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1. Introduction 
 

1.1. Parathyroid hormone 

Human parathyroid hormone comprises of 84 amino acids and plays the pivotal role in 

regulating the serum phosphate and calcium levels in the blood, by acting on the bone, 

kidney, and the intestines (1-3). As the name indicates, this hormone is secreted by the chief 

cells of the parathyroid glands (4 pea sized organs) which are in the neck region near the 

thyroid glands. When the amount of extracellular calcium falls down severely then PTH is 

secreted by the PTH glands (Fig. 1.1) (4). Modulation of the calcium level in the body is 

mediated via calcium sensing receptors that are predominantly expressed in the parathyroid 

and kidney and sense the level of calcium in blood (5, 6). Severely low levels of calcium 

are sensed by the calcium sensing receptors which then stimulate PTH secretion by PTH 

glands (7, 8). PTH stimulates bone resorption which eventually leads to an increase of cal-

cium in the blood.  

 

Figure 1.1 End organ effects of PTH 

Low serum Ca2+ level activates the PTH gland to secrete PTH into the blood which in turn stimulates calcium 

reabsorption by kidney and the bones leading to an increase in the blood calcium level. In the kidneys, PTH 

stimulates production of 1α-hydroxylase which converts inactive 25-hydroxyvitamin D3 to active 1, 25-di-

hydroxyvitamin D3 which promotes both calcium and phosphate absorption from intestine. Image created 

using Biorender. 
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In the kidneys, PTH stimulates production of 1α-hydroxylase which converts inactive 25-

hydroxyvitamin D3 to active 1, 25-dihydroxyvitamin D3 promoting both calcium and phos-

phate absorption from the intestine as well as renal reabsorption of calcium (Fig. 1.1) (9, 

10). PTH inhibits renal phosphate reabsorption (11-13). Excess phosphate ions in serum 

together with calcium ions leads to formation of insoluble salts (14). Therefore overall, less 

phosphate ions in serum leads to increased calcium ions level.  

While PTH stimulates both bone formation and bone resorption, the duration and periodic-

ity of exposure to PTH governs the net effect (catabolic or anabolic) (15, 16). This property 

of PTH (anabolic/catabolic effect) is used in treating hyperparathyroidism induced osteo-

porosis which will be discussed below in detail in section 1.1.4. 

1.1.1. Structural details of the parathyroid hormone and its interaction 

with PTHR1 

PTH(1-34) i.e. the first 34 amino acids of mature PTH are sufficient for triggering endocrine 

biological activities similar to that of full length PTH (17). Over the last 25 years structures 

of PTH (1-34) and its homologues have been extensively characterized. Using NMR spec-

troscopy, the overall structure of PTH (1-34) studied under aqueous buffer conditions show a 

short helix at the N-terminal region (Gln 4 to His 9) and a longer helix (Ser 17 to Gln29) at 

the C-terminal region (Fig. 1.2A). The two helices are connected by a flexible hinge around 

Gly 12 and a defined loop region is present from His 14 to Ser 17 (18). 

 

Figure 1.2: Structure of parathyroid hormone (1-34)  

A) The Solution NMR structure of PTH (1-34) (1ZWA.PDB) shows a short helix at the N-terminal region (Gln 

4 - His 9) and a longer helix (Ser 17 - Gln29) at the C-terminal region. B) Crystal structure of PTH (1-34) 

(1ET1.PDB) which crystalizes as a dimer and appeared to be a continuous helix with a slight bent of 15° 

between residues 12 and 21.  
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However the flexible hinge region found in the NMR structure was missing in Xray-crystal 

structure showing one continuous α-helix. PTH(1-34) crystalises as a dimer with a slight bent 

of 15° between residues 12 and 21 (Fig. 1.2B) (19). This structural difference as seen by 

two different methods is primarily caused 

by more extensive hydrophobic protein-

protein interactions in the crystals 

because of reduced solvent exposure. The 

crystal structure better represents PTH 

when close to its membrane receptor 

(Fig. 1.3) (20). It must however be noted 

that a PTH mimetic agonist, termed 

ePTH was used for co-crystallization 

with PTH1R as the endogenous PTH 

failed to crystallize with the receptor in a 

lipid cubic phase (20). NMR based 

structures with excess trifluoroethanol 

(TFE) or in presence of a membrane also 

show a continuous helix (21). 

There are two known parathyroid hor-

mone receptors in mammals termed PTH1R and PTH2R. These receptors are member of 

GPCR family B comprising an extra cellular domain (ECD) to support substrate binding. 

PTH1R is expressed in bones and kidneys whereas the receptor PTH2R together with its 

ligand, tuberoinfundibular peptide of 39 residues (TIP39) is abundantly expressed in the 

skin. The role of PTH in maintaining calcium homeostasis in blood has already been dis-

cussed. PTH is not present on the skin but calcium homeostasis is extremely important to 

maintain normal epidermal function and keratinocyte differentiation (22). This is regulated 

by binding of TIP39 to PTH2R (22). In this thesis PTH1R and its cellular activation with 

different ligands has been focused upon. 

All the receptors for class B GPCR family follow a common mechanism for ligand binding 

known as the two step-binding model (23). In this model, the C-terminal region of the lig-

and at first binds to the N-terminal extracellular domain of the receptor. In the second step 

the N-terminal residues of the ligand binds to the juxta membrane region of the receptor 

Figure 1.3: PTH1R–ePTH complex structure deter-

mined by X-ray diffraction (6FJ3.pdb) 

Residues 20-34 of ePTH (orange) are bound to the ECD 

of receptor. Within the transmembrane domain residues 

1-14 extended the α-helical conformation of ePTH facili-

tating the interaction with the TM helices (I, II, III, VII) 

and extracellular loops (2 and 3). A slight bend is ob-

served between residues 12–21.  
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and triggers the intracellular events. PTH1R being a member of this family of receptor, also 

follows the two-domain model (Fig. 1.4). Many studies have been performed for compre-

hensive understanding of the PTH1R (using full receptor or only the extracellular domain) 

interaction with the PTH agonist (20, 24, 25). It is now known that the central hydrophobic 

groove formed by the α-β-β-α fold of the ECD interacts with residues 20-34 of PTH. Res-

idue 1-14 of the PTH binds to the juxta membrane domain of PTH1R by making contacts 

with helices I, II,III, VII, ECL2 and ECL3(20). 

 

Figure 1.4: Two step binding model 

PTH binds its cognate receptor via two steps. Step 1 is the binding of region 20-34 of PTH to the N-terminal 

extracellular domain of the PTH receptor. Step 2 is the receptor activation by binding of the N-terminal region 

1-14 of PTH to the transmembrane domain of the receptor. Image created using Biorender. 

 

1.1.2. Disorder in the parathyroid hormone 

Amino terminal fragments of PTH are completely active and can mimic full length PTH in 

activating cellular responses by binding to the PTH receptors (26). However, there has been 

a lack of understanding about the extracellular function of the last 50 amino acid sequences 

of PTH. This region of PTH is also intrinsically disordered (IDR) as observed in a PONDR 

based prediction of intrinsically disordered regions (Fig. 1.5 A) (27) and AlphaFold 2.0 

model (Fig. 1.5 B) (28).  
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Figure 1.5: Secondary structure prediction of PTH  

Both a PONDR based prediction (A) and an AlphaFold 2.0 model (B) classify the C-terminal part of PTH as 

intrinsically disordered region. 

 

Since no extracellular role of this C-terminal IDR is reported so far during receptor activa-

tion, a possible role in intracellular processes was biochemically tested. PTH precursors are 

transported through a series of membrane bound compartments which includes the Golgi 

complex, the trans-Golgi network and finally the secretory granules (29, 30). To study the 

role of C-terminus, series of C-terminal truncated preproPTH mutants viz. preproPTH (1-

34), preproPTH (1-40), preproPTH (1-52) and preproPTH (1-84) were constructed and its transport 

across microsomal membranes using cell-free extracts and the full secretory pathway was 

studied (31). It was found out that the disordered carboxy-terminus of PTH is needed for 

transport across the ER since these truncated peptides failed to secrete from the COS cell 

(31). With a series of pulse chase experiments it was confirmed that these truncated variants 

were converted from prepro- to pro-protein molecules. However these proPTH (1-34), 

proPTH (1-40), proPTH (1-52) proteins were never converted to PTH(1-34), PTH(1-40) and PTH(1-

50) respectively (31). The reason for this alternative fate was claimed mysterious by the 

researchers. Nevertheless it was speculated that perhaps these truncated pro-proteins are 

retained in ER due to misfolding (32, 33) and degraded by lysosomal or nonlysosomal 

pathways (34). 

1.1.3. Signaling pathways induced by interaction of PTH and PTHR1 

PTH activates the G-protein coupled PTH receptor 1 (PTHR1) via binding to the extracel-

lular domain ECD (17). PTH mRNA transcription is regulated by the amount of extracel-

lular calcium which binds to the calcium sensing receptors present predominantly on the 

parathyroid glands and kidneys (Fig. 1.1) (7). Low levels of extracellular calcium stimulate 



Introduction 

 

 
6 

 

secretion of parathyroid hormone whereas high levels lead to lower secretion as well as 

degradation of PTH within the parathyroid cell. Since the N-terminal domain of PTH is 

responsible for the activation of GPCRs expressed by target tissues (bones and kidneys), 

any circulating form of PTH that has an intact N-terminal domain is also referred to as 

biologically active (35).     

 

Figure 1. 6: General principle of signaling by PTHR  

Following ligand binding, the receptor undergoes conformational changes, which promote the coupling with 

heterotrimeric G proteins (Gαβγ), and catalyzes the exchange of GDP for GTP on the α-subunit. This leads 

to dissociation between α- and βγ subunits. GαS activates the adenylyl cyclase pathway which leads to cAMP 

synthesis which activates the protein kinase A (PKA). The Gαq activates phospholipase-C which cleaves 

PIP2 leading to formation of IP3 and DAG. IP3 stimulates the release of Ca+2 from the endoplasmic reticulum. 

Both Ca+2 and DAG activate PKC which controls bone resorption. Image created using Biorender. 

 

Interaction of a biologically active PTH with the PTH receptors leads to multiple parallel 

signaling pathways (Fig. 1.6) (36, 37). The receptor undergoes conformation changes and 

leads to coupling with G proteins (Gαβγ). Following the exchange of GDP for GTP on the 

α subunit, the G proteins dissociate and the Gαs subunit activates adenylyl cyclase leading 

to the synthesis of cyclic AMP (cAMP) and activation of protein kinase A (PKA). Active 

PKA via further complex pathways ultimately leads to stimulation of osteoclast formation 

(38). 

The Gαq activates phospholipase-C which cleavges PIP2 leading to the formation of IP3 

and DAG. Subsequently IP3 stimulates the release of Ca2+ from the endoplasmic reticulumn 
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(39). Both Ca2+ and DAG activate PKC which is known to play an important role in 

regulation of bone resorption (40, 41). 

1.1.4. Hyperparathyroidism and osteoporosis 

Calcium levels in the body are regulated by the parathyroid glands but when one of the 4 

parathyroid glands become overactive and starts secreting PTH in a large amount then this 

results in osteoporosis (primary hyperparathyroidism) (42, 43). PTH causes bones to 

release calcium into the bloodstream which results in loss of bone density and hardness. 

Such bones are more prone to breakage and contain large holes due to missing calcium 

(Fig. 1.7). Secondary hyperparathyroidism on the other hand occurs when the disease lies 

outside the parathyroid glands and the medical implication are enlarged and overactive 

parathyroid glands. For example, kidney failure often leads to triggering of 

hyperparathyroidism (44, 45). Dysfunctional kidneys are no longer capable of activating 

vitamin-D which is needed for intestinal calcium absorption. This leads to hypocalcemia 

and hyperphosphatemia in the body and in response to which PTH gland becomes active 

(46, 47). Many strategies are followed in the treatment of hyperparathyroidism depending 

on what is the major cause of the disease (48). 

Surgical treatment (Parathyroidectomy) is one of the recommended strategy followed 

mostly only in case of primary hyperparathyroidism (49). Calcimimetics are 

pharmocological agents that activate extracellular calcium receptor which are present in 

abundance in kidney and parathyroid glands (45). These calcimimetics can suppress 

parathyroid gland function and  hence the level of PTH in the blood. Continuous treatment 

is however avoided due to side effects viz. hypercalcimia and hypercalciuria (50).  

PTH(1-34) has the same actions as endogenous full length 84 amino acid PTH since the C 

terminal IDR part of PTH has no effect on binding to the receptor and only the N-terminus 

amino acid are needed to fully activate the receptor therefore it can be used to treat 

hypoparathyroidism (51). Interestingly, it was found that that when PTH(1-34) is 

administered intermittently it has anabolic effects i.e it promotes new bone formation by 

activating osteoblast (52). PTH(1-34) known as teriparatide and under the brand name 

Forteo® is administered subcutaneously to people who are having increased risk of bone 

fractures (53). The approved drug Teriparatide (PTH1-34) is used for its anabolic effects as 

it stimulates osteoblast differentiation only when it is administered intermittently in low 
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doses (54). This effect is in contrast with continuous treatment with PTH(1-34) as it would 

lead to osteoclastogenesis with bone resorption ability. The two modes of drug 

administration in a continuous or intermittent medication regulate different set of genes in 

the bone cells and hence these downstream responses (15, 55). 

