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Introduction    1

 

 

 

1. Introduction 

1.1. Protein Folding in the Cell 

Proteins are involved in virtually every biological process in all living cells. They are 

synthesized on ribosomes from activated amino acids as linear chains in a specific order 

according to the information encoded within the cellular DNA. To become functionally 

active, it is necessary for the synthesized polypeptide chains to adopt the unique, native, 

three-dimensional structures that are characteristic of the individual proteins. It is known that 

in addition to biological activity, precisely folded protein structures exhibit increased 

resistance to proteases, decreased aggregation, and, also show increased thermal stability. In 

the cellular environment, the native state of a particular protein, which corresponds to the 

minimum free energy conformation is attained within a time scale ranging from milliseconds 

to few minutes. For decades scientists have been intrigued by a better understanding of how a 

newly synthesized protein chain is navigated to its unique, active conformation. Structural and 

biochemical investigations of the protein folding process have scientific importance, 

providing insights into accurate expression of a particular gene sequence to the 3D structure 

of a protein. 

Within the cell, protein folding takes place in a complex, highly crowded molecular 

environment. Living cells are densely packed with proteins and other molecules that occupy 

20% to 30% of the total volume (Kinjo and Takada, 2002). More than 95 percent of the 

proteins present within cells have been shown to be in their native conformation. The 

concentration of total protein inside cells is in the range 200-300 mg/ml (Zimmerman and 

Trach, 1991). When the total concentration of macromolecules inside cells is so high that a 

significant proportion of the volume is physically occupied, the effective concentration, or 

thermodynamic activity, of each macromolecular species inside cells is increased. In addition, 

in such crowded environments the diffusion coefficient of the molecule is considerably 
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reduced and the configurational entropy of each macromolecular species becomes smaller 

(Hartl, 1996). Thus, effects of macromolecular crowding in the cell, as well as high local 

concentration of nascent polypeptide chains on ribosomes are expected to cause an increase in 

macromolecular association constants over those on dilute solution by several orders of 

magnitude, resulting in binding of non-native polypeptides to one another. Aggregates mostly 

form when folding or unfolding intermediates become trapped in partially misfolded states 

and then successively associate with one another through hydrophobic interactions to become 

increasingly larger and more stable (Jaenicke, 1998). This aggregation process irreversibly 

removes proteins from their productive folding pathways. Especially under heat shock or 

other stress conditions, the excluded volume effect is aggravated resulting in collapse of 

newly synthesized polypeptide chains, unfolding and aggregation of proteins (Ellis, 2001a). In 

the aggregated state, proteins are functionally inactive and enriched in antiparallel β-strands 

as compared with the native state (Turnell and Finch, 1992). They are observed as amorphous 

structures, such as inclusion bodies and heat shock granules, or highly ordered fiber 

structures, such as amyloid plaques and prions (Hartl and Hayer-Hartl, 2002;Horwich and 

Weissman, 1997). 

To enable folding under crowded conditions a whole range of helper proteins exist in the cell. 

These folding catalysts include protein disulfide isomerase (PDI, EC 5.3.4.1) accelerating the 

formation and rearrangement of disulfide bonds; peptidyl prolyl cis-trans isomerases (PPIs, 

EC 5.2.1.8) increasing the rates of isomerization of peptidil proline bonds. These enzymes are 

abundant in all organisms, suggesting that disulfide shuffling and proline isomerization are 

catalysed both in eu- and prokaryotes (Webb et al., 2001). About 10 to 20% of newly 

synthesized polypeptides are found associated with naturally occurring stabilizing molecules 

so called molecular chaperones (Ewalt et al., 1997;Teter et al., 1999). Molecular chaperones 

are described as a class of proteins whose physiological role is to assist in the correct 

transport, folding and assembly of other polypeptide chains whilst not themselves being part 

of the final structure (Burston et al., 1995). They are found in all organisms from bacteria to 

humans. Chaperones are located in every cellular compartment and act in preventing off-

pathway reactions during folding that leads to aggregation and may be part of a general 

protein-folding mechanism. Over the last decade it has been revealed that the protection 

afforded by molecular chaperones is due to their ability to recognize and bind protein regions 

composed of clusters of hydrophobic residues flanked by basic residues that are commonly 

found on a wide range of non-native polypeptides but not accessible in folded proteins. This 
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binding is non-covalent and reversible, and serves to reduce the chance that such exposed 

regions will aggregate with one another or trigger premature proteolytic degradation (Hartl, 

1996). Thus, molecular chaperones are a key part of the cellular defense mechanism to protect 

the cell from this inner danger. Due to chaperones the newly synthesized polypeptides can be 

maintained in a folding-competent state.  

 

 

1.2. Molecular Chaperones 

In the last decade a complicated and sophisticated machinery of proteins has emerged that 

assists protein folding and allows the functional state of proteins to be maintained under 

conditions, in which they would normally unfold and aggregate. Mutant forms of some 

proteins and, under conditions not yet understood, even some wild type proteins, can form 

ordered aggregates called amyloid fibrils, protease-resistant structures characterized by a high 

content of β-sheets. Because of the role of chaperones in refolding of stress-damaged proteins 

as well as de novo protein folding, chaperone function is closely linked with a number of 

disease states. To date 15 or 20 proteins have been found to form amyloids, which are 

associated with Creutzfeld-Jakob, Alzheimer’s, Huntington’s, and Parkinson’s diseases as 

well as systemic amyloidoses (Bonifacino et al., 1990;Stevens et al., 1994). One of the 

important biological properties of molecular chaperones is their ability to recognize and 

dissociate protein aggregates once they form. It has been shown that overexpression of 

chaperones reduces aggregate formation and suppresses apoptosis in several polyglutamine 

diseases models including spinal and bulbar muscular atrophy (Kobayashi and Sobue, 2001). 

These facts suggest that increasing expression level or enhancing the function of chaperones 

will provide a possible medical application of molecular chaperones. 

There are several major families of chaperones that interact with large numbers of non-native 

proteins and assist in protein folding. Some members of these families are also known to be 

stress proteins (heat shock proteins, Hsp), they increase in amount when the organism 

experiences abnormal conditions, such as elevated temperatures. The major criteria of 

proteins acting as molecular chaperones are: they assist the noncovalent assembly of protein-

containing structures in vivo, but are not permanent components of these structures when the 
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latter are performing their normal biological functions (Ellis, 1997). There are three general 

families of chaperones, including the Hsp60 or GroEL family (chaperonins), the Hsp70 or 

DnaK family, and the Clp or Hsp100 family. These chaperones are highly conserved and are 

present in all cells.  

 

 

1.2.1. Hsp60 

Hsp60 molecular chaperones, also known as chaperonins, have an essential function in 

promoting the ATP-dependent folding of proteins, both under normal growth conditions and 

under stress. Chaperonins can be divided into two groups: members of the GroEL (or Hsp60) 

family are found in eubacteria, mitochondria and chloroplasts, and the cochaperonins of the 

TriC family are found in archaebacteria and the eukaryotic cytosol (Cowan and Lewis, 

2001;Frydman et al., 1992;Hartl, 1996). 

All chaperonins, irrespective of their cellular or subcellular origin, were observed as double 

toroids in the electron microscope (Braig et al., 1993;Chen et al., 1994;Langer et al., 1992a). 

In addition to, the high-resolution X-ray structure of GroEL was determined (Braig et al., 

1994;Chen and Sigler, 1999;Xu et al., 1997). The crystal structure of E.coli GroEL is shown 

in Fig. 1.1. 
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Figure 1.1: Overall architecture and dimensions of GroEL and GroEL-GroES-(ADP)7 (Sigler et al., 

1998). Van der Waals space-filling models (6Å spheres around Χa) of GroEL (left) and GroEL-GroES-

(ADP)7 (right). Upper panels are outside views, showing outer dimensions; lower panels show the insides 

of the assemblies and were generated by slicing off the front half with a vertical plane that contains the 

cylindrical axis. Various colors are used to distinguish the subunits of GroEL in the upper ring. The 

domains are indicated by shading: equatorial, dark hue; apical, medium hue; intermediate, light hue. The 

lower GroEL ring is uniformly yellow. GroES is uniformly gray. 

The chaperonin GroEL functions as an oligomer of 14 identical subunits of 58 kDa each that 

are organized into two heptameric rings stacked back-to-back with 7-fold rotational symmetry 

and a central cavity (Chen and Sigler, 1999;Langer et al., 1992b). The GroEL cavity is 

thought to provide a protected folding environment for the polypeptide chain.  The dimention 

of each cavity is measured in the crystal structure to be ~80x85 Å, just large enough to 

accommodate proteins up to ~60 kDa (Hartl, 1996;Sigler et al., 1998;Weber et al., 1998). 

GroEL folds into three distinctive domains in each subunit: a well-ordered, highly α-helical, 

“equatorial” domain; an “apical” domain and an “intermediate” domain (Braig et al., 1994). 
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GroEL-mediated folding also requires the cochaperonin GroES controling the entrance of 

proteins to the GroEL chamber (Xu et al., 1997). The crystal structure of isolated GroES (a 

heptamer of 10 kDa subunits) at 2.8 Å shows a sevenfold rotationally symmetric, dome-

shaped architecture, about 75 Å in diameter and 30 Å high (Hunt et al., 1996). GroES binds to 

the apical domains of one ring of GroEL in the presence of Mg2+-ATP and Mg2+-ADP (Chen 

et al., 1994;Saibil et al., 1991) or under certain non-physiological conditions to both rings of 

GroEL (Burston et al., 1995). 

During cycles of ATP binding and hydrolysis, changes in the conformation of the GroEL 

chamber result in binding and release of folded or partially folded substrate (Sigler et al., 

1998). Distantly related homologs in the eukaryotic cytosol also form barrel-like structures 

and may exhibit similar function.  

The chaperonin reaction consists of the cyclic binding and release of target polypeptides. It 

has been shown that during cycles of ATP binding and hydrolysis, conformational changes in 

the GroEL chamber result in binding and release of protein ligands (Langer et al., 

1992b;Sigler et al., 1998;Yifrach and Horovitz, 1994). 

GroEL is functionally asymmetrical. Each ring is an allosteric unit that is often to found to 

bind and hydrolyze ATP with positive intra-ring cooperatively (Horovitz et al., 2001). The 

binding and hydrolysis of ATP in one subunit enhances these events in neighboring subunits 

at the level of the individual GroEL rings. The two rings are coupled by negative allostery and 

do not occur at the same nucleotide-bound state (Hartl and Hayer-Hartl, 2002;Horovitz et al., 

2001;Yifrach and Horovitz, 1994). The two levels of allostery in GroEL correspond, 

therefore, to its hierarchical double-ring structure. 

The basic reaction scheme is shown in Fig. 1.2 and includes the following steps:  

1) The acceptor state for the unfolded protein substrate is the asymmetrical 

GroEL:ADP14:GroES complex. Substrate protein, with hydrophobic amino-acid 

residues exposed, binds to the central cavity of the cylinder, engaging the hydrophobic 

surfaces exposed by the apical GroEL domains (Houry et al., 1999). The substrate 

binds to the GroEL ring that is not occupied by GroEL (Chen et al., 1994;Engel et al., 

1995;Martin et al., 1993). 
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Figure 1.2: Model of the GroEL-GroES reaction cycle in folding. Nucleotide free GroEL in step (3) is 

thought to occur only transiently and is shown for simplicity. In step (4), GroES may either associate with 

the poylypeptide-containig ring of GroEL or with the free ring (not shown). Rosa and red spheres 

represent unfolded and folded substrate protein, respectively, and the margenta sphere indicates the 

presence of a mixture of folded and unfolded substrate in in the population of GroEL molecules. 

Unfolded protein can be retained in steps (6) to (3).  

2-3) This step is closely followed by the binding of seven ATP molecules. ATP 

binding and hydrolysis in this ring as well as polypeptide binding itself result in 

dissociation of GroES and 14 ADP molecules.  

4) Subsequently, 7 ATP molecules and GroES bind to the GroEL:protein substrate 

complex. Upon binding to GroES, the apical domains undergo a massive rotation and 

upward movement, resulting in an enlargement of the cavity and a shift in its surface 

properties from hydrophobic to hydrophilic (Richardson et al., 1998;Xu et al., 1997). 

The enclosed non-native proteins are free to fold in the resulting GroEL-GroES cage 

(also termed “Anfinsen cage”) (Ellis, 2001b;Weissman et al., 1996).  

4-5) ATP binding and ATP hydrolysis in the GroES-bound tightens the interaction 

with GroES.  

6) ATP binding and hydrolysis in the opposite ring then triggers the opening of the 

GroEL-GroES cage (Mayhew et al., 1996). At this point, the folded polypeptide 

leaves, whereas folding intermediates that still expose extensive hydrophobic surfaces 

are rapidly recaptured and folding cycles are repeated until the protein reaches to its 
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native state. Oligomeric assembly occurs in solution after subunit folding inside the 

cage (Hartl and Hayer-Hartl, 2002). 

In E.coli 10-15% of newly synthesized polypeptides, comprising about 300 protein species, 

interact posttranslationally with GroEL (Bukau et al., 2000;Houry et al., 1999). 

 

 

1.2.2. Hsp100 

Hsp100/Clp proteins comprise an evolutionary conserved family of heat shock proteins, 

possessing ATP-dependent chaperone activity. They are thought to mediate protein unfolding 

as well as the disassembly of protein aggregates and oligomers. While some Hsp100 family 

acts only as molecular chaperone proteins and confer cellular thermotolerance, others can 

function both as chaperone proteins and subunits of ATP-dependent proteases.  

Clp family is very universal. Four types of Clp proteins were found in E.coli: ClpA 

(Gottesman et al., 1990), ClpB (Squires et al., 1991), ClpX (Gottesman et al., 1993) and HslU 

(Chuang et al., 1993;Rohrwild et al., 1997). Other examples of this highly conserved family 

have been identified in the true bacteria, archaebacteria, plants, yeast and insects (Squires et 

al., 1991). The first member with discernible biochemical function was the ClpA protein of 

Escherichia coli. This protein was discovered as a component of an ATP-dependent protease 

and was named for its capacity to promote the proteolysis of casein (caseinolytic protease, 

Clp) in vitro when complexed with the unrelated ClpP (Ti) protease (Hwang et al., 1988;Teter 

et al., 1999). 

Clp proteins are divided into two major classes. Members of the first class contain two 

nucleotide-binding domains (NBDs) flanked by amino-terminal, middle and carboxy-terminal 

regions (Fig. 1.3A) (Guo et al., 2002;Schirmer et al., 1996). 
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  A  

  B       C  

 
Figure 1.3: Structure of the Hsp100 proteins. 

A. Structural features of the Hsp100 family. Members of the first class contain two nucleotide-binding 

domains (NBD: D1 (green), D2 (blue)) flanked by amino-terminal (N) (violet) and/or spacer (white) 

region. Members of the second class are shorter in length, containing only a single NBD. Zn2+ binding 

region in ClpX (orange) and intermediate domain (I) (yellow) in HslU are thought to play a significant 

role in substrate recognition. 

B. The ring like hexameric structure of HslU from E.coli (Bochtler et al., 2000). Six subunits are 

shown in different color; four of those are complexed with nucleotide (ATP, red). 

C. The structure of the ClpA monomer from E.coli (Guo et al., 2002). In ribbon representation, the 

three structural domains of ClpA monomers are colored; the N-domain, violet; the D1 domain, green, the 

D2 domain, blue. Two ADP molecules are shown in red. 
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The two NBDs are highly conserved in all members of this class and contain a Walker A 

motif (e.g. GX2GXGKT, where X is any amino acid). Mutations within the first but not the 

second Walker A motif of ClpA or ClpB affects their oligomerization. In contrast, mutations 

within the second ATP-bnding site influence hexamerisation of Hsp100 (Gallie et al., 2002). 

Members of the second class are shorter in length, containing only a single NBD (which more 

closely resembles the second NBD class of 1 Hsp100s) and the carboxy-terminal region. 

As predicted from their sequences, all Hsp100 proteins that have been tested are ATPases. 

Each has a moderate basal rate of ATP hydrolysis, which is stimulated by specific proteins or 

peptides (Maurizi, 1992;Woo et al., 1992). In addition to, ClpA, ClpB, ClpX and ClpY belong 

to the AAA+ protein superfamily of ATPases associated with a variety of cellular activities, an 

ubiquitous family of ATP-dependent molecular machines with one or two 230-250 residue 

AAA+ modules containing well conserved sequence and structural motifs (Neuwald et al., 

1999;Patel and Latterich, 1998). Despite their different cellular functions AAA+ proteins 

employ a general mechanism. They play essential roles in cellular housekeeping, cell division 

and differentiation and have been identified in prokaryotes and eukaryotes.  

Another common characteristic, at least of class 1 members, is assembly into higher-order 

oligomers. Clp chaperones are structurally similar to GroEL in having an interior chamber 

formed by one or two stacked rings of six or seven protomers (Wickner and Maurizi, 1999). 

Electron microscopy reveals that Hsp100 proteins assemble into a ring-like structure 

(Schirmer et al., 1996) (Fig. 1.3B). In the absence of nucleotides, Hsp100 proteins migrate 

variously as monomers (Fig. 1.3C), dimers and trimers according to a variety of analytical 

sizing techniques. However, in the presence of either ATP or ADP, these proteins assemble 

into hexamers. 

E.coli representatives of the Hsp100 family, notably ClpA and ClpX confer ATP-dependent 

turnover of their substrates through a physical association with an unrelated oligomeric 

protease ClpP. The role of these Clp proteins is the unfolding of substrates and the delivery of 

unfolded polypeptides to the protease subunit (Glover and Lindquist, 1998). In contrast ClpB 

from E.coli and T.thermophilus and the Saccharomyces cerevisiae homologue Hsp104 have 

no detectable role in protein degradation. They have the ability to solubilize denatured 

proteins from previously formed high-molecular weight aggregates by specific interactions 

with additional chaperones – Hsp70. Together, these proteins comprise refolding machine 

with novel activities (Glover and Lindquist, 1998;Mogk et al., 1999;Motohashi et al., 1999).  
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1.2.3. Hsp70 

The ubiquitous Hsp70 molecular chaperones have a molecular mass of around 70 kDa, and 

assist a broad spectrum of folding processes. Representatives of this group have been found in 

eubacteria (DnaK from E.coli), some archaea, as well as within eukaryotic organelles, such as 

mitochondria, chloropalst and endoplasmic reticulum (Flaherty et al., 1990;Hartl and Hayer-

Hartl, 2002;Palleros et al., 1992). 

The DnaK system plays essential roles in many cellular functions, including stabilization of 

polypeptide chains in an unfolded state for translocation across organelle membranes (Wild et 

al., 1992); prevention of protein aggregation under stress conditions and assistance of 

refolding of denatured proteins (Schröder et al., 1993;Szabo et al., 1994); disassembly of 

protein oligomers (Zylicz et al., 1989); degradation of unstable proteins (Sherman and 

Goldberg, 1996). 

Functionally, the best-characterized DnaK system is the E.coli system. For folding of newly 

synthesized proteins, DnaK is not strictly required (Hesterkamp and Bukau, 1998); DnaK, 

however, is essential for E.coli to survive environmental stress, including exposure to 

elevated temperature. The E.coli DnaK’s reaction cycle is fueled by the binding and 

hydrolysis of ATP and is regulated by the two cochaperones, DnaJ and GrpE (Fig. 1.4). DnaK 

shuttles between an ATP-bound form, which has low affinity for peptide substrates, and an 

ADP-bound form, which has relatively high affinity for protein substrates. DnaJ promotes 

substrate binding to the ATP-bound state and also stimulates ATP hydrolysis. The nucleotide 

exchange factor GrpE promotes ADP dissociation. The DnaK/DnaJ/GrpE reaction cycle, 

defined by repeated substrate binding and release, coupled to DnaK-mediated ATP 

hydrolysis, probably produces a conformational change in the substrate protein that increases 

the probability of proper folding (Chesnokova et al., 2003). 
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Figure 1.4: Model for the regulated chaperone cycle of DnaKEco. Under GrpE and DnaJ control, DnaK 

(shown in blue) alternates between the low-affinity ATP-liganded state and the high-affinity ADP-

liganded state. The affinity of ATP-bound form for polypeptide and protein substrates is low, and both 

binding and release of substrates are fast. DnaJ stimulates ATP hydrolysis resulting to the substrate to be 

locked to the DnaK substrate binding domain and the rates of binding and release of substrates are too 

slow to be of physiological significance. GrpE mediates dissociation of DnaK-bound nucleotides. 

 

 

1.2.3.1. Structure and Function of DnaK 

The cellular concentration of DnaK (~50 µM) exceeds that of ribosoms (~30 µM) (Hartl, 

1996), assuming an even cytosolic distribution. Substrate binding and ATP hydrolysis occur 

in two discrete functional domains of DnaK. The overall structure of DnaK consists of N-

terminal ATPase domain and a C-terminal peptide binding domain. The NH2-terminal, highly 

conserved 45-kD ATP-ase domain, binds ADP and ATP very tightly (in the presence of Mg2+ 

and K+) and hydrolysis ATP, whereas the 25-kD carboxy-terminal domain is required for 

polypeptide binding (Fig. 1.5). 
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                                                                                           Peptide: NRLLLTG 
                              A                                              B 
 
 
Figure 1.5: Structure of DnaK from E.coli. (A) Structure of the ATPase domain of DnaK (Harrison 

et al., 1997) (PDB-ID: 1DKG). ATP indicates the position of the nucleotide binding site. (B) Structure 

of the peptide binding domain of DnaK in complex with a peptide substrate (Zhu et al., 1996) (PDB-

ID: 1DKX). The N-terminal β-sandwich subdomain is shown in blue, the α-helical latch, in yellow and 

the exchanged peptide substrate, in red. 

Cooperation of both domains is needed for protein folding. Part of the overall tertiary 

structure of the ATP-ase domain from different organisms (Hsc from Bovine, DnaK from 

E.coli and human’s Hsp70) (Flaherty et al., 1990;Harrison et al., 1997;Sriram et al., 1997) 

shares high similarity with the structure of yeast metabolic enzyme hexokinase and structure 

of a well-known muscle and cell skeleton protein, actin (Flaherty et al., 1990;Holmes et al., 

1993). It consists of two subdomains that are separated by a deep central cleft, at the bottom 

of which nucleotide and Mg2+ are bound. On the basis of analogy to the ‘induced-fit’ 

movement in hexokinase, it has been predicted that Hsc70 ATPase domain also undergo a 

structural transition between two states, namely a fully closed structure with ADP bound and 

an open form without nucleotide (Holmes et al., 1993). In addition, comparison of the crystal 

structure of GrpEEco-bound, nucleotide-free ATPase domain DnaKEco with that of nucleotide-

bound bovine brain Hsc70 showed that the co-factor GrpEEco stimulates mechanical opening 

of the DnaKEco structure (Harrison et al., 1997). 

