could not be detected on SDS-PAGE, but since the 

corresponding region contains several possible trypsin cleavage sites it is likely further degraded. 

Cleavage did not occur at the linker region between the N- and C-terminal domain the NBD (Fig. 



Stuctural stability and domain organization 

3). This is most likely caused by the lack of a trypsin cleavage sites in this region, while the 

cleavage probability of the site closest to the linker region (Lysine 224) is predicted to be negatively 

influenced by the proline at position 223 (227). 

Comparison of the nucleotide-free and nucleotide-bound structures of GlcV revealed a re-

orientation of the ABCα subdomain and the C-terminal domain relative to the ABCα/β subdomain, 

and switch-like rearrangements in the P-loop and Q-loop regions (13). To determine if the tryptic 

pattern is affected by the nucleotide bound state of the protein, proteolysis was performed in the 

absence and presence of the different nucleotides for wt GlcV and the G144A and E166A mutants. 

Remarkably, both the nucleotide-free and ADP-Mg2+-bound wt GlcV exhibited a higher resistance 

to trypsin digestion than the ATP-Mg2+ and AMP-PNP-Mg2+ bound forms (Fig. 4). 

 

 

 

 

 

Figure 4. Nucleotide dependence of 

trypsin digestion of wt (A), G144A (B) 

and E166A (C) GlcV.  

Proteins were digested with trypsin in 

the presence and absence of different 

nucleotides. Full length GlcV (lane 1), 

trypsin digestion in the absence of 

nucleotide (lane 2), trypsin digestion in 

the presence of ATP (lane 3), ADP 

(lane 4) and AMP-PNP (lane 5). The 

molecular sizes of full length GlcV 

and cleaved GlcV fragments are 

indicated by the arrows. 

 

The fragmentation pattern was, however, similar to that of the nucleotide free wt GlcV. This 

suggests that a conformational change occurs upon binding of ATP or AMP-PNP but not with 

ADP. The crystal structures of GlcV in the presence of ADP and AMP-PNP are, however, very 

similar and only differ in the structure of the Q-loop. In contrast to the nucleotide-free structure, the 

Q loop is not disordered in the nucleotide bound structures. The trypsin sensitivity, however, 
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correlates with the observations made with other ABC transporters where ATP binding causes large 

conformational changes including a rigid body movement of lobe I toward lobe II (151;152). The 

overall proteolytic pattern of the two mutants (G144A and E166A) was similar to that of the wt 

both in the presence and absence nucleotide, except that, the G144A mutant appeared to be more 

prone to proteolysis. From these data it appears that the ATP dependent dimer formation of the 

E166A GlcV does not result in an altered proteolysis pattern.  

 Next, binding experiments were performed with the photoactivatable nucleotide analogue 8-

azido ATP. Due to the covalent coupling, nucleotide binding to the various proteolytic fragments 

can be detected. Purified wt and G144A and E166A GlcV showed a similar binding and 

photocrosslinking to 8-azido-ATP (Fig. 5.). After trypsin treatment, nucleotide binding to wt GlcV 

produced several labeled fragments. The two most dominant fragments are identical to the trypsin 

digested and mass spectrometry identified fragments described above. The smaller dominant 

labeled ~9 kDa N-terminal fragment contains the Walker A motif, while the larger ~26 kDa sized 

C-terminal fragment contains the ABC signature, Walker B motif and the C-terminal domain. 8-

azido-ATP binding to the trypsin treated G144A mutant mainly yielded the labeled 9 kDa N-

terminal proteolytic fragment, while the E166A mutant showed both prominent 9 and 26 kDa 

fragments like wt GlcV (Fig. 5). Since two latter proteins, i.e., wt and the E166A, dimerize upon 

ATP binding, we conclude that the labeled 26 kDa fragment results from the nucleotide-induced 

dimerization of these proteins. Except for the E166A mutant, isolated GlcV retained the ability to 

bind nucleotides even after harsh protease treatment.  

 

 

 

 

Figure 5. 8-azido ATP binding and 

photocrosslinking of wt, G144A and E166A 

GlcV. 

8-azido ATP was photocrosslinked to GlcV 

(lane 1) whereupon the protein was digested 

with trypsin (lane 2). In a similar 

experiment, the proteins were first digested 

with trypsin and subsequently photocross-

linked with 8-azido ATP (lane 3). Full 

length and major GlcV fragments are 

indicated by arrows. 
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Discussion 

Here we have studied the domain organization of an ABC ATPase, GlcV from the 

hyperthermoacidophile S. solfataricus using differential scanning calorimetry and trypsin digestion. 

GlcV is a subunit of a binding protein dependent ABC-type glucose transport system. During the 

ATP hydrolysis cycle, GlcV homodimerizes in an ATP dependent manner. The thermal unfolding 

of GlcV showed a single transition around 72 °C that was followed by rapid precipitation of the 

protein. The midpoint temperature of this transition (Tm) was shifted to higher temperatures by 

nucleotides, suggesting a stabilization of the protein. The structure of GlcV, however, indicates a 

two domain organization, i.e., an N-terminal nucleotide binding domain and a C-terminal domain 

with unknown function. Nucleotide dependent stabilization and correlation of ∆H to ∆HvH in the 

absence of nucleotide suggests that the single unfolding event corresponds to the NBD only. The C-

terminal domain probably has a higher Tm value but in our experiments this transition point 

presumably remained undetected due to precipitation of the protein. All together our results suggest 

that wt GlcV is a two domain protein while only unfolding of the NBD domain can be detected as 

this phenomenon is rapidly followed by protein precipitation. The presence of single transition only 

indicates that the enzyme dimerization is invisible in the DSC thermograms. This might be due to 

the very fast ATP hydrolysis and dimer dissociation rate of wt GlcV relative to the slow increase of 

the temperature during measurement. 

