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Introduction  

One of the most challenging problems of proteins and peptides is the physical instability 
and tendency to form amyloid fibrils. Amyloid formation starts typically from soluble 
monomeric precursors, which undergo remarkable conformation changes associated 
with the polymerization into 8- to 10-nm wide fibrils with dominantly cross-beta 
structure. Protein tendency to form fibrils is associated with more than 40 human 
diseases, including the neurodegenerative disease amyotrophic lateral sclerosis (ALS) 
and metabolic disorder type 2 diabetes mellitus. Proteins can form fibrils at intra- or 
extracellular sites causing different pathologies. In vitro fibrillization causes many 
challenging problems in the production and storage of artificially produced peptide 
hormones and therapeutic proteins.  

Proteins often require cofactors to perform their biological functions. Such cofactors 
are often metal ions. That is why it is very important to investigate the physical and 
chemical properties of protein-metal complexes. In addition, it has been demonstrated 
that metal ions such as Zn(II) and Cu(II) have a pronounced effect on the fibrillization of 
various amyloidogenic peptides and proteins. However, the roles of metal ions in the 
fibrillization of metalloproteins as well as affinity parameters of metal-protein complexes 
are still largely unknown, although they are of fundamental importance for the 
understanding of protein functioning and dysfunction. 

One goal of this study was to gain more understanding of the molecular mechanism 
of protein fibrillization in the example of insulin. We also examined the effect of Zn(II) 
ions on insulin fibrillization and revealed insulin fibrillization kinetics at physiological pH. 
We have determined the dissociation constant value for the monomeric 1 : 1 Zn(II) – 
insulin and Cu(II) – insulin complexes. We showed that Zn(II) inhibits the fibrillization of 
monomeric insulin at physiological pH values by forming a soluble Zn(II)-insulin complex. 
The obtained results demonstrate that Zn(II) ions might suppress the fibrillization of 
insulin at its release sites. In circulation, it is, however, not possible due to the low 
concentration of free Zn(II) in the environment. Based on the obtained results we 
proposed a model for the assembly and fibrillization of insulin in the presence of Zn(II) 
ions and indicated that dimerization is an off-pathway in this process.  

The second goal of this study was the investigation of the demetallation of  
Cu,Zn-SOD1, and its ALS-related G93A mutant in the presence of different standard metal 
ion chelators at varying temperatures by using an LC-ICP MS-based approach. Our results 
showed that both metal ions Zn(II) and Cu(II) are released simultaneously according to 
the slow first-order kinetics from the protein at elevated temperatures. The rate of the 
release depends on the concentration of chelating ligands but is almost independent of 
their metal-binding affinities. Metal-binding affinities of native and G93A mutant of 
Cu,Zn-SOD1 have been estimated from the extrapolation of the Arrhenius plot to 
physiological temperatures.  

The obtained results give us a better understanding of the mechanisms of amyloid 
formation on the molecular level in the absence and presence of metal ions and reveal 
the affinities of many protein-metal ion complexes. 
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Abbreviations 
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CCS Copper Chaperone for Superoxide Dismutase 
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SEC Size-exclusion chromatography 
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T2D Type 2 diabetes mellitus 

TEM Transmission electron microscopy 

ThT Thioflavin T 

ZnT8 Zinc transporter 8 
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1 Review of the literature 

1.1 Roles of zinc and copper ions in proteins 

It is known that nearly thirty percent of all proteins contain metal ions. There is a term 
“metalloproteins” which denotes proteins whose function is regulated by metal ions 
(Mounicou, Szpunar et al. 2009). Metal ions serve a variety of functions in proteins. 
The most important function is to take part in the catalytic processes of enzymes 
(Glusker 1991).  Metal ions are well suited for these functions because of the following 
properties: (i) metal ions are usually positively charged and, hence, electrophilic. 
They can act as Lewis acids in binding and activating substrates; (ii) many metals can 
exist steadily in several different oxidation states differing by one or by several units. 
This allows these metals to participate in various types of oxidation-reduction 
processes; (iii) metal ions generally bind four or more ligands. By binding several 
protein side chains, metals can act as cross-linking agents (Berg 1987). Another role 
of metal ions is to enhance the structural stability of the protein in the conformation 
required for biological function. The most common metal ions included in the 
composition of metalloproteins are zinc and copper.

Copper is an essential trace metal found in all living organisms. It is required for 
survival and serves as an important catalytic cofactor in redox chemistry for proteins 
that carry out fundamental biological functions required for growth and development 
(Linder and Hazegh-Azam 1996). Copper serves as an essential cofactor for the activity 
of cytochrome C oxidase in mitochondria, the enzyme that is central for respiration, and 
for Cu,Zn-dependent superoxide dismutase (SOD), which plays an important role in the 
detoxification of superoxide radicals. In addition, many cells require copper in the 
secretory pathway, where enzymes like ceruloplasmin, dopamine-β-hydroxylase, 
peptidyl-α-mono-oxygenase, tyrosinase, and others incorporate copper as a cofactor in 
their catalytic sites. These enzymes contribute critically to several key physiological 
processes, such as iron influx into the cells, the production of neuroendocrine peptides 
and neurotransmitters, pigmentation, blood clotting, and others. Copper deficiency 
decreases the activity of these enzymes and thus affects adversely the corresponding 
physiological processes (Johnson and Anderson 2008; Nelson and Prohaska 2009). 

Genetic and biochemical studies identified several proteins that play key roles in the 
uptake, and export of copper from the cells. These include a high-affinity transporter 
CTR1, a low-affinity transporter CTR2, and the copper efflux transporters ATP7A and 
ATP7B. It has also become apparent that, in addition to membrane transporters, cells 
contain a complex network of soluble regulator molecules – copper chaperones (CCS, 
Atox1, Cox17, SCO1, and SCO2), that allow for the fine-tuning of copper homeostasis 
and precise temporal and spatial distribution of copper in a cell (Lim, Cater et al. 2006; 
Gupta and Lutsenko 2009). In organism Cu ions can only be found in the composition of 
proteins because the concentration of free copper ions in the cytoplasm of eukaryotic 
cells is very low, estimated to be under 10−18 M (Rae, Schmidt et al. 1999). 

Copper can exist in biological conditions in two redox states – Cu(II) and Cu(I) with 

the redox potential of Cu(II)/Cu(I) couple of 153 mV (Strehlow 1978). Copper in its 
reduced (Cu(I)) form can interact mainly with thiol and thioether groups of Cys and Met. 
Oxidized (Cu(II)) form interacts with imidazole nitrogen of His or carboxyl groups of 
Asp or Glu. Copper-containing proteins are important electron carriers and redox 
catalysts thanks to switching between two redox states (Wittung-Stafshede 2015).  



11 

Zinc is a vital biometal involved in numerous aspects of cellular metabolism. The content 
of zinc in β-cells of pancreas is one of the highest in the body and it appears to be an 
important metal for insulin-secreting cells. Zinc ions are essential cofactors for the 
activity and folding of up to ten percent of mammalian proteins (Vallee and Falchuk 1993) 
and can modulate the function of many others. It is, therefore, not surprising that zinc 

deficiency has catastrophic consequences, reflected in the retarded growth and impaired 

immune functions (Udechukwu, Collins et al. 2016) also in other syndromes, like erosion 
of the gastrointestinal tract, skin lesions, cardiac failure, and malformations of the brain 
and the male reproductive system (MacDonald 2000; Maret and Sandstead 2006). Zinc, 
particularly the “free” or loosely-bound form of the ion, is nevertheless profoundly toxic 
to mammalian cells (Frederickson, Koh et al. 2005). Thus, both zinc deficiency and free 
zinc excess are toxic to mammalian cells (Lemaire, Ravier et al. 2009). Dysregulation of 
free zinc has also been implicated in the formation of β-amyloid plaques associated with 
Alzheimer’s disease (Cherny, Atwood et al. 2001). These paradoxical aspects of cellular 
zinc dictate that it is distributed in highly regulated gradients with respect to the plasma 
membrane and intracellular compartments. The cellular distribution of zinc into 
organelles is precisely managed to provide the zinc concentration required by each cell 
compartment (Sekler, Sensi et al. 2007). It secures that an adequate supply of this ion is 
available to the numerous zinc-binding proteins while preventing its accumulation and 
the potentially devastating effects it can readily initiate (Sekler, Sensi et al. 2007). 

The uniqueness of zinc, in contrast to other abundant transition metals in the body, 
e.g., iron and copper, is that it lacks redox activity (Sekler, Sensi et al. 2007). Zn(II) is 
redox-stable and it functions as a Lewis-acid type catalyst to accept a pair of electrons. 
In proteins, Zn(II) ions are bound to His, Cys, Glu and Asp residues (Berg and Shi 1996; 
McCall, Huang et al. 2000; Swart 2013). In proteins, zinc ions are essential for enzymatic 
activity, folding or conformational changes. Zn(II) is a very important metal ion for the 
functioning of more than 300 different enzymes that regulate cell growth, cell division 
and apoptosis, gene expression, and immune response. Moreover, Zn(II) functions as 
structural a component in many transcription factors, such as zinc-fingers, which 
represent one of the largest protein families coded by the mammalian genome.   

1.2 Insulin 

Insulin is a small peptide hormone that is crucial for the control of glucose metabolism 
(Ahmad, Uversky et al. 2005) and the regulation of the biosynthesis of triglycerides by 
adipose cells (Haas, Vohringer-Martinez et al. 2009). Defects in insulin secretion and 
action result in diabetes mellitus, a severe metabolic disorder, the hallmark of which is 
hyperglycemia (high blood sugar) (Chimienti 2013). If untreated then diabetes mellitus 
will lead to serious health problems and ultimately to death (Alberti and Zimmet 1998). 
Insulin is secreted in the islets of Langerhans by the β-cells both tonically (at a constant 
low-level release rate) and as a high-level spike in response to an immediate glucose load 
such as a meal (Chausmer 1998). The Zn content in pancreatic β‑cells is among the 
highest in the body and it is an important metal ion for insulin‑secreting cells (Chimienti, 
Favier et al. 2005). Zn deficiency has not been very well documented in diabetes; 
however, it is suggested that there may be additional requirements for Zn. Different studies 
have found decreased physiological levels of Zn status in diabetics (Tepaamorndech, 
Kirschke et al. 2016), (2017). 
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1.2.1 Insulin synthesis and secretion   
Insulin is secreted primarily in response to elevated blood glucose concentrations. This is 
reasonable as insulin is responsible for promoting glucose entry into cells. Some neural 
stimuli (such as vision and taste of food) and increased blood concentrations of other 
fuel molecules, including amino acids and fatty acids, also contribute to insulin secretion. 
Insulin is synthesized in significant quantities only in beta cells of the pancreas. The insulin 
mRNA is translated as a single chain precursor called preproinsulin. Later when its signal 
peptide is eliminated upon incorporation into the endoplasmic reticulum, proinsulin is 
formed (Weiss, Steiner et al. 2000). 