Zhu and co-workers solved the structure of the peptide-binding domain of DnaK in complex 

with substrate (Zhu et al., 1996). This domain is divided into a β-sandwich subdomain with a 

peptide-binding cleft and an α-helical latchlike segment (Fig. 1.5B) which closes the substrate 

binding cavity but does not contact directly the bound peptide. 
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DnaK recognizes substrate binding motif of extended peptides strands composed of up to 

seven residues long with consecutive hydrophobic residues in the central region (leucine and 

isoleucine residues being preferred by DnaK) and positively charged residues outside the 

substrate binding cavity (Rüdiger et al., 1997). The binding of polypeptide to the substrate-

binding domain of DnaK is regulated by the nucleotide state of the ATPase domain (Laufen et 

al., 1997;McCarty et al., 1995). 

 

 

1.2.3.2. Structure and Function of DnaJ 

Central to the Hsp70 chaperones activities is the regulation of Hsp70 by DnaJ co-chaperone. 

DnaJ homologes (also referred to as Hsp40) have been identified in a large variety of 

prokaryotic and eukaryotic cells and viruses with an exception of specific archebacteria 

lacking entire DnaK chaperone system (Laufen et al., 1997). 

DnaJ proteins are multidomain proteins that share and are identified by an evolutionary highly 

conserved J-domain of approximately 78 amino acids (Buchberger et al., 1997;Laufen et al., 

1997). In the full length E.coli DnaJ protein there are four domains formed by the 367-amino 

acid sequence (Pellecchia et al., 1996). The NMR structure of a fragment of DnaJ (residues 2-

108) comprising the J domain and the Gly/Phe rich region has been solved (Pellecchia et al., 

1996). The amino-terminal J domain consists of four helices (Fig. 1.6), of which amphipathic 

antiparallel helices 2 and 3 from a coiled coil connected by a flexible turn and helices 1 and 4 

are oriented perpendicular to it. The loop connecting helices 2 and 3 is highly mobile which 

may be important for the association of DnaJ with DnaK.  
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Figure 1.6: NMR-structure of the J domain of DnaJ (Pellecchia et al., 1996) (PDB-ID: 1XBL). 

Helices are numbered according to (Pellecchia et al., 1996). The conserved HPD motif is shown in 

black. 

This loop contains the entirely conserved sequence motif His33-Pro34-Asp35, referred to as 

HPD motif, which plays a key role in the interaction DnaJ with DnaK leading to stimulation 

of ATPase activity (Buchberger et al., 1997;Greene et al., 1998). The adjoining Gly/Phe-rich 

region, comprising residues 77 to 108, contains a large number of glycyl and phenylalanyl 

residues. It was found that the Gly/Phe-rich region binds to DnaK mimicking a peptide 

substrate (Karzai and McMacken, 1996;Wall et al., 1994). Furthermore, Laufen and co-

workers (1999) have also shown that DnaJ and protein substrates act synergistically to 

provide the signals required for stimulation of ATP hydrolysis by DnaK. Carboxy-terminal to 

these modules, there are a “zinc-binding” and a “low homology” region, which are also 

present in many other DnaJ-like proteins (Pellecchia et al., 1996). 

The ATPase activity of the DnaK protein is very low (15 nmol of ATP hydrolyzed per min 

per mg of protein at 30oC, pH 8.8) (Liberek et al., 1991). The turnover number for ATP 

hydrolysis by DnaK is in the range 0.02-1/min, depending on the preparation of DnaK used 

(Jordan and McMacken, 1995;Liberek et al., 1991). The E.coli DnaJ stimulates the 

intrinsically low ATPase rate of DnaK by a factor of 500-15000 (Laufen et al., 1999;Russell 

et al., 1999). However, with the Thermus thermophilus DnaK system, no stimulation of the 

DnaK by DnaJ was observed (Klostermeier et al., 1999). The E.coli DnaJ (Molecular weight 

of 41 kDa) binds substrates with a similar consequence as DnaK and was proposed to be a 

chaperone on its own right. 
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1.2.3.3. Structure and Function of GrpE 

GrpE acts as nucleotide exchange factor for DnaK. It enhances the rate of nucleotide 

exchange of DnaK up to 5,000-fold (Packschies et al., 1997). GrpE homologs exist in various 

bacteria, eukaryotic mitochondria and chloroplast. However, no nucleotide exchange factor 

for Hsp70 has been definitively identified in the eukaryotic cytosol and endoplasmic 

reticulum (Buchberger et al., 1997), although such a function has been proposed for the Bcl2-

associated athanogene 1 (Bag-1) protein (Brehmer et al., 2001;Sondermann et al., 2001). 

To assist DnaK function GrpE and DnaK should physically interact with each other. Harrison 

with co-workers (1997) determined the crystal structure of the GrpEEco-DnaKEco ATPase 

domain complex at 2.8 Å resolution and found that a dimer of GrpE interacts in an asymetric 

fashion with the DnaKEco ATPase domain. The structure of the GrpEEco dimer (Mr = 22 kDa) 

may be divided into three regions: paired N-terminal α-helices (residues 40-88), four-helix 

bundles (residues 89-13), and the C-terminal β-domains (139-197) (Fig. 1.7). 

                                                 
 

Figure 1.7: Crystal structure of GrpE from E.coli (Harrison et al., 1997) (PDB-ID: 1DKG). The general 

GrpE domains are shown in different color: N-terminal α-helices, blue; four-helix bungles, green; C-

terminal β-domians, violet. 
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Residues 1-33 are thought to exist in a disordered, flexible state. The two long helices in the 

dimer do not form a canonical coiled-coil but instead lie nearly in the same plane.  

Association of DnaKEco with GrpEEco is stable in the absence of added nucleotides and is 

disrupted by Mg2+/ATP (Buchberger et al., 1994b). There are some evidences that GrpE 

mediates nucleotide exchange by inducing an opening of the nucleotide binding cleft of 

DnaK. Packschies et al. (1997) kinetically showed that the initial weak binding of GrpE to 

DnaK-ADP complex is followed by an isomerization of the ternary complex which leads to 

weakening of nucleotide binding and finally to its rapid dissociation. They also demonstrated 

that the displacement mechanism of ADP by GrpE is associative. This means that the binding 

sites of GrpE and ADP are either distinct or only partially overlapping. Thus, these 

observations are in line with what has been reported about the crystal structure of a complex 

of the DnaKEco ATPase domain with GrpEEco (Harrison et al., 1997). Harrison and co-workers 

(1997) demonstrated that the nucleotide-binding pocket is disrupted in the GrpE-DnaK 

complex by the mechanical opening of the DnaK structure. The maximum stimulation of 

nucleotide exchange (koff) by the T.thermophilus GrpE is 80,000-fold in comparison to a 

5,000-fold stimulation by E.coli GrpE (Groemping et al., 2001;Packschies et al., 1997). 

Several studies have shown that GrpE is probably more than just a nucleotide exchange 

factor; it is also involved in substrate release. Using a radioactively labelled permanently 

unfolded form of lactalbumin (RCMLA, reduced carboxymethylated lactalbumin) Harrison 

and co-workers (1997) showed that the N-terminal residues of GrpEEco (amino acids 1-33) are 

required for dissociation of the substrate from ADP-DnaKEco-RCMLA complex. Mally and 

Witt (2001) have kinetically shown that GrpEEco binding to an ADP-DnaK-peptide (or DnaK-

peptide) complex increases peptide koff and kon values by ~200-fold and ~60-fold, 

respectively, providing evidence that GrpEEco induces a conformational change in the C-

terminal polypeptide binding domain of DnaKEco. In addition it has been demonstrated 

directly that the GrpEEco mutant containing the only tail region is able to release bound 

substrate from DnaKEco (Mehl et al., 2001). 
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1.3. Scope of this Thesis 

The participation of molecular chaperones in solubilization of unfolded proteins probably 

accounts for the role of chaperones in the acquisition of thermotolerance. The studies 

presented here were an attempt to ascertain the role of the DnaK system from the thermophilic 

eubacterium T.thermophilus in repair of thermaly and chemicaly denaturated proteins in vitro. 

In order to study the mechanism of the DnaK system (DnaK, DnaJ, GrpE) together with ClpB 

in assisting protein folding it was necessary to find suitable model substrates for this 

chaperone machinery. 

A key question of the functional cycle of the DnaKTth system is the mechanism by which the 

co-chaperone GrpE controlled ATPase cycle is coupled to the productive association of DnaK 

with substrates. The goal of this work was to experimentally explore the influence of 

nucleotides and substrates on the interaction of the molecular chaperone DnaK and its co-

chaperone GrpE. In regard with the DnaK-GrpE interactions we studied whether a covalent 

link between the ATPase domain (amino acids 1-381) and the peptide binding domain (amino 

acids 382-615) of DnaK is necessary for interaction with GrpE. 

To further explore these DnaK-GrpE interactions on the level of individual GrpE domains, the 

interactions between DnaK and the GrpE α-helical domain were monitored in the absence and 

presence of ADP, ATP and a substrate protein. 

In the last part of this work we tried to map specific locations where the end of the long NH2-

terminal α-helix of GrpE interacts with the DnaK′s substrate binding domain. In this type of 

experiment two different GrpE cysteine mutants were engineered, GrpE(N5C) and 

GrpE(V17C). Covalent coupling of environmentally sensitive fluorophores to these cysteine 

mutants allowed for spectroscopic monitoring of conformational changes. 
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2. Materials and Methods 

2.1. Enzymes and Chemicals 

Enzymes and chemicals used in this work are listed in Table 2.1. 

Table 2.1: Enzymes and chemicals 

Product Producer 
Acrylamid – solution (30 %), (NH4)2SO4 AppliChem (Darmstadt) 

Ethanol, Acetic acid, HCl, Isopropanol, Potassium 

acetate, Sodium acetate, K2HPO4, KH2PO4, KCl, 

MgCl2, NaCl, NaOH, Urea 

J.T. Baker (Deventer, Holland) 

TCA Fluka (Neu -Ulm) 

DTT, EDTA, Glycerol, HEPES, IPTG, 

Kanamycin 

Gerbu (Gaiberg) 

GdnHCl Sigma-Aldrich (Steinheim, Germany) 

Na2HPO4, NaH2PO4 Merck, Darmstadt 

DNA standard (kb- Marker) New England Biolabs (Frankfurt) 

NADH, Protease inhibitor (tablets), LDH (pig 

muscle), NADH  

Roche Diagnostics (Mannheim) 

Tris, Agarose, Ethidium bromide  Roth (Karlsruhe) 

APS, Bromphenol blue, Coomassie Blue-

R250/G250, SDS, TEMED  

Serva (Heidelberg) 

ADP, ATP, BSA, PMSF, TFA, Pyruvate, LDH 

(Bacillus stearothermophilus),                             

β-Mercaptoethanol 

Sigma-Aldrich (Taufkirchen) 

Pfu DNA-polymerase Stratagene (Amsterdam, Holland ) 

Agar, Yeast extract, Select peptone 140  GibcoBRL (Karlsruhe) 
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2.2. Microbiological Methods 

2.2.1. Site-Directed Mutagenesis  

The QuikChange site-directed mutagenesis kit was used to make point mutations in proteins 

under investigation, GrpE(N5C), GrpE(V17C). The QuikChange site-directed mutagenesis 

method was performed using Pfu DNA polymerase, which replicates both plasmid strands 

with high fidelity and without displacing the mutant oligonucleotide primers, and a thermal 

cycler. PCR was performed with aliquots of 50 µl of the reaction mixture including pet27b 

vector as a DNA template as listed in Table 2.2. Primers used for mutagenesis are listed in 

Table 2.3. PCR cycling parameters for the QuikChange site-directed mutagenesis method are 

shown in Table 2.4. 

Following temperature cycling, 1µl Dpn I restriction enzyme (10 U/µl) was directly added to 

the amplification reaction, gently and thoroughly mixed and incubated at 37o C for 1 hour to 

digest the parental (nonmutated) supercoiled dsDNA. 

The nicked vector DNA incorporating the desired mutations was then transformed into E.coli 

(XL1-Blue) competent cells. 50 µl 10 % glycerol stock solution of XL1-Blue competent cells 

were gently thawed on ice, mixed with 5 µl of the nicked vector and transformed into Micro-

Electroporation Chamber. The conditions for electroporation were as follows: the resistance 

on the Voltage Booster was 800 ohms, the Pulse Control was 25 µF, the total voltage was 1.5 

kV with time constant 10 ms. The transformation reaction was incubated in 1 ml 2YT 

medium at 37 oC for 1 hour followed by plating out on agar plates containing kanamycin (50 

µg/ml) that is prescribed by the plasmid vector transformed. 1 colony was incubated at 37 oC 

for more then 16 hours in 3 ml 2YT medium with kanamycin (50 µg/ml). 

Then the plasmid DNA was purified using Plasmid Mini Kit (Qiagen, Hilden), and after PCR-

sequencing the integrity of the plasmid obtained was confirmed by DNA sequencing. 

Conditions for PCR-sequencing reaction are shown in Table 2.5 and Table 2.6. 
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Table 2.2: Reaction mixture for a single-copy chromosomal locus PCR amplification 

Component Amount per reaction 

Distilled water  40.6 µl 

10×cloned Pfu DNA polymerase reaction buffer 5.0 µl 

dNTPs (25 mM each dNTP) 0.4 µl 

DNA template (100 ng/µl) 1.0 µl 

Primer #1 (100 ng/µl) 1.0 µl 

Primer #2 (100 ng/µl) 1.0 µl 

Pfu Turbo DNA polymerase (2.5 U/µl) 1.0 µl 

Total reaction volume 50.0 µl 

Table 2.3: Primer sequencing for mutagenesis 

Mutant  Primer Sequencing 
GrpE(N5C) 

 

GrpE(V17C) 

GrpEN5C-for 

GrpEN5C-rev 

GrpEV17C-for 

GrpEV17C-rev 

5´-GGA GCG GTG CCA CGA GAA CAC CCT GGA G-3´ 

5´-CTC CAG GGT GTT CTC GTG GCA CCG CTC C-3´ 

5´-GAC CTG GAG GCC TGT GGC CAG GAG GCC-3´ 

5´- GGC CTC CTG GCC ACA GGC CTC CAG GTC-3´ 

Table 2.4: PCR cycling parameters for Pfu Turbo DNA polymerase with single-block 

temperature cyclers 

Cycles Temperature Time 
1 95oC 30 seconds 
 

16 
95oC 
55oC 
68oC 

30 seconds 
1 minute 

2 minutes/kb of 
plasmid length 

- 4 oC Forever 
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Table 2.5: Reaction mixture for DNA-sequencing  

Component Amount per reaction 

DNA (1 µg/ml) 1.0 µl 

Primer (T7 promoter or T7 terminator primer) 0.3 µl 

Terminator kit 4.0 µl 

Water 4.7 µl 

Total volume 10 µl 

 

Table 2.6: PCR cycling parameters for DNA sequencing 

Cycles Temperature Time 

1 96 oC 30 seconds 
 

25 
 

96 oC 
50 oC 
60 oC 

30 seconds 
15 seconds 
4 minutes 

- 4 oC Forever 

 

 

2.2.2. Agarose Gel Electrophoresis of DNA 

To pour a gel, agarose powder was mixed with TAE buffer to concentration 1% (w/v), then 

heated in a microwave oven until completely melted. Ethidium bromide (final concentration 

0.5 µg/ml) was added to the gel at this point to facilitate visualization of DNA after 

electrophoresis. After cooling the solution to about 60 oC it was poured into a casting tray 

containing a sample comb and allowed to solidify at room temperature. Samples containing 

DNA mixed with 1:5 Sample buffer were then pipetted into the sample wells, and a current 

10V/cm was applied. To visualize DNA, the gel was placed on an ultraviolet transilluminator 

at 302 nm. 

• TAE buffer: 90 mM Tris, pH 8.3, 90 mM Acetic acid, 2 mM EDTA 

• Sample buffer: 0.25 % Bromphenolblue, 0.25% Xylencyanol, 40% Sucrose in 50 mM 

EDTA, pH 8.0 
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2.2.3. Growth of E.coli Cells 

Thermophile chaperones were expressed in E.coli BL21 (DE3) cells (Studier and Moffatt, 

1986). The bacteria were grown to mid-logarithmic phase (OD600 = 0.5-0.8) in 2YT medium 

supplemented with 50 µg/ml kanamycin. The medium was sterilized by autoclaving at 121 oC 

for 30 minutes. Antibiotic was added as sterile-filtered solution. Expression of the proteins 

was induced by addition of IPTG to a final concentration of 1 mM. The cells were harvested 

by centrifugation four hours after induction (Sorvall Rotor H6000A, 5000 rpm, 4 oC, 15 

minutes). The cell pellet was dissolved in 50 mM Tris/HCl pH 7.5 followed by centrifugation, 

freezing in liquid nitrogen and storage at -80 oC. 

• 2YT medium (1L): 16 g Peptone, 10 g Yeast extract, 5 g NaCl, pH 7.2 

 

2.3. Fluorescent Labelling of Single Cysteine Mutants  

To perform fluorescent measurements GrpE protein was labelled with extrinsic, 

environmentally sensitive fluorophores. Wild type GrpE from T.thermophilus contains no 

cysteine residues. Therefore two different GrpE cysteine mutants were engineered, 

GrpE(N5C) and GrpE(V17C). Alexa Fluor® 488 C5 maleimide and N,N'-dimethyl-N- 

(iodoacetyl)-N'-(7-nitrobenz-2- oxa-1,3-diazol-4-yl)ethylenediamine (IANBD amide) 

(Molecular Probes, Eugene, USA) were covalently coupled to the single cysteine residues in 

GrpE(N5C) and GrpE(V17C). Chemical structures of the fluorophores are shown in Fig. 2.1.  

     A                                                                                  B 

           
Figure 2.1: Chemical structure of Alexa Fluor® 488 (A) and IANBD amide (B). 
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Fluorescent labelling was done using a standard procedure for the thiol-reactive probes 

(Haugland, 1996). In a typical labelling reaction 10 mM Alexa488 maleimide in H2O or 

IANBD amide in DMF were added dropwise to 1 ml of a 100 µM sample of single GrpE 

cysteine mutant in a DTT-free buffer to give approximately 20 moles of reagent for each mole 

of protein. The reagent was added to the protein solution as it is stirring. The sample was 

incubated overnight at 4o C in the dark and then 10 mM DTT was added to consume excess 

thiol-reactive reagent. Then the conjugant was separated on gel filtration column, such as 

Sephadex G-25 (NAP 5, Amersham Biosciences, Uppsala) and dialysed 2 x 5 h against buffer 

A. Concentration of the conjugated protein was determined using the Bradford colorimetric 

assay. The degree of labelling was calculated using the following formula: 

protein of moles
dye of moles

protein/mL mg
protein ofMW 

ε
AX =×    (2.1) 

Ax - the absorbance value of the dye at the absorption maximum wavelength 

ε - molar extinction coefficient of the dye at the absorption maximum wavelength (Alexa 

maleimide ε488 = 72 000 M-1 cm-1, IANBD amide ε493 = 25 000 M-1 cm-1). 

• Buffer A: 20 mM Tris/HCl pH 7.5, 25 mM KCl, 1 mM MgCl2, 2 mM DTE 

 

 

2.4. Protein Methods 

2.4.1. Protein Purification 

2.4.1.1. Proteins without His-Tag 

DnaK, GrpE, GrpE (N5C), GrpE (V17C), GrpE(∆C), and DnaJ were purified as described 

(Groemping and Reinstein, 2001;Klostermeier et al., 1998;Klostermeier et al., 1999). The 

DnaK truncated mutants DnaK(1-381) and DnaK(382-615) were engineered by Dr. Seidel 

and purified by P.Herde. GrpE(∆C) was engineered by Dr. Groemping (Groemping and 

Reinstein, 2001). 
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Overproducing E.coli cells with proteins under investigation were dissolved in lysis buffer 

with protease inhibitor, homogenized using a homogenizer (Novodirect, Kehl, Germany) and 

disrupted in a microfluidizer (Microfluidics, Newton, Massachusetts, USA) at a pressure of 

600 kPa and a temperature of 4 oC. In case of GrpE proteins, after centrifugation for 30 

minutes at 4 oC (Beckman Ti-45 rotor, 35000 rpm) 0.28 g of ammonium sulphate per ml of 

supernatant (45% saturation) was added and incubated at 4 oC for 30 minutes. To precipitate 

DnaK proteins, 0.136 g/ml of ammonium sulphate per ml of supernatant (25% saturation) was 

added and incubated at 4 oC for 30 minutes followed by centrifugation (40 minutes at 35000 

rpm, 4 oC in the BeckmanTi-45-Rotor) and an additional precipitation by adding 0.321 g/ml 

of ammonium sulphate per ml of supernatant (75% saturation). After 30 minutes, the 

precipitate of the crude extract was centrifuged for 40 minutes at 4 oC (Beckman Ti-45 rotor, 

35000 rpm). The protein pellet was resuspended in approximately 150 ml of buffer A and 

then dialyzed twice against 2 L of buffer A for 4 hours and over night. The dialysed sample 

was treated for 30 minutes at 75 oC followed by 30 minutes at 4 oC centrifugation (Beckman 

Ti-45 rotor, 35000 rpm). Then the supernatant was applied to an equilibrated EMD-DEAE 

column (300 ml, Merck, Darmstadt, Germany) with a flow rate of 3 ml/min. DnaK was eluted 

between 175 and 330 mM KCl. GrpE was eluted between 200 and 300 mM KCl. After 

analysis by SDS-PAGE, the fractions containing proteins under investigation were pooled and 

concentrated in Amicon chambers (Amicon, Beverly, USA). The sample was directly loaded 

onto a gel filtration column (Superdex 200, Pharmacia, 320 ml) to remove excess potassium 

from solution. The gel filtration column was washed with the gel filtration buffer at run 2 

ml/min. The gel filtration fractions were pooled and dialysed against 2 L storage buffer for 4 

hours and over night. Then proteins were concentrated in Amicon chamber (until 

approximately 20 mg/ml) and frozen at -80oC.  