In addition to the wild-type, we have also investigated the thermal unfolding of several 

GlcV mutants. These are G144A GlcV with a mutation in the ABC signature motif that does not 

interfere with nucleotide binding but inactivates the enzyme for nucleotide hydrolysis and 

dimerization (27) (Chapter 3); and E166A and E166Q GlcV with mutations of the putative catalytic 

base adjacent to the Walker B region thereby yielding a protein that still interacts with nucleotide, 

but that is defective in ATP hydrolysis while retaining the ability to dimerize upon nucleotide 

binding (27) (Chapter 3). The thermal unfolding characteristics of the G144A mutant were similar 

to that of wt GlcV, both in the absence and presence of nucleotides. This demonstrates that the 

mutation in the ABC signature motif does not lead to structural changes in the GlcV monomer. In 

contrast, the E166A and E166Q mutants showed two thermal transitions. The first thermal 

transition is at a Tm value close to the one observed for wt GlcV and the G144A mutant, while the 

second Tm was at a temperature 4-5 °C higher. Both Tm values increased in the presence of 

nucleotide. The presence of the second transition indicates that these mutants have undergone a 

structural change. Residue E166 has been proposed to act as a catalytic base during ATP hydrolysis 

(150;170;198;222). In the GlcV structure with bound AMP-PNP, the residue localizes in close 

vicinity to the γ–phosphate group where it may activate a water molecule for the hydrolytic attack 

of the β-γ bond of ATP. Mutation of the glutamate to alanine leaves an empty pocket in the 
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structure. It thus appears that the glutamate at this position slightly destabilizes the protein. E166 is 

located in the ABCα/β subdomain and therefore we hypothesize that the second transition 

corresponds to unfolding of this domain. In the wild-type, the ABCα/β and ABCα subdomains 

appear to unfold simultaneously. Since the E166A and E166Q mutant both show a second 

transition, we conclude that the presence of a carboxyl acid group destabilizes the ABCα/β domain. 

This could be a critical feature of the catalytic reaction. 

Structural studies on GlcV show that AMP-PNP binds in a similar mode as ADP, except for 

additional interactions with the three oxygen atoms on the γ-phosphate (27). Binding of AMP-PNP 

has been proposed to mimic ATP binding to the monomeric protein. GlcV was found to more 

susceptible to proteolysis by trypsin in the presence of ATP or AMP-PNP, while the protein was 

highly trypsin resistant in the absence of nucleotide or with ADP. Comparison of the ATP, ADP, 

and nucleotide-free structures of other proteins (13;151;152) showed large conformational changes 

in the Q loop, and a rigid body movement of lobe I toward lobe II upon binding of ATP. Only 

minor differences are observed between the ADP-bound and nucleotide-free states. Our trypsin 

cleavage data is consistent with the conformational changes observed in these structures. Thus, 

binding of ATP and AMP-PNP to GlcV may induce a movement of lobe I towards lobe II akin an 

“induced fit” thereby leading to the formation of the dimerization surface. Interestingly, trypsin 

cleavage was most pronounced with the monomeric G144A mutant in the presence of ATP or 

AMP-PNP, while the wt and E166A mutant that both are capable of dimer formation are the most 

resistant towards trypsin digestion.  

Even after harsh protease treatment, GlcV retained the ability to bind 8-azido-[ -32P] ATP, 

yielding a small labeled ~9 kDa fragment containing the Walker A motif. The Walker A motif 

interacts directly with the phosphate groups of the bound nucleotide (27;149-152;159;228). Our 

results indicate that only the E166A mutant lost its ability to bind nucleotide after trypsin treatment. 

Trypsin digestion of the wt and E166A mutant also resulted in the efficient generation of a large 

labeled 26 kDa fragment which contains the ABC signature motif, Walker B motif and the C-

terminal domain. With the G144A mutant, only small amounts of this 26 kDa fragment were 

obtained. In the monomeric state, the ABC signature motif is located far away from the nucleotide 

bound lobe I, but it complements the nucleotide-binding site in the dimeric state. Therefore, 

photocrosslinking of 8-azido-ATP under conditions that GlcV dimerizes may result in the labeling 

of the ABC signature of C-terminal fragment. Indeed, labeling of the 26 kDa fragment is the 

strongest with the wild type and E166A mutant that are both capable of dimerizing. The low level 

of the 26 kDa fragment with the G144A mutant may thus relate to the monomeric state of this 

protein. We therefore conclude that the photoaffinity crosslinking approach detects the formation of 

the dimeric state of GlcV.  
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The crystal structures of E. coli MalK show that the C-terminal domains also forms a dimer 

(159) The predicted structure of the GlcV dimer also suggests contacts between the two C-terminal 

domains as they are positioned close to each other while presenting a substantial region to the 

cytoplasm (13). Such stable contacts require a rather flexible linker region between the NBD and 

the C-terminal domain. Attempts to express a truncation of GlcV with only the NBD proved 

difficult as we could recover the protein only in inclusion bodies (unpublished results). Insertion of 

a thrombin cleavage site in the putative linker domain between the NBD and C-terminal domain 

resulted in a heat instable protein (unpublished results), while trypsin digestion of GlcV yielded a 

cleaved NBD rather than the separate NBD and C-terminal domains. It therefore appears that there 

are considerable interactions between the two domains which are consistent with the presumed 

structural role of the C-terminal domain. The DSC data indicate that GlcV thermodynamically 

behaves as a single domain protein wherein the N- and C-terminal domain may have considerable 

interaction beside the linker region. The protein shows a strong ability to retain its nucleotide 

binding and dimerization activities even after harsh protease treatment indicating a rigorous protein 

structure leading to a functionally highly stable ATPase.  

 

Materials and methods 

Cloning, expression and purification 

Wild-type Sulfolobus solfataricus GlcV and the G144A, E166A, and E166Q mutants were expressed using the 

pET2150, pET2183, pET2187 and pET2186 plasmids as described by Verdon et al (27). Expression and purification 

was performed as described previously (202). 

 

Differential Scanning Calorimetry 

Purified GlcV was dialyzed against 20 mM MES pH 6.5 and 100 mM NaCl in the presence of 5 mM MgCl2 or 2 mM 

EDTA. The pH of the buffer slightly decreased from pH 6.5 to 6.2 when the temperature was raised from 20 to 60 °C. 

Protein concentrations were determined spectrophotometrically using an extinction coefficient of 20,000 M-1 cm-1, and 

were confirmed by determination of the protein concentration after total amino acid analysis (Eurosequence). DSC 

experiments were performed on a VP DSC (Microcal) using a differential scanning rate of 1 ºC/min and a protein 

concentration of 30 µM. Nucleotide stock solution (ATP, ADP or AMP-PNP) of 100 mM were adjusted to pH 6.5 with 

NaOH and diluted in dialysis buffer. The nucleotide concentration was determined spectroscopically using an extinction 

coefficient of 14,900 M-1 cm-1. Where indicated, the nucleotide was added to the sample at a concentration of 600 µM 

either under hydrolyzing (5 mM MgCl2) or non-hydrolyzing (2 mM EDTA) conditions. Before use, all solutions were 

degassed by gentle stirring under vacuum. The thermogram corresponding to the buffer was used as an instrumental 

baseline. The dependence of the molar heat capacity on temperature was analyzed using the Origin software 5.0 

(Microcal). The reversibility of the DSC transitions was determined by termination of the DSC scan before the 

precipitation temperature and by re-heating of the solution in the calorimetric cell after cooling (1 ºC/ 60 sec).  