 

Figure 1.7: Normal (left) vs Osteoporotic bone (right)  

Osteoporotic bones contain large holes in them due to missing calcium caused by an imbalance of the PTH 

level in human blood. Image taken from (56). 

 

All the current treatment methods deal with targeting the receptor or gland itself, whereas 

controlling PTH function at the agonist level is not yet fully explored (57). 

1.2. Gene regulation, expression and secretion of Parathyroid hormone 

1.2.1. Regulation of mRNA-encoding PTH 

After the release of PTH into the blood-stream, replenishment of the hormone stores must 

take place which is dependant on the availability of mRNA encoding PTH (58, 59). 

Calcium sensing receptors present on the parathyroid cell are sensitive to alteration of the 

Ca2+ level in the serum (Fig. 1.8). Serum Ca2+ can modulate PTH mRNA stability post-

transcriptionally but does not affect PTH gene transcription (60-64). Stability of the PTH 

mRNA is modulated through the interaction of trans-acting cytosolic proteins to a cis ele-

ment in the parathyroid hormone mRNA 3'-untranslated region(30, 62). This interaction 

determines the stability of PTH mRNA and is influenced by serum calcium levels i.e., low 

serum Ca+2 increases the PTH mRNA stability whereas very high Ca+2 levels in the serum 

destabilizes the PTH mRNA (60, 65). 
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Figure 1.8: Parathyroid hormone expression, regulation, and secretion in parathyroid cells  

PTH mRNA translation takes place in the ER where the first precursor, preproPTH is formed. The Pre peptide 

is cleaved in the late ER and proPTH travels to the Golgi apparatus where it is cleaved by the hormone Furin 

to form mature PTH. This mature PTH is then stored in secretory granules until secreted. Activation of the 

calcium-sensing receptor (CASR) renders the PTH mRNA less stable. 1α,25-dihydroxyvitamin D binds to 

the VDR and activates it, leading to repression of PTH gene transcription. (FGF)-23 activates the FGFR1-α-

Klotho receptor complex which in turn inhibits PTH gene expression and hormone maturation from pre-

proPTH. Image created using Biorender. 

 

Modulation of the PTH gene at transcription level is mediated through interaction of 1α,25-

dihydroxyvitamin D (1α,25-(OH)2D) with VDR (vitamin-D receptor). Excess of PTH in 

the blood serum leads to an increase in (1α,25-(OH)2D) level in blood which binds to the 

VDR and activates it (Fig. 1.8) (66-68). Activation of VDR leads to the repression of PTH 

gene transcription through a series of complex mechanisms (69). Other pathways include 

the control of PTH gene transcription by fibroblast growth factor 23 (FGF 23) and Klotho 

proteins (70). FGFR1 forms a heterodimer together with its coreceptor α-Klotho which is 

expressed in high level in parathyroid glands (Fig. 1.8) (71, 72). FGF23 activates this 

receptor complex which inhibits parathyroid hormone (PTH) gene expression and PTH 

secretion through activation of the MAPK pathway (73). 
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1.2.2. Precursors of Parathyroid hormone: preproPTH and proPTH 

Many peptide hormones are initially synthesized as longer peptides with extra amino acid 

sequences present at the N-terminal region, which are proteolytically processed to yield 

active hormones. These precursors are further subdivided into pre-proteins and pro-

proteins, where both precursors have a different function and processing kinetics (74) One 

major step towards a better understanding of the mechanism of pro-protein processing into 

a mature and biologically active protein has been the identification of a family of pro-

protein convertases (PC) in the pathway of secretory proteins (75). The PC family includes 

nine members: PC1/3, PC2, furin, PC4, PC5/6, PACE4 (paired basic amino acid cleaving 

enzyme 4), PC7, SKI-1/S1P (subtilisin kexin isozyme 1 also known as S1P) and PCSK9 

(pro-protein convertase subtilisin kexin 9).  

The first seven members recognize and cleave precursor pro-proteins after the basic residue 

motif (R/K)Xn(R/K) (76). The eighth member, SKI-1 recognizes nonbasic residues after 

the C-terminal end of residues (R/K)X-(hydrophobic residue)-X (where X could be any 

amino acid except for proline and cysteine) (77). PCSK9 undergoes an autocatalytic 

cleavage after the internal VFAQ152 stretch (78). 

Accordingly, cellular formation of active parathyroid hormone occurs via two precursors 

preproPTH (115 amino acid) and proPTH (90 amino acid) (Fig. 1.9) (79). The 25 amino 

acid pre-region acts as a signal sequence that directs the protein into cells' secretory 

pathway, whereas downstream to the signal sequence, the six amino acid pro-region acts 

as an adapter molecule, which supports the efficient and accurate functioning of the signal 

sequence (80). The proteolytic conversion of preproPTH to proPTH takes place in the 

endoplasmic reticulum by signal peptidases and the conversion of proPTH to mature PTH 

takes place in the Golgi complex by proteolytic cleavage mediated by pro-protein 

convertases furin and PC7 (81-83). Neither the calcium nor the dihydroxy vitamin D level 

in the extracellular fluid, which are the major regulators of parathyroid cell synthesis and 

secretory activity, influences the mRNA level of furin and PC7 (83). This contrasts 

proinsulin processing by PC1 and PC2, which gets up-regulated in pancreatic beta-cells by 

glucose (84-86). 
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Figure 1.9: Amino acid sequence of preproPTH, proPTH and PTH  

The residues are numbered according to Ser1, which is the first amino acid of mature PTH. 

 

Under physiological conditions, only mature PTH can be secreted by parathyroid chief cells 

and no preproPTH is detected in the PTH chief cells. This is possible due to efficient 

translocation of the precursor hormone through the secretory pathway, efficienct cleaving 

of the pre-and pro- protein by signal petidase and proprotein convertase and proteosome 

mediated degradation of precursors of PTH (87).  

After successful processing the mature PTH must be stored in the membrane coated 

secretory granules in the parathyroid cell which acts like a reservoir of hormone and allows 

controlled release (88, 89). 

1.3. Amyloid fibrils, core and the flanking regions 

One self assembly process of proteins into supramolecular structures is the formation of 

amyloid. Intermolecular cross β-sheet hydrogen bonds drive and stabilise these fibrilar 

structures (90-93). These cross-β motifs form the core of the amyloid fibril. In addition to 

the extensive hydrogen bonds adjacent β-strands form a stacked layer via close 

interdigitation of the side chains (steric zippers) (90, 94, 95). These interactions contribute 

to the stability as well as its marked resistance of the core to proteolytic degradation (96, 

97). Therefore the core or cross-β structured region in an amyloid can be identified using  

limited proteolysis assay and subsequent mass spectrometery based analysis of fragments 

(98) or H/D exchange monitored by NMR spectroscopy (99-101). To visualise amyloid 

fibrils at higher resolution and to get insights into the structural characteristics methods like 

cryo-EM and solid state NMR are used. Both methods involve studying the structural 

arrangement of protein molecule within a fibril and help in revealing structural 

polymorphism (102, 103). 
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The amyloid core is the most aggregation prone region in a protein and mutations in this 

region affect the amyloid stability leading to stabilisation or destabilisation of the cross-β 

structure (104). Being the key sequence element for amyloid fibril assembly and high 

aggregation propensity, the core is also capable of independent fibrillation (105, 106). 

These amyloidogenic region might be flanked by other sequence motifs that could be 

structured (globular domains) (107-110) or intrinsically disordered (α-synuclein, Aβ or 

PTH). There have been reports demonstrating that modification of these flanking regions 

(via mutation, post translational modification, deletion etc ) lead to changes in the stability 

of amyloid (111), fibril morphology (112) as well as growth kinetics (113).  

The amyloidogenic region (AR) or the core of hungtinton’s disease associated amyloid 

includes a polyQ stretch.  Addition of oligoproline close to the polyQ core leads to 

suppression of aggregation and showed a decrease in  thermodynamically favoured 

aggregation pathway (114). A similar effect was seen when oligoproline was attached to 

the Aβ (1-40) peptide which alone fibrilates aggressively but fibrillation was suppressed in 

the presence of oligoproline (115). Therefore it underlines the importance of studying the 

flanking residues that do not form amyloid core, for its impact on fibrillation kinetics as 

well as fibril stability.  

There are five different possibilities for flanking region next to the amyloid core as seen in 

Fig 1.10. (116). In the case (A) the entire sequence interacts with one another and forms 

the core of the amyloid, as a result of which amyloidogenesis is fast (117). In (B) amyloid 

fibrillation is suppressed as long disordered region flank the core (118). The disordered 

flanking regions could retard the fibrillation process mainly via steric impedence or 

increased entropic barrier due to increased motion in this disordered region (119). In case 

(C) decelerating effect will be seen where the amyloidogenic region is linked to bulky 

globular domains via long linkers (120). In case (D) amyloidogenesis can be enhanced 

because of the interaction between the flanking globular regions (116). In case (E) 

amyloidogenesis will be suppresed due to the steric repulsion of globular flanking region 

(121, 122). 

 

Limited proteolysis assay performed on PTH amyloid fibrils revealed that residues 25R-

37L form the core of the amyloid fibril (Fig. 1.11 A) (88). The underlined sequence in Fig. 

1.11 B represents the core of the PTH amyloid. A comparision of CD spectra of soluble 
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PTH and PTH fibril showed that only a part of protein is involved in cross-β structure and 

most of the protein region flanks the cross-β as a random coil (88). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Identification of the fibril core of PTH by limited proteolysis  

(A) PTH amyloid fibrils were digested with chymotrypsin after 2 hours of incubation followed by MALDI 

TOF to analyze the proteolytic fragments generated. The core region of PTH corresponds to the fragment of 

size 1565.2 m/z. Image taken from (88). (B) Underlined sequence is the core region of PTH amyloid which 

is 1565.2 Da. 

Figure 1.10: Schematic view of different kinds of flanking region 

 (A) Without any flanking region, the entire sequence forms the fibril core. (B) Long disordered regions are 

flanking the amyloid core. (C) Globular flanking regions connected to the core via linkers. (D) Globular 

flanking regions that could interact with one another. (E) Globular flanking regions which exhibit steric re-

pulsion. 
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1.3.1. Mechanism of amyloid fibril formation                                                                                                                                                                              

It is important to understand the process of transformation of native soluble monomeric 

proteins into amyloid fibrils and the key pathways involved. Several biophysical methods 

have been developed to measure kinetics of protein aggregation “in-vitro”. Thioflavin-T 

based fluoresence measurement is the most widely used technique to moniter protein 

aggregation (123) and to derive molecular models for the underlying mechanism of fibril 

formation (124). 

    

 

 

 

 

 

 

 

 

 

 

 

 

Thioflavin-T binds to the amyloids only and not the monomeric protein and gives a strong 

fluoresence at 480 nm when excited at 450 nm. Initial assembly of the monomeric protein 

leads to the formation of oligomeric nuclei (nucleation step) which is followed by addition 

of growth units or monomeric protein to this nuclei (elongation step/growth) (Fig. 1.12). 

Oligomers are believed to be the central factor in pathology of many diseases and act as 

Figure 1.12: Pathways of fibril formation 

Along the primary nucleation pathway oligomeric nuclei are formed due to the interaction of 

monomers. This is also referred to as lag phase. The growth of nucleus takes place in the 

elongation phase. The process is in equilibrium with all states when the plateau phase is 

reached. The secondary pathway includes secondary nucleation and fragmentation of existing 

fibrils. During secondary nucleation formation of new fibrils take place on the surface of 

already existing fibril. 
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critical intermediates in the process of fibril formation, as a result of which they have 

received much attention in the recent years (125-130).  

The whole fibril growth process can be divided into two processes 1) primary nucleation 

which means formation of nuclei in absence of any existing fibrils 2) secondary nucleation 

which means formation of nuclei on the surface of already existing fibrils (131-133). These 

two processes are denoted by symbols λ and κ ,which reflects the sum of various individual 

steps going on during the fibrillation process (134-136). Both the processes determine the 

fibril growth rate (Fig. 1.13). 

 

Figure 1.13: The formation of macroscopic PTH amyloid fibrils involves several microscopic pro-

cesses 

New fibrils are created either through primary nucleation or secondary processes. In primary nucleation, new 

fibrils are generated independently. Secondary processes involve either secondary nucleation, where existing 

fibrils induce the creation of new ones, or fragmentation, where fibrils break into smaller pieces that can act 

as seeds for new fibrils. The growth of fibrillar mass primarily happens through the elongation of growth-

competent ends via monomer addition. Each fibril has two growth-competent ends (P) which can facilitate 

this growth process. Figure from (137). 

 

Oligomers can be classified as “on-pathway” or “off-pathway” and it is the on-pathway 

oligomers that are potential target for therapeutic strategies against many amyloid related 

diseases (138). On-pathway oligomers are the oligomers that facilitate growth/conversion 

into fibrillar state whereas off-pathway oligomers do not convert into fibrils(138-140) (Fig. 

1.15A). Off pathway oligomers are believed to inhibit fibril nucleation and growth in a 

concentration dependant manner. This means as the concentration of these oligomers 

increases, their inhibitory effect on the formation and growth of fibrils becomes more 

pronounced. One mechanism of inhibition is the depletion of the available monomer pool 

necessary for fibril nucleation and growth (Fig. 1.15) (141). Off-pathway oligomers reduce 

the concentration of monomers, thus making it less likely for fibrils to form . Off-pathway 
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oligomers are also reported to bind to fibrils surface and suppress secondary nucleation 

events (139, 142). Secondary nucleation involves the formation of new nuclei on existing 

fibrils, which accelerates fibril growth (Fig. 1.14C). By inhibiting this process, off-pathway 

oligomers further impede fibril formation(141, 142). 