• Lysis buffer (used for DnaK proteins): 50 mM Tris/HCl pH 7.5, 25 mM KCl, 5 mM MgCl2, 

2 mM DTE, 2 mM EDTA, 1 mM PMSF, 10% (v/v) Glycerol, protease inhibitor cocktail 

• Lysis buffer (used for GrpE proteins): 50 mM Tris/HCl pH 7.5, 100 mM KCl, 5 mM EDTA, 

1 mM PMSF, 10% (v/v) Glycerol, protease inhibitor cocktail 

• Buffer A (used for DnaK protein): 50 mM Tris/HCl pH 7.5, 25 mM KCl, 5 mM MgCl2, 2 

mM DTE, 2 mM EDTA) 
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• Buffer A (used for GrpE proteins): 50 mM Tris/HCl pH 7.5, 25 mM KCl, 2 mM EDTA, 

10% (v/v) Glycerol 

• Buffer B (used for DnaK protein): 50 mM Tris/HCl pH 7.5, 1 M KCl, 5 mM MgCl2, 2 mM 

DTE, 2 mM EDTA) 

• Buffer B (used for GrpE proteins): 50 mM Tris/HCl pH 7.5, 1 M KCl, 2 mM EDTA, 10% 

(v/v) Glycerol 

• Gel filtration buffer (used for DnaK protein): 50 mM Tris/HCl pH 7.5, 100 mM Na2SO4, 5 

mM EDTA 

• Gel filtration buffer (used for GrpE proteins): 50 mM Tris/HCl pH 7.5, 200 mM KCl, 2 mM 

EDTA, 10% (v/v) Glycerol 

• Storage buffer (used DnaK proteins): 50 mM Tris/HCl pH 7.5, 200 mM KCl, 5 mM MgCl2, 

2 mM EDTA 

• Storage buffer (used GrpE protein): 20 mM Tris/HCl pH 7.5, 25 mM KCl 

 

 

2.4.1.2. Purification of 6xHis-Tagged Protein 

The overproducing E.coli cells with DnaKChis were dissolved in lysis buffer with protease 

inhibitor, then homogenized using homogenizer (Novodirect, Kehl, Germany) and disrupted 

in microfluidizer (Microfluidics, Newton, Massachusetts, USA) at a pressure of 600 kPa and a 

temperature of 4 oC. To precipitate DnaKChis proteins 0.136 g/ml of ammonium sulphate per 

ml of supernatant (25% saturation) was added and incubated at 4 oC for 30 minutes followed 

by centrifugation (40 minutes at 35000 rpm, 4 oC in the BeckmanTi-45-Rotor) and an 

additional precipitation by adding 0.321 g/ml of ammonium sulphate per ml of supernatant 

(75% saturation). After 30 minutes, the precipitate of the crude extract was centrifuged for 40 

minutes at 4 oC (Beckman Ti-45 rotor, 35000 rpm). The protein pellet was resuspended in 

approximately 150 ml of wash buffer and then dialyzed twice against 2 L of wash buffer for 4 

and 14 hours. Then the protein solution was loaded onto the equilibrated Ni-NTA column (40 
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ml, Qiagen, Hilden) with a flow rate of 2 ml/min. The Ni-NTA column was equilibrated with 

2 column volumes of wash buffer. DnaKChis was eluted between 323-500 mM Imidazole. 

After analysis by SDS-PAGE, the peak fractions were pooled and concentrated in Amicon 

chamber (Amicon, Beverly, USA) and frozen at - 80oC.  

• Lysis buffer (50 mM Tris/HCl pH 7.5, 25 mM KCl, 5 mM MgCl2, 2 mM DTE, 2 mM 

EDTA, 1 mM PMSF, 10% (v/v) Glycerol, protease inhibitor cocktail 

• Wash buffer: 50 mM Tris/HCl pH 7.5, 50 mM Imidazole; 100 mM NACl 

• Elution buffer: 50 mM Tris/HCl pH 7.5, 1 M Imidazole; 100 mM NACl 

 

 

2.4.2. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Protein separation by SDS-PAGE (Laemmli, 1970) was used to determine the relative 

abundance of major proteins in a sample, their approximate molecular weights, purity and in 

what fractions they can be found.  

Separating gel consisted of 15% acrylamide, 0.4% bisacryalmide, 375 mM Tris/HCl, pH 8.8 

and 0.1% SDS. Stacking gel was prepared by mixing 4.5% acrylamide, 0.1% bisacryalmide, 

125 mM Tris/HCl, pH 6.8 and 0.06% SDS. Polymerization of acrylamide and bisacrylamide 

monomers was induced by APS and TEMED (50 µl 10% APS, and 5 µl TEMED per 10 ml). 

Approximately 5 µg of sample protein was combined with Sample loading buffer in ratio 1:3 

and boiled at 95 oC for 10 minutes to fully denaturate the protein. The electrophoresis was 

carried out in Biorad Mini 2D-Gel chamber (Biorad, München, Germany) with SDS-running 

buffer at constant amperage 40 mA per gel.  

Protein standard (Marker) consisted of a number of proteins with known molecular weight 

such as Phosphorylase b (94.0 kDa), Bovine serum albumin (67.0 kDa), Ovalbumin (43.0 

kDa), Carboanhydrase (30.0 kDa), Trypsin inhibitor (20.1 kDa) and α-Lactalbumin (14.4 

kDa) (LMW Proteinmarker, Amersham, Freiburg, Germany).  
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After electrophoresis the gel was stained with staining solution. For rapid destaining, the gel 

was washed in multiple changes of destaining solution. 

• Sample loading buffer (4x): 130 mM Tris/HCl, pH 6.8, 200 mM DTE, 4% (w/v) SDS, 

0.01% (w/v) Bromphenol blue, 20% (v/v) Glycerol 

• SDS-running buffer: 25 mM Tris, 192 mM Glycin, 0.01% (w/v) SDS 

• Staining solution: 25% (v/v) Isopropanol, 10% (v/v) Acetic acid, 0.1% (w/v) Coomassie 

Blue-R250, 0.01% Coomassie Blue-G250 

• Destaining solution: 20% (v/v) Acetic acid, 10% (v/v) Ethanol 

 

 

2.4.3. Determination of Nucleotides in Protein Solution 

In order to get information about nucleotide content of DnaK 16 µl of the protein was 

incubated with 4 µl 50% (w/v) TCA solution for 10 minutes at 0 oC followed by 

centrifugation at 14000 rpm, for 10 minutes at 4 oC. After that the supernatant was neutralized 

with 20 µl of 2 M KOAc and applied to the ODC Hypersil Reversed Phase C-18 column (5 

µm, 120 x 4.6 mm, Bischoff, Leonberg) equilibrated with 50 mM KPi, pH 6.8. To get a 

calibration curve the same procedure was applied for the nucleotide solution consisting of 10 

µM ATP, 10 µM ADP and 10 µM AMP. Nucleotide peaks detected on a calibration curve 

correspond to nucleotide at a concentration of 10 µM. Therefore the corresponding peaks on 

the sample chromatogram can be used to calculate the nucleotide content in a protein solution. 
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2.4.4. Protein Affinity Chromatography 

2.4.4.1. Ni-NTA Affinity Chromatography 

84 µM GrpE(∆C) was incubated together with 25 µM of a C-terminally His-tagged DnaK 

(DnaKChis) for 1 hour at 30 oC in wash buffer. After incubation the proteins were loaded onto 

2.0 ml Ni-NTA column (QIAGEN, CA) equilibrated with wash buffer. After washing of the 

column with the wash buffer until baseline recovery, bound DnaKChis protein was eluted with 

elution buffer containing 250 mM Imidazole. Protein peak fractions were pooled and analysed 

by 15% SDS-PAGE. 

• Wash buffer: 50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 

10% glycerol 

• Elution buffer: 50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 

10% glycerol, 250 mM Imidazole 

 

 

2.4.4.2. Co-elution Experiment with DnaK and ATP-Agarose 

C8-attached ATP-agarose (80 µl, Sigma-Aldrich, Taufkirchen) was incubated together with 

30 µl 100 µM DnaK for 2 hours at 30 oC in agarose buffer. The resin was washed in batch 

procedure to remove unbound protein. Then, 30 µl of purified co-chaperones (GrpE, 

GrpE(∆C)) at a concentration of 400 µM were added and incubated together with resin for 2 

hours at 30 oC. The resin was washed with ten volumes of agarose buffer and bound proteins 

were finally eluted by incubating agarose buffer containing 5 mM ATP for 1.5 hour at 30 oC 

together with the resin. Non-specific binding was determined using resin without DnaK 

bound. Aliquots representing 10% of eluates were analysed by SDS-PAGE. 

• Agarose buffer: 20 mM Tris/HCl pH 7.5, 25 mM KCl, 1 mM MgCl2
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2.5. Spectroscopic Methods 

Absorption spectroscopy measurements of protein concentration were performed using DU 

650 photometer (Beckman, Palo Alto, USA). 

 

2.5.1. Determination of Protein Concentration 

Protein concentrations were determined spectrophotometrically by the method of Ehresmann 

(Ehresmann et al., 1973) by measuring absorption at 228.5 nm and 234.5 nm in a Quartz 

cuvette. The protein concentration in mg/ml was calculated according to equation: 

c = (A228.5 - A234.5)/3.14  (2.2) 

A228.5: absorption at 228.5 nm 

A234.5: absorption at 234.5 nm 

c:        protein concentration in mg/ml 

Since fluorescent dyes used for protein labelling are able to absorb UV light between 220 and 

240 nm the concentration of the labelled proteins was determined by the method of Bradford 

(Bradford, 1976). The method is based on the proportional binding of the dye Coomassie 

Brilliant Blue G-250 to proteins. Within the linear range of the assay (~5-25 µg/ml), the 

more protein present, the more Coomassie binds. Coomassie absorbs at 595 nm. The protein 

concentration of a test labelled sample was determined by comparison to that of non-labelled 

protein which exhibited a linear absorbance profile in this assay.  

 

 

2.5.2. Chaperone-Assisted Reactivation of Lactate dehydrogenase 

The chaperone activity of the DnaK system (DnaK, DnaJ, GrpE) in the absence and presence 

of the chaperone ClpB was monitored via reactivation of chemically and temperature 
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denatured Lactate dehydrogenase from S.scrofa (pig) muscle (LDHSsc) and heat inactivated 

Lactate dehydrogenase from B.stearothermophilus (LDHBst).  

The enzyme Lactate dehydrogenase (EC 1.1.1.27) catalysis the reaction: 

 

 

The steady-state assay of LDH activity is based on the nicotineamide adenine dinucleotide 

coenzyme of LDH, NADH, spectroscopic properties. NADH absorbs radiation at 340 nm in 

reduced form, whilst the oxidized NAD+ form does not absorb at this wavelength. The LDH 

activity was monitored with absorption spectroscopy using the iEMS Reader (Labsystems, 

Helsinki, Finnland) for titerplates (8x12). 

LDHSsc at a concentration of 30 µM was denatured with 6 M urea or 2 M GdnHCl in 

denaturation buffer at 30 oC for 30 minutes. Heat denaturation of LDHSsc (0.5 µM) was 

performed for 40 minutes at 60 oC in denaturation buffer. Renaturation in the presence of the 

DnaK system alone (3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE(wt)/GrpE(N5C)/ 

GrpE(V17C)) or together with the chaperone ClpB (0.5 µM) was initiated by 120-fold 

dilution with NADH buffer in the presence of 1 mg/ml BSA and 1 mM ATP at 30 oC. A 

sample of the refolding solution was transferred into the activity assay (NADH buffer, 1 

mg/ml BSA, 3 mM pyruvate, 0.4 mM NADH) at the indicated times. LDH activity was 

followed by recording the changes in absorbance at 340 nm of a 500-µl mixture at 30 oC. The 

activity of the refolded LDH was calculated as a percentage of positive control. 

• Denaturation buffer: 50 mM Tris/HCl, pH 7.5, 50 mM KCl, 5 mM MgCl2, 10 mM DTE, 

0.05 mg/ml BSA 

• NADH buffer: 50 mM Tris/HCl, pH 7.5, 50 mM KCl, 5 mM MgCl2, 4 mM EDTA, 4 mM 

DTE, 0.4 mM NADH 
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2.5.3. Circular Dichroism (CD) 

CD spectra were recorded with a Jasco-J710 spectropolarimeter (JASCO, Tokyo, Japan) from 

200 to 250 nm in a cuvette with 0.1 cm thickness at a scan-rate of 20 nm/minute, 0.2 nm 

resolution, 1 nm bandwidth, a time-constant of one second and a sensitivity of 20 mdeg. The 

temperature was held constant at 25 °C using a water-bath. Potein concentrations were 1 and 

2 mg/ml. CD spectra were buffer corrected. 

• CD buffer: 20 mM NaH2PO2 (pH 7.04), 20 mM KCl, 5 mM MgCl2 

The detected ellipticity in mDegree was transformed into mean residue ellipticity (Degree 

cm2dmol-1) according to formula: 

[Θ]MRE=Θ⋅100/(c⋅d⋅N)  (2.3) 

[Θ]MRE: mean residue ellipticity in Degree cm2dmol-1

[Θ]: ellipticity measured in Degree 

c: protein concentration in M 

d:  thickness in cm 

N: number of amino acids of the protein under investigation 
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2.5.4. Fluorescence Spectroscopy  

2.5.4.1. Equilibrium Fluorescence Measurements 

2.5.4.1.1. Tryptophan Fluorescence 

Fluorescence was measured with a Fluoromax-3 Spectrofluorometer (JY Horiba, USA) using 

a 1-cm-square quartz cuvette. 2 µM DnaK(1-381) was incubated in standard fluorescence 

buffer in the absence or presence of GdnHCl for 1 hour at 25 oC followed by emission spectra 

detection. The emission and excitation slit widths were set at 9 and 10 nm respectively. The 

excitation wavelength was 287 nm. The temperature of the measurement was kept at 25±0.5 
oC.  

• Standard fluorescence buffer (SFB): 50 mM Tris/HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2, 

2 mM EDTA, 2 mM DTE 

 

2.5.4.1.2. IANBD Fluorescence 

Measurements were performed with a Fluoromax-3 Spectrofluorometer (JY Horiba, USA). 

Excitation was at 498 nm and emission was recorded from 520 to 680 nm with a 7-nm slit 

width. Spectra were determined after incubation of 1 µM GrpE(N5C)IANBD and 1 µM 

GrpE(V17C)IANBD with 20 µM DnaK, 20 µM DnaK-ADP, 20 µM DnaK-ATP, and 20 µM 

DnaK-P3 in SFB for 1 hour at 25 oC. P3 is a 10-mer peptide derived from p53 tumor 

suppressor protein with the sequence FYQLAKTCPV. To get a DnaK-P3 complex, 40 µM 

DnaK was incubated with 1600 µM peptide P3 for 1 hour at 25 oC. DnaK in ATP bound state 

and in ADP bound form was generated by incubation of 100 µM DnaK with 2 mM Mg2+/ATP 

(2 mM Mg2+/ADP) To determine emission peak maxima, data were fitted by nonlinear 

regression analysis to a Gaussian peak function using Microsoft Excel. 
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2.5.4.2. Fluorescence Correlation Spectroscopy (FCS) 

FCS was performed on the basis of a confocal laser scanning microscope (MRC-1024, 

Biorad) extended correlation measurements. Rhodamine-Green, GrpE(V17C)IANBD, and 

GrpE(V17C)Alexa488 were excited 488-nm line of an argon laser. The intensity fluctuations 

were detected by a single photon counting avalanche photodiode (SPAD, EGBG) and 

processed with a digital correlator (ALV, Langen, Germany). The power of the laser beam 

entering the microscope was set to 0.1 mW for the Ar+ laser for solution of Rhodamine-

Green; 1 mW for GrpE(V17C) labeled with IANBD; 0.1 mW for GrpE(V17C) labeled with 

Alexa488. Autocorrelation curve of free GrpE(V17C)Alexa488 at a concentration of 40 nM 

and autocorrelation curve of the same protein in the presence of 4 µM DnaK, 4 µM DnaK in a 

complex with ADP, 4 µM DnaK in a complex with ATP, and mixture of 4 µM DnaK(1-381) 

and 4 µM DnaK(382-615) were recorded in standard fluorescence buffer in sample volume of 

50 µl. All experimental autocorrelation functions (ACF), except ACF of IANBD labelled 

GrpE(V17C) and Rhodamine Green, were fitted by a single species model (Eq. 2.4), ignoring 

the triplet state. Translational diffusion time (τd) derived from this formula was calculated 

using Origin 5.0.  

5.02

*

)/*)/(1(*)/1(*
)/exp(11)(

dd

T

zrN
TTG

ττττ
τττ

++
−+−

=−     (2.4) 

T: average of fraction of molecules in the excited triplet state  

τT: triplet relaxation time 

N: average number of fluorescent molecules in the Gaussian detection volume 

r: radial distances 

z: axial distances 

τd: characteristic time for translational diffusion of the single species 

To analyse contribution of the standard fluorescence buffer used in FCS measurements into 

fluorescent signal, we performed FCS measurements of the buffer. As shown in Fig. 2.2, 

standard fluorescence buffer contains no fluorescent molecules. The count rate shown in Fig. 
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2.2A possibly results from unspecific light scattering and does not describe a single species 

correlation function as shown in Fig. 2.2B. Hence fluorescent signals detected in FCS 

measurements come only from the labeled GrpE molecules. 
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Figure 2.2: Count rate (A) and autocorrelation function (B) of the standard fluorescence buffer. 

Laser power was 1 mW. 

 

2.6. Differential Scanning Calorimetry (DSC) 

The scans were performed with a scan rate of 60 deg. C/hour in a VP-DSC-Microcalorimeter 

(MicroCal, Northampton, MA). The samples were dialysed for 18 hours at room temperature 

against the same DSC buffer that was used to establish the baseline with a final protein 

concentration of 40 µM for DnaK and 80 µM for GrpE(∆C). The samples and reference 

solutions were degassed for at least 5 min at room temperature and carefully loaded into the 

cells to avoid bubble formation. Cells were carefully cleaned before each experiment. The 

volume of the calorimetric cell was 0.5 ml. A background scan recorded with buffer in both 

cells was subtracted from each scan. The reversibility of thermal transitions was checked by 

examining the reproducibility of the calorimetric trace in the second heating of the sample 

immediately after first cooling from the first scan.  

• DSC buffer: 20 mM Hepes/NaOH (pH 7.5), 100 mM KCl, 5 mM MgCl2
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3. Results 

3.1. Establishing New Substrates for the DnaK-ClpB 

Chaperone System from T.thermophilus 

3.1.1. Lactate dehydrogenase from S.scrofa Muscle (LDHSsc) 

In order to study the mechanism of the DnaK system (DnaK, DnaJ, GrpE) and ClpB from 

Thermus thermophilus to assist protein folding in vitro it was necessary to find a substrate for 

this chaperone machinery. As a model substrate we considered Lactate dehydrogenase (EC 

1.1.1.27, LDH) since it fulfils a number of relevant criteria: it populates intermediates during 

its folding process (Jaenicke and Seckler, 1997); its enzymatic activity readily determined by 

a sensitive spectroscopic assay, can be utilized to monitor its folding status. LDH catalyses 

interconversion of lactate and pyruvate using nicotineamide adenine dinucleotide, NADH, as 

co-enzyme. The steady-state assay of LDH activity is based on the NADH spectroscopic 

properties. NADH absorbs radiation at 340 nm in reduced form, whilst the oxidized NAD+ 

form does not absorb at this wavelength. Lactate dehydrogenase from S. scrofa (pig) muscle 

(LDHSsc) is a homotetramer with a subunit molecular weight of 31 kDa. The complex of 

LDHSsc with NADH was solved at 2.2 A resolution (Dunn et al., 1991). To find conditions at 

which LDHSsc is saturated with the substrate (pyruvate), a microtiterplate based assay had 

been performed. Enzymatic activity of LDHSsc was measured over a range of pyruvate 

concentrations from 0.2 mM to 5 mM. Kinetic constants of LDHSsc were determined at 25°C. 

Normal Michaelis-Menten enzyme kinetic shown in Fig. 3.1.1 demonstrates that 5 nM LDH 

was saturated by 3 mM pyruvate. The rate dependence on pyruvate followed Michaelis-

Menten kinetics, with apparent Km value of 0.26 mM; apparent Vmax was about 0.0039 

∆A340/s corresponding to kcat of about 125/s. The maximum velocity and Km values reported 
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in the literature and presented in this work are different because we studied kinetics of the 

backward reaction (pyruvate reduction) in comparison to the forward reaction (lactate 

oxidation) used by others (Chen and Engel, 1975).  
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Figure 3.1.1: Michaelis-Menten kinetics of Lactate dehydrogenase from S.scrofa muscle (LDHSsc). The 

measurement of the LDHSsc (5 nM) activity was carried out in 150 µl of NADH buffer: (50 mM Tris/HCl pH 

7.5, 50 mM KCl, 5 mM EDTA, 2 mM DTE, 0.2 mM NADH), with 1 mg/ml BSA and pyruvate at different 

concentrations (from 0.2 mM to 5 mM). The initial value was recorded without LDHSsc. From the calculated 

value of Vmax (0.0039 ∆A340/s), the corresponding catalytic rate constant was determined (kcat = 125/s). 

.  

 

 
3.1.1.1. Chemical (urea, GdnHCl) and Temperature Denaturation of LDHSsc 

Before study the DnaK-ClpB assisted reactivation of a substrate protein, we monitored 

denaturation of LDHSsc by two of the best known chemical agents, such as urea and GdnHCl 

and inactivation induced by high temperature. As shown in Fig. 3.1.2, 30 minutes incubation 

of 500 nM LDHSsc at increasing concentrations of urea leads to a progressive decrease in the 

reaction rate; nearly complete inactivation of LDHSsc was observed at 3 M urea.  
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Figure 3.1.2: Effect of urea on the activity of LDHSsc. LDHSsc (500 nM) was denatured at 25 oC for 30 minutes 

in denaturation buffer with urea at different concentrations (from 1 to 5 M). The first point was recorded from a 

“denaturation” mixture free of urea. After denaturation LDHSsc was diluted one hundred fold into the NADH 

buffer. LDHSsc activity was thus measured with 5 nM LDHSsc, 5 mM pyruvate, 0.2 mM NADH.  

 

The effect of GdnHCl on LDHSsc activity was qualitatively similar to those obtained with urea 

denaturation: the extent of LDHSsc deactivation diminished as the concentration of GdnHCl 

was raised (Fig. 3.1.3). It was found that GdnHCl at a concentration of 1 M caused significant 

loss of the LDHSsc activity due to denaturation of the enzyme. In comparison to GdnHCl, urea 

at a concentration of 3 M was necessary to induce inactivation of 500 nM LDHSsc. GdnHCl 

was found to be a stronger enaturant than urea. 
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Figure 3.1.3: GdnHCl denaturation of LDHSsc. LDHSsc (500 nM) was denatured at 25 oC for 30 minutes in 

denaturation buffer with GdnHCl at different concentrations (from 0.2 to 1 M). The first value was recorded with 

solution free of GdnHCl. After denaturation LDHSsc was diluted one hundred fold into the NADH buffer. LDHSsc 

activity was thus measured with 5 nM LDHSsc, 5 mM pyruvate, 0.2 mM NADH.  
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To determine the conditions for maximal inactivation the effect of 2 M GdmCl on the activity 

of LDHSsc at various concentrations was monitored. Experiments consisted of two steps: in 

the first step LDHSsc (at different concentrations) was incubated at 25 oC for 30 minutes 

(inactivation) in denaturation buffer in the presence of 2 M GdnHCl which was followed by 

the second incubation at 25 oC for 210 minutes (reactivation) in NADH buffer and in the 

presence of 1 mM ATP and 1 mg/ml BSA. To control the influence of GdnHCl on LDHSsc 

denaturation the enzyme was incubated at different concentrations at 25 oC for 30 minutes in 

the absence of denaturant. The result was remarkable: incubation of LDHSsc at concentrations 

ranging from 1 to 35 µM in the presence of 2 M GdnHCl produced a progressive decrease in 

its activity (Fig. 3.1.4, filled circles). In the absence of denaturant the LDHSsc enzymatic 

activity did not change significantly and corresponded to about 98% of native control (Fig. 