 

Trypsin cleavage assay 
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Purified wt and mutant GlcV (50 µg) was diluted in 50 µl buffer containing 20 mM MES pH 6.5, 100 mM NaCl and 5 

mM MgCl2 (binding buffer) at 20 °C. After 1 minute, 16 µg trypsin was added and the incubation was continued for 1 

hour. Reactions were stopped by the addition of 16 µg trypsin inhibitor, samples were mixed with SDS sample buffer 

and 20 µl was loaded on 15 % SDS gel. GlcV truncates were subsequently re-purified on a red agarose column to 

remove trypsin and trypsin inhibitor. 

For nucleotide induced enzyme stability studies purified wt and mutant GlcV (50 µg) was pre-incubated in the absence 

or presence of 0.5 mM nucleotides (ATP, ADP and AMP-PNP) in 50 µl buffer containing 20 mM MES pH 6.5, 100 

mM NaCl and 5 mM MgCl2 (binding buffer) at 20 °C. After 5 minutes, 16 µg trypsin was added and the incubation was 

continued for 1 hour. Reactions were stopped by the addition of 16 µg trypsin inhibitor, and samples were mixed with 

SDS sample buffer and loaded on 15 % SDS gel. 

Nucleotide binding to trypsin digested GlcV was assayed by 8-Azido-ATP photoaffinity labeling. GlcV (0.3 µM) was 

incubated with 0.5 µM 8-azido-[ -32P] ATP in binding buffer at 20 ˚C. After 5 minutes, samples were irradiated by UV 

(254 nm) for 2 min. Nucleotide bound GlcV was digested by the addition of 0.3 µM trypsin. After 30 minutes, 0.3 µM 

trypsin inhibitor was added and the protein was analyzed by SDS-PAGE and visualized by phosphor imaging. In 

another experiment, GlcV (0.3 µM) was first incubated with 0.3 µM trypsin prior to the photoaffinity labeling. 

 

Size-exclusion chromatography 

To remove residual uncleaved GlcV, red agarose purified samples were applied to Superdex 75 PC 16/60 gel filtration 

column. The column was equilibrated and eluted with a buffer containing 20 mM MES pH 6.5, 100 mM NaCl and 5 

mM MgCl2. Protein elution was monitored at 254 and 280 nm. Samples were analyzed by 15 % SDS-PAGE and 

coomassie brilliant blue staining. 

 

Other Methods 

The trypsin cleavage fragments of GlcV were isolated from SDS PAGE and the fragments were identified by MALDI-

TOF Mass spectrometry in the Biochemistry Department of the University of Groningen 
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Tables 

Table 1. Transition temperatures of the thermal unfolding of wt and mutant GlcV in the presence of 2 mM EDTA and 

various nucleotides. 

 Tm (°C) 
GlcV: Free ATP ADP AMP-PNP 

wt 72.5 77.7 78.5 72.8 
G144A 72.8 76.8 79.1 73.9 
E166A 72.3 77.0 77.4 81.2 79.7 83.3 73.4 77.7 
E166Q 71.3 75.6 79.1 83.2 80.2 84.0 72.7 77.3 
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Table 2. Transition temperatures of the thermal unfolding of wt and mutant GlcV in the presence of 5 mM MgCl2 and 

various nucleotides. 

 Tm (°C) 
GlcV: Free ATP ADP AMP-PNP 

wt 71.8 82.4 82.6 76.4 
G144A 72.8 83.0 83.3 77.1 
E166A 72.2 76.3 79.9 83.3 79.9 83.3 77.3 80.9 
E166Q 70.6 76.2 80.8 83.9 80.3 84.0 75.7 79.7 

 

Table 3. Thermodynamic parameters of the unfolding of wt and G144A mutant GlcV. 

GlcV: 
 

∆Hcal  
(kcal/mol) 

∆HvH  
(kcal/mol) 

∆Hcal/ ∆HvH 

 
wt 97.2±22.5 222±64.0 0.44 

G144A 98±14.6 238.3±44.8 0.426 
 

 

 

 

 



Summary and concluding remarks 

 

Thermophilic organisms thrive at relatively high temperatures in geothermally heated regions such 

as hot springs and deep sea hydrothermal vents. The first extreme thermophilic organism was 

discovered in Yellowstone's Lower Geyser Basin in 1967 by Professor Thomas Brock, who simply 

placed a clean microscope slide into the waters of Mushroom Pool. After a few days, visual 

inspection of the slide under the microscope revealed that it was covered with cells. These cells 

were grown in the laboratory and the isolated organism was named Thermus aquaticus (229). The 

discovery of such thermophilic organisms was not only a new finding because it extended the 

previously anticipated temperature limit of life but it also initiated the successful research on 

thermophilic enzymes yielding for instance the "Taq" DNA polymerase of T. aquaticus. The search 

for thermophilic bacteria has lead to the discovery of whole palette of extreme thermophilic 

organisms and the description of the first archaeon Sulfolobus acidocaldarius (176).  

Thermophiles are classified into obligate and facultative thermophiles. Obligate 

thermophiles are also called extreme thermophiles and strictly require high temperatures for growth. 

Facultative thermophiles (also called moderate thermophiles) can grow both at high and at lower 

temperatures. Hyperthermophiles are defined as organisms with optimal growth temperatures above 

80 °C. Most isolated extreme- and hyper-thermophiles belongs to the domain of Archaea. Archaea 

were identified in 1977 by Carl Woese as a separate kingdom of life and distinct from other 

prokaryotes on the basis of the 16S rRNA phylogenetic tree. He renamed the groups Archaea, 

Bacteria and Eukarya as they comprise the three domains of life (25). The domain of the Archaea is 

divided into the subdomains euryarchaeota and crenarchaeota based on rRNA trees. The 

euryarchaeota include the methanogens, the halobacteria, which thrive in marine environments with 

extreme concentrations of salt, some extremely thermophilic aerobes and anaerobes, and extremely 

acidophilic thermophiles. Most Crenarchaea are thermophilic or hyperthermophilic organisms, 

some of which have the ability to grow up to 113 °C (230). Extreme and hyperthermophiles are, 

however, also found within the Thermotogales and Aquificales, both subdomains of the Bacterial 

domain (24;25). 

 

This thesis focuses on two distinct organisms Sulfolobus solfataricus and Thermotoga maritima. 

Sulfolobus species are crenarchaeotes and have been isolated around the world from solfataric 

fields, and hot water and mud pools. S. solfataricus is an extreme thermoacidophile which grows 

optimally at temperatures ranging from 70 to 90 ºC and pH values from 2-4 (176). Sulfolobus cells 

are aerobic, lobed cocci surrounded by a proteinaceous S-layer. T. maritima is one of the most 



extreme thermophilic bacteria, and can grow at temperatures up to 90 °C and optimally around 80 

°C (174). T. maritima belongs to the Thermotogales which form a unique subdomain of 

hyperthermophilic microorganisms that are phylogenetically distant from all other bacteria. They 

form the deepest and most slowly evolving branch in the bacterial domain currently discovered. 