A detailed description of all the individual rate constants used to describe the aggregation 

kinetics (Fig. 1.13) is provided in the method section of this thesis. 

 

 

Figure 1.14: Role of off-pathway oligomers during fibril formation  

(A) Fibrillation-inactive" monomers (represented with a star symbol) undergo one of two processes: either 

they self-assemble into an off-pathway oligomer or they transition into the "fibrillation-active" monomer. 

Additionally, the off-pathway oligomer can form when the on-pathway oligomer interacts with the fibrilla-

tion-inactive monomer. These off-pathway oligomers might also have a reversible inhibitory effect on elon-

gation (B) and secondary nucleation processes (C). Image taken from (142). 

 

1.3.2. Free monomer concentration as measure of amyloid stability 

From the thermodynamic point of view, amyloid fibrils are a protein state in equilibrium 

with monomeric protein where the free energy is at minimum at a given concentration and 

all the forward and the backward reactions are still undergoing at balanced rates leading to 

no change in species distribution or no net amyloid growth (143). The free monomer 

concentration  after equilibrium with amyloid fibrils has been reached is often quantified 

in order to study the degree of monomer conversion to fibril and in the analysis of the 
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thermodynamic stability of amyloids (144). The assessment of whether the protein under 

investigation meets this equilibrium criterion can be determined based on the kinetic pattern 

observed in the ThT fluorescence assay. A ThT assay that has reached plateau fluorescence 

is considered to have entered equilibrium. Thereafter separation of the fibrils from the 

monomers is achieved by centrifugation, followed by quantification of free monomer in the 

supernatant as all the species except monomer are spun down. 

 

Figure 1.15: Thermodynamics and concentration dependence of amyloid fibrils 

(A) In energetic terms, fibrils have a lower Gibbs free energy compared to the monomers (B) Fibrils start to 

form only above a critical concentration Cc, where an increase of total protein concentration facilitates an 

increase in fibril mass and the monomer concentration remains constant at Cc. 

 

The most reliable way of determining whether the sample has reached equillibrium is to 

demonstrate that same free monomer concentration is reached irrespective of the initial 

starting monomer concentration (145). During the amyloid fibrillation process decrease in 

free monomer concentration corresponds to decrease in free energy, from less stable to 

more stable structures (Fig. 1.15 A). Using the equation 1, G can be directly quantified 

where mo is a reference concentration of 1M, m is the free monomer concentration at equi-

librium, R represents the gas constant and T represents the absolute temperature (146). 

[𝒎]

[𝒎𝟎]
= ⅇ−

𝜟𝑮

𝑹𝑻                                                     (Equation 1) 

Before fibrils can form at all, a critical monomer concentration must be reached (Cc in Fig. 

1.15 B). Above Cc, the monomer concentration at equilibrium remains constant (m in equa-

tion 1) and all additional protein molecules end up in the fibrils. 
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1.3.3. Functional amyloids and its relevance in PTH storage 

Occurrence of amyloid deposits as a result of misfolding of proteins is a common 

phenomena. In most of the cases it is linked to a pathological condition such as Alzeimer’s 

and Parkinsons disease (147, 148). However many amyloids have been evolutionarily 

optimised to carry out multifaceted roles in different organisms and such amyloids are 

termed as functional amyloids (149, 150). One class of  functional amyloids are stored in 

membrane vesicles that are formed by budding from Golgi apparatus. These vesicles are 

known as secretory granules and their formation process is known as granulogenesis. Lipids 

play an important role during the entire journey of secretory granules (Fig. 1.16 A) (151). 

These secretory granules can release its content upon fusion with the plasma membrane 

and this process is highly regulated via external stimuli (151, 152). The potential of amyloid 

fibrils to act as reservoir of several endocrine hormones is of particular interest to many. 

Immunohistochemical studies were done on mouse pituitary tissue to see if the secretory 

granules stored contents were amyloid like. 

 

Figure 1.16: Hormone transporting secretory granules  

(A) Membrane lipids play an important role in Secretory granule biogenesis. Image taken and modified from 

(125). (B) Normal parathyroid gland with amyloid containing follicle (shown by black arrow) Image taken 

from (132). 

 

For example growth hormone, oxytocin, vasopressin, ACTH (Adrenocorticotropic 

hormone) and prolactin secretory granules were found to be positive for the presence of 
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amyloids (153). In earlier reports intrafollicular amyloid was detected in the parathyroid 

tissue of both normal and pathological parathyroid gland (Fig. 1.16 B) (154, 155). As a 

result of hypocalcemic states in the blood, PTH secretory granules release its content into 

the blood via fusion with the plasma membrane. This process is modulated by the binding 

of extracellular calcium to the CaSR (calcium sensing receptors) present on the chief cells 

(Fig. 1.8). In coherence with these studies it was later reported that PTH could form amyloid 

fibrils in vitro The fibrils showed a characteristic cross-β structure and were reversible, i.e  

when the fibrils were separated from the solution by centrifugation and thereafter mixed 

with buffer, a quick release of monomer was observed (88). 

1.3.4. Role of Heparin in PTH fibrillation 

The pH of each oragnelle in the secretory pathway of any peptide hormone is unique and 

becomes more acidic as the peptide approaches its destination i.e. the secretory granule 

(156). The pH of secretory granules and trans-Golgi network is approx 5.5 (157) and the 

peptide hormones which have an isoelectric point close to 5.5 would tend to aggregate into 

amyloid fibirls (158-160). Mature PTH, however, has an iso-electric point of 8.9 as a result 

of which the net charge of PTH at pH 5.5 is +5.9. Such high charge would make the 

association of monomers and amyloid formation impossible due to charge repulsion. 

Therefore, in order to form amyloid fibril at low pH in sectory granule, there must be some 

additional factors to assist this process. Glycosaminoglycan (GAG) are polyanion 

polysaccharide and are known to be abundant in the secretory pathway (161-163) (Fig. 

1.18).  

In case of several other peptide hormones that forms amyloid fibrils, association with 

heparin has already been studied (164, 165). In vitro experiments proved that PTH also 

binds to heparin and assists it amyloid formation at acidic pH (166) . A prerequisite for 

amyloids to be the storage form of peptide hormone is that it is reversible and releases 

monomer (167, 168). The fibrils formed by PTH in presence of heparin are reversible in 

nature, as they release monomeric PTH upon simple buffer dilution (166).  
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Figure 1.17: PTH in the secretory pathway 

GAGs interact with PTH and assists in its fibrillation at physiological pH (5.5). Figure adopted from (166). 
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2. Thesis objective and research questions 
 

The parathyroid hormone (PTH) of mammals from the parathyroid gland maintains the 

calcium homeostasis in the blood by activating the corresponding GPCR (1). PTH is an 84-

amino acid protein with approximately 70% of its structure being intrinsically disordered, 

primarily situated at the C-terminus (~35-84 amino acid residues). First translation product 

of PTH in the Endoplasmic reticulum is preproPTH (79). The 25 amino acid pre-region is 

known to act as the signal sequence and directs the protein into the secretory pathway. The 

pre- region is cleaved by signal peptidases in the late endoplasmic reticulum (59). The pro-

region which is merely a 6 amino acid sequence (KSVKKR) acts as an adapter molecule 

and supports efficient functioning of the signal sequence (83). This pro-sequence is cleaved 

off in the Golgi apparatus by the enzyme furin and mature active PTH is formed (82). 

Amyloid structures have been observed to serve as storage form for many peptide hor-

mones. These aggregates are believed to provide a controlled and regulated mechanism for 

storing hormones until they are needed for release (153). Peptide hormones known to be 

stored as amyloids include growth hormone (165), calcitonin (169), prolactin (153, 158) 

and many more. Indeed, the discovery of intrafollicular amyloid in parathyroid glands sug-

gested that PTH could be stored in the form of amyloid fibrils (155). In vitro amyloid fibril 

formation of PTH was detected for the first time by a previous PhD student of our biophys-

ical research group at the MLU (88). 

The core of an amyloid is identified as the most amyloidogenic and stable region of an 

amyloid fibril. Using limited proteolysis assay and mass spectrometry the core of PTH was 

identified to be the sequence from 25R-37L (88). In the core of an amyloid forming protein 

all the amino acids are involved in monomer-monomer interaction. However, there are re-

gions lying outside the core, that do not interact with other monomers and rather just flank 

the core (170, 171). These regions are termed “flanking regions” and it is important to study 

the influence of these flanking regions on amyloid formation, amyloid stability, and mor-

phology. 
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In this thesis the following research questions have been addressed. 

Categorized as a functional amyloid, PTH exhibits a strong propensity for amyloid 

formation. However, what safeguards this peptide hormone from premature fibril 

formation while it navigates through the secretory pathway? 

PTH undergoes a unique process of storage in the secretory granules (166). In vitro ThT 

assays have indicated that PTH is notably prone to forming amyloid structures. During its 

journey from the endoplasmic reticulum (ER) to the Golgi apparatus, the precursor pro-

sequence of PTH remains associated with it. This presence of the pro-sequence could po-

tentially play a role in modulating the propensity of PTH to form amyloid fibrils while it 

navigates through the secretory pathway. To investigate this further, a plan was devised to 

generate recombinant proPTH and conduct ThT assays to explore the impact of the pro-

sequence on amyloid fibrillation. 

Within the PTH gland, the pro-sequence is enzymatically cleaved. Consequently, it was 

planned to enzymatically cleave the pro-sequence e.g., by furin, and the effect of this cleav-

age on fibrillation should be examined. Additionally, the fibrillation of proPTH should be 

elucidated in the presence of salts, aiming to evaluate the influence of charges and coloumb 

repulsion, as the pro-sequence has a high positive charge. 

To gain further insights into the fibrillation process, proPTH should be cross-seeded by 

PTH fibrils fragmented into smaller units via sonication, to investigate their impact on 

proPTH fibrillation. The structural characteristics of both PTH and proPTH should be an-

alyzed using NMR (Nuclear Magnetic Resonance) and CD (Circular Dichroism) methods. 

How do the flanking regions, which are not included in the core structure, influence 

or regulate the process of amyloid formation? 

Monomeric PTH is an intrinsically disordered protein primarily exhibiting disorder in its 

C-terminus (characterized using NMR and CD). The core of the PTH extends from region 

(25R-37L) into the flanking regions which are intrinsically disordered as seen by FTIR and 

NMR (29, 88). In addition to the 84 amino acid PTH (1-84), it was necessary to create two 

new proteins with varying degrees of disordered regions removed, specifically PTH (1-34) 

and PTH (1-60). Fibrillation kinetics at various protein concentrations and detailed kinetic 

analyses by fitting the ThT fluorescence data to the equation 3 is a typical approach in this 
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field to investigate the mechanism of amyloid fibrillation. Formation of amyloid fibril in 

PTH is regulated by an interplay of primary and secondary nucleation processes (137). 

Therefore, a detailed kinetic analysis should reveal for the truncated variants the effects of 

the C-terminally IDR on the kinetics of fibrillation. 

To study in addition the influence of the C-terminal IDR region on the PTHR1 receptor 

activation cAMP assays should be set up to compare the effectiveness of full length PTH 

with its C-terminally IDR truncated variants PTH (1-34) and PTH (1-60) and thus to evaluate 

the role of this IDR during signal transduction of the hormone into the target cells. 

Amyloid reversibility being the main prerequisite for functional amyloids, how does 

the C-terminus region which is also a core flanking region effect the amyloid stability 

and morphology? 

Elimination of the C-terminal IDR within parathyroid hormone could induce changes in 

the amyloid structure, the organization of individual β-sheets within the fibrils, and, conse-

quently, the stability of these amyloid fibrils. To experimentally validate this hypothesis, 

techniques such as electron micrograph imaging, ATR-FTIR spectroscopy, wide-angle X-

ray scattering and monomer release assay based on UV-vis spectroscopy were employed. 

It is widely recognized that, as a rule, the amyloid conformation of a protein exhibits greater 

stability compared to its native monomeric form. Therefore, this thesis also encompasses a 

comparative examination of the stability of amyloids, both for PTH and its truncated vari-

ants PTH (1-34) and PTH (1-60), under conditions involving a denaturing agent and in the pres-

ence of excess solvent (as conducted in a monomer release assay). 
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3. Material and Methods 
 

3.1. Materials 

All the materials used in this thesis (chemicals, enzymes, peptides, proteins, plasmids, mi-

croorganisms) as well as standard kits and softwares have been listed in the appendix sec-

tion of this thesis. The chemicals used were supplied by the companies like Sigma-Aldrich, 

Carl Roth, Roche, and Merck. Enzymes and kits were supplied by companies like Ther-

mofisher Scientific, New England Biolabs, Promega, Fermentas and Invitrogen. All the 

buffers used were degassed and sterile filtered using 0.2 μm pore size sterile syringe filters 

(Dr. Ilona Schubert Laborfachhandel). 