3.1.4, open circles). Based on the data obtained we could assume that increase in 

concentration of LDHSsc at a constant concentration of denaturant, GdnHCl, causes fast 

aggregation of the denatured LDHSsc molecules that accounts for a progressive decrease of the 

enzymatic activity. 
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Figure 3.1.4: Concentration dependence of the LDHSsc denaturation with 2 M GdnCl. LDHSsc (at different 

concentrations ranging from 1 to 35 µM; concentration refers to monomer) was denatured at 25 oC for 30 

minutes in denaturation buffer in the absence (open circles) or presence of 2 M GdnHCl (filled circles). After 

dilution to a final concentration of 20 nM LDHSsc was incubated at 25 oC for 210 minutes in NADH buffer with 

1 mg/ml BSA, 1 mM ATP. LDHSsc activity was measured with 5 nM LDH, 3 mM pyruvate and 0.8 mM NADH. 

 

To assign thermostability of LDHSsc the enzymatic activity of this protein was determined 

after 30 minutes incubation in the range from 35 to 80 oC. In addition, to detect whether the 

co-factor NADH has any influence on the heat denaturation of LDHSsc the enzyme was 

denatured in the absence and presence of NADH.  
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It was observed that 30 minutes incubation of LDHSsc (50 nM) in the range from 35 to 80 oC 

resulted in remarkable decrease of the enzymatic activity (Fig. 3.1.5). It was detected that 

LDHSsc lost its activity much faster in the absence of the co-factor (NADH) than in its 

presence. The maximal denaturation of LDHSsc in the absence of NADH was detected at  

60oC, whereas in the presence of NADH significant decrease in the LDHSsc activity was 

observed at 70 oC, which is 10 degrees higher than in the presence of the co-factor. The 

obtained results provide the evidence that the co-factor NADH stabilises LDHSsc. 
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Figure 3.1.5: Thermal denaturation of LDHSsc. LDHSsc (50 nM) was incubated for 30 minutes at different  

temperatures (from 35 to 80 oC) either in the absence (shown in red) or presence of 0.8 mM NADH (shown in 

blue). LDHSsc activity was determined in microtiter plates over a five minute period. LDHSsc activity was 

measured with 5 nM LDH, 3 mM pyruvate and 0.8 mM NADH. 

 

3.1.1.2. Refolding of urea-, GdnHCl- and Thermally Denatured LDHSsc Mediated 
by the DnaKTth-ClpBTth Chaperone System 

In order to test the ability of the DnaK system (DnaK, DnaJ, GrpE) in the absence and 

presence of the chaperone ClpB from T.thermophilus to reactivate denatured proteins, we 

measured the enzymatic recovery of chemically (urea and GdnHCl) and thermally inactivated 

Lactate dehydrogenase (LDHSsc). 

The experiment consisted of two steps: incubation of LDHSsc with urea or GdnHCl was 

immediately followed by the dilution and second incubation in the absence or presence of 

chaperones. LDHSsc (30 µM) was denatured in denaturation buffer with 6 M urea or 2 M 

GdnHCl for 30 minutes at 30 oC. Renaturation of LDHSsc was initiated by 120-fold dilution of 

the denatured enzyme in NADH buffer. It was also checked out in the presence of the DnaK 
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system alone (3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE) and in the presence of the DnaK 

system together with the chaperone ClpB (0.5 µM). During refolding, samples were 

withdrawn at certain time intervals, diluted 250-fold into assay buffer and the absorption of 

the LDHSsc cofactor NADH in this reaction-mix was measured in microtiter plates over a five 

hour period. Results of this experiment are shown in Fig. 3.1.6. Spontaneous recovery of the 

enzymatic activity was up to 9% of that of native LDHSsc. The yield of recovered LDHSsc 

activity assisted by chaperones was increased with incubation time. It was detected that 

maximal reactivation of LDHSsc assisted by the DnaK system alone is 34%, whereas an 

additional presence of the ClpB chaperone gives rise to recovery of LDHSsc up to 50%. As 

shown in Figure 3.1.6, the end value of the chaperone mediated reactivation of LDHSsc may 

not be reached after 300 minutes of incubation. However, according to the data obtained, we 

could conclude that urea denatured LDHSsc could be a suitable model substrate for the 

DnaKTth system alone and for the DnaKTth-ClpBTth machinery as well. 
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Figure 3.1.6: Refolding of urea denatured LDHSsc mediated by the DnaKTth-ClpBTth chaperone system. 

LDHSsc (30 µM) was incubated at 30 oC for 30 minutes in NADH buffer with 6 M urea. After 120-fold dilution 

the refolding of urea-denatured LDHSsc was monitored in a reaction containing buffer alone (shown in green), 

the DnaK system (3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE) (shown in red), and the DnaK system together 

with 0.5 µM ClpB (shown in blue). The yield of refolding was normalized to the activity of native LDHSsc.  

 

Continuous observation of LDHSsc activity over 300 minutes indicated that spontaneous 

recovery of the enzymatic activity of GdnHCl-denatured LDHSsc was up to 3% of that of 

native LDHSsc. (Fig. 3.1.7, shown in green). The DnaK system alone (Fig. 3.1.7, shown in 
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red) gave rise to a recovery of active enzyme up to 12% after 300 minutes of incubation. 

Renaturation was significantly noticed after 30 minutes incubation of denatured LDHSsc with 

ClpB and the DnaK system. It was also found to be maximum (38%) after 5 hours of 

incubation (Fig. 3.1.7, shown in blue). It was observed a “lag phase” of about 30 minutes, 

during which the LDHSsc activity regain was very low even in the presence of ClpB and 

DnaK/DnaJ/GrpE. This suggests that LDHSsc may undergo repetitive cycles of binding to 

different chaperones before being released to solution in an active state.  

As shown in Figure 3.1.7, the end value of the chaperone assisted reactivation of GdnHCl-

denatured LDHSsc may be not achieved after 300 minutes incubation and therefore incubation 

period should be extended. However, even in 5 hours incubation we observed chaperone 

mediated reactivation of LDHSsc and besides the highest yield of the enzymatic activity was 

detected in the presence of the DnaK-ClpB chaperone machinery. 

0 15 30 90 300

30

20

10

0

Incubation time (min)

L
D

H
Ss

c a
ct

iv
ity

 (%
 o

f n
at

iv
e 

co
nt

ro
l)

without chaperones

KJE

KJEB

 
 

Figure 3.1.7: Refolding of GdnHCl denatured LDHSsc mediated by the DnaKTth-ClpBTth chaperone system. 

LDHSsc (30 µM) was denatured at 30 oC for 30 minutes with 2 M GdnHCl. After dilution to a concentration of 

30 nM LDHSsc was incubated at 30 oC either in buffer alone (shown in red) or in the presence of the DnaK 

system alone (3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE) (shown in red), or in the presence of the DnaK system 

together with 0.5 µM ClpB (shown in blue).  

To study the ability of molecular chaperones to assist reactivation of heat-inactivated enzyme, 

LDHSsc at a concentration of 500 nM was incubated at 60 oC in the presence of 0.8 mM 

NADH for 40 minutes. The inactivation period was immediately followed by the second 

incubation of fivefold diluted LDHSsc into NADH buffer with 1 mg/ml BSA, 1 mM ATP at 

30oC either in the absence or presence of chaperones (3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM 
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GrpE, 0.5 µM ClpB) (recovery period). During incubation samples were withdrawn at certain 

time intervals, diluted fivefold into assay solution (NADH buffer, 1 mg/ml BSA, 5 mM 

pyruvate, 0.4 mM NADH) and the absorption of NADH in 150 µl of this mixture was 

measured in microtiter plates over a five minute period. LDHSsc activity was expressed as a 

percent of activity of this enzyme prior to heat inactivation. 

In this experiment we recorded reactivation of heat-denatured LDHSsc mediated by the DnaK 

system together with the chaperone ClpB. Elevated temperature is known to denaturate the 

protein by disrupting its hydrophobic core. The result of denaturation is the formation of 

unstable species with exposed hydrophobic surfaces which may tend to assume an 

alternatively stable conformation in the form of aggregates. The molecular chaperone ClpB 

was shown to modify the nature of large turbid aggregates toward subsequent solubilization 

and assist protein refolding together with the DnaK system (Goloubinoff et al., 1999;Schlee et 

al., 2004). Therefore the chaperone assisted reactivation of thermally denatured LDHSsc was 

investigated in the presence of both DnaK system and the chaperone ClpB.  

It was detected that in the absence of chaperones, approximately 34% of heat-inactivated 

LDHSsc were active (Fig. 3.1.8, open circles). In addition, during reactivation period the 

spontaneous reactivation of LDHSsc was not increased more than 34%. It is possible to assume 

that 34% of the LDHSsc molecules were refolded immediately after denaturation or they were 

not unfolded. In the presence of chaperones the amount of reactivated LDHSsc was increased 

to 60% (Fig. 3.1.8, filled circles). Taking into account that in the absence of chaperones 34% 

of heat-inactivated LDHSsc were active we could conclude that chaperones reactivated only 

additional 20% of heat denatured LDHSsc. 
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Figure 3.1.8: Reactivation of LDHSsc by chaperones after heat denaturation in the presence of NADH. 

LDHSsc (0.5 µM) was denatured for 40 minutes at 60 oC in buffer (50 mM Tris/HCl pH 7.5, 50 mM KCl, 5 mM 

MgCl2, 10 DTE, 0.05 mg/ml BSA) in the presence of 0.8 mM NADH. Then LDHSsc was diluted fivefold into 

NADH buffer without chaperones (open circles) or with 3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE and 0.5 µM 

ClpB (filled circles) and incubated at 30 oC. LDHSsc activitiy was determined at the indicated times during the 

recovery period.  

 

To obtain a differently inactivated LDHSsc as a suitable substrate for the DnaK-ClpB system 

we applied a number of additional conditions: the denaturation temperature was increased up 

to 70 oC; the LDHSsc concentration was 10 fold higher than in previous experiment; 

denaturation was performed in the absence of the co-enzyme NADH. In addition, to test the 

inactivation of the enzyme during exposure to different period at elevated temperature, 

LDHSsc (5 µM) was inactivated at 70 oC for 2, 5, 10, 15, 20 and 30 minutes. After 

denaturation the enzyme was diluted to fivefold into NADH buffer without chaperones or in 

the presence of chaperones and incubated at 30 oC for 270 minutes. LDHSsc activity was 

determined at the indicated times of denaturation. It was observed that even a short period (2 

minutes) of LDHSsc exposure to 70 oC resulted in the irreversible loss of more than 98% of 

LDHSsc activity (Fig. 3.1.9, open circles). However, the maximal recovery of the enzymatic 

activity was only 5% of native control in the presence of the components of the DnaK-ClpB 

system (Fig. 3.1.9, filled circles). It could be possible that mesophilic LDHSsc exposed at 

elevated temperature immediately loses enzymatic activity due to changes in its three-

dimensional structure and then it starts to form aggregates via hydrophobic interactions in 

such a way that disaggregation not being possible by chaperones. It is also very likely that 

reactivation of the eukaryotic LDHSsc is very slow and may span long time periods. 



Results   45

3020100

5

4

3

2

1

0

Denaturation time (min)

L
D

H
Ss

c a
ct

iv
ity

 (%
 o

f n
at

iv
e 

co
nt

ro
l)

 

Figure 3.1.9: Reactivation of LDHSsc by chaperones after different time interval of heat denaturation. 

LDHSsc (5 µM ) was denatured at 70 oC for 2, 5, 10, 15, 20 and 30 minutes in buffer (50 mM Tris/HCl pH 7.5, 50 

mM KCl, 5 mM MgCl2, 10 mM DTE, 0.05 mg/ml BSA). Then LDHSsc was diluted to tenfold and incubated at 

30 oC for 270 min without chaperones (open circles) or with 3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE and 0.5 

µM ClpB (filled circles).  

 

 

3.1.2. Lactate dehydrogenase from B.stearothermophilus (LDHBst) 

The previous experiment showed that LDH from S.scrofa muscle (LDHSsc) was completely 

denatured after incubation at 70 oC for only 2 minutes and significant reactivation of the 

enzymatic activity was not detected in the presence of the DnaK system together with the 

chaperone ClpB. As an alternative to LDH from mesophilic organism we chose the 

thermophilic LDH from B.stearothermophilus (LDHBst). The oligomeric state of the 

B.stearothermophilus LDHBst is the same as LDH from S.scrofa muscle; it is a tetramer 

composed of four identical subunits. The molecular weight of the enzyme (in its tetrameric 

form) was found to be 135 kDa, each of the subunits approximately 36 kDa (Schär and Zuber, 

1979). 
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To study whether heat denatured LDHBst could be a substrate for the DnaK-ClpB chaperone 

machinery we investigated first the kinetic properties of the enzyme. The kinetic properties 

were evaluated with 0.1 µM LDHBst in reaction buffer in the presence of 1 mg/ml BSA at 

different pyruvate concentrations at 25 oC. 150 µl of this reaction mixture were placed in 

wells of microtiter plates and the absorption at 340 nm was measured. Michaelis-Menten 

kinetics of LDHBst is shown in Fig. 3.1.10. The value of Vmax is 0.0024 A340/s corresponding 

to kcat of about 13/s and the Km is 3.3 mM. The kinetic data obtained differ from those 

reported by other authors. Jackson and colleagues (1992) estimated the kcat for the pyruvate 

reduction of 317/s and the Km value of 5.2 mM at 25 oC and pH 6.0 in reaction buffer. The kcat 

and Km estimated directly from the saturation curves by Schär and Zuber (1979) were 2ּ105/s 

and 6.6 mM, respectively at 37 oC in reaction buffer (0.1 M triethanolamine 

hydrochloride/NaOH, pH 6.0). The detected diversities on the kinetic properties of LDHBst 

could be explained by different conditions used: the composition and pH of the assay buffer, 

temperature. 
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Figure 3.1.10: Michaelis-Menten kinetics of Lactate dehydrogenase from B.stearothermophilus (LDHBst). 

The measurement of the LDHBst (100 nM) activity was carried out in 150 µl of reaction buffer (50 mM MOPS-

NAOH pH 7.5, 5 mM MgCl2, 150 mM KCl, 1 mM DTT, 0.2 mM NADH) with 1 mg/ml BSA and pyruvate at 

different concentrations (from 0.2 to 20 mM). From the calculated value of Vmax (0.0024 ∆A340/s), the 

corresponding catalytic rate constant was determined (kcat = 13/s). 
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3.1.2.1. Refolding of Thermally Denatured LDHBst Mediated by the DnaKTth-
ClpBTth Chaperone System 

To get insight into ability of the DnaK-ClpB chaperone system to assist reactivation of 

thermally inactivated LDHBst the enzyme was first incubated at 80 oC for 30 minutes in buffer 

(inactivation period) and subsequently incubated at 40 oC either in the absence or in the 

presence of the DnaK-ClpB chaperone system (recovery period). As depicted in Fig. 3.1.11 

(open circles), in the absence of chaperones LDHBst was completely unable to recover from 

thermal inactivation. Observation of the LDHBst activity over 300 minutes indicated that when 

denatured LDHBst was incubated in the presence of ClpB and the DnaK system, reactivation 

of the enzymatic activity started immediately and reached 40% of native control (Fig. 3.1.11, 

filled circles). These results clearly show that heat-inactivated B.stearothermophilus Lactate 

dehydrogenase could be a suitable model substrate for the DnaK-ClpB chaperone system.  
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Figure 3.1.11: Refolding of heat-denatured LDHBst mediated by the DnaKTth-ClpBTth chaperone system. 

LDHBst (1 µM) was incubated at 80 oC for 30 minutes, leading to its inactivation and then incubated at 40 oC in 

reaction buffer in the absence (open circles) or presence of 3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE, 0.5 µM 

ClpB (filled circles). The LDHBst activity was determined at the indicated time intervals after incubation at 40 
oC. The enzymatic activity of LDHBst after heat denaturation was measured with 100 nM LDHBst, 15 mM 

pyruvate and 0.2 mM NADH. The yield of refolding was normalized to the activity of native LDHBst. 
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3.2. Investigation of the Interactions between DnaK 
and GrpE 
3.2.1. Protein Affinity Chromatography 

On the basis of the crystal structure of GrpE from E.coli it has been proposed that structurally 

different regions of GrpE are responsible for two important functions of this protein in the 

DnaK chaperone cycle: stimulation of nucleotide exchange and release of bound substrate 

from DnaK. The β-sheet domain is supposed to constitute the major factor of nucleotide 

exchange stimulation (Brehmer et al., 2001;Harrison et al., 1997). Consistently, GrpETth 

lacking the C-terminal β-sheet domain does not accelerate nucleotide exchange from DnaKTth 

(Groemping and Reinstein, 2001). It has been assumed that the long α-helical tail region of 

GrpE is responsible for interaction with the peptide binding domain of DnaK and hence 

stimulates release of a bound substrate from DnaK (Mally and Witt, 2001;Mehl et al., 2001). 

The 3D structure of the GrpEEco was used to model a structure of GrpETth based on a sequence 

similarity of 61% and an identity of 27%. Schematic representation of the domain position in 

GrpETth and a ribbon image of the modelled structure of GrpETth are shown in Fig. 3.2.1. The 

α-helical domain is colored in blue, the β-sheet domain is shown in red. Using a C-terminally 

truncated version of GrpE lacking the β-sheet domain (GrpE(∆C)) (Fig. 3.2.1A) it is possible 

to investigate interactions between DnaK and GrpE without influence of the β-sheet domain. 
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     B 

                                                
 
Figure 3.2.1: Structural features of GrpE from Thermus thermophilus. (A) Schematic representation 

of the domain portion of GrpETth (upper picture) and structure of the GrpE(∆C) mutant. Numbers refer to 

amino acid positions in the GrpETth protein. (B) Ribbon representation of the modeled structure of 

GrpETth. The α-helical domain is shown in blue, the β-sheet domain is shown in red. One monomer of 

GrpETth was modeled by alignment to the dimeric structure of GrpEEco using SWISS-MODEL – Internet 

based tools for automated comparative protein modeling (Groemping and Reinstein, 2001;Peitsch, 1996). 

 

The aim of this work was to study the interaction between GrpE (only with its α–helical 

domain (GrpE(∆C)) and DnaK in the absence and presence of nucleotides, such as Mg2+/ADP 

and Mg2+/ATP. We employed a column containing nickel-nitrilotriacetic acid (Ni-NTA) as 

ligand since DnaK was engineered to contain six adjacent histidine residues at the C terminus 

so as to carry out qualitative analysis of interaction between DnaKChis and GrpE(∆C) via Ni-

NTA affinity chromatography. The DnaKChis protein has a selective affinity for an 
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immobilized chelate absorbent such as Ni2+. The interaction between the His residues and the 

Ni2+ ions is reversible and the bound protein can be eluted under mild conditions with 

increasing amount of imidazole. The imidazole ring is part of the structure of histidine. 

Therefore imidazole itself can also bind to the nickel ions and disrupt the binding of histidine 

residues in a tagged protein. In the experiment performed, GrpE(∆C) was not histidine tagged. 

Consequently, it can only be co-eluted in a complex with DnaKChis. 

 

 

3.2.1.1. Interaction between GrpE(∆C) and DnaKChis in the Absence 

of Nucleotides 

In order to study the interaction between DnaK and GrpE(∆C), 25 µM DnaK was incubated 

for 1 hour at 30 oC with 84 µM GrpE(∆C) in wash buffer. After incubation, the mixture was 

loaded onto the Ni-NTA column and washed with wash buffer. Then the bound proteins were 

eluted with the elution buffer containing 250 mM Imidazole. The GrpE(∆C) protein was co-

eluted with DnaKChis but not with DnaK wild type (Fig. 3.2.2A, B). To confirm the interaction 

between DnaKChis and GrpE(∆C), GrpE(∆C) was loaded alone onto this column. Notably, the 

GrpE(∆C) mutant was detected only in the wash fractions but not in the eluate (Fig. 3.2.2C). 

Hence, the C-terminally truncated GrpE does not bind non-specifically to Ni-NTA resin.  

Taken together the results of the above experiments suggest that GrpE(∆C) can directly 

interact with DnaKChis.  
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Figure 3.2.2: Interaction between DnaKChis and GrpE(∆C) on Ni-NTA column. 

(A) DnaKChis (25 µM) was incubated with GrpE(∆C) (84 µM) at 30 oC for 1 hour in wash buffer (50 mM 

NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol). After that the proteins were 

loaded onto the Ni-NTA column, washed with wash buffer until base line recovery and eluted with the elution 

buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 250 mM 

Imidazole). Protein peak fractions were pooled and analysed by 15% SDS-PAGE. M-Molecular weight standard 

(see Materials and methods).  

(B) Control 1: test for non-specific binding of GrpE(∆C) to the Ni-NTA column in the presence of DnaK wild 

type (DnaK wt). DnaK wt (25 µM) was incubated with GrpE(∆C) (84 µM) at 30 oC for 1 hour in wash buffer. 

After that the proteins were loaded onto the Ni-NTA column, washed with wash buffer until base line recovery 

and eluted with the elution buffer. 

(C) Control 2: test for non-specific binding of GrpE(∆C) to the Ni-NTA column. GrpE(∆C) (84 µM) was loaded 

onto the Ni-NTA column, washed with wash buffer until base line recovery and eluted with the elution buffer.  
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3.2.1.2. Interaction of DnaKChis with Protein Substrate (LDHSsc) 

The following experiments were carried out to check whether the C-terminal peptide binding 

region of DnaKChis containing six adjacent histidine residues interacts with a protein substrate. 

Urea denatured Lactate dehydrogenase from S.scrofa muscle (LDHSsc) was used as a substrate 

protein. In addition, we also tested whether GrpE(∆C) competes with LDHSsc for the peptide 

binding domain of DnaKChis. According to Qiagen kit, urea does not disturb interaction of the 

His tagged protein with Ni-NTA column. The enzyme LDHSsc at a concentration of 193 µM 

was denaturated by incubating with 3 M urea for 30 minutes at 30 oC. This denatured protein 

at a concentration of 100 µM was then incubated with 5 µM DnaKChis and 10 µM GrpE(∆C) 

for 1 hour at 30 oC followed by loading of the sample onto the Ni-NTA column, which was 

then washed with wash buffer until base line recovery and eluted with the elution buffer. As 

shown in Fig. 3.2.3A, LDHSsc co-eluted with DnaKChis, indicating the existence of a binary 

complex composed of DnaKChis and LDHSsc. The result of this experiment also showed that 

GrpE(∆C) could be almost completely replaced by LDHSsc. 

In order to test whether urea-denatured LDHSsc interferes in GrpE wild type interaction with 

DnaKChis, we performed the same experiment as described above but instead of the GrpE(∆C) 

mutant we used GrpE wild type. It was observed that GrpE wild type interacts with DnaKChis 

in the presence of urea unfolded LDHSsc possibly via the β-sheet domain (Fig. 3.2.3B). The 

interaction of GrpE wild type with DnaKChis in the presence of the substrate (LDHSsc) was 

also confirmed by loading GrpE wild type alone onto the Ni-NTA column. As shown in Fig. 

3.2.3C, this protein was observed only in the wash fractions, indicating that it does not 

unspecifically bind to Ni-NTA resin. 

To analyse whether urea denatured LDHSsc exhibits non-specific binding to Ni-NTA resin, the 

denatured LDHSsc (100 µM) was loaded onto the column, extensively washed with wash 

buffer and eluted with the elution buffer. No LDHSsc protein was present in the elution 

fractions, demonstrating that it does not bind non-specifically to the Ni-NTA resin (Fig. 

