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Introduction: 

Proteins play a central role in the key processes of biological systems, and therefore can 

be directly linked to the causing and treatment of many diseases. The biophysical examination 

of proteins produced by bacterial expression systems - as well as the recent times technical 

development – remains an important and decisive discipline therefore the investigation of the 

structural and dynamic parameters, the analysis of their interaction network is an integral part 

of rational drug design. 

During my PhD work I investigated structural and functional aspects of the a Glucagon-

like Protein-1 receptor (GLP-1R) and its peptide ligands used worldwide for the treatment of 

T2DM and podocin, affected in steroid resistant nephrosis (SRNS). 

Type II diabetes may lead to the dysfunction or death of β-cells of the pancreas, which 

reduces insulin production and secretion. The 39-amino acid Exendin-4 was isolated from the 

saliva of Heloderma suspectum, has the same biological effect as its homologous GLP-1: it is 

interact with the GLP-1 receptor (GLP-1R) and activates the glucose-independent insulin 

secretion pathway. Exendin-4 has longer half life, stronger binding stability, and other 

beneficial effects than GLP-1, therefore it is one of the modern and current target molecules for 

healing diabetes mellitus.1,2 

The 20 aminoacid long TC5b, was designed from Exendin-4, has a tertial structure in 

water, like longer, globular proteins. Using the advantageous structure properties of this 

miniprotein, named as tryptophane-cage miniprotein, it is possible to design GLP-1 analogue 

Exendin-4 miniproteins with increased solubility, N-terminal helicity, biological activity and 

with reduced aggregation properties.3 

Nephrotic syndrome is a rare hereditary kidney disease, in which the patient's survival 

prospects are bad due to the damage to the glomerular filtration barrier. 10-20% of patients are 

resistant to steroid-based medication, resulting in end-stage renal failure (ESRD) within 5 years. 

30% of these cases are due to genetic reasons: mutations of the NPHS2 gene encoding the 

podocin protein of podocyte cells.4,5 

SRNS is a monogenic autosomal recessive disease, so it is necessary for mutations of a 

single gene, but for both alleles. Kálmán Tory was the first, who observed the contradictions of 

the genetic counseling protocol. According to his clinical experience, the disease is less 

pronounced in patients with one NPHS2 mutation on one allele associated with Arg229Gln 

mutation, which in homozygous form does not cause any disease. Statistical analysis and in 

vitro and in vivo studies have shown that the pathogenicity of Arg229Gln mutation occurs only 
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on the trans-associated mutation occurring on 7-8 exons, i.e. the 3 'mutations have a dominant 

negative effect. 

The function of podocin is unknown. It is accumulated in a dimer or oligomeric form in 

lipid-rafts forming microdomains in the slit diaphragm. Its atomic resolution structure is 

currently unknown, only its homologue form, stomatin was solved.  

Aims 

1. Design and purify the extracellular domain of the GLP-1 receptor (nGLP1r) for NMR-based 

ligand binding studies with rational protein design, using different expression strains and 

fusion protein systems, to optimize the yield and refolding efficiency. 

The active, native disulphide bond patterned nGLP1r X-ray structure, expressed in 

bacterial expression system are known. However, my preliminary experiments showed that the 

low efficiency refolding step is not suitable in our laboratory (lack of fermentor and refolding 

reactor). So we have to look for alternative production pathways. Our aim was to investigate 

the expression and refolding of nGLP1r with different fusion proteins, considering the need of 

double-labeled (13C / 15N) in appropriate amount of the active conformer for the NMR assays. 

2. Expression and purification of GLP-1 and Exendin-4 analog miniproteins to investigate their 

structure and dynamic properties and in vitro bioactivity. 

The 20 aminoacid length TC5b is the lowest miniprotein with tertiary structure. The 

atomic resolution structure of this miniprotein is known, but its dynamic properties not yet. To 

investigate its dynamic properties, large amount of double isotope-labelled (13C / 15N) samples 

were needed. To do this, we had to use a bacterial expression system that is both suitable for 

yield and the preservation of the tertiary structure of the miniprotein. 

Our further aim was to design and purify bioactive incretin analogs with a lower 

aggregation tendency. GLP-1 and Exendin-4 have also been shown to form a helix bonded 

aggregates in aqueous solution, under physiological conditions (pH, temperature). This 

properties increase the risks of an immune response and thus presents a significant drawback in 

their therapeutic use. With modification of the the miniproteins’ primary structure, our aim was 

to create a compact structured form to preserve the native, biologicaly active structure of this 

molecules in extreme conditions (pH, temperature, osmolality, concentration). 
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3. An atomic resolution molecular mode,l based on experimental results to explain the 

structure-related changes caused by the point mutations of the intracellular domain of the 

podocin, which are causing the SRNS. 