Thermotogales are hyperthermophilic, rod-shaped, obligate anaerobes and have an outer sheath-like 

envelope, called the toga.  

As a prerequisite for their survival, thermophiles contain enzymes that can function at high 

temperatures. Enzymes in thermophiles have been called extremozymes (231). These are capable to 

maintain their three dimensional structure at high temperatures by folding themselves more tightly 

than mesophilic enzymes. Thermophilic enzymes are not only thermostable, but also generally 

more stable to most commonly used protein denaturants than their mesophilic counterparts. Recent 

analyses of the structures of several hyperthermostable enzymes revealed different mechanisms of 

enzyme thermo-stabilization (33). Some of these enzymes show an increased number of hydrogen-

bonds, hydrophobic residues, and a dense structural packing, which all together contribute to the 

stabilization. Alternatively, 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). Based on their 

high stability, these proteins are highly interesting for molecular and structural biology, but also for 

protein folding-unfolding studies and protein crystallization as they are stable under conditions that 

would denature mesophilic proteins. For similar reasons, there is a strong interest for these enzymes 

in biotechnological approaches. 

This thesis describes the characterization of transport ATPases of thermophilic organisms. 

These transport ATPases drive the transport of their substrates across the membrane by the 

hydrolysis of ATP. Conformational changes in these ATPases upon binding, hydrolysis and release 

of the nucleotides results in structural changes in the transport channel and allows the subsequent 

transport of the substrates across the membrane. Based on highly homologous sequences and the 

conserved phosphate-loop sequence motifs in the nucleotide binding domains, transport ATPases 

are often termed P-loop ATPases (1). Beside sequence homology, tertiary structure analysis of these 

ATPases revealed the prototype of a typical NBD (2) termed the RecA fold.  

Chapter II describes the study of the SecA, SecYE and SecYEG components of the protein 

secretion complex of T. maritima. SecA is a transport ATPase with the typical RecA fold and it 

functions as a motor protein that mediates the translocation of proteins through the SecYEG protein 

conducting channel. The goal of these studies was to obtain a functional Sec translocase from a 

thermophilic source for protein crystallization. The Sec-components were overexpressed in E. coli, 

purified and the SecYE and SecYEG complexes were reconstituted in proteoliposomes to validate 



their functionality. The isolated SecA showed a basal ATPase activity with a maximum at 74 ºC 

which was close to the growth temperature of the organism. This basal activity was four-fold 

stimulated in the presence of isolated Thermotoga lipids. A purified precursor protein and SecYE 

containing vesicles or proteoliposomes stimulated the ATPase activity of SecA 2-fold whereas the 

activity was further enhanced when SecG was present. SecG has in particular been implicated in E. 

coli to be needed for protein translocation at low temperatures. However, our observation that the 

SecG protein stimulates the ATPase activity of the T. maritima SecA also at high temperatures 

indicates that the stimulatory effect of SecG will not only be limited to low temperatures. Imaging 

of small two-dimensional crystals of the SecYE complex using electron microscopy showed square-

shaped particles with a side-length of about 6 nm, which likely represent dimers of the SecYE 

complex. The two-dimensional crystallization made use of a lipid monolayer that contained a low 

concentration of a Ni+-chelating lipid that allowed oriented binding of the His-tagged SecYE 

complex to the monolayer and the formation of small crystalline patches. Because of the presence 

of the His-tag at the C-terminus of SecY, the SecA-binding site of the SecYE complex likely faces 

the monolayer thus being masked from the solution. To visualize the SecA-SecYE complex, it 

would be interesting to obtained a reversed orientation of SecYE, for instance by the presence of a 

His-tag at the periplasmic C-terminus of SecE. Unfortunately, because of low expression, attempts 

to obtain such a complex were unsuccessful  

 

The second class of transport ATPases studied in this thesis is the ATP-binding cassette (ABC) 

Transporters. ABC transporters constitute a large group of proteins found in all domains of life. 

These proteins are involved in many cellular processes and they transport a wide variety of 

substrates, i.e., sugars, amino acids, hydrophilic drugs, vitamins, lipids and so forth. Mutations in 

genes encoding for ABC transporters can cause dysfunction and different diseases, for example, 

hypercholestemia, adrenoleukodystrophy, stargardt disease or cystic fibrosis. Moreover several 

ABC transporters were found to be responsible for multidrug resistance, presenting a major 

problem in cancer chemotherapy. 

ABC transporters consist of either homo- or heterodimeric nucleotide binding domains 

(NBDs) which bind the membrane spanning domains (MSD). The MSDs form the transport 

channel, can also be either homo- or heterodimeric. Transport is driven by binding and hydrolysis 

of ATP by the NBDs, which is thought to drive conformational changes in the MSDs. In eukaryotes 

these domains are often fused on a single polypeptide while in bacteria and archaea they often are 

found as separate domains. The NBDs share a high degree of sequence homology which suggests a 

conserved mechanism. The NBDs contain characteristic motifs, e.g. the Walker A and Walker B 

and C-loop motifs, which are found in all ATP-binding proteins and are structurally conserved in 



the typical RecA-like fold. Due to their wide spread through all phyla of life and their importance in 

human diseases they are one of the best studied active transporter protein family. Together the 

numerous biochemical studies and several available X-ray crystal structures of ABC NBDs have 

strongly deepened our understanding of these transporters. 

 

 In Chapter III the mechanism of ATP hydrolysis by GlcV, the NBD of the glucose ABC 

transporter of S. solfataricus was studied using Isothermal Titration Calorimetry (ITC). This 

method directly measures the heat of the reaction (enthalpy, ∆H), the stoichiometry of substrate 

binding (n) and the binding affinity of the substrate (Ka). From these values the Gibbs free energy 

of the association (∆G = -RTlnKa) and the entropy (T∆S = ∆H-∆G) can be calculated. Furthermore, 

based on the dependence of the enthalpy on the temperature, changes in the heat capacity (∆Cp = 

∆∆H/∆T) can be determined. The use of a thermostable protein such as GlcV in such studies is 

favorable as it allows data acquisition at a wide range of temperatures, and thus a more accurate 

determination of the thermodynamic parameters. To analyze the thermodynamics of the ATPase 

cycle of GlcV, mutants that are blocked at different stages of the catalytic cycle were used. The 

G144A and E166A mutants, which carry mutations in the C-loop and in the residue after the 

Walker B binding motif, have a strongly reduced ATPase activity. The G144A mutant is unable to 

dimerize, while the E166A mutant is still able to dimerize, but is defective in dimer dissociation. It 

was shown that these mutations had no effects on the nucleotide binding stoichiometry and only 

small effects on the binding affinity. The use of these three proteins allowed the determination of 

thermodynamic parameters of different steps of the ATP hydrolytic cycle. The data shows that the 

different consecutive steps in the ATP hydrolysis cycle are all energetically favorable, except 

possibly for the last step of nucleotide dissociation. Therefore, only the final step in the cycle, ADP 

dissociation from the NBD appears as an energetically unfavorable process. This step is, however, 

driven by the more favorable binding of ATP in a next round of catalysis.  