3.2.3D). Therefore, LDHSsc detected in elution fractions together with DnaKChis is very likely 

due to specific complex formation. The results of this experiment clearly show that peptide 

binding domain of DnaK reversibly connected to the Ni-NTA column via six histidine 

residues is able to bind substrate. Taking into account that DnaKChis interacts with substrate 
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protein which is in excess but not with GrpE(∆C) we can propose that GrpE(∆C) and urea 

denatured LDHSsc bind to the same or at least overlapping sites on DnaK. 

    A                                                                         B 

                     
 

    C                                                                         D 

            
 
Figure 3.2.3: Binding of GrpE(∆C) to DnaKChis in the presence of excess of Lactate dehydrogenase from 

S.scrofa muscle (LDHSsc). 

(A) DnaKChis (5 µM) was incubated with GrpE(∆C) (10 µM) and with urea denatured LDHSsc (100 µM) at 30 oC 

for 1 hour in wash buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% 

glycerol). After that the proteins were loaded onto the Ni-NTA column, washed with wash buffer until base line 

recovery and eluted with the elution buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-

mercaptoethanol, 10% glycerol, 250 mM Imidazole). Protein peak fractions were pooled and analysed by 15% 

SDS-PAGE. M-molecular weight standard (see Materials and Methods). 

(B) Control 1: test for interaction between GrpE wild type and DnaKChis in the presence of excess of urea 

denatured LDHSsc. The experiment was performed as described in (A) but instead of GrpE(∆C) we used GrpE 

wild type. 

(C) Control 2: test for non-specific binding of GrpE wild type (GrpE wt) to the Ni-NTA column. GrpE wt (84 

µM) was loaded onto the Ni-NTA column, washed with wash buffer until base line recovery and eluted with the 

elution buffer. 

(D) Control 3: test for non-specific binding of urea denatured LDHSsc to the Ni-NTA column. LDHSsc (100 µM) 

was loaded onto the Ni-NTA column, washed with wash buffer until base line recovery and eluted with the 
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elution buffer. 

 

3.2.1.3. Effect of Mg2+/ADP and Mg2+/ATP on the GrpE(∆C)-DnaKChis Interactions 

Using Ni-NTA columns we investigated whether Mg2+/ADP affects the ability of GrpE(∆C) 

to interact with DnaKChis. To this experiment similar conditions were applied as prior but in 

addition, both wash buffer and elution buffer contained 1 mM Mg2+/ADP. It was observed 

that GrpE(∆C) co-eluted with DnaKChis, demonstrating that a GrpE(∆C)-DnaKChis complex is 

very likely to be formed (Fig. 3.2.4A). Neither in the presence of DnaK wild type nor in the 

absence of His-tagged DnaK, the GrpE(∆C) protein was detected in the elution fractions (Fig. 

3.2.4B, C). 

In order to test the ability of the β-sheet domain of GrpE to interact with DnaK in the 

presence of Mg2+/ADP, we blocked binding of the α-helical domain of GrpE wild type to 

DnaKChis by adding an excess of urea denatured LDHSsc. In this experiment, we detected 

GrpE wild type in the elution fractions together with DnaKChis and LDHSsc, indicating that 

interaction between DnaK and GrpE in the presence of ADP occurs not only via the α-helical 

domain of GrpE but also the β-sheet domain is involved in the interaction (Fig. 3.2.4D).  
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Figure 3.2.4: Interaction between DnaKChis and GrpE(∆C) in the presence of Mg2+/ADP on Ni-NTA column. 

(A) DnaKChis (25 µM) was incubated with GrpE(∆C) (84 µM) at 30 oC for 1 hour in wash buffer (50 mM NaH2PO4, 

100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 1 mM Mg2+/ADP). After that the proteins 

were loaded onto the Ni-NTA column, washed with wash buffer until base line recovery and eluted with the elution 

buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 250 mM 

Imidazole, 1 mM Mg2+/ADP). Protein peak fractions were pooled and analysed by 15% SDS-PAGE. M-molecular 

weight standard (see Materials and Methods). (B) Control 1: test for non-specific binding of GrpE(∆C) to the Ni-

NTA column in the presence of DnaK wild type (DnaKwt). DnaK wt (25 µM) was incubated with GrpE(∆C) (84 

µM) at 30 oC for 1 hour in wash buffer. After that the proteins were loaded onto the Ni-NTA column, washed with 

wash buffer until base line recovery and eluted with the elution buffer. (C) Control 2: test for non-specific binding of 

GrpE(∆C) to the Ni-NTA column in the presence of Mg2+/ADP. GrpE(∆C) (84 µM) was loaded onto the Ni-NTA 

column, washed with wash buffer until base line recovery and eluted with the elution buffer. (D) Control 3: test for 

interaction between GrpE wild type and DnaKChis in the presence of Mg2+/ADP and excess of urea denatured LDHSsc. 

The experiment was performed as described in Figure 3.2.3A but instead of GrpE(∆C) we used GrpE wild type. 
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To determine whether GrpE(∆C) forms a complex with DnaKChis in the presence of 

Mg2+/ATP, we incubated 25 µM DnaKChis together with 84 µM GrpE(∆C) in wash buffer for 

1 hour at 30 oC. Both wash buffer and elution buffer contained 1 mM Mg2+/ATP. GrpE(∆C) 

was detected only in the wash fractions, but not in the imidazole elution samples, 

demonstrating that the DnaKChis-GrpE(∆C) complex is very likely not formed (Fig. 3.2.5). 

This experiment together with the previous studies of the GrpE(∆C)-DnaKChis interactions in 

the absence of any nucleotides and in the presence of Mg2+/ADP shows that GrpE helix 

binding is coupled to ADP/ATP state of DnaK.  

                                             
 

Figure 3.2.5: Effect of Mg2+/ATP on the interaction between DnaKChis and GrpE(∆C) on Ni-NTA column. 

DnaKChis (25 µM) was incubated with GrpE(∆C) (84 µM) at 30 oC for 1 hour in wash buffer (50 mM NaH2PO4, 

100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 1 mM Mg2+/ATP). After that the 

proteins were loaded onto the Ni-NTA column, washed with wash buffer until base line recovery and eluted with 

the elution buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 

250 mM Imidazole, 1 mM Mg2+/ATP). Protein peak fractions were pooled and analysed by 15% SDS-PAGE. 

M-molecular weight standard (see Materials and Methods). 

 

The above experimental results indicating that GrpE(∆C) does not interact with DnaK in the 

presence of ATP were confirmed by performing co-elution experiments and using the ability 

of DnaK wild type to bind to C8-coupled ATP-agarose. The first lane shown in Fig. 3.2.6, 

indicates single DnaK bound to the ATP-agarose. We did not observe non-specific interaction 

of GrpE wild type with ATP-agarose (Fig. 3.2.6, lane 2). However, when DnaK was coupled 

to the ATP-agarose and incubated with GrpE wild type, GrpE wild type co-eluted with DnaK 

due to complex formation (Fig. 3.2.6, lane 4). Notably, co-elution did not occur when DnaK 

was incubated with GrpE(∆C) (Fig. 3.2.6, lane 3). This agrees with results from experiments 

with Ni-NTA columns and indicates that in the presence of Mg2+/ATP the complex between 
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GrpE(∆C) and DnaKChis does not form. It is possible to propose that ATP bound to the 

ATPase domain of DnaK influences the interaction of GrpE and DnaK in such a way that the 

α-helical domain of GrpE does not bind to DnaK. However, the observed complex between 

GrpE wild type and DnaK wild type in co-elution experiment with C8-coupled ATP-agarose 

suggests that the GrpE protein does not lose contact with DnaK completely in the presence of 

ATP but still interacts via the β-sheet domain. 

 
Figure 3.2.6: Co-elution of GrpE wild type with DnaK immobilized on ATP-agarose. DnaK (100 µM) was 

immobilized on C8-coupled ATP-agarose and incubated in agarose buffer alone (lane 1), with 400 µM 

GrpE(∆C) (lane 3), with 400 µM GrpE wild type (lane 4) as described in Materials and Methods. The lane 2 

corresponds to control for non-specific binding of GrpE wild type with the ATP-agarose. After intensive 

washing chaperones were eluted with 5 mM Mg2+/ATP and aliquots representing 10% of eluates were resolved 

by 15% SDS-PAGE. M-molecular weight standard (see Materials and Methods). 
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3.2.2. Differential Scanning Calorimetry 

Previous experiments using Ni-NTA columns showed that GrpE(∆C) binds to the C-

terminally His-tagged DnaK in the absence and presence of Mg2+/ADP at room temperature. 

The objective of the present study was to identify interactions between these proteins through 

studies of the behavior of their thermally induced denaturation. Differential scanning 

calorimetry is a direct method to measure the thermal unfolding of proteins interacting with 

each other. This approach reveals the structural changes that occur in the proteins as a result 

of their interaction. Protein-protein interactions studied by differential scanning calorimetry 

were observed on a number of protein complexes, such as barstar-barnase and myosin 

subfragment 1-F-actin (Makarov et al., 1994;Martinez et al., 1995;Nikolaeva et al., 1996). 

 

 

3.2.2.1. Thermal Stability of DnaK and GrpE(∆C) 

Complex formation is often associated with an increase in thermal stability of the complex 

compared to its constituents. Therefore it was essential to know the temperature dependence 

of the unfolding enthalpies of the individual reacting species.  

Fig. 3.2.7 shows the DSC scan of DnaK. This thermogram was recorded in DSC buffer (20 

mM Hepes/NaOH (pH 7.5), 100 mM KCl, 5 mM MgCl2), a protein concentration of 40 µM 

and a scan rate of 60 deg. C/hour. Under these conditions the denaturation curve of DnaK 

exhibits a sharp intense endothermic peak with a Tm of 94.6 oC. The thermogram shows a 

negative slope with the exothermic peak at 120 oC. These features are known to result from 

aggregation of denatured protein and/or from secondary exothermic chemical reactions 

caused by high temperatures such as cystine destruction, thiol-catalysed disulfide interchange, 

oxidation of cysteine residues, deamidation of asparagine and glutamine residues, and 

hydrolysis of peptide bonds at aspartic acid residues (Volkin et al., 1997;Volkin and 

Klibanov, 1987;Volkin and Klibanov, 1992). Aggregation usually causes distortion of the 
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DSC curve, with noisy traces at higher temperatures due to convection of clumpy aggregates 

in the DSC cell. Such aggregation is difficult to control or predict. It is a kinetic phenomenon, 

likely to dependent on protein concentrations, DSC scan rates, etc. The distortion of the DSC 

peak leads to lower values for the apparent Tm and lower values for ∆Hcal. For this reason the 

thermogram detected after the first scan of DnaK could not be used for calculation of absolute 

values for the calorimetric enthalpy (∆Hcal).  

To test reversibility of thermal denaturation of DnaK, the sample in the calorimetric cell was 

cooled down to the initial temperature after first heating to 130 oC and rescanned to 130 oC 

(Fig. 3.2.7, dotted line). It was detected that the position of the Tm of the thermal denaturation 

(94.3 oC) was recovered during the second scan. This peak corresponds to the thermal 

denaturation of the native DnaK protein. However, the reversibility of DnaK after heating to 

130 oC was extremely low. The obtained calorimetric data indicate that after thermally 

induced denaturation of DnaK, only a negligible amount of protein was able to renaturate.  
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Figure 3.2.7: DSC scans of DnaK. The DnaK (40 µM) thermogram was obtained in DSC buffer (20 mM 

Hepes/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2) (straight line). After cooling to 20 oC the same sample was 

reheated to 130 oC (dotted line). 
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The thermal unfolding of GrpE(∆C), the second component of the DnaK-GrpE(∆C) complex, 

was studied using the same calorimetric approach. The thermogram in Fig. 3.2.8 illustrates 

the thermal denaturation of GrpE(∆C) that exhibits a denaturation curve with a Tm at 93.5 oC. 

The calorimetric reversibility of the thermally induced transition was checked by reheating 

the protein solution in the calorimetric cell after cooling from the first run. The position of 

maximum of the peak after second heating was detected at 90.5 oC. The observed shift in Tm 

towards lower temperatures reflects a reduced thermostability of GrpE(∆C) after heating to 

130 oC. 
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Figure 3.2.8: DSC scans of GrpE(∆C). The GrpE(∆C) (80 µM) thermogram was obtained in DSC buffer (20 

mM Hepes/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2) (straight line). After cooling to 20 oC the same sample 

was reheated to 130 oC (dotted line). 

 

 

3.2.2.2. Study of the Interactions between DnaK and GrpE(∆C) 

Taking into account the calorimetric data obtained from the study of the individual DnaK and 

GrpE(∆C) we started to investigate complex formation between these two proteins. Fig. 

3.2.9A (red line) shows the thermal stability of the DnaK and GrpE(∆C) mixture in DSC 

buffer. The calorimetric curve demonstrates one peak with a maximum at 94.6 oC. The steep 

negative slope which was reproducibly observed from 20 to 80 degree centigrades where the 

mixture was heated can be explained as a result of dissociation of the DnaK-GrpE(∆C) 
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complex. The thermogram shows a sharp exothermic peak with maximum at 104 oC. This 

means that heating was accompanied by energy release, which is likely due to aggregation 

and precipitation of unfolded proteins. On the basis of the thermograms of the individual 

DnaK and GrpE(∆C) and a sample containing both proteins, it is evident that the thermal 

transition of the mixture corresponds to the thermal denaturation of DnaK alone (Fig.3.2.9A, 

red line and black line). To find out whether DnaK interacts with GrpE(∆C) by forming a 

stable complex, the thermogram calculated as a sum of DnaK and GrpE(∆C) denaturation 

curves was compared with the experimentally obtained thermogram. If proteins do not 

interact with each other, both curves should be identical. It is obvious from Fig. 3.2.9B that 

the calculated curve (dark yellow line) is similar to the experimentally detected one (red line). 

This leads to the conclusion that the DSC method is not suitable to detect complex formation 

of DnaK with GrpE(∆C). One possible explanation could be the complex might be stable at 

low temperatures only but not at high temperatures which could disrupt the potentially weak 

interactions, leaving the proteins to denaturate as individual components. 
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Figure 3.2.9: Study of the interactions between DnaK and GrpE(∆C) by DSC. (A) Thermogram of DnaK, 

GrpE(∆C) and a sample containing both DnaK and GrpE(∆C). Thermal denaturation of DnaK (40 µM) (black line), 

GrpE(∆C) (80 µM) (blue line) and the sample containing both DnaK (40 µM) and GrpE(∆C) (80 µM) (red line) was 

performed under the same buffer conditions (20 mM Hepes/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2). The unfolding 

of proteins was performed at a scan rate 60 deg. C/hour from 20 to 130 oC. (B) Comparison of the theoretical and 

practical heat capacity curves of the DnaK-GrpE(∆C) mixture. The red line represents the thermogram of the DnaK-

GrpE(∆C) mixture experimentally obtained as described in (A). The dark yellow line corresponds to a thermal curve 

calculated as a sum of thermograms of the individual DnaK and GrpE(∆C) proteins. 
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3.2.2.3. Influence of Mg2+/ADP on the Thermal Stability of DnaK, GrpE(∆C) and 

DnaK-GrpE(∆C) complex 

Previous experiments using Ni-NTA columns showed that in the presence of Mg2+/ADP (but 

not Mg2+/ATP) GrpE(∆C) binds to a C-terminally His-tagged DnaK at room temperature. To 

identify the interaction between DnaK and GrpE(∆C) in the presence of Mg2+/ADP through 

studies of their melting behaviour, differential scanning calorimetry measurements had been 

performed. To determine a possible complex formation in the presence of Mg2+/ADP, the 

process of thermal induced denaturation of the individual DnaK and GrpE(∆C) proteins was 

examined first.  

To determine the thermal stability 40 µM DnaK was incubated in DSC buffer with 1 mM 

Mg2+/ADP in the calorimetric cell at 20 oC for 30 minutes followed by heating from 20 to 130 
oC. Fig. 3.2.10 (straight line) shows the DSC scan of DnaK in the presence of Mg2+/ADP. The 

calorimetric curve contains one endothermic peak with a maximum at 101 oC. Above 104oC a 

negative slope of the postdenaturation baseline arises, which is likely to be due to aggregation 

and precipitation of unfolded DnaK. The reversibility of thermal transition after heating to 

130 oC was checked by examining the reproducibility of the thermal transition in the second 

heating of the same sample immediately after fast cooling from the first run. We observed that 

DnaK in the presence of Mg2+/ADP underwent a partially reversible denaturation after 

heating to 130 oC (Fig. 3.2.10, dotted line). A 7 oC shift in the transition maximum towards 

lower temperatures produced by second run can be detected. This finding shows that the 

fraction of DnaK which is able to renaturate after cooling from 130 to 20 oC exhibits less 

thermostability. 
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Figure 3.2.10: DSC scans of DnaK in the presence of Mg2+/ADP. The thermogram of 40 µM DnaK was 

obtained in DSC buffer (20 mM Hepes/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM Mg2+/ADP) (straight 

line). After cooling to 20 oC the same sample was reheated to 130 oC (dotted line). 

 

To analyse the thermal denaturation of GrpE(∆C) in the presence of Mg2+/ADP, this protein 

was heated in DSC buffer containing Mg2+/ADP. The thermogram in Figure 3.2.11 (straight 

line) illustrates the denaturation of 80 µM GrpE(∆C) in the presence of 1 mM Mg2+/ADP that 

exhibits a single thermal transition with maximum at 94.3 oC. Rescanning the sample after 

heating to 130 oC showed that heat denaturation of GrpE(∆C) was partially reversible (Fig. 

3.2.11, dotted line). Two repetitive scans of the same protein sample also show a difference in 

the position of the peak maximum (93.5 oC for the first scan and 90.6 oC for the second scan). 

This observation indicates that GrpE(∆C) was less thermostable after heating to 130 oC. 
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Figure 3.2.11: Thermal transition of GrpE(∆C) in the presence of Mg2+/ADP. The thermogram of 80 µM 

GrpE(∆C) was obtained in DSC buffer (20 mM Hepes/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM 

Mg2+/ADP) (straight line). DSC scan of second heating is shown by dotted line. 
 

To evaluate an influence of Mg2+/ADP on the thermal denaturation of DnaK and GrpE(∆C), 

thermograms of these proteins obtained in the absence and in the presence of the nucleotide 

were compared.  

As shown in Fig. 3.2.12A, the difference in the position of Tm after heat denaturation of 

GrpE(∆C) in the presence and absence of Mg2+/ADP is negligible and corresponds to about 

0.8 oC that could be within the error limits. These data are in good agreement with previously 

published experiments showing that GrpE does not interact with nucleotides (Reid and Fink, 

1996). The nucleotide exchange factor GrpE facilitates the exchange of DnaK-bound ADP for 

ATP and binds directly to DnaK (Harrison et al., 1997). It was observed that Mg2+/ADP 

significantly increases the thermal stability of DnaK by shifting the maximum of its thermal 

transition by about 6.4 oC to higher temperatures, from 94.6 oC to 101.0 oC (Fig. 3.2.12B). 

The observed stabilization with Mg2+/ADP reflects the nucleotide binding capacity of DnaK.  
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Figure 3.2.12: Thermal stability of GrpE(∆C) and DnaK in the absence and presence of Mg2+/ADP. 

Thermograms of 80 µM GrpE(∆C) (A) and 40 µM DnaK (B) were obtained in DSC buffer (20 mM Hepes/NaOH pH 

7.5,100 mM KCl, 5 mM MgCl2) in the absence (black line) and presence of 1 mM Mg2+/ADP (red line). 

 

To study whether the complex of DnaK and GrpE(∆C) is formed in the presence of 

Mg2+/ADP, both proteins were heated at the same conditions in DSC buffer containing 1 mM 

Mg2+/ADP. The observed Tm of the sample containing DnaK (40 µM) and GrpE(∆C) (80 µM) 

at 100.6 oC was comparable with the maximum thermal transition of DnaK (40 µM) 

denatured alone (101.0 oC), suggesting that interaction between these proteins was not 

detected (Fig. 3.2.13A). In addition, to check whether protein-protein interactions exist, we 

summarized scans of individual proteins and compared practical and theoretical heat 

denaturation curves. The data presented in Fig. 3.2.13B show that the DSC profile of the 

sample containing both DnaK and GrpE(∆C) has almost the same shape as the calculated 

curve for the individual proteins. 

Taken together, the experimentally obtained data and calculated summed curve of the 

individual proteins give rise to assume that in the presence of Mg2+/ADP interactions between 

DnaK and GrpE(∆C) could not be detected by the changes in denaturation profiles.  
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Figure 3.2.13: Study of the interactions between DnaK and GrpE(∆C) in the presence of Mg2+/ADP by 

DSC. (A) Thermogram of DnaK, GrpE(∆C) and a sample containing both DnaK and GrpE(∆C). DnaK (40 µM) 

(black line), GrpE (80 µM) (blue line) and the sample containing both DnaK (40 µM) and GrpE (80 µM) (red 

line) were scanned under the same buffer conditions (20 mM Hepes/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2, 

1 mM Mg2+/ADP). The unfolding of proteins was performed at a scan rate 60 deg. C/hour from 20 to 130 oC. (B) 

Comparison of the theoretical and practical heat capacity curves of the DnaK-GrpE(∆C) mixture. The red line 

represents the thermogram of the DnaK-GrpE(∆C) mixture experimentally obtained as described in (A). The 

dark yellow line corresponds to a thermal curve calculated as a sum of thermograms of the individual DnaK and 

GrpE(∆C) proteins. 

 

 

 

3.2.2.4. Temperature Dependence of the DnaK-GrpE(∆C) Interactions 

In order to verify whether the DnaK-GrpE(∆C) interactions are temperature sensitive, an 

additional experiment with Ni-NTA columns had been performed. The C-terminally His-

tagged DnaK (DnaKChis) used in this experiment is able to reversibly interact with the Ni2+ 

ions. The bound DnaKChis can be eluted under mild conditions with increasing amount of 

imidazole. The GrpE(∆C) protein was not histidine tagged. Consequently, it can only be co-

eluted in a complex with DnaKChis. 

To detect the influence of temperature on binding of GrpE(∆C) with DnaKChis, these proteins 

were incubated in wash buffer at 30, 55 and 70 oC for 1 hour. Then the proteins were loaded 

onto the Ni-NTA column. After intensive washing of the column until baseline recovery the 
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bound proteins were eluted with the elution buffer containing 250 mM imidazole. DnaKChis 

and GrpE(∆C), found in elution fractions after incubation at 30 and 55 oC, suggest that these 

proteins interact at 30 oC and 55 oC (Fig. 3.2.14A, B). Fig. 3.2.14C demonstrates that after 

incubation of the DnaKChis-GrpE(∆C) mixture at 70 oC the GrpE(∆C) mutant was detected 

only in wash fractions. This finding shows that a temperature of 70 oC very likely causes 

dissociation of the DnaKChis-GrpE(∆C) complex or prevents its formation, respectively. 

Therefore the DnaK-GrpE(∆C) interactions are indeed temperature sensitive and the DSC 

method is not suitable to detect complex formation between these proteins. 