Proinsulin consists of three regions: a carboxy-terminal A chain, an amino-terminal B 
chain, and a connecting peptide in the middle known as the C peptide. Within the 
endoplasmic reticulum, proinsulin is exposed to several specific endopeptidases which 
excise the C peptide, thereby generating the mature form of insulin (Fig. 1). Insulin and 
free C peptide are packaged in the Golgi complex into secretory granules together with 
amylin (Landreh, Alvelius et al. 2014). 

When the beta cells are appropriately stimulated, insulin is released from the cell by 
exocytosis and diffuses into the capillary blood of the islets. C peptide is also secreted 
into the blood but has no known biological activity (Davidson 2004). 

 
Figure 1. Insulin biosynthesis in pancreatic beta cells. Insulin biosynthesis begins with the synthesis 
of a precursor, preproinsulin, within the cytosol. Preproinsulin is composed of signal peptide (blue), 
insulin B-chain (brown), C peptide (black), and insulin A-chain (purple). Newly synthesized 
preproinsulin undergoes co- and posttranslational translocation into the endoplasmic reticulum 
(ER), where it is cleaved by a signal peptidase, forming proinsulin. The proinsulin folds in the ER, 
forming three evolutionarily conserved disulfide bonds, including two interchain disulfide bonds  
B7–A7 and B19–A20, and one intrachain disulfide bond A6–A11. Properly folded proinsulin forms 
dimers and exits from the ER, trafficking through The Golgi complex into secretory granules where 
prohormone convertases (PC1/3 and PC2) in concert with carboxypeptidase E (CPE) are cleaving 
proinsulin into C peptide and two-chain mature insulin stored in the insulin granules (adapted from 
Liu, Wright et al. 2014). 
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Insulin molecules are stored in secretory granules of pancreatic β-cells in the 
hexameric state. Each hexamer is stabilized by at least two Zn(II) ions coordinated by the 
imidazole side chains of HisB10 (Hua 2010). In vitro studies showed that the hexameric 
state of insulin can exist in three distinct forms: T6, T3R3, and R6 (where R stands for 
relaxed and T represents tight conformations). These forms differ from each other by the 
conformations of the N-terminal regions of their B-chains (residues B1–B9).  

In the T6 hexameric conformation, both Zn(II) sites are octahedral and coordinated by 
three symmetry-related His imidazole rings (HisB10) as well as three symmetry-related 
water molecules (Frankaer, Knudsen et al. 2012; Frankaer, Sonderby et al. 2017). The R6 
hexameric conformation has tighter tetrahedral coordination around the Zn(II) ions 
comprising the three HisB10 residues and a lyotropic anion such as chloride (Frankaer, 
Knudsen et al. 2012). Finally, in the T3R3 hexameric conformation, both the octahedral 
and the tetrahedral coordination geometries are present (Frankaer, Sonderby et al. 
2017). Currently, it is assumed that the T3R3 conformation is the pancreatic storage form 
of insulin (Kosinova, Veverka et al. 2014).  

From the structural point of view, it is clear that the hexameric state is more stable 
against various stressogenic conditions than the monomeric form (Akbarian, Yousefi et 
al. 2020). From the biological activity standpoint, however, insulin must be monomeric 
to be functional. Only the monomeric form of this hormone can bind to its receptor 
(Shepherd and Kahn 1999). However, this functionality, which requires dissociation also 
decreases the conformational stability of insulin, weakens its structure, and increases the 
vulnerability and predisposition of this hormone to pathological self-assembly. It has 
been shown that during insulin fibrillization, the hexameric form dissociates into 
monomers or dimers, then the partial unfolding makes insulin susceptible to fibrillization 
(Hong and Fink 2005; Akbarian, Ghasemi et al. 2018). 

1.2.2 Role of zinc in the functioning of insulin 
The importance of zinc in insulin crystallization was recognized about a decade after the 
discovery of insulin.  It was discovered that the addition of Zn(II) to a phosphate-buffered 
solution containing insulin induced the formation of characteristic rhombohedral insulin 
crystals (Scott 1934). Thereafter a direct effect of Zn(II) ions on the action of insulin was 
demonstrated. Further, it was decided to measure the zinc content in the pancreas of 
groups of normal and diabetic individuals because of the close association between 
insulin and Zn(II) (Scott and Fisher 1938). It was found that the content of Zn in the 
pancreas of diabetics is half that of healthy people, while there was no difference in Zn 
concentration in the liver, raising the possibility that at least part of the Zn in the pancreas 
could be connected with the storage of insulin (Chimienti 2013). In this way, the 
understanding of the link between insulin and zinc was born. 

The concentration of Zn(II) in the insulin-containing granules of β-cells is high with an 
estimated range between a few mM to 20 mM (Hutton 1983; Grodsky and Schmid-Formby 
1985; Foster, Leapman et al. 1993). Normally Zn(II) is tightly bound to proteins, which 
limits the extent of cytosolic free Zn(II) concentration (Vallee and Falchuk 1993; Outten 
and O’Halloran 2001). If secreted Zn(II) at the interstitial space reaches the level of  
1–10 µM, the concentration difference between the cytosol of the β-cells and the 
interstitial space could be as great as 1000-fold (µM to nM) (Li 2013). Zn(II) uptake 
following its secretion could, therefore, be similar to that described for other ions:  
a passive process in which Zn(II) moves from an area of high concentration in the 
extracellular to an area of low concentration within the cytosol of β-cells (Li 2013). 



14 

Quantitative electron probe microanalysis of the granular Zn(II) to insulin ratio has 
shown that β-cell granules contain Zn(II) in 1.5-fold excess of that necessary to form  
Zn-insulin hexamers (Foster, Leapman et al. 1993), which leads to release of more free 
Zn(II) (Li 2013). The level of free Zn(II) appears to mediate multiple signaling pathways 
including apoptotic signaling cascades, indicating that Zn(II) can act as an intracellular 
signaling molecule and regulate cellular metabolism and functional activities (Bellomo, 
Meur et al. 2011; Slepchenko and Li 2012).  

It is known that monomeric insulin coexists in equilibrium with other higher-order 
multimers (Bocian, Sitkowski et al. 2008). Effects of Zn(II) on native-state insulin 
aggregation were not initially linked to its influence on multimer equilibria. It was found 
that excess Zn(II) results in the aggregation of insulin at pH > 4 (Klostermeyer and Humbel 
1966). Also, it was reported that the solubility of insulin decreased rapidly as the amount 
of Zn(II) added at neutral pH became sufficient to form hexamers complexed with  
3–6 Zn(II) ions (Grant, Coombs et al. 1972). This solubility decrease after adding Zn(II) 
was explained by the neutralization of net 12 negative charges on insulin hexamer at 
neutral pH by 6 Zn(II) ions (Xu, Yan et al. 2012). The effect of zinc on insulin aggregation 
was further supported by the fact that chelating Zn(II) by ethylenediaminetetraacetic 
acid (EDTA) improved solubility and slowed the aggregation of Zn-insulin (Quinn and 
Andrade 1983). Thus, the speciation of insulin is controlled by the protein concentration 
and strongly influenced by Zn(II), which controls aggregation (Xu, Yan et al. 2012).   

1.2.3 Structure of insulin 
After many years of research the X-ray structure of rhombohedral insulin crystals was 
resolved (Adams, Blundell et al. 1969). Insulin was one of the first proteins to have its  
X-ray structure uncovered. It was shown that the crystals are formed by six insulin 
molecules and two Zn(II) atoms and the intramolecular zinc coordination spheres were 
determined. However, physiological interactions between Zn(II) and insulin were known 
decades before the crystal structure of the Zn(II)–insulin complex was resolved. 
Moreover, as early as the 1930s, it was known that the addition of Zn(II) to insulin 
delayed its action when administered to diabetic patients (Scott 1934). 

The insulin molecule is built up of a 21-residue A chain containing an intrachain 
disulfide bond and a 30-residue B chain which are connected by two interchain disulfide 
bonds (Baker, Blundell et al. 1988) (Fig. 2). The A-chain consists of two short α-helices 
formed by residues A1−A8 and A13−A19. The B-chain is folded around a central helix 
(B9−B19) flanked by stretches of extended structure at both termini. Two disulfide 
bridges, A7−B7 and A20−B19, link the two chains covalently. Additionally, there is an 
intrachain disulfide from A6 to A11 (Steensgaard, Schluckebier et al. 2013).  
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Figure 2. (A) Crystal structure of insulin displaying the A chain (21 residues) colored green which 
contains an intrachain disulfide bond, and the B chain (30 residues) colored cyan with two 
additional inter-chain disulfide bonds shown as balls and sticks (PDB ID: 4E7T).  
(B) The primary structure of bovine insulin. 