3.2. Molecular biology methods 

3.2.1. Polymerase chain reaction (PCR) 

PCR is an in-vitro DNA amplification method based on the ability of DNA polymerase to 

synthesize new strands complementary to the template. As the very first step of molecular 

cloning, the primers were designed using the ApE plasmid editor software. pET-SUMO-

PTH (full length) plasmid was provided by Dr. Mohanraj Gopalswamy (former member of 

the research group) (88). This plasmid was then used as template for preparations of plas-

mids of proPTH and truncated variants of PTH viz. PTH (1-34) and PTH (1-60). The ideal PCR 

conditions were found out using online free software Oligocalc and are mentioned in ap-

pendix 1. The PCR product was mixed with 6x loading dye (Thermofisher Scientific) and 

run on an agarose gel together with DNA marker (GeneRuler 100 bp Plus-Thermo Fisher 

Scientific) to confirm the size of PCR fragment. A list of primers used can be found in the 

appendix section of this thesis. 

3.2.2. Agarose gel electrophoresis 

Analysis of the PCR products was done using agarose gel electrophoresis. In all cases 1.5% 

(w/v) agarose gel was prepared in 1x TAE buffer (50X TAE: 2M TRIS base, 1M C2H4O2, 

50 mM Na2EDTA pH 8.0). DNA markers (GeneRuler 100 bp Plus-Thermo Fisher Scien-

tific) were used to confirm the results of restriction digestion, ligation, and PCR products. 

All samples to be loaded on the gel were mixed with 6x DNA loading dye (Fermentas). 
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3.2.3. Restriction Digestion 

Restriction enzymes were used for cleavage of DNA sequences at specific sites which re-

sults in DNA fragments of a known sequence at each end. The set of restriction enzymes 

that were used for creation of all constructs are BamHI and Eco31 (BsaI) (New England 

Biolabs). pET-SUMO vector and insert (gene of interest) was double restriction digested 

with BamH1 and Eco31. The conditions for setting up restriction digestion reaction were 

based on protocol provided by the vendor. 

3.2.4. Dephosphorylation 

To prevent re-ligation of the restriction digested fragments, dephosphorylation was done. 

After the completion of double restriction digestion, 2 L shrimp alkaline phosphatase 

(SAP) was added to reaction mixture. This SAP cleaves the 5’-phosphate group and there-

fore prevents re-ligation of the DNA fragments. The reaction was stopped by heating the 

mixture for 15 mins at 65°C. 

3.2.5. Ligation reaction 

Ligation is the final step in construction of a recombinant plasmid which involves connect-

ing insert DNA (gene of interest) into compatibly digested vector backbone. This is accom-

plished by connecting the sugar backbone of the two DNA fragments (restriction digested 

vector and insert) using T4 DNA ligase enzyme. This enzyme catalyzes the formation of 

covalent phosphodiester linkages, which permanently seals the nucleotides together. After 

successful ligation complete plasmid is transformed into competent bacterial cells. T4 DNA 

ligase enzyme and T4 ligase buffer was purchased from ThermoFisher Scientific. The con-

ditions for ligation were based on protocol provided by the vendor. 

3.2.6. Preparation of Agar plates for antibiotic selection    

For plating and culturing bacteria agar plates were used. All the components of LB medium 

(table. 1) were mixed together followed by addition of 15% w/v agar, placed in an autoclave 

and sterilized at 121°C. Then the medium was cooled to 40-50°C and Kanamycin (50 

µg/mL) was added to these agar plates for antibiotic selection. This media was then poured 

on petridishes and the agar solidifies at room temperature. These plates were stored at 4°C 

for one month. 
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3.2.7. Transformation and isolation of plasmid from E. coli.  

For transformation purposes E. coli was chosen as a preferred host. For protein expression 

BL21 codon plus RIL strain (Invitrogen) was used whereas for simple plasmid amplifica-

tion chemically competent TOP TEN (Invitrogen) cells were used. A 200 µL aliquot of 

TOP TEN cells (stored at -80°C) was thawed in ice for 2 mins. 100-150 ng of plasmid DNA 

was added to bacterial cells and gently mixed. The mixture was then kept on ice for 30 

minutes. The cells were then given heat shock for 45 s at 42°C and then cooled on ice for 

10 mins. 500 µL of LB media was added to the above mixture and grown at 37°C, 300 rpm, 

for one hour. After one hour the transformed cells were added to LB (Table. 1) agar plate 

containing antibiotic kanamycin for selection.   

 

Substance Amount for 1 liter 

Peptone 10 g 

Yeast extract 5g 

NaCl 10g 

                          Table 1: Composition of LB (Luria Bertini) Media 

 

3.2.8. Colony PCR 

The vector used for cloning purposes has a kanamycin resistance gene, therefore only the 

successfully transformed E. coli will grow on the LB plate which contains kanamycin. For 

purpose of screening the colonies present on selective media, colony PCR is used. The set 

of primers used for this purpose is T7 promoter forward (5’TAATACGACTCAC-

TATAGGG3’) and T7 terminator reverse (5’ GCTAGTTATTGCTCAGCGG 3’). After the 

completion of the PCR, samples were loaded on an agarose gel to visualize the amplified 

bands and for screening the colonies that contain the gene of interest. The PCR condition 

is mentioned in appendix. 

3.2.9. Isolation of plasmid DNA 

The colony that showed a positive result in colony PCR was again picked with a pipette tip 

and then released into a culture tube carrying 5 mL LB media. Frozen stock of kanamycin 
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(1000x: 50 mg/ml in H20) was thawed and was added to the culture tubes (final kanamycin 

concentration 1x: 50 µg/ml). The culture tube was grown overnight at 37 °C, 180 rpm in a 

shaker incubator. The cells were then pelleted by centrifugation (8000 rpm, 10mins, Ther-

moscientific, heraeus PICO 17) and the plasmid was isolated using the Qiagen miniprep 

kit. Sequencing of the plasmid was done at Seqlab (Göttigen, GER). 

3.3. Protein Methods  

3.3.1. SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electro-

phoresis) 

SDS-PAGE is a discontinuous electrophoresis system used to separate proteins based on 

their molecular weight. Based on the molecular weight of the protein that needs to be iden-

tified in the gel, different gel acrylamide percentages in resolving gel can be used viz. 10%, 

12.5%, 15%, 20% etc. In this thesis work 15% acrylamide resolving gels were used, the 

composition of which is mentioned in Table 2.  

Components Resolving gel (10 ml)  

15% 

Stacking gel (10ml)  

6% 

30% acrylamide 5 ml 2 ml 

3 M Gel buffer 3.27 ml 2.50 ml 

10% APS 0.083 ml 0.083 ml 

TEMED 0.006 0.006 ml 

dd H2O 1.65 ml 5.42 ml 

Table 2: SDS gel electrophoresis component 

 

Casting of the gel was achieved using Multiple Gel Caster (Hoefer, Inc). After the prepa-

ration of gels, the protein sample was mixed with 1x Laemmli Sample buffer (appendix) 

and was then boiled at 90° C for 5 mins. The anode and cathode buffers (Table 3-4) were 

poured into the gel electrophoresis chambers (Bio-Rad). The sample was then loaded onto 

the gel and run at 45 mA and a voltage of 150 V. Low range protein ladder (ThermoFisher 

scientific) was also loaded in a parallel well. After the electrophoresis the gel was put in 

quick Coomassie stain (Serva) for 30 mins. 
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Cathode buffer (pH 8.2) 

Tris-base 0.1 M 

Tricine 0.1 M 

SDS (w/v) 0.1% 

Table 3: Cathode buffer composition 

 

Anode buffer composition 

 

Anode buffer (pH 8.9) 

 
Table 4: Anode buffer composition 

 

3.3.2. Dialysis 

Dialysis was used as the method for changing buffer of a protein solution or desalting. 

Depending upon the size of protein, dialysis bags with molecular weight cut off 3.5 KDa 

or 1 KDa were used. Prior to utilization, the dialysis bags were pre-soaked in a solution 

consisting of 100 mM NaHCO3 and 10 mM EDTA at a temperature of 60 °C and pH 7.0. 

After 4 hours the bags were then soaked in distilled water overnight (this procedure was 

repeated two times). For dialysis the protein solution was transferred into the dialysis bag 

and the ends of the tube were sealed using dialysis clips. This bag was then transferred to 

the beaker having the required buffer. All dialysis were carried out at 4 °C in the cold room 

under constant stirring with magnetic stirrer. 

3.3.3. Protein expression in E. coli cells. 

The next step after getting the plasmids through cloning is to express them into appropriate 

E. coli strain. Codon plus RIL strains were selected for the expression of all the proteins. 

Plasmid was transformed into BL21 codon plus RIL strain using the classical heat shock 

method. Transformed cells were then grown overnight into agar plate containing kanamy-

cin. 

3.3.4. Cell growth and lysis 

A single colony was picked and grown into 50 mL LB media carrying 50 µg/ml kanamycin 

(37°C, overnight, 180 rpm in incubator shaker). This is known as primary culture. The very 
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next morning 10 ml of primary culture was added into flask containing 800 ml LB media 

(50 µg/ml kanamycin). This is known as secondary culture. A total of 4x 800 ml media was 

used for protein expression. This secondary culture was allowed to be grown till an OD of 

0.6~0.8 and thereafter was induced with 1 mM IPTG. After 3 hours the shaker incubator 

was stopped and the cells were collected by centrifuging them at 8000 rpm for 10 mins. 

(R105A rotor, himac high speed refrigerated centrifuge CR22N). 

E. coli cell pellet expressing the desired protein was suspended in cold IMAC running 

buffer (50 mM Na2HPO4, 300 mM NaCl, 15 mM imidazole, pH 7.4), put on ice and then 

lysed using sonication to break open the cells and release the protein. To prevent proteolytic 

degradation protease inhibitor cocktail was used and for efficient bacterial cell wall break-

down lysozyme (chicken egg white, Merck) was also added to the cell suspension before 

sonication. Ultrasonicator with KE76 probe (Bandelin Sonoplus, Germany) was used and 

the sonication conditions were amplitude 60%, 6x60 sec with 2 sec pulses interrupted by 1 

sec pauses. The disrupted cells were separated from lysate through centrifugation at 20000 

rpm and 4°C (R27A rotor, himac high speed refrigerated centrifuge CR22N) (Fig. 2.1). 

 

 

Figure 2.1: Scheme of protein expression and purification 
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3.3.5. Immobilized metal affinity chromatography (IMAC) 

IMAC is a common technique used to purify recombinant proteins fused to a short affinity 

tag i.e., 6-histidine at the N or C-terminus.  The protein separation takes place based on 

interaction between proteins in solution and transition metal ions fixed to solid support. 

The Ni+2 of the Ni+2 sepharose resin binds the histidine tag present in the protein of interest 

via a coordination complex. The column was then washed with IMAC running buffer (50 

mM Na2HPO4, 300 mM NaCl, 15 mM imidazole, pH 7.4) to ensure all the unbound and 

nonspecific proteins are washed out. The protein of interest is then eluted with buffer con-

taining a high amount of imidazole (50 mM Na2HPO4, 300 mM NaCl, 300 mM imidazole, 

pH 7.4). Excess imidazole in the elution buffer competes with his tagged-protein for bind-

ing to the charged metal resin and thus is used for elution of the protein from IMAC column. 

The IMAC column used is His Trap FF (prepacked with precharged Ni Sepharose 6, 

Cytiva). The purification was carried out at 4°C and all buffers were filtered and degassed 

prior to use. 

3.3.6. Cleavage of the SUMO fusion protein from the protein of interest 

All the proteins prepared in this thesis had SUMO fusion protein at the N-terminus which 

assists in overcoming protein misfolding, degradation and insolubility. Efficient removal 

of SUMO fusion protein by SUMO protease (ulp1) is important to finally get the target 

protein with a native N-terminus. The eluted fractions from the IMAC column were dia-

lyzed for 4 hours in buffer 50 mM Na2HPO4, 100 mM NaCl, pH 7.4, at 4°C. This lowers 

the imidazole content of protein solution. To the dialysis bag ulp1 (SUMO protease) was 

added (1 g protease will digest 3 mg protein). The dialysis and SUMO cleavage step were 

performed overnight.  

3.3.7. Hydrophobic interaction chromatography (HIC) 

This purification technique separates proteins according to differences in their surface hy-

drophobicity. A reversible interaction between proteins and hydrophobic ligand of HIC 

resin is established. The interaction between the hydrophobic proteins and HIC resin is 

greatly affected by the running buffer. A high salt concentration facilitates the interaction 

between the resin and the protein as seen by the composition of HIC running buffer (50 
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mM Na2HPO4, 100 mM NaCl, 1.4 M (NH4)2SO4). When the ionic strength of the buffer is 

reduced in a gradient dependent manner, the interaction is reversed and protein with lowest 

hydrophobicity elutes first and the most hydrophobic protein elutes the last when 100% 

elution buffer (10 mM Na2HPO4) is passing through the column. 

The protein sample before being loaded on the HIC column is also mixed with (NH4)2SO4 

so that the final (NH4)2SO4 concentration in the protein solution is 1.4 M. HiTrap Butyl HP 

columns (Cytiva) were used. The pH of the buffers was adjusted to 7.4 and all buffers were 

sterile filtered and degassed. 

3.3.8. Size exclusion chromatography 

Size exclusion chromatography separates molecules based on their size by filtration 

through a gel. 26/600 S75 gel filtration column (Cytiva) was used for proteins of molecular 

weight larger than 6000 g/mol. 26/600 S30 column (Cytiva) were used for proteins with 

lower molecular weight.  Buffer used for size exclusion purification is 20 mM Na2HPO4 at 

pH 7.4. 