A                                                                                                B 

 

                 
                                        

                                                   C 

 

                                                   
 

Figure 3.2.14: Interaction of GrpE(∆C) with DnaKChis at different temperatures. DnaKChis (25 µM) was 

incubated with GrpE(∆C) (84 µM) at (A) 30, (B) 55 and (C) 70 oC for 1 hour in wash buffer (50 mM NaH2PO4, 

100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol). After that the proteins were loaded 

onto the Ni-NTA column, washed with wash buffer until base line recovery and then eluted with the elution 

buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 250 mM 

Imidazole). Protein peak fractions were pooled and analysed by 15% SDS-PAGE. M-molecular weight standard 

(see Materials and Methods). 
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To verify whether GrpE(∆C) binds unspecifically to the Ni-NTA resin after incubation at 30 

and 55 oC, the protein was incubated at these temperatures for 1 hour and then loaded onto the 

Ni-NTA column. The GrpE(∆C) protein detected only in wash fractions shows that it does not 

bind unspecifically to the Ni-NTA column after incubation at 30 and 55 oC (Fig. 3.2.15A, B). 

Therefore the detected co-elution of GrpE(∆C) with DnaKChis in previous experiments could 

be explained by complex formation between them. 

     A                                                                                              B 

               

Figure 3.2.15: Test for non-specific binding of GrpE(∆C) to the Ni-NTA column. GrpE(∆C) (84 µM) was 

incubated in wash buffer (50 mM NaH2PO4, 100 mM NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% 

glycerol) for 1 hour at 30 oC (A) and 55 oC (B). Then proteins were loaded onto the Ni-NTA column, washed 

with wash buffer until base line recovery and then eluted with the elution buffer (50 mM NaH2PO4, 100 mM 

NaCl, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10% glycerol, 250 mM imidazole). Protein peak fractions were 

pooled and analyzed by 15% SDS-PAGE. M-molecular weight standard (see Materials and Methods). 
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3.2.3. Fluorescence Spectroscopy 
 
 
3.2.3.1. Site specific DnaK-GrpE Interactions 

In spite of the well documented fact that the C-terminal part of GrpE including the β-sheet 

domain binds to the ATPase domain of DnaK and stimulates nucleotide release the specific 

location where the GrpE’s N-terminal tail part interacts with DnaK’s substrate binding 

domain is still unknown. Based on the crystal structure of GrpEEco in a complex with the 

ATPase domain of DnaKEco it has been proposed that GrpEEco might interact with the peptide 

binding domain of DnaKEco (Harrison et al., 1997). The hypothesis that the flexible GrpEEco 

N-terminal region including residues 1-33 is involved in interaction with the peptide binding 

domain of DnaK was supported by surface resonance measurements (Chesnokova et al., 

2003). In addition, using radioactively labeled carboxymethylated α-lactalbumin, a 

permanently unfolded model substrate of DnaK, it was observed that the flexible tail region of 

GrpEEco including residues 1 to 33 is necessary for dissociation of a complex between 

DnaKEco and substrate (Harrison et al., 1997). 

In this work we performed equilibrium fluorescence measurements to yield qualitative 

information about the site specific interactions between DnaK and the N-terminal part of 

GrpE. Fluorescence changes are critically dependent on the location of the fluorophore which 

has to be positioned in a region where the microenvironment changes with formation of the 

complex. The fluorophore should therefore be placed either in the protein-protein interface 

itself, or in a region that undergoes a local conformational change upon complex formation. 

Wild type GrpETth contains no cysteine residues. Site-directed mutagenesis was used to 

engineer two GrpE mutants with incorporated a cysteine residue at position 5 (N5→C) and 17 

(V17→C). Cysteine residues were then available for modification with an IANBD amide 

probe molecule. Sites of labeling were chosen according to number of predictions that the N-

terminal part of GrpE including residues 1-33 is involved in substrate release from DnaK 

(Harrison et al., 1997;Mally and Witt, 2001;Mehl et al., 2001). IANBD amide has the 

advantage of having a small molecular weight (419.18 Da) and strong fluorescence signal. 

The fluorescence of this dye is highly sensitive to changes in the solvation level of the 

fluorophore. The strong environmental dependence of the emission spectra and quantum 
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yields of IANBD makes this probe useful for investigation protein interactions. When a 

protein conjugate with this dye undergoes a change in conformation, a change in fluorescence 

intensity and a blue or red shift in emission is often observed (Shore et al., 1995).  

To evaluate whether the biological activity of the GrpE cysteine mutants corresponds to 

biological activity of GrpE wild type, the reactivation of urea denatured Lactate 

dehydrogenase from S.scrofa muscle (LDHSsc) assisted by the DnaK system was investigated. 

The DnaK system includes DnaK, DnaJ and GrpE proteins. The results presented in Fig. 

3.2.16 show that the yield of refolding of the denatured LDHSsc in the presence of DnaK, 

DnaJ and GrpE wild type is comparable to that obtained with DnaK, DnaJ and the GrpE 

cysteine mutants, GrpE(N5C) and GrpE(V17C). These findings indicate that substitution of 

both asparagine and valine residues to cysteine does not influence significantly on biological 

activity of GrpE. 
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Figure 3.2.16: Biological activity of GrpE(N5C) and GrpE(V17C). LDHSsc at a concentration of 30 µM 

was denatured in 6 M urea, 50 mM Tris/HCl, pH 7.5, 50 mM KCl, 5 mM MgCl2, 10 mM DTE, 0.05 mg/ml 

BSA, at 30 oC for 30 min. Renaturation in the absence (black column) or presence of DnaK system 

including 3.2 µM DnaK, 0.8 µM DnaJ, 0.4 µM GrpE(wt) (red column)/GrpE(N5C) (cyan column, 

A)/GrpE(V17C) (cyan column, B) was initiated by 120-fold dilution with NADH buffer at 30 oC. A sample 

of the refolding solution was transferred into the activity assay at the indicated times. The activity of the 

refolded LDHSsc was calculated as a percentage of native control. 

 

In order to test whether the N-terminal part of GrpE at position 5 and 17 is able to interact 

with the peptide binding domain of DnaK fluorescence emission spectra of the IANBD 

fluorophore covalently coupled to the single cysteine mutations was recorded before and after 

incubation with DnaK. Since the IANBD emission spectra of GrpE(N5C)IANBD and 
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GrpE(V17C)IANBD were analyzed before and after incubation for 1 hour at 25 o C, we first 

tested influence of the incubation on the fluorescence intensity and position of the IANBD 

maximum. Fig. 3.2.17A and Fig. 3.2.18A show fluorescence emission spectra of 

GrpE(N5C)IANBD and GrpE(V17C)IANBD before and after incubation for 1 hour at 25 oC. 

The IANBD labeled GrpE(N5C) had an emission peak at 550.5 nm, which was not shifted 

after incubation. The fluorescence intensity was also unchanged. The position of the IANBD 

emission peak of the GrpE(V17C)IANBD mutant was shifted by 0.5 nm towards longer 

wavelength after incubation, however such a shift could be within the error limits. Change in 

a fluorescence intensity of GrpE(V17C)IANBD was not observed. According to 

measurements performed we could conclude that incubation for 1 hour at 25 o C itself does 

not influence on the emission spectra of GrpE(N5C)IANBD and GrpE(V17C)IANBD.  

Fig. 3.2.17B shows the fluorescence emission spectra of 1 µM GrpE(N5C)IANBD before and 

after incubation with 20 µM DnaK. The position of emission peak was shifted from 548.5 to 

547.0 nm, while fluorescence intensity was not changed. As shown in Table 3.2.2, small 

changes in position of emission maximum occurred when 1 µM GrpE(V17C)IANBD was 

incubated with 20 µM DnaK. In detail, a 2.5 nm emission blue shift was observed without 

change fluorescence intensity. Taking into account a negligible shift in position of the IANBD 

emission maximum without detectable change fluorescence intensity after incubation of 

GrpE(N5C)IANBD and GrpE(V17C)IANBD with DnaK we can not make a final conclusion 

about binding of GrpE at position 5 and 17 into the substrate binding pocket of DnaK. It is 

also very likely that labeled regions of GrpE do not undergo a local conformational change 

upon complex formation. 

In order to evaluate whether different nucleotides and peptide bound to DnaK have any 

influence on interaction with the labeled N-terminal part of GrpE, the extrinsic fluorescence 

emission was registered and compared under identical conditions before and after incubation 

with DnaK in different states (ADP-, ATP- and peptide bound state). The peptide (P3) used in 

this experiment is a 10-mer peptide derived from p53 tumor suppressor protein with the 

sequence FYQLAKTCPV. Fig. 3.2.17C, D, E and Fig. 3.2.18C, D, E show fluorescence 

emission spectra of GrpE(N5C)IANBD and GrpE(V17C)IANBD before and after incubation 

with DnaK in ADP-, ATP- and peptide bound states. It was observed that incubation of 

GrpE(N5C)IANBD with DnaK in the ADP-bound form resulted in 0.5 nm blue shift 

accompanied by 7% decrease of fluorescence intensity. The addition of DnaK-ATP to 
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GrpE(N5C)IANBD affected both the fluorescence intensity and the position of the 

fluorescence maximum in GrpE(N5C)IANBD. The fluorescence was decreased by 7% with 

emission shift by 2.5 nm towards shorter wavelength. The recorded decrease in 

GrpE(N5C)IANBD fluorescence intensity and a blue shift after incubation with DnaK with an 

occupied peptide binding domain (peptide P3) were 17% and 0.5 nm, respectively. Based on a 

small shift (0.5-2.5 nm) in position of emission maximum of GrpE(N5C)IANBD 

accompanied by fluorescence intensity decrease (7-17%) after incubation with DnaK in 

different states (ADP-, ATP- and peptide bound state) we can not make a final conclusion 

about intertaction of GrpE at position of 5 with DnaK when its nucleotide binding and peptide 

binding domains are occupied by nucleotide and peptide, respectively. 

As compiled in Table 3.2.2, the addition of DnaK in different states (ADP-, ATP- and peptide 

bound state) to another GrpE mutant, GrpE(V17C)IANBD, resulted in a decrease of the 

fluorescence signal of 9-17%. The emission wavelength was concurrently shifted by 2-3 nm. 

These observations suggest that GrpE at position 17 is very likely undergoes local 

conformational changes as a result of binding of DnaK in different states. 
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Figure 3.2.17: IANBD fluorescence spectra of GrpE(N5C)IANBD. Emission spectra of IANBD fluorescence of 

GrpE(N5C)IANBD at a concentration of 1 µM before (red line) and after 1-hour incubation (black line) at 25 oC in the 

standard fluorescence buffer alone (A), in the presence of 20 µM DnaK (B), 20 µM DnaK in a complex with ADP (C), 

20 µM DnaK in a complex with ATP (D), 20 µM DnaK in a complex with peptide P3 (E) were recorded between 520 

and 680 nm at a fixed wavelength of 498 nm. 
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Table 3.2.1: Fluorescence emission peak wavelength and fluorescence intensity change of 

GrpE(N5C)IANBD before and after incubation in the standard fluorescence buffer alone and 

in the presence of DnaK in different states (nucleotide free, ADP-, ATP- and peptide bound 

state). To determine peak maximum fluorescence emission spectra shown in Fig. 3.2.17 were 

fitted by nonlinear regression analysis to a Gaussian peak function using Microsoft Excel. 

 

Sample Emission peak 
maximum of 
GrpE(N5C)IANBD 
alone, nm 

Emission peak 
maximum of 
GrpE(N5C)IANBD 
after incubation, 
nm 

IANBD 
emission 
peak shift, 
nm 

Fluorescence 
intensity 
change, % 

(A) GrpE(N5C)IANBD  550.5 550.5 - - 

(B) + DnaK  548.5 547.0 1.5 - 

(C) + DnaK-ADP 548.5 549.0 0.5 7 

(D) + DnaK-ATP 550.0 547.5 2.5 7 

(E) + DnaK-P3 549.5 550.0 0.5 17 
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Figure 3.2.18: IANBD fluorescence spectra of GrpE(V17C)IANBD. Emission spectra of IANBD 

fluorescence of GrpE(V17C)IANBD at a concentration of 1 µM before (red line) and after 1-hour 

incubation (black line) at 25 oC in the standard fluorescence buffer alone (A), in the presence of 20 µM 

DnaK (B), 20 µM DnaK in a complex with ADP (C), 20 µM DnaK in a complex with ATP (D), 20 µM 

DnaK in a complex with peptide P3 (E) were recorded between 520 and 680 nm at a fixed wavelength of 

498 nm. 
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Table 3.2.2: Fluorescence emission peak wavelength and fluorescence intensity change of 

GrpE(V17C)IANBD before and after incubation in the standard fluorescence buffer alone and 

in the presence of DnaK in different states (nucleotide free, ADP-, ATP- and peptide bound 

state). To determine peak maximum fluorescence emission spectra shown in Fig. 3.2.18 were 

fitted by nonlinear regression analysis to a Gaussian peak function using Microsoft Excel. 

 
Sample Emission peak 

maximum of 
GrpE(V17C)IANBD 
alone, nm 

Emission peak 
maximum of 
GrpE(V17C)IANBD 
after incubation, nm 

IANBD 
emission 
peak shift, 
nm 

Fluorescence 
intensity 
change, % 

(A) GrpE(V17C)IANBD 547.5 548.0 0.5 - 

(B) + DnaK  548.5 546 2.5 - 

(C) + DnaK-ADP 548.5 546.5 2.0 17 

(D) + DnaK-ATP 549.0 546.0 3.0 10 

(E) + DnaK-P3 548.5 546.5 2.0 9 
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3.2.4. Fluorescence Correlation Spectroscopy (FCS) 

Fluorescence correlation spectroscopy (FCS) measurements were performed to yield 

qualitative information about interactions between whole GrpE and DnaK in different states 

(nucleotide free, ADP-, ATP- and peptide bound state). This technique is applied to measure 

protein-protein interactions by monitoring translational diffusion (τd) time of a fluorescently 

labelled protein. In contrast to other fluorescence techniques, the parameter of primary 

interest is not the emission intensity itself, but rather spontaneous intensity fluctuations of 

single dye-labelled molecules measured in a microscopic detection volume of about 10-15 L (1 

femtoliter) defined by a tightly focused laser beam. The time required for the passage of 

fluorescent molecules through the tiny volume element is determined by the diffusion 

coefficient which is related to the size and shape of a molecule (Pramanik and Rigler, 2001). 

Therefore, in contrast to equilibrium fluorescence measurements where fluorescence changes 

are dependent on the location of the fluorophore, FCS measurements have the advantage that 

any interaction between proteins is monitored directly without dependence on the position of 

the label.  

 

 

3.2.4.1. Use of the Alexa488 and IANBD (amide) Fluorophores 
Coupled to GrpE(V17C) for the FCS Measurements 

GrpE(V17C) mutant was labeled with two different fluorophores, such as Alexa488 and 

IANBD amide, to detect which of them is suitable for the FCS measurements.  

Fig. 3.2.19 shows fluorescence count rate and corresponding autocorrelation functions of 

GrpE(V17C)IANBD and GrpE(V17C)Alexa488. For GrpE(V17C)Alexa488 no triplet state 

population at the applied excitation power (0.1 mW) was detected and therefore the 

experimental ACF was fitted by single species model (Eq. 2.4 shown in Material and 

Methods), ignoring triplet state. 
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We observed that the count rate per fluorescent molecule (cpm) was strongly dependent on 

fluorophore and the laser power used. The cpm reached for GrpE(V17C)Alexa488 was 6 

kHz/molecule (laser power 0.1 mW, the concentration of GrpE(V17C)Alexa488 was 40 nM). 

Such low laser power applied at low GrpE(V17C)Alexa488 concentration gave strong 

fluorescent signal and high count rate per molecule. This shows that Alexa488 labeled 

GrpE(V17C) is suitable for the FCS measurements. In the case with IANBD-labeled 

GrpE(V17C), we obtained 0.5 kHz/molecule (laser power 1 mW, the concentration of 

GrpE(V17C)IANBD was 500 nM). Such high laser intensity at 12.5 fold molar excess of 

IANBD labeled GrpE(V17C) than Alexa488 labeled GrpE(V17C) could cause bleaching, 

aggregation or even disruption of the protein. In addition, the fluorescence signal of 

GrpE(V17C)IANBD was very noisy and too low to be detectable by FCS. Because IANBD-

labeled GrpE(V17C) is generally not well suited for the FCS measurements we used 

Alexa488-labeled GrpE cysteine mutant.  
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Figure 3.2.19: Count rate and autocorrelation function of GrpE(V17C)Alexa488 and GrpE(V17C)IANBD. 

(A) Count rate of GrpE(V17C)Alexa488 (laser power ca.0.1 mW, 488 nm; the concentration of 

GrpE(V17C)Alexa488 was 40 nM).  

(B) Autocorrelation function of GrpE(V17C)Alexa488. The red line represents fit according to a one component 

model (eq. 2.4 see Materials and Methods), ignoring triplet state.  

(C) Count rate of GrpE(V17C)IANBD (laser power ca.1 mW, 488 nm; the concentration of GrpE(V17C) 

IANBD was 500 nM). 

(D) Autocorrelation function of GrpE(V17C)IANBD. 

 

3.2.4.2. Conformational Stability of the Nucleotide Binding and 
Peptide Binding Domains of DnaK 

Because the tertiary structures of the two DnaKEco domains have been determined separately 

and the full length of DnaK has not been solved, it is not known how the ATPase and peptide 

binding domains are arranged relatively to each other, and it remains elusive how the 

conformational changes are communicated. According to the crystallographic data GrpE from 
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E.coli binds to the single ATPase domain of DnaK (Harrison et al., 1997). Using fluorescently 

labelled peptide it was kinetically shown that GrpEEco induces conformational change in the 

peptide binding domain of the DnaKEco molecule (Mally and Witt, 2001). However, whether 

GrpE is able to bind to the single peptide binding domain lacking a covalent link with the 

ATPase domain is still unknown. To evaluate the importance of structural coupling between 

the nucleotide binding domain (NBD, amino acids from 1 to 382) and the peptide binding 

domain (PBD, amino acids from 383 to 615) of DnaKTth for interaction with GrpETth, we 

studied binding of the Alexa488 labelled GrpE(V17C) to a mixture of both domains. 

The crystal structure of DnaK from T.thermophilus is not solved. As members of the highly 

conserved Hsp70 family, DnaKEco and DnaKTth display a high level of sequence homology 

(73%) with an identity of 55%. The 3D structures of the DnaKEco nucleotide binding and 

peptide binding domains were used to model a structure of these domains from 

T.thermophilus. Ribbon representation of the modelled DnaKTth nucleotide binding and 

peptide binding domains is shown in Fig. 3.2.20. These domains were expressed in E.coli 

cells, purified and used for the above mentioned experiments. 
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                                                  A 

 
                                                                              B 

                                            
 

Figure 3.2.20: Structural features of DnaK from Thermus thermophilus. 

(A) Schematic representation of the domain position in DnaKTth and structure of the nucleotide binding 

(NBD) domain and peptide binding domain (PBD). Numbers refer to amino acid positions in the DnaKTth 

protein. 

(B) Ribbon representation of the modeled structure of the nucleotide binding domain (shown in red) and 

peptide binding domain (shown in cyan) of DnaKTth. NBD and PBD were modeled by alignment to the 

NBD and PBD structure from E.coli (Harrison et al., 1997;Zhu et al., 1996) using SWISS-MODEL – 

Internet based tools for automated comparative protein modeling (Peitsch, 1996). 

 

Before study the importance of the covalent link between the ATPase domain and peptide 

binding domain of DnaK for interaction with GrpE it was necessary to investigate the 

conformational stability of the individual domains. To detect if folding of the single 

nucleotide binding and peptide binding domains coincides with whole DnaK, circular 

dichroism spectra (CD) were recorded in the far-UV wavelength region (Fig. 3.2.21). The CD 

spectrum of DnaK ATPase and peptide binding domains closely resembles that of full-length 

DnaK. It shows the two negative peaks at 208 and 222 nm, which are characteristic for α-

helical proteins. Thus the separation of ATPase and peptide binding domains from each other 

did not influence the folding of the each domain significantly. 
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Figure 3.2.21: Secondary structure of DnaKTth wild type, the nucleotide binding and peptide binding 

domains of DnaKTth. Far-UV CD spectra of DnaKTth wild type (2 mg/ml; red line), ATPase (1 mg/ml; 

black line) and Peptide binding domains (2 mg/ml; blue line) are expressed as mean molar residue 

ellipticity (Θ). The spectra were measured at a sensitivity of 20 mdeg, a time constant of 1 s, 1 nm 

bandwidth, 0.2 nm resolution in 20 mM sodium phosphate, pH 7.04, 5 mM MgCl2, 20 mM KCl. The 

temperature was held constant at 25 °C using a water-bath. 

 

In addition to CD measurements, to verify the conformation stability of the nucleotide binding 

domain of DnaK (NBD) equilibrium fluorescence measurements were performed. NBD 

contains one tryptophan at position 231. As shown in Fig. 3.2.22 (red line), its emission 

maximum is centered around 308 nm, indicating that the spectrum is mainly due to 

tryptophan residue. Addition of 1 M, 3 M and 4 M GdnHCl to the sample produced a 

significant (about 49%) decrease in fluorescence intensity (Fig. 3.2.22). This suggests that the 

tryptophan in NBD is buried in the interior of the molecule. After incubation of NBD with 3 

M and 4 M GdnHCl a significant red shift in emission spectra from 308 to 355 nm was 

detected. This effect reflects the change of microenvironment of the NBD’s tryptophan 

residue to a more polar one and indicates a change in conformation of the protein. The 

detected 47 nm red shift accompanied by a 49% decrease of fluorescence shows that the 

single ATPase domain of DnaK is folded properly. 
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Figure 3.2.22: Conformational stability of the nucleotide binding domain of DnaKTth (NBD). The 

conformational changes in NBD induced by GdnHCl were analysed using fluorescence spectroscopy. 2 µM 

NBD was incubated in standard fluorescence buffer in the absence (shown in red) or presence of 1 M GdnHCl 

(shown in blue), 3 M GdnHCl (shown in black), and 4 M GdnHCl (shown in green) for 1 hour at 25 oC followed 

by tryptophan emission spectra monitoring. The emission and excitation widths were set at 9 and 10 nm 

respectively. The excitation wavelength was 287 nm. The temperature was kept at 25 oC. 

 

 

 

3.2.3. Interactions between GrpE(V17C)Alexa488 and DnaK 

In this work we investigated whether the covalent linkage between the nucleotide binding 

(NBD) and peptide binding domains (PBD) of DnaK is important for interaction of GrpE with 

DnaK. When a mixture of 4 µM NBD and 4 µM PBD was added to 0.04 µM 

GrpE(V17C)Alexa488 the diffusion time of the labelled GrpE(V17C) was increased from 

0.583 ms to 0.888 ms that may be judged as to be association between these proteins (Tab. 

3.2.3). According to the FCS measurements performed we can propose that the single 

nucleotide binding (NBD) and peptide binding domains (PBD) of DnaK lacking a covalent 

link are able to interact in the presence of GrpE. 