Like other globular proteins, insulin tends to adopt and maintain a three-dimensional 
structure in which its hydrophobic residues are buried by the folding of individual 
residues. However, changes in the native conformation can be provoked by a variety of 
factors. Usually, insulin solutions are composed of mixed populations of monomers, 
dimers, and hexamers that are in dynamic equilibrium. The amount of each species in 
the solution is dependent on the concentration and pH of the solution (Pohl, Hauser 
et al. 2012). At neutral pH and high concentration (>0.1 mM), this equilibrium favors 
the zinc-stabilized hexamer (molecular weight ~36 kDa), which consists of three dimers 
of insulin arranged around two Zn(II) ions on the 3-fold symmetry axis,  while at low 
concentrations (10−5 to 10−8 M) or low pH, the monomer is prevalent (Brange, Owens 
et al. 1990). The hexameric form of insulin is relatively stable and it is the commonly 
used pharmacologic form (Chausmer 1998). Each zinc ion coordinates to three B10 His 
imidazole groups and by extrinsic ligands complete either tetrahedral or octahedral 
ligand geometry. The eight N-terminal residues of the B-chain can exist in extended β- 
or α-helical conformation. 

Under the influence of heat, low pH, and exposure to hydrophobic surfaces, insulin 
has the propensity to undergo conformational changes resulting in successive 
aggregation and formation of a viscous gel or insoluble precipitates (Brange, Langkjaer 
et al. 1992).  

1.2.4 Fibrillization of insulin 
Insulin fibril formation is a physical process in which partially unfolded insulin molecules 
cooperate with each other to form linear assemblies (Brange, Andersen et al. 1997). Many 
hypotheses about the molecular mechanisms of the in vivo and in vitro fibrillization of 
amyloidogenic proteins have been proposed. However, despite decades of studies, we 
still do not completely understand how soluble globular insulin molecules assemble into 
long, micrometer-long fibrils with a diameter of 8–10 nm (Ivanova, Sievers et al. 2009; 
Akbarian, Yousefi et al. 2020). 

(A) 

(B)
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It has been proposed that insulin fibrillization process takes place through the 
dissociation of oligomers into monomers, which undergoes a structural change to a 
conformation having a strong propensity to fibrillate (Ahmad, Millett et al. 2004).  
Thus, a minimum pathway for insulin fibrillization is hexamer → monomer → partially 
unfolded monomer → fibrils (Ahmad, Millett et al. 2004).  

Fibril formation is not dependent on the presence of carboxyl groups, whereas a 
marked decrease in the tendency to fibrillization is observed when the amino groups are 
acetylated (Brange, Andersen et al. 1997).  

The typical fibril formation process is characterized by a lag phase during which 
nucleation occurs, but no detectable fibrils are formed. The lag phase is followed by an 
elongation phase in which fibrils are formed over a period often shorter than the lag 
phase. Eventually, the process reaches equilibrium when most soluble proteins are 
converted into fibrils. The lag phase is known to be the rate-determining step and hence 
controlling this step is of utmost importance. The length of the lag phase and the fibril 
growth rate depend upon factors such as the initial peptide concentration and pH, both 
of which affect the degree of supersaturation in solution. Other factors include the 
addition of fibril seeds, the ionic strength of the solution, and the intensity of agitation 
(Nayak, Dutta et al. 2008). 

The formation of insulin fibrils precedes precipitation. It was shown that heat 
precipitation involves three reactions: formation of active centers (nucleation), 
elongation of these centers to fibrils (growth), and floccule formation (precipitation) 
(Brange, Andersen et al. 1997). Flocculation – a process where colloids come out of 
suspension in the form of floc or flakes. 

The nucleation reaction, which is the slowest process, requires the nearly 
simultaneous interaction of 3 to 4 insulin molecules (Brange, Andersen et al. 1997). 
Essentially undistorted insulin is involved in these interactions, which are mainly 
between nonpolar side chains (hydrophobic interactions) of dimeric or monomeric 
insulin. Whereas nucleation occurs at temperatures above normal, the growth into fibrils 
can proceed at ambient or even lower temperatures. Depending on the conditions, the 
growth leads to long fibers resulting in a thixotropic gel or to shorter fibers with a 
tendency to arrange radially to spherulites with precipitation as the consequence (Krebs, 
Macphee et al. 2004). The growth of fibrils is a function of the surface area of the fibril 
population and the concentration of insulin in solution, and thus it is a highly cooperative 
process able to quantitatively remove the insulin from the solution into the fibrous form. 
An increase in ionic strength increases the rate of growth and, in particular, nucleation 
whereas a high concentration of organic acids, urea, and phenol suppresses the nucleation 
reaction while allowing the growth reaction to proceed. Heterogeneous surfaces 
accelerate the insulin nucleation process which is the rate-determining step during 
amyloid fibril formation. The observed shorter lag (nucleation) phase correlates both 
with the surface wetting ability and surface roughness. Surfaces promote faster 
nucleation possibly by increasing the local concentration of peptide molecules (Brange, 
Andersen et al. 1997). A composite parameter combining both surface wetting ability 
and roughness suggests that the ideal surface for slower nucleation should be hydrophilic 
and smooth (Nayak, Dutta et al. 2008). 

The classic method to induce insulin fibrillization process is to heat insulin in an acidic 
solution. The formation of the fibrils can be observed as an increase in viscosity or 
precipitate formation. A more recent method is an agitation of neutral solutions of 
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insulin in the presence of a hydrophobic surface (air or polymeric material) at ambient 
or slightly increased temperature (Brange, Andersen et al. 1997). 

Amyloid fibrils are characterized by a specific local arrangement of cross β-sheet 
structures (Fig.3). The same structural features have been observed in amyloid fibrils 
obtained in vitro from many proteins, even those that are not related to any known 
disease. This indicates that the capability to form amyloid fibrils is a generic property of 
many polypeptide chains (Fodera, Librizzi et al. 2008). 
 

 
 
Figure 3. Schematic representation of the cross- β X-ray diffraction pattern typically produced by 
the amyloid fibrils. The cross- β pattern is consistent with a core of the fibrils being formed by 
extensive β sheets arranged along the longitudinal axis of the fibril, while the β strands forming 
them are arranged perpendicular to this. The reflections at 4.7 and 10 Å, which are typical of the 
cross-β diffraction pattern, reflect, respectively, the inter-strand and the inter-sheet spacing 
characterizing the cross-beta structure (adapted from del Pozo-Yauner, Wall et al. 2014). 

Insulin fibrillization is very sensitive to environmental conditions (Ahmad, Millett et al. 
2004), especially at low pH and high temperature (Ahmad, Uversky et al. 2005), (Fodera, 
Librizzi et al. 2008). 

In acidic solutions, insulin maintains its tertiary structure but is mainly monomeric 
below pH 2 whereas an increasing population of dimers and hexamers dominates the 
mixture of monomers and dimers at pH above 2. Insulin fibrillization in aqueous solutions 
at pH 7 is a much slower and more complicated process than in acidic solutions. In neutral, 
aqueous solution the insulin molecule is typically associated with mainly hexameric units 
and insulin fibrillization does not occur to any significant extent in aqueous solution at 
moderate temperatures in the absence of hydrophobic surfaces or agitation (Brange, 
Andersen et al. 1997). The fibrillization of insulin at physiological pH in the absence of 
denaturing agents is practically not studied.  

1.2.5 Diabetes mellitus and the role of zinc in it  
Diabetes mellitus is a group of metabolic disorders characterized by hyperglycemia 
resulting from defects in insulin secretion, insulin action, or both.  In Type 1 diabetes 
(T1D) there is a lack of insulin production, in T2D there exists a resistance to the effects 
of insulin. Both T1D and T2D have the same long-term complications (Chausmer 1998). 
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During T1D there is the destruction of the β-cells of the Islets of Langerhans in the 
pancreas, most often on an autoimmune basis, resulting in termination of insulin 
production. Without insulin, muscle, adipose, and liver cells cannot transport glucose 
from the blood to the intracellular space. In intracellular starvation conditions, fats 
become the primary intracellular energy source. This form of energy generation results 
in the production of ketone bodies and organic acids, primarily acetoacetic and  
beta-hydroxybutyric acids, with the consequence of the development of severe 
metabolic acidosis (increased acidity in the blood and other body tissue) (Chausmer 
1998). These patients are dependent on insulin for survival. 

In T2D the pancreatic islet cells are capable of making large quantities of insulin, at 
least at the beginning of the disease. In a healthy individual, insulin binds to a cell 
membrane insulin receptor, which initiates events leading to the transport of glucose 
through the membrane. The intracellular events associated with the activation of glucose 
transport after receiving the signal from the insulin-receptor complex are called the 
“post-receptor” events (Chausmer 1998). To a great extent, it is the failure of the  
post-receptor events that results in hyperglycemia (high blood sugar) in T2D. In response 
to hyperglycemia, the pancreatic islets produce increasing quantities of insulin, which 
results in down-regulation of the number of insulin receptors on the cell membrane.  
This results in both hyperglycemia and hyperinsulinemia (excess levels of insulin 
circulating in the blood). Additionally, the β-cells cannot make enough insulin to 
normalize the glucose, suggesting an error in the ability of the β-cell to synthesize insulin 
(Chausmer 1998). It follows that, in T1D, hyperglycemia is the major hallmark of the 
disease, whereas T2D is characterized also by hyperinsulinemia. 

A link between zinc and diabetes has been proposed in 1998 (Chausmer 1998), as 
many studies have shown that zinc is secreted from pancreatic β-cells in response to 
elevated glucose concentration (Zalewski, Millard et al. 1994; Chimienti, Devergnas et al. 
2006). The interest of the scientific community in the role of Zn(II) in the development of 
diabetes has been constantly growing. There are studies investigating the effect of Zn(II) 
supplementation in the prevention, treatment, and complications of diabetes. Moreover, 
genome-wide association studies have discovered polymorphisms in zinc-related genes,  
for example, ZnT8 and metallothionein (MT), linked to diabetes (Chimienti 2013).  

MT is an intracellular low-molecular-weight, a cysteine-rich protein with high  
metal-binding capacity (Maret 2011). MT was used in numerous research studies 
describing the effects of Zn(II) on reducing diabetic complications associated with 
oxidative stress (Islam and Loots du 2007). MT can buffer and distribute Zn(II) to 
apoproteins, including transcription factors since they can move from the cytosol to 
cellular compartments such as the nucleus (Levadoux, Mahon et al. 1999). MT is crucial 
to protect the β-cells from cell death during diabetes (Li 2013). It functions physiologically 
by accepting Zn(II) from other Zn-binding ligands, including Zn(II) binding proteins, on the 
one hand, and can also function as Zn(II) donor to other Zn-binding proteins. MT plays a 
role in both Zn(II) homeostasis and the regulation of the cellular redox state (Li 2013).  
In the latter context, these proteins release Zn(II) in response to oxidative damage,  
a condition often found in the tissues of T2D patients (Lee, Geiser et al. 2003). Several of 
the complications of diabetes may be related to increased intracellular oxidants and  
free radicals associated with decreases in intracellular Zn(II) and Zn(II) dependent 
antioxidant enzymes (Chausmer 1998). 