3.3.9. Ion exchange chromatography 

For proPTH, a final step of ion exchange chromatography was added to ensure pure mon-

omeric protein is obtained.  The protein molecules are separated on the basis of their charge 

and eluted using solution of varying ionic strength. The running buffer comprises of 10 

mM Tris and elution buffer is 10 mM Tris, 1M NaCl, pH 7.4. SP HP (negatively charged) 

columns from Cytiva were used for this chromatographic step. Like all the chromatography 

steps this one was also performed in the cold room at 4°C. 

3.3.10. Isotope labeling of proteins 

Human PTH and proPTH proteins were cloned and purified according to previous protocols 

(172). pET SUMO ADAPT vectors containing PTH or proPTH with a N-terminal His-tag 

were transformed into E. coli BL21 (DE3) codon Plus RIL cells. For NMR based experi-

ments 15N/13C double labeling of the proteins was achieved in minimal media.  

Table 5-7 below gives detailed information about the MSM (minimal salts media) unla-

beled media. For labeled media 15NH4Cl (Table 6) or 13C glucose (table 5) was used as sole 

nitrogen and carbon source respectively. 
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Components for unlabeled MSM media 100 ml 

10x MSM 10 ml 

MgSO4 (1 M) 500 µL 

Glucose 40% stock 2 ml 

Thiamin (1mg/ml stock) 50 µL 

Antibiotic (Kanamycin 50mg/ml stock) 100 µL 

Water 100 mL 

Table 5: Composition of MSM media 

 

 

 

 

 

 

 

Table 6: Composition of 10X MSM media 

 

Trace element  Concentration g/L 

Na2-EDTA 20.1 

FeCl3 x 6H2O 16.7 

CaCl2 x 2 H2O 0.74 

CoCl2 x 6 H2O 0.21 

ZnSO4 x 7 H2O 0.18 

CuSO4 x 5 H2O 0.1 

MnSO4 x H2O 01 

Table 7: composition of the trace elements 

 

The transformed cells (PTH, proPTH) were grown overnight in 5 ml unlabeled MSM. The 

next morning the overnight grown cells were transferred to 100 ml unlabeled MSM (1:10 

10X MSM recipe 20 ml 

K2HPO4 2.92 g 

NaH2PO4. 2H2O 0.816 g 

Na2SO4 0.4 g 

NH4Cl 0.59 g  

Trace element 400 µL 

Water  Upto 20 ml 
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dilution) and were grown for the whole day. In the evening this culture was transferred to 

another flask with 100 ml unlabeled MSM media (1:10 dilution). For the secondary culture 

700x4 ml (13C, 15N) labeled MSM media was prepared and the overnight grown primary 

culture was added to each flask (1:100 dilution). The cells were grown to O.D 0.6~0.8 and 

then induced with IPTG (final concentration 1 mM). The purification scheme was like that 

of unlabeled protein. 

 

3.4. Biophysical methods 

3.4.1. Circular dichroism spectroscopy 

UV circular dichroism (CD) measurements were carried out on a Jasco J-810 spectropho-

tometer (Jasco Deutsch land GmbH, Pfungstadt, Germany) using a 0.01 cm pathlength 

quartz cuvette (Hellma GmbH & Co. KG, Müllheim, Germany). PTH, proPTH, PTH (1-60), 

PTH (1-34) concentrations were adjusted to 20 µM in sodium phosphate buffer (50 mM, pH 

7.4) or citrate buffer (20 mM, pH 5.3). The scan speed was set to 50 nm/min, scanning 

mode continuous, data pitch 1 nm and collected spectra represents an average of 25 scans 

at 25°C. 

For comparison of CD spectra of different proteins, the machine units of millidegrees el-

lipticity is converted to mean residual ellipticity using equation 2 where N is the number of 

peptide bonds in the protein (equation 2). 

𝜽(𝒅ⅇ𝒈. 𝒄𝒎𝟐𝒅𝒎𝒐𝒍−𝟏) =
𝑬𝒍𝒍𝒊𝒑𝒕𝒊𝒄𝒊𝒕𝒚(𝒎 𝒅ⅇ𝒈)⋅𝟏𝟎𝟔

𝐏𝐚𝐭𝐡𝐥𝐞𝐧𝐠𝐭𝐡(𝒎𝒎).𝐩𝐫𝐨𝐭𝐞𝐢𝐧(𝐌).𝐍
      Equation 2 

 

3.4.2. NMR spectroscopy  

NMR experiments were performed on a Bruker Avance III 800 MHz spectrometer 

equipped with a CP-TCI cryoprobe at 25 °C. Spectra were processed with NMR Pipe (173) 

and analyzed using NMRFAM-SPARKY (174). For secondary structure analysis  the dif-

ferences in 13Cα and 13Cβ from random coil values (175) were taken from the chemical shift 

library based on Tamiola et al (176). 

PTH and proPTH NMR samples contained 187 µM of double labeled protein in 90:10 

H2O/D2O, 10 mM bis-tris buffer, pH 5.3. For backbone assignment standard double 
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resonance experiment (15N-HSQC) and triple resonance experiments (HNCACB, 15N-

TOCSY) were used.  

For PTH core the NMR sample was prepared using a lyophilized synthetic peptide (se-

quence 25R-37L of PTH) and was kindly provided by Dr. Sven Rothemund, University of 

Leipzig. The peptide was dissolved in 90:10 H2O/D2O, 10 mM bis-tris buffer, pH 5.3 at 

final concentration of 900 µM. NMR 1H signals were assigned following the Wüthrich 

methodology (177), with the analysis of the TOCSY standard experiments (mixing times 

of 60-80 ms) at 283K and NOESY (mixing time 500, 700 and 1100ms at 283K) and 13C 

chemical shift were assigned with 13C-HSQC and 13C-HSQC-TOCSY natural abundance. 

3.4.3. Mass spectrometry 

All peptides and proteins produced in this work were identified by mass spectrometry. For 

this, the individual samples were divided into ionized components, transferred, and sepa-

rated in an electromagnetic field about the mass-to-charge ratio. Matrix Assisted Laser De-

sorption Ionization (MALDI) technique was used for this purpose. All the mass analysis 

was done by the core facility-proteomic mass spectrometry located at the Charles Tanford 

Centre (Halle). 

3.4.4. Thioflavin-T fluorescence assay  

ThT assays were carried out on a FLUOstar Omega (BMG Labtech GmbH, Ortenberg, 

Germany) reader using Greiner 96 F-bottom well plates (Greiner Bio-One GmbH, Frick-

enhausen, Germany). ThT fluorescence was monitored at 480 nm after excitation at 450 

nm.  

3.4.5. PTH and proPTH fibrillation assay 

The assays to compare fibrillation of PTH and proPTH were performed at a protein con-

centration of 500 M, 37°C and pH 7.4. For comparison at pH 7.4, standard fibrillation 

buffer i.e., 50 mM sodium phosphate, 150 mM NaCl was used. ThT fluorescence was col-

lected every 300s including a shaking time of 150s (double orbital, 300 rpm).  
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3.4.6. Cleavage of pro-sequence by furin 

To see the effect of pro-sequence on fibrillation of proPTH, proPTH was incubated with 

furin (P8077, New England Biolabs) in a ThT assay. Furin cleaves the pro-region and its 

activity is known to be strictly calcium dependent therefore the buffer used for such assay 

consisted of 100 mM HEPES, 500 mM NaCl, 1 mM CaCl2, pH 7.4. To 150 L of 500 M 

proPTH, 2 units of furin was added. ThT fluorescence was collected every 300s including 

a shaking time of 150s (double orbital, 300 rpm). Fibrillation of PTH in the presence of 

furin was studied by adding 2 units of furin to 500 M PTH (all conditions same as above).  

3.4.7. ProPTH fibrillation in high ionic strength buffer 

Fibrillation kinetics for proPTH and PTH at different ionic strength was performed at 50 

mM sodium phosphate with varying amount of NaCl viz. 0 M, 1 M, and 1.5 M. The protein 

concentration was set to 500 M.  

3.4.8. Fibrillation of proPTH in presence of PTH seeds 

Seeds of PTH were prepared by sonication of PTH fibrils (500 µM) in 1.5 ml Eppendorf 

tubes by probe sonication (1 s pulse, 1 s pause, 15×10% amplitude).  These seeds of PTH 

were added to proPTH fibrillation assay. Fresh PTH seeds were added to the reaction mix-

ture directly before the start of the experiment. Final concentration of seeds was 10 nM 

(2%) or 25 nM (5%). ThT fluorescence was collected every 300s including a shaking time 

of 150s (double orbital, 300 rpm). After 60 hours the fibrillated samples were taken for EM 

investigations.  

3.4.9. Fibrillation of PTH and proPTH in presence of Heparin 

In the secretory granules, heparin binds to PTH and facilitates its conversion into fibrils. 

The pH of secretory granule is acidic. ThT assays to study fibrillation of PTH and proPTH 

at low pH conditions in the presence or absence of heparin were recorded in citrate buffer 

(20 mM, pH 5.5, 37°C) and a protein concentration of 150 μM. Porcine intestinal heparin 

(molecular weight 20 kDa) was obtained from Carl Roth (Carl Roth GmbH, Karlsruhe, 

Germany) and used in a molar ratio of 1: 1 (protein: heparin).  
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3.4.10. Fibrillation of PTH (1-34), PTH (1-60) and PTH 

To study the effect of C-terminal truncation of PTH on its fibrillation kinetic, fibril mor-

phology and stability, ThT assays were set up in standard fibrillation buffer i.e., 50 mM 

sodium phosphate, 150 mM NaCl, pH 7.4 and 37°C.  A range of concentration was used to 

set up the fibrillation of PTH viz. 100, 150, 200, 250, 300, 350, 400, 500 and 600 M. In 

case of PTH (1-60) and PTH (1-34) the concentration range used for setting up the ThT assay 

was 75, 150, 200, 250, 300, 350 and 400 M.  

3.4.11. Determination of the rates of primary and secondary nucleation 

pathways 

Primary nucleation is the initial formation of nuclei during amyloid formation in the ab-

sence of fibrils, whereas the term secondary nucleation is used to refer to nucleation that is 

induced at the surface of existing amyloid fibrils. The time-dependent increase of the ThT-

fluorescence was analyzed using the equation 3. 

𝑭(𝒕) = (𝟏 −
𝟏

𝛌𝟑

𝟑𝛋𝟑
(ⅇ𝛋𝒕−𝟏)+𝟏

) 𝚫𝑭𝐩𝐥𝐚𝐭𝐞𝐚𝐮            Equation 3 

In this equation ΔFplateau is the plateau of the ThT fluorescence assay. 
λ3

3κ3  is referred to as 

prefactor A. A < 0.33 or a negative trend indicate the dominance of secondary processes, 

whereas an increase in the value of A denotes competition between the primary and sec-

ondary nucleation processes (137). λ and κ refer to the rate constants of nucleation and 

growth for the primary and secondary processes, respectively. 

 In equation 4 and 5, koligo represents the rate constant of the formation of oligomers in-

volved in primary or secondary nucleation. kconv is the rate constant of conversion, k+ the 

rate constant of elongation that takes place by monomer addition, Co the initial peptide 

monomer concentration. noligo is the reaction order of the formation of oligomers involved 

in primary or secondary nucleation. nconv is the reaction order of oligomer conversion. The 

reaction orders can be extracted from the corresponding log(λ/κ)-log(c0)-plots with scaling 

factors (equation 6, 7). 

𝝀 = (𝟐𝒌+𝒌𝐨𝐥𝐢𝐠𝐨,𝟏𝒌𝐜𝐨𝐧𝐯𝒄
𝟎

𝒏𝐨𝐥𝐢𝐠𝐨,𝟏+𝒏𝐜𝐨𝐧𝐯)𝟏 𝟑⁄  Equation 4 

𝜿 = (𝟐𝒌+𝒌𝐨𝐥𝐢𝐠𝐨,𝟐𝒌𝐜𝐨𝐧𝐯𝒄
𝟎

𝒏𝐨𝐥𝐢𝐠𝐨,𝟐+𝒏𝐜𝐨𝐧𝐯+𝟏
)𝟏 𝟑⁄  Equation 5 
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𝜸𝝀 =
𝒏𝐨𝐥𝐢𝐠𝐨,𝟏+𝒏𝐜𝐨𝐧𝐯

𝟑
 Equation 6 

𝜸𝜿 =
𝒏𝐨𝐥𝐢𝐠𝐨,𝟐+𝒏𝐜𝐨𝐧𝐯+𝟏

𝟑
    Equation 7 

 

3.4.12. UV-Vis Spectroscopy 

Protein concentration determination was performed by measuring UV absorbance at 280 

nm. The here studied proteins showed a maximum peak at 280 nm due to the presence of 

tryptophan and this was readily converted into protein concentration using the Beer-Lam-

bert law, A() = ɛ()cl, where A() is the absorbance, and ɛ() is the molar extinction 

coefficient in M-1cm-1 at respective wavelength , c is concentration in M, l is the path 

length of the cuvette in cm. ProtParam program provided by the Expasy database was used 

to find out the extinction coefficient of proteins at a given wavelength.  