To detect whether GrpE(V17C)Alexa488 interacts with DnaK in different states 

autocorrelation curve of the 0.04 µM GrpE(V17C)Alexa488 was recorded in the absence and 

presence of 4 µM DnaK, 4 µM DnaK-ADP, 4 µM DnaK-ATP and 4 µM DnaK-P3 (Fig. 
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3.2.23). The peptide (P3) used in this experiment is a 10-mer peptide derived from p53 tumor 

suppressor protein with the sequence FYQLAKTCPV. 

Because FCS is intrinsically sensitive to the mass changes occurring upon binding of one 

protein to another, the increase in estimated diffusion time from 0.583 ms (free 

GrpE(V17C)Alexa488) to 0.959 ms (in the presence of DnaK), 0.955 ms (in the presence of 

DnaK-ADP), 0.842 ms (in the presence of DnaK-ATP) and 0.867 ms (in the presence of 

DnaK-P3) demonstrates that GrpE(V17C)Alexa488 bound to DnaK in different states became 

less mobile due to a complex formation between these proteins (Tab. 3.2.3). According to the 

results obtained we can propose that the interaction between DnaK and GrpE from 

T.thermophilus is not coupled to the nucleotide state of DnaK as well as DnaK with the 

occupied peptide binding domain is able to interact with GrpE. 
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Figure 3.2.23: Autocorrelation curves of 40 nM GrpE(V17C)Alexa488 recorded with free labelled protein 

(red line) and in the presence of 4 µM DnaK (black line), 4 µM DnaK in a complex with peptide P3 (this 

peptide is derived from p53 tumor suppressor protein with the sequence FYQLAKTCPV) (blue line), 4 µM 

DnaK in ADP bound state (green line), 4 µM DnaK in ATP bound state (dark red line), mixture of 4 µM 

nucleotide binding domain and 4 µM peptide binding domain (cyan line) The measurements were 

performed in standard fluorescence buffer at 25 o C. Laser power ca. 0.1 mW. 
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Table 3.2.3: Diffusion time of GrpE(V17C)Alexa488 recorded with free protein and in the 

presence of the mixture of the nucleotide binding domain (NBD) and the peptide binding 

domain (PBD) of DnaK, DnaK in different states (nucleotide free, ADP-, ATP- and peptide 

bound state). To determine diffusion time, autocorrelation curves shown in Fig. 3.2.23 were 

fitted by a single species model (Eq. 2.4, see Materials and Methods), ignoring triplet state. 

 

Protein       Diffusion time τd (ms) 

GrpE(V17C)Alexa488 0.583 

+ NBD + PBD             0.888 

+ DnaK 0.959 

+ DnaK-ADP 0.955 

+ DnaK-ATP 0.842 

+ DnaK-P3             0.867 

 

As compiled in Table 3.2.3, the diffusion time (τd) of the free GrpE(V17C)Alexa488 

increases to approximately 0.3 ms after addition of two single DnaK’s domains and DnaK in 

different states (nucleotide free, ADP-, ATP- and peptide bound state). For a significant 

change in the diffusion time, the mass ratio between the labeled protein free in solution and in 

a complex with non-fluorescent counterpart should be at least eight (Haustein and Schwille, 

2003). The change in mass between GrpE(V17C)Alexa488 and the GrpE(V17C)Alexa488-

DnaK complex is three. Considering the logarithmic time scale, the quantitative analysis of 

interaction between these proteins by FCS will be rather difficult. However, the detected 

difference of about 0.3 ms in τd could provide preliminary qualitative information that 

interaction of GrpE with DnaK is not coupled to the DnaK nucleotide and peptide bound state 

and GrpE is able to interact with the single nucleotide and peptide binding domains lacking a 

covalent link. 
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4. Discussion 
4.1. LDH from S.scrofa Muscle and LDH from 
B.stearothermophilus as Model Substrates for the DnaKTth-
ClpBTth System 

To get insight into the functional cooperation between components of the DnaK system 

(DnaK, DnaJ, GrpE) and interaction of the DnaK system with ClpB it was necessary to find a 

suitable substrate. Molecular chaperones are known to recognize hydrophobic residues and/or 

unstructured backbone regions of folding intermediates and thereby shield interactive surfaces 

of non-native polypeptides and prevent aggregation (Rüdiger et al., 1997). The choice of a 

substrate was based on at least two important criteria: its folding status should be easily 

monitored by a sensitive spectroscopic assay; it should generate folding intermediates. 

Whereas some small single-domain proteins have been shown to fold without detectable 

intermediates (Jackson and Fersht, 1991;Kragelund et al., 1995), many larger, especially 

oligomeric proteins are known to populate intermediates during their folding process 

(Jaenicke and Seckler, 1997).  

Lactate dehydrogenase from S.scrofa (pig) (LDHSsc) muscle is a tetramer composed of four 

identical subunits. The structure of the complex between LDHSsc and its nicotineamide 

adenine dinucleotide, NADH, coenzyme was solved at 2.2 A resolution (Dunn et al., 1991). 

The enzyme Lactate dehydrogenase catalyses NADH-dependent interconversion of pyruvate 

and lactate. The steady-state assay of LDH activity is based on the spectral properties of 

NADH. NADH absorbs radiation at 340 nm in reduced form, whilst the oxidized NAD+ form 

does not absorb at this wavelength. A loss of native structure of LDHSsc as a result of 

denaturation causes loss of the enzymatic activity which is easily detected with a colorimetric 

assay.  

Before study chaperone assisted reactivation of LDHSsc, we monitored its inactivation by two 

of the best known chemical denaturing agents, such as guanidine hydrochloride (GdnHCl) 
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and urea and denaturation caused by high temperature. It was observed that 500 nM LDHSsc 

was almost completely denatured by 2 M GdnHCl, while to get the same level of denaturation 

3 M urea was required. Consequently, GdnHCl is in 1.5 times more effective than urea in 

unfolding of LDHSsc. Because GdnHCl dissociates in aqueous solution producing GdnH+ and 

Cl- ions it is expected to be more efficient than urea (which is not an ionic compound) in 

masking electrostatic interactions in protein causing unfolding.  

Studies of LDHSsc inactivation by high temperature showed that the co-enzyme NADH 

stabilizes LDHSsc against exposure to high temperatures. According to loss of LDHSsc activity, 

the maximum denaturation in the absence of NADH was detected at 60 oC, whereas the 

presence of NADH caused a shift of the maximal denaturation towards higher temperature 

(70 oC). It is known that ligands stabilise the protein structure (Martinez et al., 

1994;Zolkiewski and Ginsburg, 1992). Thermal stability change is obviously related to the 

energies of the protein-ligand interaction. Application of the Le Chatelier’s principle shows 

that if any ligand specifically binds to the native form of the protein, then this will stabilize 

the folded state, and unfolding of the protein will become progressively less favorable as 

ligand concentration increases. 

Studies of the chaperone mediated reactivation of urea-denatured LDHSsc clearly showed that 

maximal reactivation up to 50% was achieved in the presence of the components of DnaK 

system (DnaK, DnaJ, GrpE) together with the chaperone ClpB. The maximal reactivation of 

LDHSsc assisted by the DnaK system alone was only 34%. Similar results were detected with 

GdnHCl-denatured LDHSsc. The single DnaK system gave rise to a recovery of active enzyme 

up to 12% while reactivation of LDHSsc assisted by both DnaK system and ClpB was 38% of 

native control. These data directly demonstrate the importance of cooperative action of the 

DnaK, DnaJ, GrpE and ClpB machinery for recovery chemically denaturated LDHSsc. The 

associated action of the DnaK system together with the chaperone ClpB was reported by 

others. Zokliewski (1999) showed that the DnaK/DnaJ/GrpE/ClpB system from E.coli is able 

to increase the luciferase reactivation yield up to ∼3,000 fold. Using heat-inactivated enzymes 

(Lactate dehydrogenase, glucose-6-phosphate dehydrogenase and α-glucosidase from 

B.stearothermophilus) Motohashi and co-workers (1999) showed that presence of the 

ClpB/DnaK/DnaJ/GrpE set from T.thermophilus was necessary to achieve a high yield of 

recovery (∼65%). It was suggested that a putative refolding intermediate could be directly 

transferred between ClpB and DnaK-J-GrpE set via a ClpB-DnaK interface (Motohashi et al., 
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1999;Schlee et al., 2004). Therefore the presence of both chaperones in the reactivation period 

is necessary to yield maximal recovery of the activity of a denatured enzyme.  

However, we observed that chaperone assisted reactivation of the heat-denatured LDHSsc was 

very weak (3-8% of the native activity). Study of the inactivation of LDHSsc during different 

periods showed that even a short period (2 minutes) of the LDHSsc exposure to 70 oC results in 

almost complete denaturation of the enzyme. The observed high yield recovery of the LDHSsc 

activity after chemical denaturation assisted by chaperones and very weak reactivation after 

exposure to the high temperature could be explained in terms of different effect of chemical 

agents and elevated temperature on denaturation. It is conceivable that urea and GdnHCl 

cause dissociation to dimers and monomers of the tetrameric LDHSsc with subsequent 

interaction with both non-polar and polar surfaces of the enzyme resulting in formation of 

unstructured regions (Jaenicke and Seckler, 1997). These regions are recognized by molecular 

chaperones which assist refolding into the native tetrameric structure with regain of the 

catalytic activity. 

In contrast to chemical denaturation, elevated temperature acts primarily by disrupting the 

hydrophobic interactions that make up the stable core of the protein. Hydrophobic patches of 

different molecules which were hidden in the core may interact with each other in such a way 

to cause aggregation of the protein. Thus, exposure of the mesophilic LDHSsc toward elevated 

temperature stimulates formation of unstable species with exposed hydrophobic surfaces. 

Such species may tend to assume an alternatively stable conformation in the form of insoluble 

aggregates that remain inactive at permissive temperature, disaggregation not being possible 

by chaperones. 

To study the ability of the DnaK-ClpB chaperone machinery to mediate reactivation of the 

thermally inactivated protein we chose the thermophilic Lactate dehydrogenase from 

B.stearothermophilus (LDHBst) as an alternative to the mesophilic LDHSsc. The results were 

remarkable: in the presence of both DnaK system and ClpB chaperone renaturation started 

immediately and reached 40% of the native activity. Taken together the results obtained give 

base to propose that quality and size of aggregates formed by the mesophilic eukaryotic LDH 

and the same enzyme from thermophilic prokaryotic organism are rather different. Based on 

the nature of the noncovalent interactions that drive aggregate assembly Glover and Tkach 

(2001) divided aggregates into two groups. In the first group, hydrophobic interactions among 

heat-perturbed proteins probably lead to the formation of disordered aggregates although 
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some can form flexible linear chains. In the second group, interactions within the aggregate 

are primarily governed by hydrogen-bond networks to produce highly ordered self-organizing 

aggregates. Driven by ATP hydrolysis, the ClpB chaperone is able to disrupt aggregates of 

small protein or resolubilize heat-shock granules and prion-line structures; the action of the 

additional chaperone DnaK and its co-chaperones DnaJ and GrpE allows the components of 

such aggregates, once released, to refold and attain the native conformation (Diamant et al., 

2000;Goloubinoff et al., 1999;Schlee et al., 2004). However, the ring-shaped cylinder of ClpB 

appears able to mediate ATP-dependent disaggregation of “soft” aggregates of up to 600 kDa 

(Horwich, 2002). Therefore we can assume that as the size of aggregates increases, aggregates 

become increasingly poorer substrates for the ClpB-DnaK chaperone system. The detailed 

kinetic studies of LDH (from S.scrofa muscle and B.stearothermophilus) unfolding, refolding 

and aggregation will provide ample opportunity to disclose chaperone-assisted refolding of 

this tetrameric enzyme. 

The eukaryotic LDH (LDH from S.scrofa muscle) and prokaryotic LDH (LDH from 

B.stearothermophilus) show pairwise sequence identities of 39% and nearly identical three-

dimensional structures. However, despite the similarities we observed significant difference in 

chaperone assisted reactivation of thermally inactivated LDHSsc and LDHBst. The rather 

moderate LDHSsc reactivation by chaperones (after heat denaturation) in comparison to the 

B.stearothermophilus LDH may have also another possible explanation. Widmann and 

Christen (2000) monitored refolding of the orthologous eukaryotic and prokaryotic proteins 

(Aspartate aminotransferase, Malate dehydrogenase, Lactate dehydrogenase). They observed 

that the rates of refolding of the prokaryotic proteins after denaturation in GdnHCl were faster 

than those of their orthologous counterpart. In addition, the prokaryotic proteins were refolded 

with a significantly higher yield. These results prompted Widmann and Christen (2000) to 

hypothesize that the folding of eukaryotic and prokaryotic enzymes is under different control. 

The folding of eukaryotic enzymes seems to be under kinetic control and may span long time 

periods; the rate of equilibration between intermediate conformational states is slow 

compared to the rate of formation of the final conformational state. Incorrectly folded 

conformers generated during renaturation cannot shuffle within a physiologically significant 

time interval. In contrast, the folding of prokaryotic proteins seem to be mainly under 

thermodynamic control; the conformational isomers generated during refolding apparently 

exist in rapid equilibrium, and the initial formation of incorrect conformers is corrected by 
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their conversion to the thermodynamically most stable form and therefore prokaryotic 

proteins fold faster than their orthologous eukaryotic counterparts. 

Taking into account the detected yield of recovery of LDH enzymatic activity mediated by the 

DnaK-ClpB system (Tab. 4.1) we can conclude that urea-denatured LDH from S.scrofa (pig) 

muscle and heat-inactivated LDH from B.stearothermophilus could be suitable model 

substrates for the DnaK-ClpB chaperone system from T.thermophilus. 

 

Table 4.1: Maximal reactivation of chemically and thermally denatured Lactate 

dehydrogenase from S.scrofa (pig) muscle (LDHSsc) and from B.stearothermophilus (LDHBst) 

assisted by ClpBTth and the DnaKTth system (DnaK, DnaJ, GrpE) after 5 hours of incubation. 

 

Protein Maximal reactivation, % of native control 

Urea-denatured LDHSsc 50 % 

GdnHCl-denatured LDHSsc  33 % 

Heat-inactivated LDHSsc 15 % 

Heat-inactivated LDHBst 41 % 
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4.2. Interaction between DnaK and GrpE 

Like all Hsp70 proteins known so far, DnaK is composed of a highly concerved N-terminal 

nucleotide-binding domain and a less conserved C-terminal peptide-binding domain. 

Functional cooperation between the ATPase domain and the peptide binding domain of the 

E.coli DnaK has been widely reported in literature. Using HPLC analysis and quantitative 

double-labeling experiments it was demonstrated that binding of ATP alone, in the absence of 

hydrolysis, is sufficient to accelerate greatly the dissociation of peptide substrates bound to 

DnaKEco (McCarty et al., 1995;Palleros et al., 1991). Theyssen with colleagues (1996) 

kinetically showed that stimulation of the peptide exchange rate by ATP is 1,000-fold. Thus, 

it is possible to assume that the nucleotide state of DnaKEco plays a crucial role in the 

substrate binding properties of this protein. 

The functional coupling between both domains of DnaK from T.thermophilus was also shown 

on the level of nucleotide regulated peptide binding. However, ATP accelerated the 

dissociation of a peptide from a DnaKTth-peptide complex by only a factor of five 

(Klostermeier et al., 1999). The increase in the dissociation rate constant (5-fold) in case of 

T.thermophilus DnaK is very low in comparison to a 1,000-fold stimulation of the peptide 

exchange observed for DnaK from E.coli. This leads to a proposal that the nucleotide state of 

DnaKTth does not play a significant role in substrate binding properties of this thermophilic 

chaperone. The functional coupling between the nucleotide binding domain and peptide 

binding domain of DnaKEco was also detected on the level of peptide stimulated ATPase 

activity of this protein. A model peptide stimulated the steady state ATPase rate of DnaKEco 

by 9-fold (McCarty et al., 1995). Such domain-domain interactions in DnaKEco provide the 

intraprotein communication that is necessary to coordinate function. These findings gave base 

to assume that DnaKEco alone in the absence of the co-chaperone DnaJEco and nucleotide 

exchange protein GrpEEco has a physiologically relevant role in prevention of aggregation and 

promotion of folding. 

The nucleotide and peptide bound state of DnaKEco is regulated not only on the level of the 

the domain-domain interactions but it is also controlled by the nucleotide exchange factor 

GrpEEco. To assist the chaperone function of DnaK, GrpE and DnaK have to interact 

physically. The interaction between GrpE and DnaK from E.coli has indeed been verified by 

using a series of methods like non-denaturing polyacrylamide gel electrophoresis, dynamic 

light scattering, analytical ultracentrifugation and glycerol gradient centrifugation 
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(Buchberger et al., 1994a;Schönfeld et al., 1995;Zylicz et al., 1987). The stoichiometry of a 

stable complex formed by DnaKTth and GrpETth is 1:2. Using isothermal calorimetric titrations 

it was detected that the affinity of GrpE to DnaK from T.thermophilus is 0.15 µM 

(Groemping et al., 2001). In this work we analysed the interaction between GrpETth and 

DnaKTth using the fluorescence correlation spectroscopy (FCS) technique. We found for the 

first time that the structural integrity between the nucleotide binding and the peptide binding 

domain of DnaKTth is likely not necessary for the complex formation between DnaKTth and 

GrpETth. In this regard GrpETth might be viewed as molecular bridge, with the β-sheet domain 

serving as device for interaction with the nucleotide binding domain and stimulation of 

nucleotide release, whereas the long α-helical tail is involved in signal transduction from the 

nucleotide binding domain to the peptide binding domain.  

The maximum stimulation of nucleotide exchange by E.coli GrpE is 5,000-fold in comparison 

to a 80,000-fold stimulation by GrpE from T.thermophilus (Groemping et al., 

2001;Packschies et al., 1997). Using fluorescence spectroscopic techniques Mally and Witt 

(2001) kinetically showed that GrpEEco can directly stimulate peptide release. Specifically, the 

binding of GrpEEco to a DnaKEco-peptide complex, increases koff by about 200-fold. The 

results are consistent with a GrpEEco-induced conformational change in the C-terminal peptide 

binding domain of DnaKEco, which results in a unique low affinity intermediate from which 

peptide can dissociate. Unfortunately, quantitative data regarding to T.thermophilus GrpE 

stimulated release of a substrate bound to DnaKTth are not available yet. However, based on 

the published results showing that ATP bound to the ATPase domain of DnaKTth negligibly 

accelerates peptide release from the DnaKTth-peptide complex in comparison to the nucleotide 

effect observed for DnaK from E.coli, we can propose that the thermophilic GrpE but not 

nucleotide plays an important role in stimulation of peptide substrate release from the peptide 

binding domain of DnaKTth.  

Using fluorescence correlation spectroscopy measurements we observed that GrpETth interacts 

with DnaKTth in the presence of ADP. In details, the diffusion time of free 

GrpE(V17C)Alexa488 was increased from 0.583 ms to 0.955 ms due to complex formation 

with DnaK-ADP. This observation is in the line with previously published experiments 

demonstrating that GrpETth binds to DnaK-ADP with a Kd of 1.3 µM (Groemping et al., 

2001). 
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Using DSC measurements in this work it could be observed that ADP causes stabilization of 

DnaKTth. The formation of a DnaK-ADP complex was detected by a 6.4 oC shift of the 

thermal transition towards higher temperatures. This observation is in the line with that 

demonstrated by Palleros and co-workers (1992) that Mg2+/ADP increases the thermal 

stability of DnaK from E.coli. This stability change is obviously related to the energies of the 

protein-ligand interaction (Martinez et al., 1994;Martinez et al., 1995;Zolkiewski and 

Ginsburg, 1992). In addition, Flaherty and co-workers (1990) solved the crystal structure of a 

complex of the DnaKhsc ATPase domain with Mg2+/ADP. It was shown that the DnaKhsc 

ATPase domain adopts a closed conformation in ADP bound form. The interface of the 

DnaKhsc ATPase domain-Mg2+/ADP complex includes hydrogen bonds between oxygens of 

the α and β phosphates of ADP with the hydroxyl of Thr-14, as well as with several amide 

nitrogens of the peptide backbone. The adenine ring is sandwiched between the aliphatic 

methylene segments of the side chains of Arg-272 and Arg-342, further stabilizing the bound 

state of the nucleotide (Flaherty et al., 1994). 

In case of the nucleotide exchange factor GrpE(∆C) lacking the β-sheet domain, ADP does 

not stabilize its structure. It was observed in this work that the difference in position of the 

calorimetric peak of GrpE(∆C) in the presence and absence of Mg2+/ADP is negligible, 

indicating that the α helical part of GrpE (GrpE(∆C)) does not interact with nucleotide. Reid 

and Fink (1996) published that GrpEEco wild type does not bind ADP or ATP. Therefore we 

can conclude that the nucleotide exchange factor has no affinity to nucleotides either with or 

without the β-sheet domain. Taken together, the detected interaction between GrpETth and 

DnaKTth in the ADP bound state and the known ability of the nucleotide exchange factor to 

stimulate nucleotide exchange as well as taking into account the fact that this protein has no 

affinity to nucleotides allow us to decide that the nucleotide exchange factor GrpETth 

stimulates nucleotide release from the ATPase domain of DnaKTth without direct contact with 

the nucleotide.  

In this work it was detected for the first time binding of GrpETth to DnaKTth in the presence of 

ATP by fluorescence correlation spectroscopy and protein affinity chromatography with C8-

coupled ATP-agarose. This is in contrast to the effect of ATP on the E.coli DnaK-GrpE 

complex observed during sedimentation of the two proteins in glycerol gradients (Zylicz et 

al., 1987). When ATP was added to the gradient, the complex was disrupted, and the two 

proteins sediment independently. The nucleotide independent interaction between 
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thermophilic DnaKTth and GrpETth could extend control of the regulation of the DnaKTth 

function at each step of the chaperone cycle. 

We showed also using fluorescence correlation spectroscopy measurements that GrpETth 

interacts with a DnaKTth-peptide complex. Specifically, the diffusion time of free 

GrpE(V17C)Alexa488 increased from 0.583 to 0.867 ms due to complex formation with 

DnaKTth with the occupied peptide binding domain. This result is in good agreement with that 

reported by Schoenfeld and co-workers. (1995). Using gel filtration chromatography they 

found that the presence of a peptide substrate does not affect GrpEEco-DnaKEco complex 

formation. It is therefore possible that GrpE binds to DnaK-substrate complexes and 

stimulates dissociation of the bound substrate. 