The relationship between diabetes and zinc deficiency is also complex. It is suggested 
that zinc deficiency can exacerbate the cytokine-induced damage in the autoimmune 
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attack, which destroys the islet cell in T1D. Since zinc plays an important role in the 
synthesis, storage, and secretion of insulin as well as conformational integrity of insulin 
in the hexameric form, the decreased Zn(II), which affects the ability of the islet cell to 
produce and secrete insulin, might then become the problem, particularly in case of T2D.  
The addition of Zn(II) to solutions of insulin in case of insulin therapy changes the time 
course for the effect of a given dose of insulin, which prolongs the duration of action of 
the insulin by delaying its absorption from the subcutaneous injection site, thus requiring 
fewer insulin injections. The behavior of insulin in the presence of Zn(II) suggested that 
it plays an important role in insulin’s secretion from the β-cells (Li 2013).  

Many genetic and functional studies have provided a better understanding of the 
importance of Zn(II) for pancreatic islet cells at the molecular level. It is now clear that 
Zn(II) has a beneficial effect on many steps in the pathophysiology of diabetes, including 
insulin synthesis and secretion, β-cell function and mass, islet cell communication, 
protection against complications, and modulation of the immune system in T1D.  
The overall useful effect of Zn(II) supplementation on glucose control in blood in both 
types of diabetes suggests that Zn(II) is a candidate ion for the prevention and therapy 
of diabetes (Chimienti 2013). 

Despite the importance of insulin interaction with Zn(II) ions, the affinity of the 
formation of zinc-insulin complexes and the effects of Zn(II) ions on insulin fibrillization 
at physiological pH values have not been thoroughly studied.  

1.3  Superoxide dismutases  

Superoxide anion (O2·-), a free radical of oxygen, is the initial product of the hydrogen 
peroxide formation. It is produced by the one-electron reduction of molecular oxygen. 

Excessive reactive oxygen species, especially superoxide anion (O2·-), play important 
roles in the pathogenesis of many cardiovascular diseases, including hypertension and 
atherosclerosis. Superoxide dismutases (SODs) are the major antioxidant defense 
systems against O2·-, which consist of three isoforms of SOD in mammals: the cytoplasmic 
Cu,Zn SOD (SOD1), the mitochondrial Mn SOD (SOD2), and the extracellular Cu,Zn SOD 
(SOD3) (Table 1). All the isoforms require catalytic metal (Cu or Mn) for their activation 
(Fukai and Ushio-Fukai 2011). Two types of SODs, SOD1, and SOD3 contain Cu(II) and 
Zn(II) in their active site (Zelko, Mariani et al. 2002). A third isozyme – SOD2 uses 
manganese as a cofactor (Weisiger and Fridovich 1973). 
 
Table 1. Comparison of three human SOD isoforms. 

 SOD1 SOD2 SOD3 

Location cytoplasm mitochondria matrix extracellular matrix, 
cell surface, 
extracellular fluids 

Metal ions in the 
catalytic center 

Cu, Zn  Mn Cu, Zn  

Molecular mass 32 kDa 96 kDa 135 kDa 

Quaternary 
structure 

homodimer homotetramer homotetramer 
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All three SODs have a distinctive color because of bound metal ions. Cu,Zn-SOD1 
exhibits a distinctive blue-green color, however, if the Zn(II) ion is released, the protein 
exhibits a blue color, but when the Cu(II) is reduced, then protein is colorless (Beckman, 
Estevez et al. 2001), Mn-SOD2 is wine-red (McCord and Fridovich 1969).  

All types of SOD catalyze the same reaction – the conversation of the superoxide anion 
(Figure 4). It occurs in two steps: firstly, superoxide is oxidized to dioxygen and copper 
atom cycles in SOD1 from Cu(II) to Cu(I). Secondly, superoxide is reduced to hydrogen 
peroxide requiring two protons and copper cycles back to Cu(II) (Valentine, Doucette 
et al. 2005; Nedeljkovic, Gokce et al. 2003). 

Figure 4. The conversation of the superoxide anion and cycling of the copper in SOD1 from Cu(II) to 
Cu(I) and back to Cu(II). 

Zn(II) does not participate in this reaction but is essential for the structuring of the 
active site. 

The harmful by-product H2O2 is in cellular conditions converted by glutathione 
peroxidase and catalase (hydroperoxidase) into less-reactive molecular oxygen and 
water molecules (Figure 5) to prevent cellular damage (Mondola, Damiano et al. 2016).  

Figure 5. Generation of reactive oxygen species. Molecular oxygen (O2) reacts with an unpaired 
electron (e−) to form the superoxide anion (O2

.-). Superoxide is converted to hydrogen peroxide 
(H2O2) by the enzyme superoxide dismutase. Hydrogen peroxide undergoes metal-catalyzed 
conversion to the highly reactive hydroxyl radical (.OH). Alternatively, it can be detoxified via either 
glutathione peroxidase or catalase to water (H2O) and oxygen (GSH, reduced glutathione; GSSG, 
oxidized glutathione) (adapted from Nedeljkovic, Gokce et al. 2003). 
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In addition, SODs play a critical role in inhibiting oxidative inactivation of nitric oxide, 
thereby preventing peroxynitrite formation and endothelial and mitochondrial 
dysfunction (Fukai and Ushio-Fukai 2011). 

1.3.1 Structure of Human Superoxide Dismutase 1 (SOD1)
The structure of human SOD1 was determined in 1992 (Parge, Hallewell et al. 1992). 
The amino acid sequence, as well as the structure of SOD1, is highly conserved 
among eukaryotic species. As was previously mentioned, the human SOD1 is a 
32-kDa homodimeric metalloenzyme and each subunit binds one copper ion and one 
zinc ion (Figure 6). Zn(II) is important for SOD1 structure and stabilization of the 
entire SOD1 protein (Nedd, Redler et al. 2014). Redox-active Cu is responsible for 
catalysis (Fetherolf, Boyd et al. 2017; Sirangelo and Iannuzzi 2017). 

Figure 6. Spatial structure of SOD1 (A) and the structure of its metal-binding site (B). PDBID: 1PU0 
(Takahashi, Nagao et al. 2020). 

In the monomer, a polypeptide of 153 residues folds into an eight-stranded Greek key 
β-barrel motif connected by seven loops (Figure 6 A). The active site consists of two 
structural loops, the zinc loop (loop IV, residues 49–84) and the electrostatic loop (loop 
VII, residues 122–143), and contains one copper ion and one zinc ion per subunit. 
The charged residues of the electrostatic loop do not have a catalytic role (Rakhit and 
Chakrabartty 2006). In contrast, the zinc loop has many residues crucial for the binding 
of metal ions. Active sites of subunits are located on the opposite sides of the dimer 
(Furukawa and O’Halloran 2006; Perry, Shin et al. 2010). Metallated SOD1 contains an 
intra-subunit disulfide bond between two Cys residues. The subunits are held together 
primarily by hydrophobic interactions with a dissociation constant of ∼1.0 × 10−10 M−1 
(Furukawa and O’Halloran 2006).  

Zn(II) ion is tetrahedrally coordinated to three His residues (His63, His70, His80) and 
to one Asp residue (Asp83) (Figure 6 B). The copper ion is coordinated according to its 
oxidation state. Cu(II) is coordinated irregularly by four His residues (His46, His48, His63, 
His120) (Figure 6 B) while Cu(I) state is coordinated trigonally by three His residues 
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(His46, His48, and His120). The bridge between Cu(II) and Zn(II) ions is formed by the 
imidazolate group of His63 and is released upon reduction (Fetherolf, Boyd et al. 2017) 
(Rakhit and Chakrabartty 2006). 

1.3.2  Human Superoxide Dismutase 1 (SOD1) stability and properties 
Cu,Zn -SOD1 is an unusual enzyme with many specific properties. For example, SOD1 is 
quite unique in terms of its stability. As an enzyme it is catalytically active even at 80 °C 
and the melting point of a protein can exceed 90 °C. In addition, SOD1 is also very 
resistant to proteolytic digestion (Arnesano, Banci et al. 2004; Furukawa and O’Halloran 
2006; Fetherolf, Boyd et al. 2017). 

The stability of SOD1 is supported by several structural properties. The backbone 
β-barrel is a distinctive structural motif of SOD1, which is independent of the presence 
of metal ions or an intramolecular disulfide bond. Regardless, only a fully metalated and 
disulfide-oxidized homodimer exhibits such unconventional stability, while the monomeric 
state exists only before post-translational modifications. A reduction of the intramolecular 
disulfide bond can also lead to the dissociation of the dimer. However, this bond is very 
stable and is maintained even in the reducing environment of the cytoplasm. The dimeric 
state can be restored by adding Zn(II) to the reduced unstable apo-SOD1, which indicates 
that Zn(II) binding contributes significantly to the stability of SOD1. The thermal stability 
of SOD1 is also associated with free Cys residues located in the β-barrel strand (Cys6) and 
another one (Cys111) in a loop region that is accessible to solvents (Valentine, Doucette 
et al. 2005; Bafana, Dutt et al. 2011; Sirangelo and Iannuzzi 2017). 

In the absence of both metal ions, SOD1 produces high and stable amyloid-like protein 
aggregates under physiological pH and temperature conditions, suggesting that metal 
binding can play a key protective role against the in vivo SOD1 aggregation process 
(Sirangelo and Iannuzzi 2017).  It has been shown that both copper and zinc greatly 
increase the thermodynamic stability of SOD1 (Lepock, Arnold et al. 1985; Biliaderis, 
Weselake et al. 1987). Dimer formation reduces the solvent-accessible surface area, 
greatly increasing the stability of SOD1. Dimerization is also essential to protein 
functionality (Zhuang, Liu et al. 2014; Arnesano, Banci et al. 2004; Yamazaki and Takao 
2008). 