3.4.13. Monomer release assay 

The monomer release from proPTH fibrils was performed in accordance to the published 

protocol for PTH fibrils (88). ProPTH amyloid fibrils were achieved in a high salt buffer 

comprising 50 mM sodium phosphate and 1M sodium chloride at pH 7.4. ProPTH concen-

trations were kept to 500 µM. After completion of the fibrillation process the sample was 

centrifuged at 16100 g for 60 mins to separate the amyloid fibrils (in the pellet) from mon-

omeric protein (supernatant). The fibrils (in pellet) were then diluted and mixed in 1 ml 

buffer (50 mM sodium phosphate, 1 M sodium chloride, pH 7.4). This sample was incu-

bated for 24 hours at 37°C and the amount of monomer released by the fibrils was deter-

mined by centrifugation of the sample followed by measurement of UV absorption of su-

pernatant fraction at 280 nm. 

3.4.14. Critical concentration measurement 

Fibrillated samples that had reached a plateau value in the ThT fluorescence assay and 

hence in thermodynamic equilibrium were centrifuged at 16100 x g for duration of 1 hour 

at room temperature. Concentration of free peptide monomer in the supernatant fraction 

was then measured using UV-Vis spectroscopy at 280 nm (ε280 =5500 M-1 cm-1) and the 

concentration of free ThT was measured at 412 nm (ε412 =32000 M-1 cm-1). ThT contributes 
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to the UV absorption at 280 nm therefore a correction factor was included (Equation 8) 

(178). The reference sample here denotes the sample which has only buffer and ThT. 

𝟎𝑫𝟐𝟖𝟎,𝒑ⅇ𝒑𝒕𝒊𝒅ⅇ = 𝑶𝑫𝟐𝟖𝟎 − 𝑶𝑫𝟒𝟏𝟐 (
𝑶𝑫𝟐𝟖𝟎,𝒓ⅇ𝒇

𝑶𝑫𝟒𝟏𝟐,𝒓ⅇ𝒇
)    Equation 8 

 

3.4.15. Urea denaturation of amyloids 

Completely fibrillated 400 M samples of PTH, PTH (1-34), PTH (1-60) was taken for this 

experiment. The fibrils were transferred to an Eppendorf tube and was centrifuged 16100g 

for 60 min to separate the amyloid fibrils (in the pellet) from monomeric protein (superna-

tant). These fibrils were then resuspended in urea solution 1 M, 3 M and 5 M and incubated 

overnight. After the incubation period the sample was centrifuged again to separate the 

fibrils from the monomeric protein that has been released due to denaturizing effect of urea 

on the fibrils. The concentration of monomeric protein was determined using UV-Vis Spec-

troscopy. 

3.4.16. Transmission electron microscopy 

The protein samples were diluted to a concentration of 25 µM and a 5 μL droplet of an 

individual fibril sample was pipetted on the formvar carbon-coated copper grid (Plano 

GmbH, Wetzlar). The grid was then washed 3 times with 60 µL of water droplets. The 

residual water on the grid was removed with a Whatman filter paper.  Grids were then 

stained with 30 µL of 1% (w/v) uranyl acetate which was subsequently removed and the 

copper grids were then air dried. Finally, TEM images were taken using an electron micro-

scope (EM 900; Zeiss, Jena, Germany) at 80 kV acceleration voltage. 

3.4.17. cAMP accumulation assay 

HEK 293T cells stably expressing hPTHR1 were cultured at 37 °C in a 5% CO2-humidified 

atmosphere. cAMP induction by PTH, proPTH, PTH (1-60) and PTH (1-34) was measured by 

cAMP-Gs dynamic HTRF kit from CisBio. All working solutions were prepared according 

to the protocol provided by the vendor. Cells were washed twice with PBS, harvested by 

centrifugation (3000g), and diluted to a density 5 × 105 cells/mL in stimulation buffer sup-

plemented with 0.5 mM IBMX (3-isobutyl-1-methylxanthine). The cell suspension was 

then seeded at density of 2500 cells/well into a HTRF 96 well low volume white plate (5 
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μL/well). Cells were then treated with 5 μL of a single concentration of peptide hormone 

per well, performed in triplicate. The plate was then sealed and incubated for 30 mins at 

37°C. 5 μL of cAMP-d2 reagent working solution and 5 μL of cAMP Eu-Cryptate antibody 

working solution was then added into each well and incubated for 1 hour at room temper-

ature. Fluorescence measurement was taken using FLUOstar Omega with an advanced TRF 

optic head (Excitation filter 337 nm, emission filters 620 nm and 665 nm, Integration delay 

60 µs, integration time 400 µs). 

3.4.18. Wide-Angle X-ray scattering 

All X-ray scattering experiments were performed in transmission mode using a SAXSLAB 

laboratory setup (Retro-F) equipped with an AXO microfocus X-ray source. The AXO 

multilayer X-ray optic (AXO Dresden GmbH, Dresden, Germany) was used as a mono-

chromator for Cu-Kα radiation (λ = 0.154 nm). A two-dimensional detector (PILATUS3 R 

300 K; DECTRIS, Baden, Switzerland) was used to record the 2D scattering patterns. For 

wide-angle X-ray scattering (WAXS) experiments, fibril suspension was ultra centrifu-

gated (200000 x g, 10 min) and the thus obtained pellet transferred into a ring-shaped alu-

minum holder (2 mm thick and with a central hole of 1.5 mm diameter) and left to dry 

overnight. The scattering measurements were performed at room temperature in vacuum. 

3.4.19. Infrared spectroscopy 

ATR-FTIR spectra for PTH, PTH (1-34), PTH (1-60) monomer and corresponding fibrils were 

recorded with an ALPHA 2 Platinum-ATR FT-IR spectrometer (Bruker, Germany). 2 μL 

of the protein solution was applied on the diamond crystal and dried for up to 30 min at 

37ºC for decreased background contributions arising from water. The increased protein 

concentration due to drying did not affect intermolecular interactions as verified by com-

parative measurements pre- and post-drying. Spectra were recorded at 25ºC with 32 scans, 

a resolution of 2 wavenumbers and included background corrections. 
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4. Results 

4.1. Protein preparation viz. PTH (1-60), PTH (1-34), proPTH, PTH 

4.1.1. Molecular cloning 

All the plasmids were created using standard cloning protocol and constructed as SUMO 

(Small ubiquitin modifier) fusion proteins by recombinant expression in BL21 (DE3) Co-

don plus RIL E. coli cells (Fig. 4.1). The SUMO fusion protein enhanced the solubility of 

the protein of interest during expression and is later cleaved off by SUMO protease (Ulp1) 

together with polyhistidine-tag. SUMO (ulp-1) protease shows highly specific cleavage and 

eliminates any risk of protein of interest being internally digested. All the plasmids contain 

kanamycin resistance gene which confers kanamycin resistance to the transformed E. coli. 

Conditions of PCR setup, restriction digestion, dephosphorylation, ligation, amino acid se-

quences of protein of interest and a list of forward and reverse primers used for creating 

PTH (1-34), PTH (1-60), proPTH plasmids is given in the appendix section.  

 
Figure 4.1: pET SUMO expression system 

Each of the constructs contains a his-tag at the N-terminus of the SUMO, succeeded by the fusion protein of 

interest. 
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4.1.2. Protein expression and purification 

To study the role -of six amino acids (precursor pro-sequence) at the N-terminus of PTH, 

proPTH and PTH were expressed and purified. Both PTH and proPTH expressed itself as 

a soluble protein due to the presence of the SUMO fusion protein at the N-terminus. 

PTH/proPTH plasmids were transformed into E. coli BL21 DE3 codon plus RIL cells for 

expression. Using a sterile pipette tip, a single positive colony was selected from the trans-

formed plate and added to 100 ml of LB media containing kanamycin and incubated over-

night in the shaking incubator at 37°C, 180 rpm. At 1:100 dilutions, overnight primary 

culture was inoculated in DYT expression media containing kanamycin and was incubated 

at 37°C with shaking until OD at 600 nm reaches 0.6–0.8. 1 M IPTG was then added to this 

secondary culture to a final concentration of 1 mM and protein was expressed for a total of 

3 hours. The cell pellet carrying proPTH/proPTH was disrupted using sonication method 

(in presence of 1mg of lysozyme from chicken egg white, Sigma) and cell debris was sep-

arated from the cell lysate carrying protein of interest using centrifugation method. These 

E. coli pellets obtained can also be stored at -80°C. Storing cell pellets at such low temper-

atures helps to preserve their integrity and viability of cells for longer periods. 

Since all the plasmid constructs had a histag-SUMO fusion protein at the N-terminus, this 

allows IMAC (Immobilized-metal affinity chromatography) purification method to be 

used. The lysate was subjected to IMAC purification followed by HIC (hydrophobic inter-

action chromatography) method and then a SEC (size exclusion chromatography) purifica-

tion. HiLoad Superdex S75 26-600 size exclusion columns were used for gel filtration-

based protein purification (SEC). The Fig. 4.2 shows the size exclusion chromatograms of 

PTH and proPTH (respective figures 4.2 A and 4.2 C). The samples were given for MALDI 

mass spectrometry (Fig. 4.2 B and 4.2 D) to confirm the protein of interest mass and run 

on a gel (appendix) to check the purity.  
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Figure 4.2: Purification and mass analysis of PTH and proPTH  

Gel filtration purification chromatogram using superdex 75 pg preparative size exclusion column in buffer 

20 mM Na2HPO4·12H2O, pH 7.4 for (A) PTH (C) proPTH. (B) MALDI TOF spectrum of PTH. Theoretical 

mass of PTH is 9424 Da. (D) MALDI TOF spectrum of proPTH. Theoretical mass of proPTH is 10151 Da. 

The mass recorded in MALDI TOF indicates adduct formation for both PTH  and proPTH 

 

To elucidate the effect of the C-terminal intrinsically disordered region of the mature PTH 

on amyloid formation kinetics, stability, and morphology, two proteins PTH (1-34) and PTH 

(1-60) were cloned expressed and purified (Fig.4.3A).  Expression and purification protocols 

were the same as for PTH/proPTH. PTH (1-34) being a small protein of molecular weight 

4118 Da was subjected to Hi Load 26/600 S30 column for size exclusion purification. For 

all size exclusion purification chromatograms an elution peak was observed at the end. This 

peak contains mainly N-terminal peptide fragments and this could be possible due to deg-

radation of the protein. For the proteins proPTH, PTH, PTH (1-60) this N-terminal peptide 

fragment elution peak was not too big and could be well separated from the protein of 

interest due to difference in sizes. However, in case of PTH (1-34) this elution peak was large 

and had many C-terminal truncated fragments as confirmed by MALDI analysis (Fig. 4.3 

C and Fig. 4.3 D). It was not only impossible to separate them using a size exclusion column 
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but also the yield of intact PTH (1-34) was quite low. Due to this reason, recombinant PTH 

(1-34) expressed in E. coli was purchased from Sandoz.  

 

 

Figure 4.3: Purification and mass analysis of PTH (1-34) and PTH (1-60) 

(A) Gel filtration chromatogram for PTH (1-60) in buffer Na2HPO4·12H2O, pH 7.4 using superdex 75 pg pre-

parative size exclusion column (B) MALDI TOF spectrum of PTH (1-60). Theoretical mass of PTH (1-60) is Da 

6858 Da. (C) Gel filtration chromatogram for PTH (1-34) in buffer Na2HPO4·12H2O, pH 7.4 using superdex 30 

pg preparative size exclusion column. (D) MALDI TOF spectrum of PTH (1-34). Theoretical mass of PTH (1-

34) is 4117 Da.  

 

4.2. Core sequence of the parathyroid hormone 

4.2.1. Secondary structural characteristics of the core sequence 

The core region of fibrils obtained from PTH has been reported to be sequence 25R-37L 

(88). The structure of the core sequence of PTH (synthetic peptide PTH (25-37) from Dr. 

Sven Rothemund, Leipzig) was then characterized using CD at pH 7.4 in sodium phosphate 

buffer. The CD spectrum of PTH showed α-helical (negative ellipticity at 222 nm) and 

random coil (shift of the minimum towards lower wavelengths than 208 nm) contributions 
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(Fig 4.4 A black curve) in contrast to the CD spectrum of the core region that revealed a 

largely disordered peptide (Fig 4.4 A blue curve). 

For residue resolved structural evaluation, NMR assignment for the core region was per-

formed. NMR 1H signals were assigned following the Wüthrich methodology (177), with 

the analysis of the TOCSY standard experiments (mixing times of 60-80 ms) at 283K and 

NOESY (mixing time 500, 700 and 1100ms at 283K) and 13C chemical shift were assigned 

with 13C-HSQC and 13C-HSQC-TOCSY with 13C in natural abundance. 

 

The difference in the chemical shift deviation from random coil values (176) of the Cα and 

Cβ nuclei (ΔCα − ΔCβ) is an established measure of secondary structure determination of 

the polypeptide chain (175). Besides Q29, for all other residues this difference ΔCα–ΔCβ is 

very small, indicating the absence of any secondary structure elements (Fig 4.4 B). The 

NMR assignment table is given in the appendix section. 

 

A similar NMR analysis was conducted on PTH labeled with 13C and 15N isotopes and 

results are shown below in Fig. 4.8A. The results revealed that the α-helix structure was 

present in the N-terminus of PTH, encompassing both the core region and beyond, because 

of consecutive (ΔCα − ΔCβ) values above 1. 