 

 

4.3. Structural Features of GrpE, Implications for Functions  

The DnaK chaperone activity in protein folding is regulated by ATP-controlled cycles of 

substrate binding and release. Nucleotide exchange plays a key role in these cycles by 

triggering substrate release. The GrpE protein functions as an ADP-ATP exchange factor, 

which replaces ADP with ATP, enhancing release of substrate proteins from DnaK. The 

maximum stimulation of nucleotide exchange (koff) by the T.thermophilus GrpE is 80,000-

fold (Groemping et al., 2001). The crystal structure of GrpE with the DnaK adenosine 

triphosphatase (ATPase) domain (or nucleotide binding domain, NBD) from E.coli 

determined by Harrison et al. (1997) provides an explanation for the ability of GrpE to release 

nucleotide from DnaK. It was found that a dimer of GrpEEco interacts in an asymmetric 

fashion with the DnaK ATP-ase domain. There are six areas of contact between GrpE and 

NBD. The two largest are between the two faces of the proximal β-sheet domain of GrpE and 

domains IB and IIB of DnaK on each side of the nucleotide binding cleft. The other areas are 

on separate regions of the GrpE long helix. The interface includes nonpolar, polar and salt 

bridge interactions. It was observed that the areas of contact situated in the GrpE long helix 

are only minimally involved in interaction with NBD. Therefore the hydrophobic contacts 

from the β-strand region of GrpE contribute substantially to the tight contact of the two 

proteins. Comparison of the crystal structure of GrpEEco-bound, nucleotide-free ATPase 

domain of DnaKEco with that of ADP-bound bovine brain Hsc70 showed that the co-
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chaperone GrpEEco stimulates mechanical opening of the DnaKEco structure (Harrison et al., 

1997). The GrpE-induced movement of domain IIB displaces by 2 to 3 Å three residues in 

DnaK that hydrogen bond to the adenine and ribose rings of ADP in Hsc70. Mehl and 

colleagues (2001) kinetically showed that the GrpEEco mutant containing two helix bundle and 

the β-sheet domain is able to increase the off-rate of ATPγS from DnaKEco and the NH2-

terminal ATPase domain of DnaKEco. The β-sheet domain of GrpEEco directly interacts with 

residues that constitute the hydrophobic patch (Met 259-Val 59) and the upper salt bridge 

(Glu 264-Arg 56) of DnaKEco. Brehmer with co-workers (2001) also kinetically showed that 

mutation of the DnaK site (DnaK-R56A) contacting GrpE results in decrease of nucleotide 

dissociation rates up to 15 fold. On the other hand, the DnaKTth system in the presence of a C-

terminally truncated GrpETth-protein lacking the β-sheet domain (GrpE(∆C)) does not support 

refolding of denatured luciferase (Groemping and Reinstein, 2001). This finding was 

explained by the missing nucleotide exchange properties of GrpE(∆C). Taken together, the 

structural and functional studies on the ability of GrpE to increase the off-rate of nucleotides 

from the DnaK ATPase domain evidently show the function of GrpE as a “nucleotide 

exchange factor”. A similar function has been described for the Bag-1 (Bcl2-associated 

anthanogene 1) protein, the eukaryotic homolog of GrpE. Bag-1 was first identified in the 

mammalian cytosol by virtue of its interaction with the anti-apoptotic protein Bcl-2 and was 

shown to promote cell survival (Takayama et al., 1995). Bag proteins such as Bag-1 play roles 

in the regulation of signal transduction proteins, transcription factors and proteolysis 

(Brehmer et al., 2001). They contain at least one copy of a roughly 50 amino acid 

evolutionarily conserved domain, the “Bag” domain that allows them to interact and stimulate 

nucleotide release from the Hsp70 ATPase domain (Sondermann et al., 2001). The Ras 

proteins, belonging to the Ras (Rat-Adeno-Sarcoma) superfamily and serving as binary 

switches in signal transduction pathways are also shown to be activated by guanine nucleotide 

exchange factors (GEFs) which stimulate the exchange reaction in which bound GDP is 

replaced by GTP (Lenzen et al., 1998). 

An additional function of GrpETth as a thermosensor that modulates nucleotide exchange rates 

in a temperature-dependent manner to prevent substrate dissociation at non-permissive 

conditions was attributed to the globular C-terminal β-sheet domain (Groemping and 

Reinstein, 2001). Using results of the GrpETth and GrpETth(∆C) unfolding obtained with DSC 

it was hypothesized that under heat shock conditions, the DnaK-ADP-protein-substrate 



Discussion   96

complex is stabilized by the reversibly unfolded GrpETth β-sheet domain that refolds under 

permissive conditions.  

In spite of the well documented fact that GrpE stimulates nucleotide release the translation of 

the GrpE-mediated conformational changes in the DnaK ATPase domain to changes in the 

substrate binding domain is still unclear and presumably must await determination of the 

structures of full-length molecules. Using fluorescently labelled peptides (P) Mally and Witt 

(2001) kinetically showed that binding of the E.coli GrpE to an ADP-DnaK-P (or DnaK-P) 

complex increases koff and kon by ∼200-fold and ∼60-fold, respectively. The results are 

consistent with a GrpE induced conformational change in the C-terminal peptide binding 

domain of the DnaK molecule. Therefore it is possible to assume that GrpE is more than just a 

nucleotide exchange factor; it is also involved in substrate release. Based on the crystal 

structure of E.coli GrpE with the DnaK adenosinetriphosphatase (ATPase) domain it has been 

suggested that the NH2-terminal portion of GrpE that contains the long α-helix and the 

flexible segment interacts with the peptide binding domain of DnaK (Harrison et al., 1997).  

In this work we studied the biological relevance of GrpE’sTth long α-helical region composed 

of about 107 amino acids. Using protein affinity chromatography we observed that the GrpE 

helix (GrpE(∆C)) directly interacts with DnaKTth in the absence of nucleotides. The detected 

binding assumes a functional implication of the DnaKTth chaperone cycle. Thus, using 

radioactive assay that measures the percentage of bound peptide to DnaKEco Mehl and 

colleagues (2001) observed that GrpEEco(1-89) containing only the α-helical tail domain is 

able to facilitate release of bound peptide from DnaK that may not need interdomain 

communication within DnaK. We observed also that GrpE(∆C) binds to DnaKTth specifically. 

The binding of the GrpETth α-helical part is dependent on the nature of the DnaKTth bound 

nucleotide. It was observed that GrpE(∆C) binds to DnaK both in the absence and presence of 

ADP. However, in the presence of ATP interaction between these proteins was not detected. 

ATP binding must, therefore, induce a conformational change in DnaK that abolished binding 

of the α-helical part of GrpETth. It is well-known that no detectable GrpEEco-DnaKEco complex 

formation occurs in the presence of ATP (Zylicz et al., 1987). This is because ATP binding 

induces a global conformational change in DnaK (Palleros et al., 1991;Schmid et al., 1994). 

However, using fluorescence correlation measurements and protein affinity chromatography 

with C8-coupled ATP-agarose we detected an interaction between DnaKTth and GrpETth wild 

type in the presence of ATP. This observation suggests that even in the presence of ATP the 
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nucleotide exchange factor GrpETth does not lose a contact with DnaKTth via its β-sheet 

domain that could be a special feature of the thermophile DnaK chaperone system. The rate 

limiting step of the overall ATPase cycle of DnaKTth is the second step of ATP binding, which 

is a conformational change that is independent of ATP concentration but is accelerated in the 

presence of GrpETth. Therefore, GrpETth causes a switch from the ADP state of DnaKTth that is 

dominant in the absence of GrpETth to the ATP state by accelerating both binding of ATP and 

release of ADP.  

According to DSC measurements performed, complex formation between DnaK and 

GrpE(∆C) was not detectable in either absence or presence of ADP. It is very likely that 

contact areas located at the α-helical part of GrpE are disrupted with temperature increase. 

This hypothesis was confirmed by experiments with Ni-NTA columns. It was observed that 

GrpE(∆C) binds to DnaKChis after incubation at 30 and 55 oC. However, after incubation of 

these proteins at 70 oC GrpE(∆C) was not detected in elution fractions together with DnaKChis, 

suggesting that high temperature may cause dissociation of a DnaKChis-GrpE(∆C) complex or 

prevent its formation. It is known that the dissociation constant of a protein-protein complex 

is a function of temperature. According to the Van’t Hoff equation (eq. 4.1) d ln Kd/dT > 0 for 

a reaction that is endothermic (∆H > 0): 

2
ln

RT
H

dT
Kd d ∆

=                  (4.1) 

A positive slope means that ln Kd, and therefore Kd itself, increases as the temperature rises. 

T.thermophilus whose molecular chaperones were studied in this work usually lives in an 

environment with a temperature of approximately 75 oC. Using ITC measurements it was 

previously observed that GrpETth wild type interacts with DnaKTth at 25, 50 and 75 oC 

(Groemping, 2000). The Kd
equ values detected at different temperatures were 0.11 µM, 0.14 

µM and 0.31 µM at 25, 50 and 75 oC, respectively. Taken together, the data presented in this 

work and published by Groemping (2000) clearly show GrpE’s β-sheet domain is necessary 

for the stable interaction with DnaKTth at elevated temperatures.  

In addition to the direct interaction between DnaK and GrpE(∆C) detected by protein affinity 

chromatography, the C-terminally truncated nucleotide exchange factor was found to compete 

with unfolded protein (urea denatured Lactate dehydrogenase from S.scrofa muscle) for 

binding of DnaK. Taking into account that unfolded substrate binds to the peptide binding 
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domain of DnaK, we could propose that GrpE lacking the C-terminal β-sheet domain also 

interacts with this DnaK domain or with at least overlapping sites on DnaK where substrate 

protein binds. Using radioactively labelled peptide Mehl et al. (2001) observed that the 

GrpEEco(1-89) mutant containing only the α-helical tail is able to decrease the amount of 

DnaK-bound peptide. Therefore it is possible to assume that the α-helical part of GrpE from 

T.thermophilus can also directly stimulate displacement of bound substrate from DnaK that 

may not need interdomain communication within DnaK. 

However, the region of GrpE’s long α helical tail which influences DnaK-peptide interactions 

is still unknown. Using radioactively labeled carboxymethylated α-lactalbumin, a 

permanently unfolded model substrate of DnaK, it was observed that the flexible tail region of 

GrpEEco including residues 1 to 33 is necessary for dissociation of a complex between 

DnaKEco and substrate (Harrison et al., 1997). It was also shown through surface plasmon 

resonance technique that the GrpE residues 1-33 are necessary for a complex formation 

between GrpEEco and single peptide binding domain of DnaKEco, DnaKEco (393-507) 

(Chesnokova et al., 2003). 

The effort to map the specific location where GrpETth’s tail interacts with DnaKTth’s substrate 

binding domain was unsuccessful. In detail, the shift in position of the emission maximum of 

the GrpE(N5C)IANBD and GrpE(V17C)IANBD after incubation with an excess of DnaK 

were 1.5 nm and 2.5 nm respectively without changing fluorescence intensity. These results 

show that GrpETth at position 5 and 17 does not directly bind into the substrate binding pocket 

of DnaKTth. It could be possible however that the flexible region of GrpETth (residues 1-33) 

binds outside the substrate-binding pocket of DnaKTth and thus stimulates the release of the 

bound substrate.  

 

4.4. Regulation of the DnaKTth Chaperone Cycle on the Level of the 
DnaKTth-GrpETth Interactions 
 

In this work we monitored interactions between the molecular chaperone DnaKTth and its 

nucleotide exchange factor GrpETth. According to data obtained in these studies the 

mechanism by which GrpETth controls the DnaKTth function is proposed as follows.  
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(1) The ADP state is a holding state of DnaKTth where a substrate protein is locked in the 

peptide binding pocket of DnaKTth and therefore binding and release of a substrate is very 

slow. ADP release is a rate limiting step in the DnaKTth chaperone cycle. Therefore the ADP 

state predominates under cellular conditions in T.thermophilus in the absence of GrpETth.  

 

(2) The refolding of a substrate can only proceed upon release from DnaK. To overcome the 

rate limiting ADP-bound state and stimulate substrate release, GrpETth binds to DnaKTth by 

forming direct contacts with the ATPase domain and the peptide binding domain. The GrpETth 

β-sheet domain stimulates opening of the ATPase domain that result in ADP release. The 

GrpETth α-helical tail alters the conformation of the peptide binding domain in such a way as 

to make this domain open and solvent accessible. The net result of this step is release of ADP 

and a substrate. 

 

(3) In a GrpETth-DnaKTth complex GrpETth contacts with both the ATPase domain and the 

peptide binding domain of DnaKTth keeping them in an open conformation. However, 

substrate binding is not allowed due to interaction of the GrpETth α-helical part with the 

peptide binding domain of DnaKTth.  

 

(4-5) ATP binding could be a trigger permitting a substrate to be bound by DnaKTth. 

However, the second step of ATP binding, which is a conformational change of DnaKTth is 

the second rate limiting step in the overall ATPase cycle of DnaKTth. Therefore the GrpETth β-

sheet domain keeping the ATPase domain in an open conformation accelerates binding of 

ATP and thus also overcomes this rate limiting step. We can assume two possible 

mechanisms permitting substrate to be bound by DnaKTth: 1) ATP stimulates a hinge bending 

motion between the ATPase domain and substrate binding domains; 2) the GrpETth β-sheet 

domain recognising the ATP bound state of DnaKTth carries the signal into the substrate 

binding domain via the long α-helical tail that stimulates mechanical movement of the 

substrate binding domain. ATP supports an open conformation of the substrate binding 

domain making its accessible for a substrate binding.  

 

(6) The final conformational changes in DnaKTth result in the weakness of the binding 

between the GrpETth β-sheet domain and the ATPase domain of DnaKTth. Finally, GrpETth 
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releases from a DnaKTth• GrpETth complex leaving DnaKTth in ATP state which converts to 

the ADP state via ATP hydrolysis locking a substrate in a substrate binding pocket.  

 

 

 
Figure 4.1: Model for the regulated DnaKTth chaperone cycle on the level of the DnaKTth-GrpETth 

interactions. (1) The ADP bound conformation of DnaKTth is a substrate holding state where the substrate 

is locked in the substrate binding pocket. (2) GrpETth binds to DnaKTth and stimulates opening of its 

ATPase and peptide binding domains which allows the release of ADP and substrate. (3) The α-helical 

domain of GrpETth interacting with the peptide binding domain in the nucleotide free state of DnaKTth does 

not permit binding of the substrate. (4-5) ATP binding which is controlled by GrpETth triggers off 

conformational changes in DnaKTth allowing rebinding of the substrate. (6) Conformational changes in 

DnaKTth induced by ATP result in release of GrpETth. 

 - ADP;          - ATP;           - substrate protein;           - GrpETth; 

 - DnaKTth in a conformation with the closed nucleotide binding and peptide binding domains; 

- DnaKTth in a conformation with the open nucleotide binding and peptide binding domains; 

  - DnaKTth in a conformation with the closed nucleotide binding domain and open peptide b

domain. 

inding 

 



Discussion   101

 
 
4.5. Outlook 
 

Our studies have raised important questions regarding the DnaK-ClpB system assisted 

reactivation of chemically and thermally denatured Lactate dehydrogenase (LDH) as well as 

functional cooperation between GrpE and DnaK from T.thermophilus.  

The detailed kinetic studies of LDH (from S.scrofa muscle and B.stearothermophilus) 

unfolding and refolding will provide ample opportunity to disclose chaperone-assisted 

refolding of this tetrameric enzyme. Not only do we need to understand basic intermediates 

that are possible during the refolding process, but also we need to understand the kinetics of 

heat induced aggregate formation and characterize the product of aggregation. The process of 

protein aggregation should be defined and characterized by different methods (DLS, electron 

microscopy). When we know the quality of aggregates (induced by heat) of the prokaryotic 

thermophilic LDH and eukaryotic mesophilic LDH, then we will be able to assess if our 

detected difference in DnaKTth-ClpBTth chaperone system assisted reactivation of the heat 

denatured LDH from B.stearothermophilus and S.scrofa muscle correlates with different 

aggregation states.  

The detected interaction between GrpE and DnaK lacking a covalent link between its ATPase 

domain (residues 1-381) and substrate binding domain (residues 382-615) could be a 

foundation for further investigation of chaperone activity of the DnaK lacking a covalent 

structural coupling between its domains. In this way, the enzymatic recovery of urea-

denatured Lactate dehydrogenase (LDH) from S.scrofa muscle (or heat-denatured LDH from 

B.stearothermophilus) could be monitored in the presence of the DnaK system where DnaK is 

substituted by the ATPase domain and substrate binding domain. 

The detailed binding kinetics of the MABA-ADP, fluorescent analog of ADP, to the single 

DnaK ATPase domain as well as peptide binding properties of the single peptide binding 

domain should be investigated to get insight into the biological activity of these domains.  
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Research into the functional cooperation between thermophile DnaK and GrpE must also 

include the function of GrpE as a molecular bridge transporting the signal from the ATPase 

domain to the substrate binding domain. Our understanding of the interdomain 

communication of DnaK via nucleotide exchange factor GrpE would be greatly advanced 

from carefully performed FRET studies. The N-terminal part of GrpE and the single peptide 

binding domain of DnaK should be labeled with different fluorophores forming a FRET pair. 

Monitoring FRET in a complex comprising labeled GrpE, the ATPase domain of DnaK and 

the labeled peptide binding domain might reveal an additional possible mechanism for the 

interdomain communication of DnaK.  

In this thesis we reported that the α-helical part of GrpE (GrpE(∆C)) competes with a 

substrate for the peptide binding domain of DnaK. Fluorescence measurements with a labeled 

peptide will help to reveal a further possible ability of GrpE(∆C) to stimulate peptide release. 

Our evidence that the flexible N-terminal part of GrpE at position 5 and 17 does not directly 

bind into the substrate binding pocket of DnaK could be a basis for study of its regulatory role 

in substrate release. Future work will involve mapping the specific location where the GrpE′s 

tail interacts with DnaK′s substrate binding domain. This site is likely to be situated above 

position 17. Finally, X-ray crystallography of the GrpE-DnaK complex will help to reveal 

further the true nature of chaperone-mediated protein folding. 
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5. Summary 

In the living cell, proteins need molecular chaperones to prevent off pathway folding. The 

molecular chaperone DnaK from T.thermophilus belongs to the Hsp70 family. Hsp70 proteins 

are composed of a highly conserved N-terminal part that comprises the ATPase domain and a 

less conserved C-terminal peptide binding domain. DnaK cycles between an ADP-bound, 

high affinity state that tightly binds unfolded substrate and ATP-bound, low affinity state that 

weakly binds unfolded substrate. GrpE serves as a nucleotide exchange factor, facilitating the 

release of ADP in exchange for ATP. With the assistance of GrpE, DnaK is re-converted from 

the ADP-state into the ATP-state. The GrpE protein forms dimers in solution and its structure 

could be divided into three regions: paired N-terminal α-helices, four helix bundles, and the 

C-terminal domains. 

According to the yield of recovery of enzymatic activity mediated by the DnaK-ClpB system 

we found that urea-denatured Lactate dehydrogenase (LDH) from S.scrofa (pig) muscle and 

heat-inactivated LDH from B.stearothermophilus could be suitable model substrates for the 

DnaK-ClpB chaperone system from T.thermophilus. 

Using the fluorescence correlation spectroscopy technique it was observed that GrpE wild 

type binds to a DnaK-ADP and DnaK-peptide complex. These results lead us to suggest that 

GrpE plays a role not only in nucleotide exchange but that it is also involved in stimulation of 

a substrate release. In this thesis we reported for the first time that GrpE wild type interacts 

with DnaK in the ATP-bound form. It was also observed for the first time that a covalent link 

between the ATPase and peptide binding domain of DnaK is likely not important for the 

interaction between DnaK and GrpE. 

In this work the contribution of the α-helical part of GrpE (GrpE(∆C)) to interactions with 

DnaK was defined. Investigations of the interaction between GrpE(∆C) and DnaK using Ni-

NTA columns and C8-coupled ATP-agarose revealed that the α-helical part of GrpE binds 

specifically to DnaK. The specificity is related to the nature of nucleotide bound to the 
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ATPase domain of DnaK. In the presence of ADP GrpE(∆C) binds to DnaK while in the 

presence of ATP the interaction between these proteins was not observed. This finding 

implies that ATP induces a conformational change in DnaK in such a way to abolish binding 

of the α-helical part of GrpE. Therefore it is possible that ATP determines not only the 

substrate affinity of DnaK but it also regulates binding of the N-terminal α-helical tail of 

GrpE. Another explanation of the disruption of GrpE(∆C)-DnaK interactions in the presence 

of ATP is based on two observations obtained using the fluorescence correlation spectroscopy 

technique: (1) the single ATPase domain and peptide binding domain of DnaK lacking a 

covalent link are able to interact in the presence of GrpE; (2) GrpE wild type interacts with 

DnaK in the presence of ATP. These findings imply that the GrpE β-sheet domain recognises 

the ATP-bound state of DnaK followed by signal transduction into the peptide binding 

domain of DnaK via the GrpE long α-helical tail which stimulates movement of the peptide 

binding domain away from the GrpE α-helical part.  

Using urea-denatured Lactate dehydrogenase from S.scrofa muscle as a model substrate 

bound to DnaK, we found evidence that the α-helical part of GrpE competes with the 

substrate for the DnaK peptide binding domain. It represents a very good framework for 

defining the mechanism by which GrpE(∆C) could possibly stimulate substrate release from 

DnaK. 

Based upon all these observations, a mechanism for regulation of the DnaKTth chaperone 

cycle on the level of the DnaKTth-GrpETth interactions was postulated. 
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6. List of Abbreviations 
 
 
A Absorption 
AAA ATPases associated with a variety of cellular activities 
ADP Adenosine 5’-diphosphate 
AMP Adenosine monophosphate 
APS Ammoniumperoxodisulphate 
ATP Adenosine 5’-triphosphate 
BSA Bovine serum albumin 
B.stearothermophilus, Bst Bacillus stearothermophilus 
CD Circular dichroism  
Clp Caseinolytic protease 
DEAE Diethylammoniummethyl- 
DMF Dimethyl foramide 
DTT Dithiothreitol 
E.coli, Eco Escherichia coli  
FPLC Fast Performance Liquid Chromatography 
FRET Fluorescence Resonance Energy Transfer 
g Gram 
GdnHCl Guanidine hydrochloride 
HEPES N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) 
HPLC High Performance Liquid Chromatography 
Hsc Heat shock cognate (protein) 
Hsp Heat shock protein 
IPTG Isopropyl-beta-D-thiogalactopyranoside 
ITC Isothermal Titration Calorimetry 
kcat Catalytic rate constant  
Kd Dissociation constant  
kDa kiloDalton 
Km Michaelis-Menten constant 
KOAc Potassium acetate  
KPi Potassium phosphate 
l Liter 
LDH Lactate dehydrogenase 
ml Milliliter  
ms Millisecond  
NAD+ Nicotinamide adenine dinucleotide, oxidized form 
NADH Nicotinamide adenine dinucleotide, reduced form 
NBD Nucleotide binding domain 
nm Nanometer 
NTA Nitrilotriacetic acid 
OD600 optical density at 600 nm 
PAGE Polyacrylamide-gel electrophoresis 
PBD Peptide binding domain 
PCR Polymerase chain reaction 
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rpm Revolutions per minute 
S.scrofa, Ssc Sus scrofa 
SDS Sodium dodecyl sulfate 
SFB Standard fluorescence buffer 
T.thermophilus, Tth Thermus thermophilus 
TCA Trichloroacetic acid 
TEMED N,N,N’,N’-tetramethylethylenediamine 
Tm Melting temperature 
Tris Tris(hydroxymethyl)aminomethane 
v/v volume/volume 
w/v weight/volume 
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