Cu,Zn-SOD1 denaturation process could proceed through several various 
mechanisms. One unfolding pathway involves simultaneous dimer dissociation and zinc 
release that is followed by a slow conformational change in the protein’s core, which, in 
turn, is followed by rapid copper release (Figure 7) (Mulligan, Kerman et al. 2008). It is 
suggested that zinc release occurs at the beginning of the denaturation process, whereas 
copper release is the final event of the denaturation process. 

Another Cu,Zn-SOD1 unfolding model suggests that native dimeric SOD1 dissociates 
to produce a largely folded, metal-bound monomeric intermediate, which then unfolds, 
releasing copper and zinc simultaneously (Rumfeldt, Stathopulos et al. 2006). 



23 

Figure 7. SOD1 denaturation process is characterized by three events: almost simultaneous zinc 
release and dimer dissociation (kA), conformational change that affects Trp residue at position 32 
(W32), and SOD1 β-barrel (kB) and copper release (kC) (adapted from Mulligan, Kerman et al. 2008).  

The final level of dissociation depends on the dissociation constant of the Zn(II)–SOD1 
complex. The dissociation constant of the complex formed, KD, is one of the most 
essential parameters characterizing any biochemical interaction. Despite the obvious 
importance of SOD1 interaction with Zn(II) and Cu(II) ions, the affinity for the formation 
of zinc–SOD1 and copper-SOD1 complexes has not been thoroughly studied. We could 
find only one estimate for the dissociation constant of the Zn(II)–SOD1 complex under 
mildly denaturing conditions using 6 M guanidine-HCl in the range of 4.2 x 10−14 mM, 
and for the Cu(II)-SOD1 complex in the range of 6.0 x 10−18 (Crow, Sampson et al. 1997). 
These results cannot be used for the estimation of metal-binding affinity of Cu,Zn-SOD1 
in native conditions, which is needed for the comparison of metal-binding properties of 
wt and mutated SOD1 forms. 

1.3.3 Post-translational maturation of SOD1 
The process of the maturation of human SOD1 requires three posttranslational events: 
acquisition of copper and zinc, formation of the intramolecular disulfide bond, and 
dimerization (Culotta, Yang et al. 2006; Banci, Barbieri et al. 2011). The copper chaperone 
for SOD1, CCS, is responsible for copper insertion and disulfide bond formation (Figure 
8). CCS is also critical for regulating the localization of SOD1 in cytosol or mitochondria 
(Kawamata and Manfredi 2010) and is critical for enzymatic activity, folding and 
maintenance of the native conformation (Ahl, Lindberg et al. 2004). 

The human copper chaperon for SOD1 is a three-domain cytoplasmic 29 kDa 
polypeptide. Two CCS domains (Atx1-like domain 1 and CCS-specific domain 3) bind Cu(I) 
ions and are responsible for their delivery, whereas domain 3 contributes also to the 
formation of an intramolecular disulfide bond between Cys57 and Cys146, which is 
oxygen-dependent. The presence of a disulfide bond is rare for cytosolic proteins taking 
into account a strongly reducing environment of the cytosol (Brown, Torres et al. 2004). 
Domain 2 (SOD1-like) is needed for the formation of the heterodimer with SOD1 
(Furukawa and O’Halloran 2006). At the protein level, the ratio of SOD1 to CCS in the 
cytosol ranges between 15- and 30- fold (Rothstein, Dykes-Hoberg et al. 1999), and 
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because of this, CCS must cycle through the nascent SOD1 pool to activate these molecules 
(Furukawa and O’Halloran 2006).    

Figure 8. A proposed mechanism of SOD1 activation by CCS. A Cu(I)-bound CCS interacts with a 
Zn(II)-bound SOD1 lacking a copper ion and a disulfide bond, and O2 then triggers the introduction 
of the copper ion and a disulfide bond into SOD1 from CCS (adapted from Furukawa, Shintani et al. 
2021). 

The last event of the SOD1 maturation is the homo-dimerization, which is strongly 
dependent on the presence of the metal ions and the disulfide bond.  

1.3.4 Amyotrophic lateral sclerosis and ALS-related SOD1 mutations 
Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease (MND) or Lou 
Gehrig’s disease, is a disease that causes the death of neurons controlling voluntary 
muscles responsible for movement. Voluntary muscles produce movements like 
chewing, walking, and talking. Currently, there is no cure for ALS and no effective 
treatment to halt or reverse, the progression of the disease. Early symptoms of ALS 
usually include muscle weakness or stiffness. Gradually all muscles under voluntary 
control are affected, and individuals lose their muscle strength and the ability to speak, 
eat, move, and even breathe (Brown and Al-Chalabi 2017). 

ALS is predominantly a sporadic disorder (sALS) and only 5 to 10% of all cases are 
genetically inherited familial forms (fALS). fALS and sALS are pathologically and clinically 
very similar, pointing towards a common pathogenic mechanism (Hilton, White et al. 
2015) (Zelko, Mariani et al. 2002).  

SOD1 has been an object of ALS research since the breakthrough in 1993 when the 
mutations in the SOD1 gene were found in 11 families with ALS history (Rosen 1993). 
Today it is known that around 12% of fALS cases are linked to the mutations in the gene 
encoding SOD1, which is localized to chromosome 21 (Zelko, Mariani et al. 2002). Other 
ALS-causing mutations are localized in genes like ALS2 (coding for alsin, a guanine 
nucleotide exchange factor), VAPB (coding for vesicle-associated membrane protein B), 
and ANG (coding for angiogenin) (Rakhit and Chakrabartty 2006). Cu,Zn-SOD1 mutations 
have been associated also with 5% of sALS and overall, it is the most common cause of 
ALS occurring in 2%–10% of all cases. SOD1 mutants are divided into two groups, called 
wild-type-like and metal-binding region mutants. The properties and metal content of 
wild-type-like mutants are quite similar to native SOD1, in contrast to the metal-binding 
region mutants, which are characterized by abnormal metal content (Hayward, 
Rodriguez et al. 2002; Anzellotti and Farrell 2008; Hilton, White et al. 2015).  

The discovery that the mutations in the SOD1 gene were linked to familial ALS was a 
major achievement in the field of ALS research and in understanding the origin and 
development of the disease (Rowland and Shneider 2001; Zelko, Mariani et al. 2002; 
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Tokuda and Furukawa 2016; Fetherolf, Boyd et al. 2017). It has been found that ALS 
patients and the transgenic mice expressing ALS-related SOD1 mutants have a common 
feature in their spinal cord: accumulation of SOD1-rich aggregates, however, the 
mechanisms of SOD1 aggregation and toxicity are still not fully understood. Initially,  
it was suggested that mutations in the SOD1 gene might lead to a decrease in the 
antioxidant activity of the enzyme, which may be insufficient to get rid of the superoxide 
radicals and this, in turn, leads to the toxic accumulation of superoxide. This hypothesis 
was proven to be false in an experiment where the transgenic mice expressing human 
fALS mutation G93A developed motor neuron disease regardless of the elevated SOD1 
activity (Gurney, Pu et al. 1994). 

Later, this hypothesis has been replaced by the gain of toxic function hypothesis, 
suggesting that SOD1-linked ALS is caused by toxic protein aggregates (Banci, Bertini  
et al. 2008). This hypothesis is based on the results of studies of human ALS patients and 
transgenic ALS animal models, in which the accumulation of mutated SOD1-rich protein 
aggregates has been detected in the spinal cord (Banci, Bertini et al. 2007). Also, it has 
been demonstrated that different fALS-linked SOD1 mutants form aggregates in vitro as 
well as in vivo conditions and that abnormal metal binding plays a critical role in the 
aggregation of mutant SOD1 in vivo suggesting that ALS is a mismetallation disease 
(Valentine, Doucette et al. 2005; Tiwari, Liba et al. 2009; Sirangelo and Iannuzzi 2017).  

The researchers have attempted to reveal the molecular mechanism of SOD1-linked 
ALS but so far these efforts have remained ineffective. Also, there are no comparative 
investigations of quantitative metal-binding properties of native SOD1 and ALS-associated 
mutants, which could make an important contribution to the field of ALS research. 
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2 Aims of the study 

This study aimed to investigate the metal-binding properties of amyloidogenic proteins 
and in particular: 

1. To study the effect of metal ions on the fibrillization of insulin. 

2. To determine the affinity of Zn(II) and Cu(II) ions to insulin defined by the 

dissociation constant, KD. 

3. To investigate the demetallation and the metal-binding affinity of Cu,Zn-SOD1, 

and its ALS-related G93A mutant by LC-ICP MS. 
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3 Materials and methods 

All used chemical reagents, peptides and proteins are described in publications I, II and 
III. 

Protein fibrillization monitoring by ThT fluorescence (Publication I, II, III). 

Calculation of kinetic parameters (Publication I, II, III).  

Determination of metal binding affinity of protein (Publication I, II, III). 

Determination of the oligomeric composition of protein using size-exclusion 
chromatography (SEC) (Publication I, III). 

Equilibrium dialysis (Publication I). 

Atomic absorption spectroscopy (AAS) measurements of metal binding to protein 
(Publication I). 

TEM visualization of fibrils (Publication I). 

Preparation of SOD1 protein for experiments (expression and purification) according to 
the protocol developed by Ahl et al. in 2004 (Publication III). 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis of purified proteins 
(Publication III). 
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4 Results 

Publication I 
 It was demonstrated that at pH 7.3 lag phase of the insulin fibrillization curve 

decreases whereas the fibrillization rate constant increases with rising 
temperature.  

 Investigations of insulin at physiological pH 7.3 in the low concentration range of 
2.5–10 μM showed a very slight dependence of fibrillization on the insulin 
concentration, while at higher protein concentrations the fibrillization rate 
decreases and the lag phase increases.  

 The enthalpy of activation (Ea) of the insulin fibrillization was calculated equal to 
84 kJ/mol at physiological pH. 