 

 

Figure 4.4: Secondary structure of core sequence of PTH using CD and NMR 

(A) For CD measurement peptide concentration was adjusted to 20 μM in sodium phosphate (50 mM, pH 7.4) 

(B) Differences in the NMR chemical shift deviations from random coil values are depicted for core sequence 

of PTH i.e., 25R-37L. The corresponding 13C-HSQC, 13C-HSQC-TOCSY, NOESY (natural abundance) as-

signment are in the appendix section 
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4.2.2. Fibrillation of the core sequence of PTH 

The core region of an amyloid represents only a small portion of the total protein sequence 

which forms the stable cross-β structure (179). This region is also resistant to the cleavage 

by the proteases since one prerequisite for protease binding is availability of atleast 10 

amino acid in an accessible and flexible conformation (180). The fibril core protects the 

core fragment to be reached by the proteases which would otherwise cleave the peptide. 

Amino acid 25R-37L have been identified as the core region of PTH fibrils (88) and this 

region is capable of amyloid fibrillation without the flanking N- and C- terminal residues 

as seen in the ThT assay (Fig 4.5 A blue curve). To be amyloidogenic a protein must carry 

an appropriate amyloid stretch (sequence determinant) that must be locally unfolded or 

must get unfolded during fibrillation to initiate the amyloid formation process of forming 

the cross-β structure (181-184).  

 

 

Figure 4.5: The core sequence of the PTH amyloid is capable of fast fibrillation with very small lag 

times 

A) Fibrillation kinetics of 100 µM PTH (black), PTH (25-37) (blue) in buffer of 50 mM sodium phosphate, 150 

mM NaCl, 37 °C, pH 7.4. Transmission electron micrograph of (B) PTH (25-37) fibrils (C) PTH wild type 

fibrils. Each experimental condition was investigated by three independent replicates. The scale bar in all 

micrographs corresponds to 0.2 μm. 

 



Results 

 

 
46 

 

ThT fibrillation assays were recorded for 100 M PTH wild type and PTH (25-37) (50 mM 

sodium phosphate, 150 mM NaCl, pH 7.4 and 37 °C). PTH formed amyloid fibrils follow-

ing very long lag times (Fig 4.5 A black) whereas the core sequence of PTH had a 25-fold 

shorter lag time (Fig 4.5 A blue). This suggests a much more efficient nucleation of PTH 

(25-37) compared to the wildtype PTH where possibly for the latter the flanking N- and C- 

terminal sections retard this very first step of fibril formation. Moreover, since the confor-

mational changes leading to unfolding in proteins precede amyloid formation this could 

also possibly explain why the fibrillation of core sequence which is already unstructured, 

was way faster than full length PTH which possesses some structural elements with an α-

helical propensity in the N-terminal section upto position 30 (see section 4.3). Morpholog-

ically, the fibrils formed by the core sequence seemed to be rigid as compared to the fibrils 

of wild type PTH which are thin and curvilinear. (Fig 4.5 B and C). 

4.3. Secondary structure of proPTH and PTH 

To study the influence of the pro-sequence on the secondary structure of PTH, CD and 

NMR methods were used. At the N-terminus of PTH, residues N16-F34 are responsible for 

binding to the ECD domain (extracellular domain) of PTH receptor 1 and 2 and residues 

S1-H14 activate the receptor by binding and penetrating the extracellular loops 2, 3 and 4 

out of the seven trans-membrane helices (20, 185-187). Both sections form an -helical 

conformation in the receptor bound state.  

 
Figure 4.6: Secondary structure characterization of PTH and proPTH  

Circular dichroism spectrum of PTH (red) and proPTH (black) at (A) pH 7.4 and (B) pH 5.3. The protein 

concentration was adjusted to 20 μM in sodium phosphate (50 mM, pH 7.4) or citrate buffer (20 mM, pH 5.3). 
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At pH 7.4, the CD spectrum of proPTH (Fig. 4.6 A, black) resembles the spectrum of PTH 

(Fig. 4.6 A, red) reporting α-helical (negative ellipticity at 222 nm) and random coil (shift 

of the minimum towards lower wavelengths than 208 nm) contributions. Since proPTH 

never leaves the parathyroid cell and is only found at physiological pH of 5.3, CD spectra 

of both PTH and proPTH were also recorded at pH 5.3. At this pH the CD spectrum of 

proPTH also resembled that of PTH (Fig. 4.6 B). 

Circular dichroism (CD) is an excellent tool for rapid determination of the secondary struc-

ture of proteins however; it does not give the residue-specific information that can be pro-

vided by NMR spectroscopy. Therefore, NMR based structure characterization was per-

formed (Fig 4.7 and 4.8).   
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Figure 4.7: 2D 1H-15N HSQC spectra including sequence specific backbone resonance assignments of 

PTH 

The NMR sample contained 187M of double-labeled PTH in 10 mM bis-tris buffer, pH 5.3. Backbone as-

signments were achieved using double resonance experiment (15N-HSQC) and triple resonance experiments 

(HNCACB, 15N-TOCSY). 
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Figure 4.8: 2D 1H-15N HSQC spectra including sequence specific backbone resonance assignments of 

proPTH 

The NMR sample contained 187M of double-labeled proPTH in 10 mM bis-tris buffer, pH 5.3. Backbone 

assignments were achieved using double resonance experiment (15N-HSQC) and triple resonance experi-

ments (HNCACB, 15N-TOCSY). 
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The difference in the chemical shift deviation from random coil values (176) of the Cα and 

Cβ nuclei (ΔCα − ΔCβ) is an established measure of secondary structure sections along the 

polypeptide chain (175). As expected, PTH shows segments of positive (ΔCα − ΔCβ) values 

for the N-terminal residues with highest values between S17 and Q29 (Fig. 4.9 A) indica-

tive of α-helical conformations. The transient character of these α-helical sections is re-

flected in the absolute values of this chemical shift parameter, which is below 2 for most 

residues. Permanently formed α-helices reach values up to 4 (188). The (ΔCα − ΔCβ) values 

for residues D30 – Q84 confirm the intrinsically disordered section of PTH. In proPTH, 

this pattern remains unaffected (Fig. 4.9 B) indicating that the pro-sequence does not influ-

ence the secondary structure propensities of unbound PTH. 

 

 

Figure 4.9: Secondary structure characterization of PTH and proPTH using NMR 

 Differences in the NMR chemical shift deviations from random coil values are depicted for (A) PTH and (B) 

proPTH. 

 

4.4. Effect of N-terminal precursor pro-region on the amyloid fibrilla-

tion of PTH 

4.4.1. Pro-sequence prevents fibrillation of PTH 

To study the effect of the precursor pro-sequence on fibrillation of PTH, ThT fibrillation 

assays were recorded under identical buffer conditions (50 mM sodium phosphate, 150 mM 

NaCl, pH 7.4, 37°C) and protein concentrations of 500 µM for PTH and proPTH.  
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As expected from our previous reports (88, 189), PTH forms amyloid fibrils indicated by a 

sigmoidal increase of the ThT fluorescence within 120 hours (Fig. 4.10 A red). Curvilinear 

fibrils in negative stained electron micrographs (Fig. 4.10 B) were also observed for PTH 

under the here used conditions as reported. In contrast, proPTH did not form fibrils accord-

ing to both a missing sigmoidal ThT increase and no fibrillar structures in the electron 

micrographs (Fig 4.10 A black curve, Fig 4.10 C). 

Furin is a ubiquitous subtilisin-like proprotein convertase. It is the major processing en-

zyme of the secretory pathway and is localized in the trans-Golgi network. The enzyme 

prefers the site (R/K)Xn(R/K) (76).  

 

Figure 4.10: Pro-sequence inhibits fibril formation 

 (A) Thioflavin T binding kinetics of PTH (red) and proPTH (black) in 50 mM sodium phosphate and 

150 mM NaCl, pH 7.4, 37 °C. Transmission electron micrographs of the (B) proPTH and (C) PTH sample 

after completion of the fibrillation assay. In the ThT experiments the protein concentration was set to 500 

µM. Each experimental condition was investigated by three independent replicates. The scale bar in all mi-

crographs corresponds to 0.2 μm. 
 

In the cellular context, the pro-sequence of proPTH gets enzymatically cleaved by the pro-

peptide convertases. The pro-sequence of PTH comprises of the amino acid sequence 

KSVKKR because of which it can affectively get cleaved by furin. Enzymatic studies show 

that furin is a calcium-dependent enzyme as a result of which EGTA being a chelating 

agent can easily inhibit the activity of furin. Lyophilized proPTH was dissolved in buffer 

containing 100 mM HEPES and 1 mM CaCl2 together with 2 unit of furin per 150 μL of 

500 μM proPTH. This sample was divided into many tubes each carrying 20 uL and at 

different time points 1 M EGTA (final concentration of 10 mM) was added in the tube to 

stop the action of furin and hence the cleavage process. The samples were then loaded on 
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a 15% SDS gel. After the staining and destaining process, it was clearly visible that in the 

presence of furin, proPTH get converted to PTH as seen by the shifting of the gel band (Fig. 

4.11) in a time dependent manner. 

 

Figure 4.11: Cleavage of the pro-sequence by the proprotein convertase furin 

2 units of furin was mixed with 150 μL of 500 μM proPTH in buffer 100 mM HEPES, 1 mM CaCl2. EGTA 

was added to chelate the calcium and stop the cleavage process at different time points. 

 

Therefore, we added the convertase furin at the very beginning of the Thioflavin-T moni-

tored kinetic fibrillation assay of proPTH under our in vitro conditions. A sigmoidal in-

crease for the ThT fluorescence was observed (blue curve in Fig. 4.12 A) indicating that 

the released mature PTH after cleavage of the pro-sequence became fibrillation competent. 

Electron micrographs after completion of the fibrillation kinetics showed fibrils only for 

cleaved PTH (proPTH + furin) and not for proPTH (Fig. 4.11 B and 4.12 C). In control 

experiments, furin had no influence on the ThT fibrillation kinetics of PTH (Fig 4.12 D). 
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Figure 4.12: Cleavage of pro-sequence restores fibrillation 

(A) Thioflavin-T binding kinetics of proPTH in the absence (black) and presence (blue) of propeptide con-

vertase furin in 100 mM HEPES, pH 7.4, 500 mM NaCl and 1 mM CaCl2. Transmission electron micrograph 

after completion of the fibrillation assay of proPTH (B) in the absence and (C) in the presence of furin. (D) 

Fibrillation of 500 μM PTH in presence and absence of furin at 37 °C in 100 mM HEPES, pH 7.4, 500 mM 

NaCl and 1 mM CaCl2. Each experimental condition was investigated by three independent replicates. The 

scale bar in all micrographs corresponds to 0.2 μm. 

 

4.4.2. Fibrillation of proPTH under high salt condition 

One explanation for the suppression of fibril formation by the pro-sequence is the coulomb 

repulsion of its four positive charges, which might impair the association reaction of PTH 

monomers during nucleation. Therefore, this charge effect was screened by increasing the 

ionic strength of the buffer. With increasing NaCl concentrations up to 1.5 M, fibril for-

mation in proPTH with a decreasing lag phase could be restored as evidenced by the re-

spective ThT assay depicted in figure 4.13 B.  

The corresponding EM micrographs after 250 hours of fibrillation showed that proPTH 

forms curvilinear fibrils only under high salt conditions (Fig. 4.13 F). To confirm that the 

pro-sequence makes the difference, fibrillation of PTH was performed under the identical 

0 M salt conditions again leading to EM detectable fibrils (Fig. 4.13 C). With increasing 
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salt concentrations, the lag phase of PTH fibrillation becomes shorter (Fig. 4.13 A). Com-

paring the time window required for getting fibrils for proPTH and PTH under high salt 

conditions shows that the pro-sequence increases the lag phase at least by a factor of 4. 

 

 
Figure 4.13: Salt-dependent fibrillation kinetics and EM micrographs of PTH and proPTH 

Thioflavin T binding assay of (A) PTH and (B) proPTH in 50 mM sodium phosphate at 37 °C, pH 7.4, and 

various NaCl concentrations: gray 0 M, red 1 M, black 1.5 M. Each experimental condition was investigated 

by three independent replicates. The EM micrographs were taken from samples of (C) PTH in 0 M NaCl, (D) 

PTH in 1.5 M NaCl, (E) proPTH in 0 M NaCl, (F) proPTH in 1.5 M NaCl. The scale bar in all micrographs 

corresponds to 0.2 μm. 

 

4.4.3. Seeded fibrillation kinetics of proPTH and PTH 

The mechanism of PTH fibrillation includes primary and secondary nucleation events and 

monomer inhibition (137). To elucidate the role of the pro-sequence during these processes, 

we performed seeding experiments with sonicated seeds derived from PTH fibrils. Increas-

ing amounts of seeds up to 5% reduced the lag time of PTH fibrillation during which pri-

mary nuclei form and foster fibril mass generation by secondary nucleation (Fig. 4.14 A). 
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Figure 4.14: Seeded fibrillation kinetics of proPTH and PTH 

(A) Thioflavin T binding assay of PTH in absence of PTH seeds (red), 2% PTH seeds (blue), and 5% PTH 

seeds (black). (B) Thioflavin T binding assay of proPTH in absence of PTH seeds (red), 2% PTH seeds (blue), 

and 5% PTH seeds (black). EM micrograph of (C) PTH and (D) proPTH in presence of 2% PTH seed. Stand-

ard buffer conditions were used and each experimental condition was investigated by three independent rep-

licates. The scale bar in all micrographs corresponds to 0.2 μm. 