 

After determination of the thermodynamics of the ATP hydrolysis cycle, the protein structural 

packing density, domain organization and the effect of nucleotides on the structural stability of 

GlcV were studied. Differential scanning calorimetry (DSC) measurements in Chapter IV describe 

the thermal unfolding of wt and mutant GlcV in the absence and presence of nucleotides. Unfolding 

of the wild-type enzyme resulted in a single transition that was followed by rapid precipitation. 

Unfortunately, the latter precluded the quantitative analysis of the DSC thermograms. Both 

sequence alignment and the crystal structure of GlcV showed a two domain organization of the 

protein wherein the typical RecA like NBD domain is linked to the β-barrel shaped C-terminal 

domain via a linker region. A similar C-terminal extension was also described for other ABC 



ATPases (13;147;154;155), where it was described to function as a regulatory domain. Since 

nucleotide dependent stabilization of the single unfolding event was observed, it was proposed that 

this unfolding corresponds to the NBD only, and that the C-terminal domain has a higher Tm value 

which in the DSC experiments remained undetected due to the precipitation of the protein. The 

DSC thermogram of the mutant with a mutation in the ABC signature motif (G144A) showed that 

this mutation does not lead to a different unfolding behavior. In contrast, the E166A and E166Q 

mutants showed two thermal transitions indicating the uncoupling of the unfolding of the two 

domains when the glutamate was changed to alanine or glutamine. The DSC results thus suggest 

that the wild-type GlcV is at least a two domain protein wherein only the NBD domain unfolds 

prior to protein precipitation. Mutagenesis of E116 results in a disruption of the NBD structure 

which results in unfolding of the NBD domain in two steps.  

 

Thermophilic ATPases employ different approaches to increase their structural stability and 

maintain their function at high temperature. GlcV showed a high structural stability against trypsin 

digestion, and was found to be more susceptible to proteolysis by trypsin in the presence of ATP or 

AMP-PNP. It remained trypsin resistant in the presence of ADP. This result is consistent with 

conformational changes observed in ABC ATPases (13;151;152) whereupon ATP binding a large 

conformational change and a rigid body movement in the NBD occurs. Upon these movements 

structural changes in the monomeric NBD leads to the formation a dimeric interface. Moreover, 

using photoaffinity crosslinking with a nucleotide analog along with trypsin digestion we were able 

to detect the formation of the dimeric state of GlcV. All together our data show that GlcV has a 

rigorous protein structure leading to a highly stable ATPase.  

Our thermodynamic analysis involved the full length GlcV and did not address the question 

how the regulatory domain affects protein stability and functionality. For that purpose, genetic 

vectors were constructed that allow the overexpression of the GlcV protein lacking the C-terminal 

regulatory domain. Although a high level of overexpression could be obtained, only inclusion 

bodies were obtained. Apparently, without the regulatory domain, the heterologously expressed 

GlcV is unable to fold into its native state for reasons which remain elusive. In this respect, it would 

be of interest to test a series of GlcV truncates that differ in length, as a lack of soluble expression 

could be a trivial observation and simply be due to an unfortunate splitting point that separated the 

N- and C-terminal regions of GlcV.  

 

 



Outlook 

In this thesis the function, energetics, thermodynamics and folding of thermophilic transport 

ATPases were extensively studied. The ATPase activity of the heterologously expressed and 

purified T. maritima SecA together with the reconstituted SecYE has shown that these proteins are 

functionally active and thermostable. In in vitro translocation of the precursor protein into the 

membrane vesicles or reconstituted proteoliposomes, however, were unsuccessful, most likely due 

to a rapid preprotein folding and aggregation at higher temperatures. In E. coli, the molecular 

chaperone SecB, keeps the precursor protein in a translocation-competent state and targets this 

protein to the translocase via an interaction with the C-terminal domain of SecA. T. maritima and 

other thermophilic bacteria lack a SecB homolog and also the C-terminal region of SecA lacks the 

conserved SecB binding domain. This suggests that T. maritima either employs another molecular 

chaperone or translocation of preproteins in this organism occurs mostly co-translational which 

would be an effective means to prevent premature folding. The in vitro assay now allows for a 

direct biochemical identification of such putative chaperones and will deepen our insight in the 

protein translocation reaction at high temperatures. 

 

Throughout the three phyla of life, ABC transporters are involved in many different 

physiological processes. The high sequence and structural homology of ABC ATPases suggests a 

conserved mechanism for the coupling of ATP hydrolysis and the transport reactions. We have 

studied the thermodynamics of the ATP hydrolysis cycle in the isolated NBDs. It should be stressed 

that these studies only partially mimic the physiological conditions as they do not involve the 

interactions of the NBDs with the MSDs. Therefore, it will be interesting to study the 

thermodynamics and kinetics of the ATP hydrolysis cycle with the full-length transporter in order 

to determine how the interplay between both domains affects the catalytic cycle. Other remaining 

questions are : “How does ATP binding and hydrolysis drive the conversion between an inward and 

an outward facing conformation?”, “Do half size transporters follow a similar mechanism as full 

length ABC transporters?”, “What determines the specificity of the interactions between the four 

(five for exporters) domains?”, “How can a uniform mechanism account for the transport of so 

many different substrates with different polymeric lengths?” and, “Are there similar or different 

mechanism used for uptake and excretion systems?”. Future experimental assessment of these 

questions will gain a deeper understanding of the function and mechanism of the important class of 

ABC transporters.  
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Thermofiele organismen groeien het beste bij relatief hoge temperaturen zoals bijvoorbeeld 

in natuurlijk voorkomende warmtebronnen als geysers en diepzeebronnen. Het eerste extreem 

thermofiele organisme werd in 1967 ontdekt in het Lower Geyser Basin in het Yellowstone 

National Park door professor Thomas Brock. Hij plaatste een schoon objectglaasje in het hete water 

van Mushroom Pool en bekeek dit na een paar dagen onder het microscoop. Het glaasje bleek 

bedekt te zijn met cellen. Deze cellen konden verder worden gekweekt in het laboratorium en het 

door Brock geïsoleerde organisme dat bij temperaturen van rond de 80˚C kon groeien werd 

Thermus aquaticus (229) genoemd. Door de ontdekking van dit soort thermofiele organismen 

leerde men dat er leven voor kon komen bij veel hogere temperaturen dan men aanvankelijk had 

gedacht. Bovendien leidde deze ontdekking tot succesvol onderzoek naar enzymen van thermofiele 

organismen, zoals het “Taq” DNA polymerase van T. aquaticus dat door ze hoge hittestabiliteit 

inzetbaar is onder extreme reactie condities. Thans zijn er zeer veel verschillende soorten extreem 

thermofiele organismen ontdekt.  

