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INTRODUCTION 

 

Among the macromolecules of biological systems (including proteins), there are specific 

mechanisms for recognition, which guarantee their organized function, required by the processes 

taking place in living systems. The specific structural characteristics of enzymes allow 

recognition of their substrates, the chemical transformation of which is catalyzed. Initially, the 

nature of enzyme-substrate interaction was described by the „key and lock” model. Shortly 

after, however, it became clear, that recognition is a more complex process, in which the 

flexible character of the protein structure has a crucial role. The non-covalent bonds (H-

bridges, van der Waals and electrostatic interactions), stabilizing the three-dimensional 

structure of the proteins, are able to rearrange upon absorption of the heat energy. This results 

in local fluctuations or even large-scale structural-changes (like loop- or domain motion). The 

interaction with various ligands (substrates or effectors) perturbs these conformational 

changes in such a way that finally leads to an optimal geometry of the enzyme-substrate 

complex and brings the reactive groups close proximity. Usually only few amino acid 

residues are involved in the enzyme-ligand interactions, and resulted in protein structural-

changes even far away from the specific binding pocket. This phenomenon, observed a long 

time ago, is called as allostery, but details of the responsible molecular mechanism(s) are still 

not understood. 

The present thesis work is devoted to the problem of the mechanism of the 

conformational transition of a typical two-domain hinge-bending enzyme, the glycolytic 3-

phosphoglycerate kinase (PGK) from its open (inactive) to the domain-closed (active) form. 

In advance,, our group has contributed to the crystallographic work with PGK, to 

identification of the possible hinge regions of the molecule and has provided a reasonable 

structural explanation for the unusual kinetic behaviour of this enzyme. The aim of the present 

work was to test the validity of the hypothesis that has been put forward about the mechanism 

of operation of the main molecular hinge of PGK. The definitive purpose was to identify the 

atomic interactions, directed by the substrates (3-phosphoglycerate, 3-PG and 1,3-

bisphosphoglycerate, 1,3-BPG on the N-terminal domain and the nucleotide substrates, 

MgATP and MgADP on the C-terminal domain), that are essential for formation of the active, 

domain-closed conformation of the enzyme. 
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THE AIM OF THE WORK 

 

In order to understand better functioning of multidomain enzymes, the two-domain 

PGK has been considered as a model enzyme. About the way of cooperation of two structural 

domains of PGK two alternative hypotheses existed. One of them assumed that the main 

hinge at β-stand L operates through changing of the atomic interactions of the conserved 

residues in its surroundings upon the synergetic action of the two substrates. According to the 

other hypothesis the interaction of the mobile phosphates of the bound substrates (MgATP 

and/or 1,3-BPG) with the side-chain(s) of Lys215 and/or Arg38 may assist in domain closure.  

In order to test the validity of either of the above hypotheses, I have modified the side-

chains in question by site-directed mutagenesis. The mutant proteins have been characterized 

in enzymological and in biophysical studies. 

The following experimental plan has been followed: 

1. Small angle X-ray scattering (SAXS) measurements with the wild type human PGK 

are aimed to answer the question whether binding of either one of the two or both 

substrates to PGK is needed for attaining the domain closed conformation. 

2. SAXS measurements with the active site mutants of K215A and R38A are intended to 

clarify the role of the side chains of K215 and R38 in the substrate assisted domain 

closure. 

3. Enzyme kinetic, equilibrium substrate binding and SAXS studies are planned with 

various type of mutants created in the assumed hinge region of PGK (β sheet L) and 

its surroundings) in order to elucidate the role of these side-chains in catalysis and in 

domain closure. 

4. Similar mutational studies and analyses at the nucleotide substrate binding site and its 

surrounding are planned to explore the side-chain interactions involved in mediation 

of the effect of nucleotide to the main hinge region (βL). The comprehensive 

enzymological and SAXS analyses are expected to reveal the detailed molecular 

mechanism of domain closure at the level of side-chain interactions. 

5. Isothermal calorimetric titration experiments are devised with one substrate, both in 

the absence and presence of the other one. Differences between the two separate heat 

effects are expected to provide information about the free enthalphy change that 

accompanies domain closure. 
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EXPERIMENTAL METHODS 

 

For the experiments, I expressed human PGK and its various mutants in E. coli cells. 

After extraction, the proteins have been purified by ammonium sulphate fractionation 

followed by ion-exchange chromatography. 

I applied three different methods for determination of the binding constants of 

substrates: (1) titration of the enzyme labelled with the fluorescence dye, anilino-naphthalene 

8-sulfonate (ANS), (2) measuring the rate of thiol modification at different ligand 

concentrations and (3) titration using the method of isothermal calorimetry (ITC). 

The activity of the wild type and mutant PGK forms were determined in the presence 

of different concentration of substrates and pyrophosphate anion by using a 

spectrophotometric assay, in a reaction coupled to glyceraldehyde 3-phosphate 

dehydrogenase. 