 Size exclusion chromatography and electrospray ionization mass spectrometry 
studies demonstrated that insulin is prevalently monomeric at a concentration 
of 2.5 μM. 

 KD value of insulin dimers equal to 18.9 μM was calculated by electrospray 
ionization mass spectrometry. 

 It was shown that the Zn(II) had an inhibitory effect on the monomeric insulin 
fibrillization at pH 7.3. This effect was achieved by the formation of a soluble 
Zn(II)-insulin complex with KD = 7.5 μM. 

 It was determined that the inhibitory effect of Zn(II) (IC50 = 3.5 μM) was very 
strong at pH 7.3. 

 It was determined that fibrillization inhibition caused by Zn(II) was much lower 
at acidic pH 5.5 than at neutral pH 7.3. 

 Based on the received results it was proposed the model for the fibrillization and 
assembling of insulin in the presence of Zn(II) ions. 

Publication II 
 It was calculated that the dissociation constant value of the monomeric 1 : 1 

Zn–insulin complex is equal to 0.40 mM. 
 It was shown that the apparent binding affinity decreases drastically at higher 

insulin concentrations where the peptide forms dimers. 
 It was demonstrated that Cu(II) ions also bind to monomeric insulin, whereas the 

apparent Cu(II)-binding affinity depends on the concentration of HEPES. 
 It was determined that the conditional dissociation constant of the Cu(II)–insulin 

complex is equal to 0.025 mM. 

Publication III 
 The major focus of the study was directed towards the determination of the 

metal-binding affinity of wt Cu,Zn-SOD1, and its mutant G93A through 
competition with high-affinity metal-binding ligands such as EDTA and DTPA. It 
was demonstrated that none of the ligands was able to demetallate these 
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proteins at physiological temperatures even at high millimolar concentrations 

indicating very high metal-binding affinity or the kinetic inertness of Cu,Zn-SOD1. 

 It was shown that the release of Zn(II) and Cu(II) ions from Cu,Zn-SOD1, and 

Cu,Zn-SOD1 G93A mutant at elevated temperatures is cooperative – e.g. release 

of copper leads to a release of zinc or vice versa, thus, it is not possible to 

determine the affinity of protein towards one of these ions or establish, which 

ion is released first. 

 It was determined that all metal-binding ligands (EDTA, DTPA) accelerated at 

elevated temperatures the metal release from Cu,Zn-SOD1, and Cu,Zn-SOD1 

G93A mutant in a dose-dependent manner, which indicates that ligands should 

form a ternary complex with Cu,Zn-SOD1 in the activated intermediary state of 

thermal denaturation. 

 It was concluded that there exists no equilibrium between SOD-1 and free metal 

ions, and metal removal is a part of an irreversible thermal denaturation process. 

 It was confirmed that Cu,Zn-SOD1 G93A mutant has a faster metal release as 

compared with wild-type protein. ΔH‡ values were determined from the Arrhenius 

plots of the de-coppering in the absence of chelators equal to 173 ± 10 kJ/mol 

for wt and 191 ± 23 kJ/mol for G93A mutant Cu,Zn-SOD1. 

 It was shown that there is no difference in native and G93A mutant Cu,Zn-SOD1 

fibrillization kinetics. 
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5 Discussion 
Transition metal ions perform many functions in proteins. First, they act as coenzymes in 
a large number of biochemical reactions, however, their constitutional and stabilizing 
role in protein structures is also very important. It is known that some metal ions such as 
Zn(II) and Cu(II) have a marked effect on the fibrillization of various amyloidogenic 
peptides and proteins such as amyloid peptide of Alzheimer’s disease (Bush, Pettingell 
et al. 1994), synuclein (Bharathi and Rao 2008), tau protein and prion protein, whereas 
metal ions can raise or inhibit fibrillization (Tougu, Karafin et al. 2009). It was 
demonstrated that the oligomerization of insulin is controlled by the protein 
concentration and strongly influenced by Zn(II), which controls aggregation (Xu, Yan 
et al. 2012). Fundamentally, the monomeric insulin fibrillization can be also suppressed 
by metal ions, and its suppression by Zn(II) that is co-secreted with insulin can be 
physiologically significant. 

Insulin fibrillization is physiologically unwanted for many reasons. First, fibrillization 
excludes monomeric insulin from secretion and keeps it out from interactions with 
insulin receptors. Secondly, the fibrillization of insulin has an intermediate step of 
misfolded oligomers and prefibrillar aggregates formation  (Nayak, Sorci et al. 2009; 
Sorci, Grassucci et al. 2009) which consist of approximately 500 or more molecules 
(Smith, Sharp et al. 2008). These intermediates might be cytotoxic, as demonstrated in 
case of Alzheimer’s amyloid peptides (Walsh and Selkoe 2007) and many other peptides 
and proteins. If these large misfolded aggregates pass to the circulation, they can be not 
only cytotoxic, but also immunogenic. Such a situation is possible in the case of insulin. 

Insulin fibrillization has been studied for over 60 years; however, most studies have 
been conducted in non-physiological conditions with Zn(II)–insulin in millimolar 
concentrations, under acidic conditions and at elevated temperatures where insulin 
forms fibrils most quickly (Ivanova, Sievers et al. 2009; Brange, Andersen et al. 1997). 
Zinc-free apo-insulin, which is a therapeutic form of insulin for patients with diabetes 
mellitus can form fibrils not only at acidic but also at physiologically relevant pH values, 
especially in the presence of chemical compounds such as urea, ethanol and guanidinium 
which are capable of dissociating insulin oligomers into monomers (Ahmad, Millett et al. 
2004). According to the literature, insulin dimers begin to dissociate when diluted to 
concentrations below 100 μM (Jeffrey, Milthorpe et al. 1976; Roy, Lee et al. 1990) and it 
is assumed that insulin at a concentration of 10 μM is essentially monomeric (Nettleton, 
Tito et al. 2000). The KD value for insulin dimers determined by static and dynamic laser 
light scattering is 12.5 μM at pH 7.3 and 25 °C (Kadima, Ogendal et al. 1993). Insulin is an 
uncommon exception among amyloidogenic peptides, as its dilution increases the 
tendency to fibrillate, while high concentrations of the peptide favor fibrillization of other 
peptides. This behavior demonstrates that oligomer formation inhibits the fibrillization 
of insulin (Nielsen, Khurana et al. 2001). Therefore, it can be concluded that the 
fibrillization of the most aggregation-prone form of insulin when the peptide is 
monomeric and biologically active has not been sufficiently studied. 

Our results showed that there is a very weak dependence of insulin fibrillization rate 
on the protein concentration in the range of 2.5–10 μM, whereas the fibrillization rate 
decreases and the fibrillization lag time increases at higher insulin concentrations. 
The inhibition of fibril formation at higher insulin concentrations at physiological pH 
specifies that the formation of insulin oligomers is an off-pathway process for 
fibrillization (Noormagi, Gavrilova et al. 2010). Secondly, since the rate constant of fibril 
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growth at concentrations below 10 μM is constant, it can be concluded that the  
rate-limiting step of fibril growth is most likely associated with some intramolecular 
event, such as conformational change. Indeed, the fibrillization of monomeric insulin is 
characterized by a relatively large Ea value of 84 kJ/mol, which indicates that the 
formation of a fibrillization-competent structure is accompanied by significant 
conformational changes (Noormagi, Valmsen et al. 2015). Also, it has been demonstrated 
that intensive agitation of the insulin solution in vitro accelerates the fibrillization of the 
amyloidogenic peptides and proteins. In the absence of agitation, fibril formation is very 
slow at neutral pH, which confirms the observation that agitation is important for 
creating the fibrillization intermediates in vitro (Tiiman, Noormagi et al. 2013). This might 
be the reason why only small amounts of insulin fibrils have been detected after 
subcutaneous insulin infusion and repeated injections in mice (Storkel, Schneider et al. 
1983).  

Of the compounds co-released with insulin, only Zn(II) has a pronounced inhibitory 
effect on the fibrillization of monomeric insulin at pH 7.3. The IC50 of 3.5 μM indicates 
that Zn(II) ions inhibit fibrillization already at low micromolar concentration, and the 
addition of a 4-fold excess of Zn(II) almost completely suppressed the formation of insulin 
fibrils. However, our calculations of the Zn-insulin dissociation constant demonstrated 
that in circulation insulin exists as a free monomer and cannot bind Zn(II) ions due to 
weak affinity and low concentration of free Zn(II) ions (Gavrilova, Tougu et al. 2014). 

The inhibitory effect of Zn(II) ions was much lower at acidic pH 5.5 where 20 μM Zn(II) 
did not affect the fibrillization rate constant and caused only a slight increase in the lag 
phase duration. 

The pH dependence indicates the involvement of His residue(s) in the Zn(II)-induced 
inhibition of insulin fibrillization. It is known that the His residue at position B10 which is 
located in the vicinity of the six-residue B-chain segment (B12–B17), contributes to the 
formation of cross-β structure (Ivanova, Sievers et al. 2009) and participates in the 
binding of Zn(II) ions. It can be assumed that the binding of Zn(II) to His10 may prevent 
the formation of a β-sheet-rich conformation compatible with fibrillization. Thus,  
the interaction of Zn(II) with monomeric insulin inhibits its fibrillization most likely 
through differential stabilization of the monomeric ground state over the partially open 
conformation required for fibrillization. 

Insulin is present in the secretory granules at very high concentration reaching 21 mM 
(Foster, Leapman et al. 1993). Processes, which prevent insulin from the fibrillization in 
secretory granules are linked to the creation of stable Zn(II)2Insulin6 complexes (in  
zinc-enriched granules) or formation of insulin oligomers (in zinc-depleted granules). 
Nevertheless, fibrillization can also occur at insulin release sites, where insulin dissociates 
into monomers, which are the most fibrillization-prone forms of the peptide. Based on 
the obtained results, we can suggest that Zn(II) ions co-secreted with insulin from 
pancreatic β -cells may help to avoid insulin fibrillization at its release sites after hexamer 
dissociation.  