 Thermofiele organismen worden verdeeld in obligate en facultatieve thermofielen. Obligate 

thermofielen worden ook wel extreme thermofielen genoemd en hebben een hoge temperatuur 

nodig om te kunnen groeien. Facultatieve thermofielen kunnen zowel bij hoge als bij lagere 

temperaturen groeien. Organismen die optimaal groeien bij een temperatuur boven de 80 ˚C worden 

hyperthermofiel genoemd. De meeste extreem- en hyperthermofiele organismen die geïsoleerd zijn, 

behoren tot het domein van de Archaea. In 1977 werden de Archaea (enkelvoud archaeon) door 

Carl Woese met behulp van DNA-onderzoek geïdentificeerd als een apart domein dat zich 

onderscheidt van andere prokaryoten op basis van de 16S rRNA phylogenetische boom. Woese 

hernoemde de drie levensdomeinen tot Archaea, Bacteriën en Eukaryoten (25). Het eerste archaeon 

dat beschreven werd, is Sulfolobus acidocaldarius (176). Op basis van het 16S rRNA wordt het 

domein van de Archaea verdeeld in twee subdomeinen namelijk de euryarchaeota en 

crenarchaeota.Tot de euryarchaeota behoren onder andere de methanogenen, die onder anaerobe 

omstandigheden methaan produceren en de halofielen, die in milieus met een extreem hoge 

zoutconcentratie groeien. Tevens behoort tot deze groep een aantal extreem thermofiele aerobe en 

anaerobe organismen en extreem acidofiele thermofielen. De meeste crenarchaeota zijn thermofiele 

of hyperthermofiele organismen, waarvan sommigen kunnen groeien bij een temperatuur van wel 

113 ˚C (230). Extreem- en hyperthermofielen zijn echter ook te vinden in twee subdomeinen van 

het Bacterie domein, namelijk bij de Thermotogales en Aquificales (24;25). 



Chapter 6 

In dit proefschrift staan twee verschillende organismen centraal: Sulfolobus solfataricus en 

Thermotoga maritima. Sulfolobus soorten behoren tot de crenarchaeoten en deze worden 

wereldwijd gevonden en geïsoleerd uit solfatarische gebieden (waar bij afnemende vulkaanactiviteit 

een uitstroom van zwavelwaterstof voorkomt) en heetwater- en modderpoelen. S. solfataricus is een 

extreem thermoacidofiel organisme dat optimaal groeit bij een temperatuur tussen 70 en 90 ˚C en 

bij een pH waarde van 2 tot 4 (176). Sulfolobus cellen zijn aerobe, gelobde kokken omgeven door 

een S-laag (eiwitlaag). T. maritima is een van de meest extreme thermofiele bacteriën; deze kan 

groeien tot een temperatuur van 90 ˚C en groeit optimaal bij 80 ˚C (174). T. maritima behoort tot de 

Thermotogales, die een uniek subdomein vormen van hyperthermofiele micro-organismen. Ze staan 

op een relatief grote afstand van alle andere bacteriën in de phylogenetische stamboom en vormen 

de diepste en langzaamst evoluerende tak in het bacteriedomein dat tot nu toe is ontdekt. 

Thermotogales zijn hyperthermofiele, staafvormige, obligaat anaerobe organismen die een omhulsel 

hebben dat de toga genoemd wordt. 

 Om te kunnen overleven, hebben thermofielen enzymen nodig die kunnen functioneren bij 

hoge temperaturen. Enzymen van thermofielen worden ook wel extremozymen genoemd (231). 

Deze zijn in staat om hun driedimensionale structuur te behouden bij hoge temperaturen door zich 

strakker op te vouwen dan vergelijkbare mesofiele (niet-thermofiele) enzymen. Thermofiele 

enzymen zijn niet alleen thermostabiel (hittebestendig), maar ze zijn ook beter bestand tegen 

algemeen gebruikte eiwit denaturerende middelen dan hun mesofiele tegenhangers. Recente studies 

aan de structuren van een aantal hyperthermostabiele eiwitten laten zien dat verschillende 

mechanismen gebruikt worden ten behoeve van enzymthermostabilisatie (33). Deze eiwitten 

kunnen een verhoogd aantal waterstofbruggen en hydrofobe (waterafstotende) aminozuurresiduen 

bevatten, en een strak opgevouwen structuur hebben, waardoor de hittestabiliteit verhoogd wordt. 

Bij een ander mechanisme zijn er geen significante verschillen in vergelijking met mesofiele 

eiwitten wat betreft de dichtheid van de opgevouwen structuur. In plaats daarvan lijkt dan de 

thermostabiliteit samen te hangen met een vrij klein aantal sterke ionische interacties (34;35). Op 

grond van hun hoge stabiliteit zijn deze eiwitten zeer interessant voor de moleculaire en 

structuurbiologie, maar ook voor studies betreffende de mechanismen van eiwitvouwing en eiwit-

kristallisatie. Ze blijven stabiel onder omstandigheden waarbij mesofiele eiwitten gedenatureerd 

zouden worden. Om vergelijkbare redenen zijn de eiwitten ook interessant voor industriële 

toepassing zoals in de biotechnologie.  

 

Dit proefschrift beschrijft de functie en de werking van transport ATPases van thermofiele 

organismen. Deze eiwitten zijn betrokken bij het transport van moleculen door het membraan en 

vormen feitelijk de motor achter deze processen door de algemeen inzetbare vorm van energie, 
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namelijk ATP te hydrolyseren. De binding, hydrolyse en het vrijgeven van de nucleotiden resulteert 

in geordende veranderingen in de structuur van deze ATPases wat vervolgens de opening en het 

sluiten van een transportkanaal veroorzaakt waardoor het substraat over het membraan 

getransporteerd kan worden. Transport ATPases worden vaak P-loop ATPases genoemd (1) op 

basis van zeer geconserveerde aminozuur sequenties in de fosfaat en nucleotide bindende 

domeinen. Naast sequentiehomologie werd met behulp van structuuranalyse van deze ATPases het 

prototype van een typische nucleotide bindend domein (NBD) aangetoond (2) genaamd de RecA 

fold.  