Based on genetic information from clinical experience, the NPHS2 point mutations of 

the 7. and 8. exons of the gene associated with the Arg229Gln mutation is causing the steroid-

resistant nephrosis syndrome. NPHS2 encodes the podocin protein, expressed only in podocyte 

cells. This protein does not have an atomic resolution structure yet. Based on published results, 

podocin is present as dimer or oligomer form associated to the plasmamembrane of podocytes. 

Based on the structure datas from homologous proteins and the analysis of the primary structure 

of the podocin, it is presumable that the dimerization of the podocin occurs with a coiled coil 

interaction in the C-terminal region, which is encoded by the exon 7 and 8. 

Our aim was to prove our hypothesis by experimental and molecular dynamical results: 

the dimer stability decreases with the point mutations in the coiled coil region, therefore this 

decreased stabilization have an negative effect on the stability of ultrafiltration protein 

components. 

Methods 

The peptides, miniproteins, and proteins were produced (cloning, expression) using E. 

coli heterologous expression system. The proteins were purified by various chromatographic 

methods (affinity, ion exchange, size exclusion, reversed phase chromatography). 

The structural properties of the proteins and peptides were characterized by 

spectroscopic methods (CD and NMR). Insulin secretion of tryptophan-cage miniproteins was 

tested in vitro using the INS-1E cell line from β-cells of the pancreas. 

The podocin was homology modelled and investigated by moleculad dynamic 

simalations of the homo and heterodimer forms with different point mutants. The dimerization 

was investigated using different truncated and point-mutated podocin C-terminal domain 

variants by size exclusion chromatography, CD-spectroscopy and in vivo Förster resonance 

energy transfer (FRET). 

Results and discussion 

After optimizing the production of miniproteins, comparative, cost-related studies were 

performed between the bacterial expression and solid-phase peptide synthesis (SPPS). 
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The primary role of the ubiquitin fusion partner in the production of Exendin-4 and 

analogue miniproteins, to increase the yield of the purified form of the miniproteins due to the 

small fusion protein / target peptide mass ratio. The main advantage of ubiquitin fusion protein 

is that the proteolytic cleavage with specific hydrolase does not alter the primary structure of 

the target peptides, which is particularly important, showed in the dissertation by significant 

structure differences between TC5b and E0-E3 peptides. The miniprotein production protocol 

was optimized during the expression and purification of 40 variants: 2-4 mg of unlabeled, 1-3 

mg 13C and / or 15N could be produced with one liter labeled culture medium. Its cost compared 

to solid phase peptide synthesis is significantly lower. For non-labeled peptides, although solid-

phase peptide synthesis is more cost-effective, but the bacterial expression is preferable for both 

miniproteins and isotope labelling process, both for cost and simplicity of the process. 

Using several bacterial strains, fusion partners, different designed constructs, the 

expression and purification of the GLP-1 receptor extracellular domain (nGLP-1R) were 

optimized. 

The maltose binding protein (MBP) was used for the production of nGLP-1R, allows 

the production of the active, native disulphide-like form of the extracellular domain. After 

soluble expression, the fusion protein forms a soluble aggregate, i.e., the fusion partner 

maintains a population of aggregated interphased proteins having different disulfide patterns in 

solution phase. These states can be transformed into a monomeric form during refolding process 

in a redox environment, therefore the fusion partner plays a passive chaperone role: it allows 

the target protein to fold to its native state by preventing the precipitation of intermedier forms 

during the rolling process. However, it should be noted that in the solution phase the 

extracellular domain is present in three different disulfide patterned stable forms. 

During my doctoral dissertation I successfully applied and expressed the entire GLP-1 

receptor, a G-protein coupled receptor, in solution phase embedded in nanodiscs using the cell-

free expression method. It has been shown that the bacterial (S30) cell-free expression system 

is not suitable for the production of the active form of nGLP-1R with three disulfide bonds, 

although the binding assays were unsuccessful. 