The biological importance of zinc–insulin interaction depends on the biological 
availability of zinc in pancreatic cells through the activity of the ZnT8 transporter.  
In secretory vesicles of pancreatic β-cells zinc and insulin concentrations are 11 and  
21 mM, respectively (Foster, Leapman et al. 1993). The KD value for the monomeric 
Zn(II)–insulin complex equal to 0.40 mM was calculated from our data. In secretory 
vesicles at high concentrations, insulin is converted into crystalline arrays of hexamers 
containing two zinc ions, but the main function of zinc ions is not to catalyze the 
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formation of hexamers, since similar hexamer structures also form in the absence of zinc 
ions (Lemaire, Ravier et al. 2009). Considering the affinity and content of zinc in 
pancreatic cells, monomeric insulin may be in the form of a zinc complex. Interestingly, 
the metal-binding center of insulin is not selective for Zn(II) and it can bind Cu(II) with 
even higher affinity, but the decisive factor here is metal availability. 

The total zinc concentration in plasma is around 11 µM, but the level of labile or 
exchangeable zinc is much lower. Approximately 28% of the zinc pool in plasma is  
tightly bound to a2-macroglobulin (Zalewski, Truong-Tran et al. 2006). The rest of the zinc 
is bound to serum albumin, which is present at extremely high concentrations of  
0.5–0.75 mM and has two Zn(II)-binding sites characterized by dissociation constant 
values of 100 nM and ~1 mM (Bal, Sokolowska et al. 2013). Thus, albumin can bind all of 
the labile zinc in serum to its high-affinity sites that are not saturated with zinc ions, and 
the concentration of free zinc ions is too low to bind to insulin present at subnanomolar 
(57–280 pM) concentrations (Suckale and Solimena 2008). Accordingly, the predominant 
form of insulin in circulation is free monomeric insulin interacting with the insulin 
receptor.  

Although insulin therapy was first introduced about 100 years ago, it remains a 
challenge to inhibit insulin aggregation. Factors like acidic pH (Haas, Vohringer-Martinez 
et al. 2009), agitation (Sluzky, Tamada et al. 1991; Malik and Roy 2011), elevated 
temperature (Vilasi, Iannuzzi et al. 2008), contact with hydrophobic surfaces (Nault, Guo 
et al. 2013), or variation in ionic strength aggravate insulin aggregation (Buell, Hung  
et al. 2013). There have been many attempts to develop strategies to prevent insulin 
aggregation. The earliest strategy to inhibit the aggregation of insulin was to facilitate 
the self-association of insulin by the addition of Zn(II) ions (Hill, Dauter et al. 1991).  
The addition of Zn(II) ions stabilized the hexameric state of the protein, which had a lower 
aggregation propensity than the monomer. However, the promotion of the hexameric 
association of insulin slows down the biological activity of the protein and is undesirable 
(Das, Shah et al. 2022). 

Later attempts to inhibit insulin fibrillization was targeted to nucleation or the 
elongation step of fibril formation. Recently described insulin aggregation inhibiting 
molecules include polycyclic aromatic compounds like curcumin and epigallocatechin 
gallate (EGCG) (Rabiee, Ebrahim-Habibi et al. 2013), which interact with insulin through 
noncovalent interactions, thereby stabilizing the protein and preventing aggregation 
(Wang, Dong et al. 2012).  

Other insulin fibrillization inhibiting molecules include quinones (Gong, He et al. 2014; 
Jayamani, Shanmugam et al. 2014), synthetic peptides, KR7 (KPWWPRR-NH2) and NK9 
(NIVNVSLVK) (Banerjee, Kar et al. 2013; Ratha, Ghosh et al. 2016), the fibrillating core 
from human IAPP (N22FGAIL27, called NL6) and its derivative NFGAXL (NL6X,  
X = 2-aminobenzoic acid) (Ratha, Kar et al. 2019), supramolecular complexes like 
cucurbituril (Lee, Choi et al. 2014; Webber, Appel et al. 2016), calixarenes (Shinde, 
Barooah et al. 2016), and β-cyclodextrins (Kitagawa, Misumi et al. 2015), also a 
sulfobutylether-β-cyclodextrin (SBE7β-CD) (Shinde, Khurana et al. 2017) – a water-soluble 
macrocycle that is capable of breaking mature fibrils to smaller non-toxic species and 
BSPOTPE, consisting of a tetraphenylene moiety functionalized with two sulfonate 
groups, which inhibited insulin aggregation completely at sub-stoichiometric 
concentrations (Wang, Wang et al. 2011; Hong, Meng et al. 2012). Other nucleation 
targeting small molecules include small osmolytes, namely, betaine, citrulline, proline, 
and sorbitol (Choudhary, Kishore et al. 2015; Patel, Parmar et al. 2018), polyphenol called 
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rosmarinic acid (Zheng and Lazo 2018), glycoacridine derivatives (Van Vuong, 
Bednarikova et al. 2015), gelatin (Jayamani and Shanmugam 2016), gallic acid (Jayamani 
and Shanmugam 2014), the dye methylene blue (MB) (Mukherjee, Jana et al. 2018) and 
prion derived tetrapeptide, VYYR (named IS1), to effectively inhibit the heat and  
storage-induced fibrillization of insulin (Mukherjee, Das et al. 2021). 

Although there are many small molecules that demonstrated the inhibitory effect on 
insulin fibrillization, they all were either nonspecific in their action, and affect the activity 
of other proteins (Rabiee, Ebrahim-Habibi et al. 2013) or prone to proteolytic 
degradation (Ratha, Kar et al. 2019) or these molecules are relatively insoluble in 
aqueous solution at room temperature (Wang, Dong et al. 2012; Rabiee, Ebrahim-Habibi 
et al. 2013) which makes them therapeutically unsuitable (Das, Shah et al. 2022). 

Currently, m-cresol and phenol are used as preservatives in insulin formulations to 
maintain sterility as well as to stabilize the hexameric state of insulin, thereby slowing 
aggregation. However, prolonged exposure to phenol in insulin injections may result in 
phenol-based toxicity mainly affecting the central nervous system and inducing 
dysrhythmia, seizures, and coma (Bode 2011). An alternative to small molecule inhibitors 
is to generate new insulin analogs with enhanced stability and resistance to aggregation, 
however, the search has not yielded successful results so far (Das, Shah et al. 2022). 

Another important protein whose functions and stability are tightly regulated by zinc 
and copper ions in human superoxide dismutase (SOD1), which is the main antioxidant 
defense system against the superoxide anion (O2·-). 

Fully metallated SOD1 is a very stable protein. As an enzyme it is catalytically active 
even at 80°C and the melting point of a protein can exceed 90˚C.  In the absence of both 
metal ions, SOD1 forms high and stable amyloid-like protein aggregates under 
physiological pH and temperature conditions, suggesting that metal binding may play a 
key protective role in the SOD1 aggregation process in vivo (Sirangelo and Iannuzzi 2017).   

The focus of the study described in Publication III was to determine the metal-binding 
affinity of wild-type Cu,Zn-SOD1, and its mutant G93A. This was achieved by competition 
with high-affinity metal binding ligands such as EDTA and DTPA. The method chosen for 
protein demetallation monitoring was the LC-ICP MS, which allowed simultaneous and 
specific detection of the release of copper and zinc ions. It was demonstrated that metal 
binding affinity and kinetic inertness of Cu,Zn-SOD1 are very high as none of the ligands 
was able to demetallate these proteins at physiological temperatures even at high 
millimolar concentrations.  At elevated temperatures, Cu(II) and Zn(II) ions were released 
from the protein simultaneously and the process followed first-order kinetics until 
complete demetallation.  

It was indicated that the rate-limiting step in the metal release of Cu,Zn-SOD1 is the 
opening of the active site for the ligand as the rate of demetallation depended on the 
concentration of the ligand, but not on its metal-binding affinity. It was also shown that 
copper and zinc were released from Cu,Zn-SOD1 simultaneously, so it was not possible 
to determine the affinity of a protein for one of these ions or to determine which ion is 
released first. After calculation of activation energies (ΔH) values for Cu-WT equal to 
178.2 kJ/mol and Cu-G93A equal to 248.9 kJ/mol from Arrhenius plots, it was indicated 
that protein conformational changes occur before demetallation, and it confirms that 
thermal denaturation is indeed the rate-limiting step in a metal release. The calculated 
activation energies fall within the range of reported values for proteins (Peterson, 
Eisenthal et al. 2004; Qin, Balasubramanian et al. 2014). We estimated the minimum 
value of the dissociation constant for Cu,Zn-SOD1, and Cu,Zn-SOD1 (G93A) mutant is in 
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the range of 10−17 M. The difference in the calculated dissociation rate constants between 
native and mutant Cu,Zn-SOD1 is very small, which, cannot affect the functioning of the 
enzyme.  We also compared the fibrillization of Cu,Zn-SOD1 and its G93A mutant at 
40 °C a  nd found that fibrillization of both forms of SOD1 occurs according to a very similar 
sigmoidal curve, thus, there are no differences in the fibrillization propensity of these fully 
metallated protein forms. 

Zinc-depleted SOD-1 is known to induce neurodegeneration in a transgenic mouse 
model with an increased propensity for fibrillization (Estevez, Spear et al. 1998; Estevez, 
Sampson et al. 2000). Some investigations indicate that zinc supplementation protects 
from ALS-associated SOD toxicity as was demonstrated in the example of transgenic mice 
carrying SOD with a G93A ALS mutation (Ermilova, Ermilov et al. 2005). These results 
together with our data allowed us to conclude that toxicity may be related to incomplete 
metalation of G93A SOD as compared to wild-type Cu,Zn-SOD1.  

The results of this work confirm that metal binding plays a very important and 
protective role in the the protein aggregation process and shed some light to the details 
of the particular mechanisms in the case of insulin and SOD. The correct concentration 
of metals in the blood is very important as it is known that both excess and lack of free 
metals are toxic to mammalian cells and can lead to neurodegenerative diseases. It is 
important to conduct more research to reveal the molecular mechanisms of misfolded 
proteins-connected diseases and the role of metal ions in them. Further investigations 
about quantitative metal-binding properties of disease-associated proteins could make 
an important contribution to the field. 
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6 Conclusions 

 
 

 Fibrillization of insulin at physiological pH values demonstrates an unexpected 

concentration dependence: it depends only slightly on the insulin concentration 

below 10 μM, whereas above 10 μM the fibrillization is inhibited: the fibrillization 

rate decreases and lag time increases. This indicates that insulin oligomers 

suppress fibrillization (Publication I).  