 

In Hoofdstuk II wordt het onderzoek naar de SecA-, SecYE- en SecYEG-componenten van het 

eiwituitscheidingscomplex van T. maritima beschreven. SecA is een transport ATPase met de 

typische RecA fold en het functioneert als een motoreiwit dat zorgt voor de transport van eiwitten 

door een in het membraan gelegen porie ook wel SecYEG genoemd. Het doel van dit onderzoek 

was om een functioneel Sec-translocase uit een thermofiele bron te verkrijgen voor 

eiwitkristallisatie. De Sec-componenten werden tot overexpressie gebracht in E. coli en daarna 

gezuiverd. De SecYE- en SecYEG-complexen werden opnieuw ingebouwd in lipide vesikels (met 

andere woorden gereconstitueerd in proteoliposomen) om hun functionaliteit te valideren. Het 

geïsoleerde SecA liet een basale ATPase activiteit zien met een maximum bij 74 ˚C, wat dicht bij 

de temperatuur ligt waarbij het organisme groeit. Deze basale activiteit werd verviervoudigd in de 

aanwezigheid van geïsoleerde Thermotoga lipiden. Een gezuiverd substraateiwit en 

proteoliposomen of vesicles met SecYE verdubbelde de ATPase-activiteit van SecA; de activiteit 

werd nog meer verhoogd in aanwezigheid van SecG, de derde component van de membraanporie. 

Aangenomen werd dat SecG vooral nodig zou zijn in E. coli voor eiwittranslocatie bij lage 

temperatuur. Dit onderzoek laat echter zien dat het SecG-eiwit de ATPase-activiteit van het T. 

maritima SecA ook stimuleert bij hoge temperatuur. Dit geeft aan dat het stimulerende effect van 

SecG niet alleen beperkt is tot een lage temperatuur. Visualisering van kleine tweedimensionale 

kristallen van het SecYE-complex met behulp van een electronenmicroscoop liet vierkante deeltjes 

zien met dimensies van ongeveer 6 nm; dit zijn waarschijnlijk dimeren van het SecYE-complex. 

Voor de tweedimensionale kristallisatie werd gebruik gemaakt van een enkele lipide-laag 

(monolaag) die een lage concentratie van een Ni+-bindend lipide bevatte. Hierdoor kon het His-

tagged SecYE-complex in een bepaalde oriëntatie gebonden worden aan de monolaag en werden er 

kleine kristallen op het lipide oppervlak gevormd. Doordat de His-tag aan de C-terminus van het 

SecY zat, was de SecA-bindingsplaats van het SecYE-complex waarschijnlijk naar de monolaag 

gekeerd en kon daarom niet bekeken worden. Om het SecA-SecYE-complex zichtbaar te kunnen 

maken, zou het interessant zijn om SecYE in een omgekeerde oriëntatie te krijgen, door 
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bijvoorbeeld de His-tag aan de C-terminus van SecE in het periplasma te plaatsen. Pogingen om dit 

complex te maken zijn helaas niet gelukt, omdat het moeilijk bleek voldoende grote hoeveelheden 

van dit complex gezuiverd in handen te krijgen.  

Het tweede type transport ATPases dat in dit proefschrift centraal staat is dat van de ATP-bindende-

cassettetransporters. Deze ABC-transporters vormen een grote groep eiwitten die voorkomen in alle 

domeinen van het leven. Deze eiwitten spelen een rol in een groot aantal cellulaire processen en ze 

transporteren een breed scala van moleculen, zoals suikers, aminozuren, hydrofiele drugs, 

vitamines, lipiden enzovoort over het membraan. Mutaties in genen die coderen voor ABC-

transporters kunnen ziektes veroorzaken, bijvoorbeeld hypercholestemie, adrenoleukodystrofie, de 

ziekte van Stargardt of taaislijmziekte. Daarbij zijn een aantal ABC-transporters verantwoordelijk 

voor multidrugresistentie, wat een groot probleem is tijdens de behandeling van kanker met behulp 

van chemotherapie. 

 ABC-transporters bestaan uit een homo- of heterodimeer nucleotide-bindingsdomein 

(NBD), dat bindt aan het membrane omspannende-domein (MSD). De MSD’s vormen het feitelijke 

transportkanaal en kan ook zowel homo- als heterodimeer zijn. Substraat transport word 

aangedreven door binding en hydrolyse van ATP door de NBD’s, wat er waarschijnlijk voor zorgt 

dat de structuur van de MSDs verandert waardoor het transportkanaal geopend en gesloten wordt. 

In eukaryoten zijn de NBD en MSD domeinen vaak samengevoegd tot een enkel polypeptide, maar 

bij bacteriën en archaea worden ze vaak als aparte domeinen aangetroffen. De aminozuurvolgorde 

overeekomst tussen de NBD’s is groot en dit duidt erop dat deze transporters functioneren 

doormiddel van een geconserveerd werkingsmechanisme. De NBD’s bevatten karakteristieke 

aminozuurmotieven, bijvoorbeeld de Walker A en Walker B en C-loop motieven, die in alle ATP-

bindende eiwitten gevonden worden en waarvan de structuren geconserveerd worden in de typische 

RecA-achtige fold. Omdat de transporters voorkomen in elke levensvorm en een belangrijke rol 

spelen in ziektes bij de mens zijn ze een van de meestbestudeerde transportereiwitfamilies. Er zijn 

talrijke biochemische studies uitgevoerd en verschillende kristalstructuren van ABC-NBD’s zijn 

opgehelderd; dit alles heeft onze kennis van deze transporters zeer vergroot.  