For evaluation of the experimental results, I used Sigmaplot 6.0 and Microsoft Excel 

softwares. 

The conformational states of the various PGK forms and the effect of substrates on the 

conformation have been checked by CD spectroscopy, differential scanning microcalorimetry 

(DSC) and SAXS. For evaluation of DSC measurements I have used the software of MicroCal 

Origin 5.0. The SAXS measurement were carried out in EMBL Outstation (Hamburg), for 

their evaluation PRIMUS and CRYSOL program packages have been used. 

For molecular graphical analysis, needed for both planning of mutations and analysing 

their structural effects, the required PGK sequences have been taken from the database of 

ExPASy. For sequential comparisons the alignments have been made by using BioEdit. 

For displaying and for the molecular graphical analyses of the crystallographic 

structures of PGK the software Insight II (Biosym/MSI) has been used. 
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NEW SCIENTIFIC RESULTS 

 

 From the comprehensive enzymological and biophysical experiments, I have carried 

out with a typical two-domain kinase, 3-phosphoglycerate kinase (PGK), the following main 

conclusions have been drawn: 

 

1.) 

 

The SAXS measurements with the wild type human PGK approved, that the closed 

conformation of PGK is formed only in the presence of both substrates, i.e. only in the ternary 

enzyme-substrate complexes, independent of their nature: functioning (PGK*3-PG*MgATP 

and PGK*1,3-BPG*MgADP) or non-functioning (PGK*3-PG*MgADP) character. The 

binding of only one substrate (3-PG, 1,3-BPG, MgATP or MgADP) in the respective binary 

complexes, causes no or only partial domain closure. 

 

2.) 

 

Our previous mutational works have shown that the K215 and R38 are probably 

catalytic residues, which chemically stabilize the transmitting phospho-group during the 

enzyme reaction. These residues are positioned in the active center only in the closed 

conformational structure, e.g. the active site is formed as a consequence of the domain 

closure. During transmission from the open to the closed state K215 moves in about 10 Å, 

while R38 moves about 3 Å. On this basis we assumed that these side chains are important 

not only in the chemical step of catalysis, but also for occurrence of domain closure. The 

present SAXS measurements with K215A and R38A mutants showed that while the side-

chain of R38 is really important for domain closure that of K215 has no any detectable effect 

on this conformational transition. Thus, the interaction of the nucleotide γ-phosphate or the 1-

phosphate of 1,3-BPG with the side-chain of K215 cannot initiate itself the domain closure. 

These interactions may only further help (promote) this movement, if it is directed by a 

different mechanism.  
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3.) 

 

This independent mechanism has been assumed to be identical to the functioning 

mechanism of the main hinge at the βL. To check the validity of this assumption and to 

understand how this molecular hinge is functioning, I have tested the role of the conserved 

residues of β-strand L and those in its surroundings, using site-directed mutagenesis. The 

results obtained with single and double Ala mutants of the residues of S392 and T393 clearly 

showed the importance of these side-chains in domain closure. However, their separate effects 

are only diminished, compared to their large cumulative effects, observed with the double 

mutant (S392A-T393A). Furthermore, deletion of T393 (T393del) revealed that any change in 

the length of βL had a drastic effect on the enzyme function due to the lack of domain closure. 

The experiments with T393del also proved that the shape of βL is crucial for domain closure, 

as it was originally assumed from comparison of open and closed crystal structures. Thus, the 

hypothesis of the existence of the main hinge at βL has been experimentally confirmed. 

It is remarkable, however, that the binding constants of substrates to T393del are 

similar to those of the wild type human PGK. From our ITC experiments it became clear that 

similar binding constants correspond to different binding modes of substrates. The binding of 

substrates to T393del is much more entalphy-driven processes compared to those for the wild 

type enzyme. Thus, the mutant binds the substrates in a more rigid way than the wild type 

enzyme does. The lack of domain closure of mutant and the concomitant activity loss may be 

related to this highly rigid binding and to stabilisation of the open conformation. 

It is also notable that the behaviours of all other hinge-region mutants essentially 

reflect the same tendency, but in a less extreme way: the binding constants of substrates 

change much less compared to the changes observed in their catalytic efficiencies. 

It is also shown from this mutational work that the S398 side-chain does not play any 

role in the domain closure, although its involvement could have been assumed from two 

independent crystal structures. 

 

4.) 

 

The roles of E192 and F196 (in α7 helix) and F165 (in α5 helix) have been also tested 

by mutational experiments. These side chains are located in the interdomain region and have 

direct or indirect connection with βL. DSC and thiol-reactivity measurements with the 
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mutants have shown that the F165 and E192 have key roles in the maintenance of the 

structure of interdomain region and also in stabilisation of the whole enzyme molecule. The 

loosening of the structures of the mutants of F165A and E192A can be counterbalanced by 

addition of the substrates, thus the activity of mutants could be tested and the effect of 

substrates on the enzyme conformation could be characterized. The DSC measurements 

revealed only a minor stabilization effect (if any) in the ternary enzyme-substrate complexes 

compared to the stability-increase in the binary complexes. From this observation, we 

assumed the absence or only partial occurrence of domain closure in case of these mutants. 