 The interaction of monomeric insulin with Zn(II) causes the inhibition of its 

fibrillization due to differential stabilization of the monomeric ground state over 

the partially open conformation that is necessary for fibrillization. Zn(II) ions  

co-secreted with monomeric insulin might prevent its fibrillization at the release 

sites at physiological pH values (Publication I). 

 Insulin monomers bind Zn(II) ions with a dissociation constant of 0.40 mM and 

Cu(II) ions with a conditional dissociation constant of 0.025 mM. In secretory 

granules, insulin is in complex with zinc ions, whereas in circulation it exists as a 

free monomer (Publication II).  

 The release of metal ions from Cu,Zn-SOD1, and its G93A mutant is at elevated 

temperatures cooperative, which means that the release of copper leads to a 

release of zinc or vice versa (Publication III).  

 There exists no equilibrium between SOD-1 and free metal ions and metal 

removal is a part of an irreversible thermodenaturation process (Publication III).  

 Cu,Zn-SOD1 G93A mutant has slightly faster metal release as compared to the 

wild-type protein both in the presence and absence of metal chelators, which 

indicates that mutation of distant G93 residue affects metal-binding properties 

of the enzyme. The fibrillization of both forms of SOD1 was similar (Publication 

III). 
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Abstract 

Role of metal ions in amyloidogenic properties of insulin and 
superoxide dismutase  

Protein and peptide physical instability problems, such as the formation of amyloid fibrils 
are gaining much attention because it is connected to more than 40 human pathologies. 
It is known that proteins usually require cofactors to perform their biological functions 
which are often metal ions. Therefore, it is very important to investigate the physical and 
chemical properties of protein-metal complexes.  

Zn(II) and Cu(II) metal ions have demonstrated the pronounced effects on the 
fibrillization of a variety of amyloidogenic peptides and proteins and the investigation of 
their affinity parameters in metal-protein complexes is highly important. 

The aim of this study was firstly to better understand the molecular mechanisms of 
amyloid formation in the absence and presence of metal ions and to calculate the affinity 
constants of some important protein-metal ion complexes. Secondly, the goal was to 
investigate the demetallation of Cu,Zn-SOD1, and its ALS-related G93A mutant in the 
presence of different metal ion chelators at varying temperatures by using an LC-ICP  
MS-based method. 

To achieve these goals the effect of Zn(II)  and Cu(II) ions on the fibrillization of insulin 
was studied, the dissociation constant value for the monomeric 1 : 1 Zn(II) – insulin 
complex equal to 0.40 mM and Cu(II) – insulin complex equal to 0.025 mM was 
determined and the wt Cu,Zn-SOD1, and its mutant G93A were produced.   

The obtained results demonstrated that Zn(II) inhibits the fibrillization of monomeric 
insulin at physiological pH values by forming a soluble Zn(II)–insulin complex. Based on 
the obtained results a mechanism for the assembly and fibrillization of insulin in the 
presence of Zn(II) ions was proposed. Also, the KD value of insulin dimers equal to  
18.9 µM was calculated. Investigations of wt Cu,Zn-SOD1, and its mutant G93A 
demonstrated that none of the standard metal-binding ligands was able to remove 
metals from these proteins at physiological temperatures even at high millimolar 
concentrations which indicated very high metal-binding affinity of Cu,Zn-SOD1.  
To perform demetallation experiments the increased temperatures were applied, but then 
metal removal was a part of an irreversible thermal denaturation process. We showed that 
the release of Zn(II) and Cu(II) metal ions from Cu,Zn-SOD1 is cooperative and there exists 
no equilibrium between SOD-1 and free metal ions. Also, we concluded that it is not 
possible to calculate KD for metal-protein complex as the chemical reaction does not 
reach equilibrium. 

The obtained results provide a more detailed understanding of the molecular 
mechanisms of amyloid formation, reveal the affinities of many protein-metal ion 
complexes, and bring us to a better understanding of proteins and metal ions interactions. 
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Lühikokkuvõte 

Metalliioonide roll insuliini ja superoksiidi dismutaasi 
amüloidogeensetes omadustes 

Valkude ja peptiidide füüsikalise ebastabiilsuse probleemid, eelkõige  amüloidsete 
fibrillide moodustumine, saavad palju tähelepanu, kuna need protsessid on seotud enam 
kui 40 erineva inimestel esineva patoloogia või haigusega.  Paljud valgud vajavad  oma 
bioloogiliste funktsioonide täitmiseks kofaktoreid, milleks on sageli metallioonid. 
Seetõttu on väga oluline uurida valk-metall komplekside füüsikalisi ja keemilisi omadusi. 
Märkimisväärset mõju mitmesuguste amüloidogeensete peptiidide ja valkude 
fibrillatsioonile omavad just sellised  oluliste biometallide ioonid nagu Zn(II) ja Cu(II).  

Käesoleva uuringu eesmärgiks oli paremini mõista amüloidide moodustumise 
molekulaarseid mehhanisme metallioonide puudumisel ja olemasolul ning määrata 
mõnede oluliste valgu-metalli ioonide komplekside afiinsuskonstandid. Nende 
eesmärkide saavutamiseks uurisime Zn(II) ja Cu(II) ioonide mõju insuliini fibrillatsioonile, 
määrasime monomeerse 1:1 Zn(II)-insuliini ja Cu(II)-insuliini kompleksi 
dissotsiatsioonikonstandid (KD), mille väärtuseks saadi vastavalt 0,40 mM ja 0,025 mM.  
Samuti uurisime Cu,Zn-SOD1 ja selle ALS-iga seotud G93A mutandi demetalleerumist 
erinevate metalliioonide kelaatorite juuresolekul erinevatel temperatuuridel, kasutades 
LC-ICP MS-põhist meetodit. 

Saadud tulemused näitasid, et Zn(II) inhibeerib monomeerse insuliini fibrillatsiooni 
füsioloogiliste pH väärtuste juures, moodustades lahustuva Zn(II)-insuliini kompleksi. 
Saadud tulemuste põhjal pakkusime välja mehhanismi insuliini oligomerisatsiooniks ja 
fibrilleerimiseks Zn(II) ioonide juuresolekul. Samuti arvutasime välja, et insuliini dimeeride 
KD väärtus on võrdne 18,9 µM. 

Cu,Zn-SOD1 ja selle G93A mutandi uuringud näitasid, et ükski standardsetest  
metalli-siduvatest ligandidest ei suutnud eemaldada nendest valkudest tsink ja 
vaskioone füsioloogilistel temperatuuridel isegi kõrgel millimolaarsel kontsentratsioonil, 
mis viitas Cu,Zn-SOD1 väga kõrgele metallide sidumisafiinsusele või kineetilisele 
inertsusele. Ainus võimalik viis metallide eemaldamiseks oli temperatuuri märgatav 
tõstmine, mis viitas sellele, et metallide eemaldamine on osa pöördumatust termilise 
denaturatsiooni protsessist. Katsete käigus näitasime, et Zn(II) ja Cu(II) metalliioonide 
vabanemine Cu,Zn-SOD1-st on kooperatiivne protsess ning SOD-1 ja vabade ioonide 
vahel puudub tasakaal. Samuti mõistsime, et SOD-1 puhul ei ole metalli-valgu kompleksi 
KD arvutamine võimalik, kuna metallide dissotsiatsioon ei saavuta tasakaaluolekut. 

Kokkuvõttes võib järeldada, et teostatud uuringu tulemusel saadi üksikasjalikum 
ülevaate amüloidi moodustumise molekulaarsetest mehhanismidest metalliioonide 
juuresolekul, määrati mõnede oluliste valgu-metalli ioonide komplekside 
seostumisafiinsused, mis aitab meil paremini mõista valkude ja metalliioonide 
koostoimeid. 
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Noormägi, A., Gavrilova, J., Smirnova, J., Tõugu V., Palumaa, P. “Zn(II) ions co-secreted 
with insulin suppress inherent amyloidogenic properties of monomeric insulin” (2010) 
Biochem J.; 430(3):511–518. 
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������� r�����$��'�$�#%!'��#$"����%#�����$��'�$)*��'��#�;312����
����*�;3312����
������;312����
���C����6,��03@+D���34�����,�"�;312����
���C����6,���	67�6�6�?6�D012������D���34�����76�,6�=290?�
�4����?�
�������,6
�����
�DD6�8.3425676�8759/:8��,;3342<�+
�.0@+/���=�2�4�C6�D�
��
�D��46,
G�C��������D;312����
�����	67�6�6�?6�D012������D���34����750/0/�?�
6
��8033�4/4��84�

��
���
��?6�����/ ��=	6���	���������
?�47�
�������.3;3���?	64�?�
��?�6�G



��� ������	
��
���������
������� ����������� �����!"#��$%! �""�&�����������'"����(��) ��������*�+,,-����.��/0
�
���1�	��
2���
��3�3�
��2��2������
���4���
����3�����2�����4���2��56�7..8�.��/0
���1�	����
���2
������
	������	���	�����0�93�3�
��2��2������
���:9������3�3�
��	���	���2���0��4
��6�7..8
����;���	��
2
��/0
��������<4�
00
=�>
��3���
�00?/�5�0���
����	��
�������
��0�����/	����4�
	3������5����2�3���4
��
���6�7..8@
��/0
�A	���	��5��	��
��
��55A3���9�?5��<4�
00��
����
�3��>�����3��
���5���2��5��	��
���5	���	��
2
��/0
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Publication III 

Smirnova, J., Gavrilova, J., Noormägi, A., Valmsen, K., Pupart H., Luo, J., Tõugu, V., 
Palumaa, P. “Evaluation of Zn2+- and Cu2+-binding affinities of native Cu,Zn-SOD1 and 
its G93A mutant by LC ICP MS” (2022) Molecules; (27) 3160. 
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