 

In Hoofdstuk III werd het mechanisme bestudeerd waarmee ATP tot ADP gehydrolyseerd wordt 

door GlcV, het NBD van de glucose-ABC-transporter van S. solfataricus. In deze studie werd 

gebruik gemaakt van isothermale titratiecalorimetrie (ITC). Deze methode meet direct de warmte 

die bij de reactie vrijkomt (enthalpieverandering, ∆H), de stoichiometrie van de binding van het 

substraat (n) en de bindingsaffiniteit van het substraat (Ka). Met deze waarden kan de Gibbs energie 

van de binding reactie (∆G=-RTlnKa) en de entropie (T∆S=∆H-∆G) berekend worden. Omdat de 

enthalpie afhankelijk is van de temperatuur kunnen bovendien de veranderingen in de 
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warmtecapaciteit (∆Cp=∆∆H/∆T) bepaald worden. Het gebruik van een thermostabiel eiwit zoals 

GlcV heeft de voorkeur in dit soort studies, want experimentele gegevens kunnen worden verkregen 

bij veel verschillende temperaturen. Hierdoor kunnen de thermodynamische parameters preciezer 

bepaald worden. Om de thermodynamica van de ATPase-cyclus van GlcV te analyseren, werden 

mutanten gebruikt die in verschillende stadia van de catalytische cyclus geblokkeerd zijn. De 

G144A- en E166A-mutanten die mutaties hebben in de C-loop en in het residu na het Walker B-

bindingsmotief respectievelijk, vertonen een sterk gereduceerde ATPase-activiteit. De G144A-

mutant is niet meer in staat om dimeren te vormen. De E166A-mutant kan daarintegen nog wel 

dimeriseren, maar kan dan niet meer dissociëren. De resultaten lieten zien dat deze mutaties geen 

effect hebben op de nucleotide-bindingsstoichiometrie en slechts een klein effect op de 

bindingsaffiniteit. Met behulp van deze drie eiwitten konden de thermodynamische parameters van 

de verschillende stappen van de ATP-hydrolytische cyclus bepaald worden. De  verschillende 

opeenvolgende processen in de ATP-hydrolysecyclus blijken allemaal energetisch voordelig zijn, 

behalve mogelijk de laatste stap in de cyclus, het loslaten van de ADP uit het NBD dat een 

energetisch onvoordelig proces lijkt te zijn. Deze stap wordt echter aangedreven door de 

thermodynamisch veel voordeligere binding van ATP in de volgende catalyseronde. 

 

Na de bepaling van de thermodynamica van de ATP-hydrolysecyclus werd de dichtheid van de 

vouwstructuur van het eiwit, de domeinorganisatie en het effect van nucleotiden op de stabiliteit 

van de structuur van GlcV bestudeerd. In Hoofdstuk IV werd differentiële scancalorimetrie (DSC) 

gebruikt om de hitte geinduceerde  ontvouwing van GlcV en van de GlcV mutanten in af- en 

aanwezigheid van nucleotiden te bepalen. Het ontvouwen van het wildtype enzym resulteerde in 

een enkele ontvouwingsovergang waarna het eiwit snel neersloeg. Door de neerslag konden de 

DSC-thermogrammen niet kwantitatief geanalyseerd worden. Zowel aminozuurvolgorde-

vergelijking als de kristalstructuur van GlcV lieten echter twee domeinen zien: het typische RecA-

achtige NBD-domein dat gekoppeld is aan het β-barrel-vormige C-terminale domein doormiddel 

van een linker regio. Een vergelijkbare C-terminale extra domain is ook beschreven voor andere 

ABC-ATPases (13;147;154;155), waar het zou functioneren als een regulerend domein. Omdat de 

nucleotide-afhankelijke stabilisatie van een enkele ontvouwingsovergang was waargenomen, werd 

voorgesteld dat deze ontvouwing te wijten is aan de NBD en dat het C-terminale domein een hogere 

smelttemperatuur (Tm) heeft. De ontvouwing van dit stabielere domein zou in de DSC-

experimenten verder onopgemerkt blijven door de neerslag van het eiwit. Het DSC-thermogram van 

de mutant met een mutatie in het ABC-signaturemotif (G144A) liet zien dat deze mutatie niet leidt 

tot een verandering in de ontvouwing. Daarentegen lieten de mutanten E166A en E166Q twee 

thermale ontvouwingsovergangen zien, wat erop duidt dat de ontvouwing van de twee domeinen 
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ontkoppeld werd wanneer het glutamaat residu was vervangen door alanine of glutamine. De DSC-

resultaten suggereren dat het wildtype GlcV een eiwit is met tenminste twee domeinen, waarvan 

alleen het NBD-domein ontvouwt voordat het eiwit precipiteerd. Mutagenese van E166 leidt tot een 

verstoring in de NBD-structuur wat resulteert in het ontvouwen van het NBD-domein in twee 

stappen. 

 

Thermofiele ATPases maken gebruik van verschillende mechanismen om de stabiliteit van hun 

structuur te verhogen en om hun functionaliteit bij hoge temperatuur te behouden. GlcV vertoonde 

een hoge stabiliteit tegen het eiwitsplitsende enzym trypsine maar na toevoeging van ATP of de niet 

hydrolyseerbare ATP analoog AMP-PNP, wordt GlcV nog ongevoeliger voor afbraak. Het eiwit 

blijft resistent tegen het eiwit-afbrekende trypsine in aanwezigheid van ADP. Dit resultaat komt 

overeen met de structurele veranderingen die zijn waargenomen in ABC-ATPases (13;151;152). Na 

ATP-binding vind er een grote structuurverandering plaats die leidt tot een beweging in het NBD. 

Na deze bewegingen leiden structuurveranderingen in het monomere NBD tot de vorming van een 

dimeer. Wanneer bovendien foto-geactiveerde covalente binding van een nucleotideanaloog werd 

gebruikt naast trypsine behandeling, kon de vorming van de dimere toestand van GlcV 

waargenomen worden. Samengevat duiden deze resultaten erop dat GlcV een stevige eiwitstructuur 

heeft wat resulteert in een zeer stabiel ATPase. 

 Onze thermodynamische analyse werd uitgevoerd met het complete GlcV-eiwit en kon 

daarom geen uitsluitsel geven over hoe het regulerende domein de eiwitstabiliteit en –functionaliteit 

beïnvloedt. Daarom werden er genetische vectoren geconstrueerd die het GlcV-eiwit zonder het C-

terminale regulerende domein tot overexpressie konden laten brengen. Hoewel het eiwit hoog tot 

overexpressie kon worden gebracht, werden alleen maar eiwitaggregaten verkregen. Zonder het 

regulerende domein kan het heterologe geëxpresseerde GlcV zich blijkbaar niet vouwen tot zijn 

normale toestand; waarom is niet bekend. In dit opzicht zou het interessant zijn om een set verkorte 

GlcV-eiwitten van verschillende lengtes te testen, want een gebrek aan correcte eiwitvouwing in 

oplossing zou een onbeduidende waarneming kunnen zijn. Mogelijk is het een gevolg van een 

ongelukkige splitsingsplaats waar de N- en C-terminale regionen van GlcV van elkaar gescheiden 

werden. Toekomstige experimenten moeten daarom uitsluitsel geven of het C-terminale deel van 

GlcV bijdraagt aan de stabiliteit van het eiwit en mogelijk aan de stabiliteit van de GlcV dimeer die 

een belangrijke rol speelt in het transport van glucose over het membraan. 

 

 
 
 
 



Nederlandse samenvatting 

Dankwoord 

Everything started in Pozzuoli, Italy in summer of 1998, where we had spent a wonderful 
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