I successfully designed, purified several different intracellular domains of podocin to 

investigate its biophysical properties. In the case of the production of the intracellular domain 

of the podocin, the role of the fusion partner is to maintain the native conformation protein. It 

was found that in the case of intracellular podocin fragments, MBP prevented the aggregation 

of the N-terminal of the podocin, which meant that the target protein could not be directly 
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produced. However, the fusion partner allows the dimerization of the native state of the 

podocin, thus allows a biophysical assay as a member. 

Expression and purification of the rationally designed Exendin-4 analogues were 

optimized in bacterial expression system, and their biophysical characterization were 

performed using CD-spectroscopy and NMR derived CSD data analysis. 

Comparing the results of the CD measurements and the CSD analysis from the NMR 

data supplement with the calculated atomic resolution structures, we found that the helicity of 

the designed E19 and EDR miniproteins in aqueous solution is greater than Exendin-4. In the 

case of EDR, the helicity is higher due to the Glu28-Arg35 salt bridge. The optimized 

tryptophan-cage is also contributes in the internal stabilization of the overall miniprotein 

structure of the designed E19. In this case, the Glu28-Arg35 salt bridge also increases the 

stability of the structure, which becomes more compact by increased π-π interactions between 

the aromatic side chains, additionally mutated Gln24 sidechain and the formation of the 

Tryptophan cage (Phe22-Trp22). Based on diffusion NMR studies, E19 under physiological 

conditions, is more resistant to the aggregation process than Exendin-4, which is commonly 

found in the incretins. This also highlights the tryptophan cage structural motif to stabilize the 

entire structure of the molecule 

The designed, length and point mutants Exendin-4 analogues made it possible to detect 

important differences in the protein family's peptide backbone dynamics and the folding 

pathway. 

During CD spectroscopic examination and CSD analysis of chain extensions between 

TC5b and E19, it was determined that the C-type spectrum content, i.e., the structured 

conformers, is not continuous. The structure of the smallest miniprotein (TC5b) is destabilized 

by replacing its N-terminal amino acid with the wild-type arginine, and the ordered conformer 

is reformed at lenghtenint the sequence to the E5 miniprotein. Subsequently, the helixity of the 

molecule increases to the E11, but subsequently, to E19, is considered constant. We have shown 

that the N-terminal helix linker characteristic of the incretins is loaded by Glu17 for E19, EDR 

and Exendin-4, although it forms the N-terminal continuous α-helix on the basis of the crystal 

structure of Exendin-4. Among the two helix regions thus formed, the C-terminal provides for 

binding to the extracellular domain, so the positioned N-terminal helix activates the receptor by 

interacting with the transmembrane region. 

The bioactivity of rationally designed Exendin-4 analogs was investigated by insulin 

secretion biosynthesis. 
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The activity of Exendin-4 and the designed E19 and EDR miniproteins was similar to 

the literature data. For the TC5b, E5, E10 molecules, no insulin secretion was detected, because 

the N-terminal helix is missing from these miniproteins. This results proved the two-step 

receptor activation process. This was also confirmed with the E19CC, because the Ala15Cys-

Ser39Cys disulfide bond reduces the mobility of N-terminal helix, which is supported by CSD 

analysis and calculated structure data. Due to the decrease in helix mobility, positioning of the 

N-terminal helix is prevented, therefore the molecule is unable to activate the receptor. 

Using in silico molecular modeling and molecular dynamics I determined the structure of 

the homo- and heterodimer of the podocin protein carrying lethal and non-lethal 

mutations. 

We found that wild-type monomeric podocin Arg229 sidechain stabilizes the globular 

head domain with at least two hydrogen bridges (Glu233 / Glu237, Asp244). As a result of the 

polymorphic mutation (Arg229Gln), this interaction is eliminated, the two glutamic acid side 

chains turn to the helical domain and interact with the its Arg288 and Lys289 aminoacids. Due 

to the emergence of this new electrostatic interactions, the interaction between the globular head 

and the helical domain becomes limited flexible connection, but it does not modify the topology 

of the homodimer. It was found that missense mutations (Ala284Val, Ala297Val) weaken the 

stability of the coiled coil structural elements of the helical domain. The two mutations 

combined with the lethalmic heterodimers are therefore significantly damaged by the topology 

of heterodimers. This supports the retention of Arg229Gln mutants in the cytoplasm causing 

the formation of SRNS. 

The C-terminal helical domain of podocin is responsible for dimerization. 

Although the predicted coiled coil probability of the helical domain (272-313) is low 

(20%), it was found using CD and NMR spectroscopy that both the native and mutant helical 

domain fragments form a coiled coil like element. Based on temperature-dependent CD 

measurements, we found that Ala284Val and Ala297Val mutations reduce the stability of the 

coiled coil structural element due to the increase in the length of their hydrophobic sidechains. 