This suggestion has been approved by the SAXS data, at least with E192A mutant. Thus, the 

investigated side-chains of interdomain region are also actively contributed to domain closure. 

Through their direct or indirect interactions with βL, these side-chains can transmit the 

information from the main hinge towards the other existing hinges located at the N- and C-

termini of helix α7. 

 

5.) 

 

The next question was: what is mechanism that can direct the change of the shape of 

βL. Initially, we have put forward a hypothesis about the existence of a double-sided 

molecular switch. This hypothesis assumed that the binding of both substrates in the ternary 

complex initiate the extension of the H-bond network, which partially is already present in the 

binary complexes. Such extension of H-bonds causes a large change in the shape of βL with 

concomitantly occurring domain closure. In line with this hypothesis, our SAXS 

measurements supported the necessity of the simultaneous binding of both substrates (cf. 

point 1.). In fact, the results of the present mutagenesis experiments at the substrate sites 

argue in favour of extension of the effect of substrates from their binding sites to the main 

hinge at βL, in accordance with the existence of double molecular switch. Moreover, from the 

mutagenesis studies the side-chains involved both in substrate binding and in domain closure, 

could be identified. One of such side-chains is R38, which has a direct role in binding of 3-

PG, but it can also transmit the information from the 3-PG site to the hinge at βL, i.e. it is also 

important for domain closure, as in fact, is approved by the SAXS measurements (cf. point 

2.). From the results with the nucleotide site mutants the side-chains of K219, N336 and E343 

are additionally identified as important ones, not only in nucleotide binding, but also in 

domain closure. These experiments also raised the possibility that the side-chain of K219 may 
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have a more direct role in the chemical step of catalysis. The side-chains of K215 and T375, 

which are involved in binding of the γ-phosphate of MgATP and of the β-phosphate of 

MgADP, respectively, have no any roles in the inducing of domain closure. While K215 is an 

essential catalytic residue, T375 does not contribute significantly to the catalysis. 

 

6.) 

 

The energy-requirement of domain closure was estimated by isothermal titration 

calorimetry. By comparing the binding constants of a single substrate in the binary and in the 

ternary complexes, well-defined differences have been observed. This is due to the fact that 

the bound substrates in the ternary complex mutually weaken binding of each other to PGK. 

This phenomenon is called substrate antagonism. The differences in the binding energies of 

the binary and ternary complexes have been used to cover the energy requirement of domain 

closure. The calculation resulted in as small as 4 kJ/mole energy-investment, needed for 

domain closure. This value is in good agreement with formation of only very few additional 

H-bonds in the closed ternary complexes relative to the open binary complexes. 

 

7.) 

 

The results of the present mutagenesis studies have been analysed in the light of the 

double-sided molecular switch hypothesis, by using molecular graphics. On this basis we 

were able to define a „conformational pathway” (depicted in Fig. 1) from the substrate 

binding sites to the main hinge. This pathway consists of interactions among exclusively 

conserved side-chains and the chain of these interactions is an essential element of domain 

movement of PGK. Thus, the results presented in my thesis not only evidentiated the role of 

βL hinge region with its double-sided H-bond network, constituting a double molecular 

switch but also provided an explanation at the level of atomic details for its functioning and 

attaining the active conformation of PGK.  

 

To sum up, a detailed molecular picture is presented about the occurrence of the 

allosteric conformational change with an individual enzyme, human PGK, which is induced 

by substrate binding and resulted in formation of the functioning domain-closed 

conformation. This knowledge will help us in understanding and controlling the 
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phosphorylation processes of the various nucleotide diphosphates applied as pro-drugs against 

HIV infection by human PGK. 

 

 
Fig. 1. Illustration of the allosteric conformational pathways from the substrate sites to the main 

hinge of PGK at β-strand L. 
 

In panel A, the Cα traces of the whole molecules with the open conformation (3-PG binary complex, 
green) and with the closed conformation (MgADP*3-PG ternary complex of T. brucei, red) PGKs are 
superimposed according to the backbone atoms of the core β-sheets of the C-domain. β-strand L and 
helix α14 in both structures are highlighted by ribbons.  
In panels B and C, the structural details in the surroundings of the main hinge at βL, including the 
substrate binding sites, are illustrated in case of the closed conformation of the PGK*MgADP*3-PG 
ternary complex.  
Besides the substrates, the transferring phospho group is illustrated in panel B as a grey ball and stick 
model. The side chains are labelled according to the hPGK sequence numbering. The side chains that 
have been replaced by Ala via mutagenesis are highlighted as blue stick models. The H-bonds and 
hydrophobic interactions are shown as dashed lines. Arrows indicate the route of transmission of the 
effects of 3-PG and the nucleotide toward βL. Black double-sided arrows indicate the H-bonds formed 
upon domain closure in the ternary complexes. 
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