It was observed during the size-exclusion chromatographic purification of the various 

intracellular domains, that the all of the truncated C-terminal fragments form dimer, but the 

fragment of the non-pathogenic 168-286Tfs is only present in monomeric form. This fragment 

lacks the C-terminal helical domains, therefore our hypothesis was proved, i.e., dimerized 

through the C-terminal intracellular domain of podocin. 
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The FRET interaction study of different lengths of intracellular domain fragments also 

supported these findings. We show that the FRET intensity efficiency of the truncated 

fragments (168-313) corresponds to the full-length fragment (168-383).  

Summary 

The production of different proteins using a heterologous bacterial expression system is 

a robust, easy-to-use method. This biotechnological process, supplemented with advantages of 

the fusion proteins, allows the production of a target protein in large amounts, suitable for 

biophysical and structural studies. During my doctoral work, I solved and optimized the 

production of three types of proteins closely related to type II diabetes and steroid-resistant 

nephrosis, than investigated their biophysical properties. 

Exendin-4, an analogue of the GLP-1, the ligand of the B1 G-protein coupled receptors 

subfamily member GLP-1R, is responsible for activating the glucose independent insulin 

secretion pathway. However, due to its short half-life and high aggregation tendency under 

physiological conditions, we considered to design additional Exendin-4 analogs, which are 

capable of preserving their structure and monomeric bioactive form in a broader pH and 

temperature range. 

As a starting point, the smallest miniprotein (TC5b) was conjugated with the N-terminal 

fragment of Exendin-4 (Exendin-4_1-19) to preserve the tertiary structure of the TC5b and its 

receptor activating properties (E19 miniprotein). In the case of EDR miniprotein a new salt 

bridge was introduced via the designed Glu28Asp and Ala35Arg mutations. In the E19_CC 

variant, a disulfide bridge was evolved by the Ala18Cys-Ser39Cys mutations, to decrease the 

flexibility of the N-terminal helix and make the tryptophan cage motif more compact. 

It was found, based on the NMR and ECD spectroscopic data, that the conjugated N-

terminal helix (1-19) plays a major role in the conservation and thermostability of the 

tryptophan cage structure. It was also confirmed that the designed disulfide bridge (E19_CC) 

decreases the mobility of the N-terminal helical part and shows the highest degree of 

compactness, increasing its thermal stability. However these structural modifications drastically 

reduced its bioactivity. On the other hand, diffusion NMR data revealed that the E19 and EDR 

miniproteins show lower aggregation tendencies than Exendin-4, coupled with a higher insulin 

secretion effect. 

The production of the extracellular domain of the GLP-1 receptor (GLP-1R) with the 

native disulfide pattern - required for the proposed spectroscopic binding assay - was 
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unsuccessful by following the published protocol. After isolation of the protein in an inclusion 

body, the refolding of native GLP-1R, using a redox system was inefficient. The effect and 

impact of various fusion protein partners were studied for achieve the proper refolded state of 

native GLP-1R. The protein was successfully produced using Maltose Binding Protein as a 

fusion protein, but it was also found that the soluble form is a mixture of 3 different disulfide-

patterned conformers and unfortunately the native conformer is self-cleavable, thus unstable. 

The effect of pathogenic podocin mutations on the structure of the protein was 

investigated using in silico methods, such as homology modelling, molecular dynamics 

simulations, and also by spectroscopic methods. Homology modelling was carried out using 

the structure of stomatin (~53% sequence homology). Molecular dynamics simulations 

revealed, that the polymorphic Arg229Gln mutation decreases the flexibility between the 

cytoplasmatic globular and helical domain. The associated disease-causing mutations in the 

helical domain lead to the formation of distorted dimer and oligomer structures. These findings 

provide a model for understanding the structural details of the patho-mechanism of the studied 

mutations. 

With CD spectroscopic examination of the helical segment of podocin, complemented 

by NMR, FRET and size exclusion chromatographic measurements of various constructs, the 

in silico results were proved. We found, that the 272-313 region of podocin has a central role 

in the dimerization of podocin. We showed that it forms an antiparallel coiled coil like structure, 

and that the associated missense mutations weaken the hydrophobic interaction between the 

two helical fibers. The dimerization regions at the C-terminal part of the protein were also 

verified with in vitro FRET interaction assay of intracellular domain fragments. 
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