 

 

Adding the same prepared seeds to proPTH at low salt conditions, where no fibrils will 

form according to the ThT assay (red curve in Fig. 4.14 B), fibril formation was observed 

(blue and black curve in Fig. 4.14 B). In these experiments, no significant lag phase was 

detected. We attribute the exponential growth of fibril mass to secondary nucleation at the 

surface of the provided seeds. The final curvilinear fibril morphology of PTH and proPTH 

was indistinguishable in the corresponding electron micrographs (Fig. 4.14 C, Fig. 4.14 D). 

As proPTH showed in ThT assays without seeding fibril formation only under high salt 

condition and then with a lag phase (Fig 4.14 B) we suggest that charge screening of the 

pro-sequence facilitates primary nucleation. Together, we propose that the pro-sequence 

under physiological salt concentrations prevents the formation of primary nuclei as starting 

point of fibril formation. 
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4.4.4. proPTH under physiological conditions 

During secretion and maturation of PTH the physiological pH drops from neutral values in 

the ER to values of about 5.5 in the Trans Golgi apparatus and in secretory granules. For 

PTH, we found in a previous study that no fibrils are formed under these acidic conditions 

but the presence of heparin could facilitate fibril formation (166). Polyanionic heparin be-

longs to the family of glycosaminoglycans abundantly present in the secretory granules and 

amyloid fibril deposits of peptide hormones (153). Both PTH and proPTH did not show 

fibril formation in ThT assays at pH 5.5 (Fig 4.15 B, blue and green). Addition of equimolar 

amounts of heparin stimulated fibril formation and the sigmoidal kinetics reached a plateau 

after one hour for PTH (Fig. 4.15 B, black) and after four hours for proPTH (Fig. 4.15 A, 

black).  The curvilinear morphology of proPTH fibrils found in electron micrographs (Fig. 

4.15 C) corresponds to the findings in the absence of heparin. These comparisons show that 

the pro-sequence retards fibril formation also under close physiological conditions. 

 

Figure 4.15:  Fibrillation at physiological pH of 5.5 in the presence of furin 

 (A) ThT fibrillation assay PTH (blue) or proPTH (green) in the absence of heparin and in presence of 

150 μM heparin of PTH (black) and proPTH (red) at 37 °C and pH 5.5 in 20 mM citrate buffer. Protein con-

centration is 150 μM. (B) Same fibrillation kinetics as in (A) of proPTH in presence (red) and absence of 

heparin (green) recorded for 5 h. (C) EM micrograph of fibril of proPTH achieved in presence of heparin 

after 5 h. The scale bar in all micrograph corresponds to 0.2 μm. 
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4.4.5. Effect on N-terminal pro-sequence on the amyloid stability 

The last step of the secretory pathway of the parathyroid hormone is the controlled release 

of hormone into the bloodstream. Therefore, fibril formation of PTH must be a reversible 

process to be functional and to serve as a storage form of hormone.  

Upon dilution monomers are released from PTH fibrils and when equilibrium had reached 

after 24 hours about 10% of monomers had been released (Fig. 4.16 A). To see how the 

pro-sequence might impair this equilibrium, we performed this experiment with proPTH 

fibrils. Unlike PTH, proPTH does not form amyloid fibrils due to the presence of the pro-

sequence. ProPTH forms amyloid only in the presence of high amount of sodium chloride 

or PTH seeds. Therefore, fibrils of proPTH that were formed in the presence of 1M sodium 

chloride were used for this study. Upon dilution with excess buffer monomers are released 

from proPTH fibrils. Equilibrium was attained nearly in 24 hours and the amount of 

proPTH monomer was about 11% (Fig. 4.16 B). Therefore, the presence of pro-sequence 

did neither impair the thermodynamic stability of the fibrils nor the monomer release. 

 

 

Figure 4.16: Monomer release assay 

Release of monomeric (A) PTH and (B) proPTH from their respective fibril upon dilution with excess buffer 

after 24 h. 
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4.5. In-cell cAMP activation by PTH and proPTH 

The targets of PTH hormone released into blood from parathyroid glands are PTH receptors 

1 and 2 (PTHR1 and PTHR2) in bone and kidney tissue. We employed the well-established 

cellular cAMP activation assay (57) to test the here investigated recombinant PTH and 

proPTH. In this assay, upon binding to the ligand, the increased cellular cAMP in HEK 

293T cells stably expressing PTH receptor 1 competes with endogenous FRET acceptor 

labeled cAMP for a donor labeled cAMP antibody. This competition changes the transfer 

efficiency of the donor-acceptor fluorescence energy transfer (FRET) and thus the detected 

fluorescence emission at 665 nm. The cAMP response depends on the extra cellular hor-

mone concentration and revealed for PTH a pEC50 value of 10.22 ± 0.13 (blue curve in Fig. 

4.16) in very good agreement with literature values (57).  

 

Figure 4.17: In cellulo cAMP accumulation assays 

PTH and proPTH induced cAMP accumulation in HEK 293T cells stably expressing wild-type PTHR1 re-

ceptors. The blue curve represents the cAMP response induced by PTH and the red curve by proPTH. For the 

orange curve, the PTH response was determined in the presence of 10−10 M proPTH. Symbols represent the 

mean of the performed assay in triplicate. 

 

The corresponding experiment with proPTH showed nearly two orders of magnitude de-

crease in the potency of PTHR1 activation indicated by a pEC50 value of 8.27 ± 0.13 (red 

curve in Fig. 4.17). This indicates that the pro-sequence at the N-terminus of PTH impairs 

the interactions with the trans-membrane part of the G protein coupled PTH receptor 1. In 

a competition experiment, the assay of PTH induced cAMP activation was repeated in the 

presence of 0.1 nM proPTH (orange curve in Fig. 4.17), revealing a pEC50 value of 9.8 ± 
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0.15. This reduction in potency shows that proPTH can compete with PTH for the same 

binding sites at the PTHR1 receptor. 

 

4.6. Role of the C-terminal IDR on PTH receptor activation 

A similar cAMP assay, as described in the previous section 4.5, was conducted to investi-

gate the impact of the C-terminal region of PTH on the activation of the PTH receptor 

PTHR1. The obtained pEC50 value for PTH was -10.09 ± 0.32, which aligns with the value 

reported in section 4.5 (refer to Fig. 4.17 red) and the literature (57). Notably, the C-termi-

nal section of PTH was found to lack a defined structure based on NMR data (Fig 4.9 A). 

To investigate further the role of this IDR, a variant of PTH devoid of this disordered re-

gion, namely PTH (1-34), and PTH (1-60) was subjected to testing for its ability to activate 

PTHR1. Remarkably, PTH (1-34) exhibited a pEC50 value of 10.41 ± 0.51 (Fig. 4.18 black) 

which is close to the pEC50 observed for PTH (wild type full length). pEC50 value obtained 

for PTH (1-60) was observed to be 9.97 + 0.12 which also falls in the similar range as the 

other two proteins (Fig. 4.18 blue curve).  

 

Figure 4.18: In cellulo cAMP accumulation assay with truncated PTH variants 

PTH (red curve) and its C-terminal IDR truncated variants PTH (1-34) (black curve) and PTH (1-60) (blue curve) 

induced cAMP accumulation in HEK 293T cells stably expressing wild-type PTHR1 receptors. The pEC50 

values obtained for all three proteins were in same range. Symbols represent the mean of the performed assay 

in triplicate. 

 

This outcome strongly suggests that the activation of the PTHR1 receptor is primarily 

driven by the N-terminal region, with the C-terminal region playing a negligible role in this 
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process. 84 amino acids full length PTH represents the wildtype, well known variant PTH 

(1-34) serves as the drug against osteoporosis and is effective in receptor activation. PTH (1-

60) was developed more from a systematic perspective and less driven by functional or bio-

logical considerations. 

 

4.7. Secondary structure and fibril formation of C-terminally truncated 

PTH 

As previously indicated, PTH exhibits significant disorder at its C-terminus and the exact 

function of this unstructured region is not fully understood. An investigation centered on 

three peptide variants—namely, wild type PTH along with truncated versions of its intrin-

sically disordered region (IDR) at the C-terminus, PTH (1-34) and PTH (1-60) was carried out 

to characterize the impact of C-terminus on their secondary structure. This analysis encom-

passed both their individual states as monomers and their native states as constituents of 

fibril assemblies.  

 

Figure 4.19: CD spectra of PTH and C-terminally truncated PTH variants 

The dark yellow far UV-CD spectrum corresponds to PTH, the red to PTH (1-60), and the black to PTH (1-34). 

The protein concentration was adjusted to 20 M in 50 mM sodium phosphate buffer, pH 7.4, temperature 

25 °C. 

 

CD spectra of all three monomeric proteins reported α-helical (negative ellipticity at 

222 nm) and random coil (shift of the minimum towards lower wavelengths than 208 nm) 

contributions (Fig. 4.19). As expected, mature full length PTH reported the highest number 



Results 

 

 
61 

 

of disordered residues as compared to the other two truncated monomeric variants as seen 

by lowest minima for PTH (Fig 4.19 yellow curve) full length followed by PTH (1-60) (Fig 

4.19 red curve) and PTH (1-34) (Fig. 4.19 black curve). 

 

Due to the higher sensitivity of IR spectroscopy for coil to sheet transitions, changes in the 

secondary structures upon fibril formation were characterized using ATR-FTIR spectros-

copy (Fig. 4.20). The amide I spectral region (1600–1700 cm− 1) is informative about the 

stretching mode vibrations of the backbone carbonyl groups and is affected by the second-

ary structure of the polypeptide chain (190, 191). For the monomeric protein samples amide 

I vibrations around 1650 cm−1 (dashed line) indicate the presence of α-helices (Fig. 4.20 

A). Small relative shift of this peak to lower wave numbers for PTH and PTH (1-60) indicates 

the contribution from the disordered region present at the C-terminus of these peptide var-

iants (Fig 4.20 A black and red curves). 

 

 

Figure 4.20: ATR-FTIR spectroscopy analysis of PTH and C-terminally truncated PTH (monomer 

and fibrils) 

(A) Shows the amide I region of the spectra of the monomeric PTH variants (B) of the corresponding fi-

brils. 

 

FTIR spectra were also measured for fibrils obtained from PTH and its truncated variants 

(Fig. 4.20 B). The peak evolving around 1625 cm-1 is indicative of β-sheet content for both 

PTH (1-34) and PTH (1-60) (Fig. 4.20 B blue and red curve). There was a shift in the peak 

indicating β-sheet for PTH (1-60) (Fig. 4.20 B red) and this could be attributed to a different 

fibril morphology (eg. Parallel vs antiparallel β-sheet) (192). For PTH fibrils, a broad peak 

was observed (Fig. 4.20 B black) which is due to presence of a higher disordered and β-sheet 

content, both equally present in the fibril (Fig. 4.20 B black curve). This is because only specific 
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segments of the PTH become part of the cross-β structure (core), while the remaining sections 

retain their intrinsically disordered nature, surrounding the core hence the relative β-sheet con-

tent for PTH is much lesser as compared to PTH (1-34) and PTH (1-60) (Fig. 4.20 B). 

 

4.7.1. Effect of C-terminally truncated disordered region on the fibrilla-

tion kinetics of PTH 

The investigation of peptide concentration dependent fibril formation kinetics helps in un-

derstanding the underlying mechanisms of amyloid formation. Therefore, to study any pos-

sible influence of C- terminal IDR on amyloid formation and kinetics, ThT assays were set 

up using a series of concentration for PTH (Fig. 4.21 A), PTH (1-34) (Fig. 4.22 A) and PTH 

(1-60) (Fig. 4.23 A). Aggregation experiments were set up in a concentration range of 75-

400 M for PTH (1-34) and PTH (1-60) whereas 100-600 M for PTH. The experiments were 

set up in our standard ThT buffer i.e., 50 mM sodium phosphate, 150 mM NaCl, pH 7.4 

and a temperature of 37°C. After completion of fibrillation in the 400 M protein sample, 

the fibrils obtained were visualized by an electron microscope (Fig. 4.21 B, Fig. 4.22 B and 

Fig. 4.23 B). 

 

4.7.1.1. PTH fibrillation kinetics 

To reveal more information about the effective rates of primary and secondary nucleation 

processes, individual curve fitting was performed on the ThT fluorescence data (Fig. 4.21 

A) for PTH using equation 3.  

Upto 350 µM (log (350) = 2.54) in Fig. 4.21 C the rate constants λ representing primary 

nucleation events, did not change significantly with the concentration. However, a slight 

increase in the secondary processes κ was observed as seen with the increasing values 

within the same concentration range (Fig. 4.21 D). At concentration range beyond 350 µM 

the secondary processes κ (Fig 4.21D) seem to decrease whereas primary processes in-

crease (Fig. 4.21C). Similar findings have been documented in the literature, where discus-

sions highlight concentration dependent competition between primary and secondary nu-

cleation processes in case of PTH (137, 193). This aspect has been elaborated upon in sec-

tion 4.7.2. 

Fig 4.21 B depicts that PTH amyloid fibrils display a length of up to several micrometers 

and featured an un-branched curvilinear morphology. 
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Figure 4.21: Amyloid fibril formation by PTH 

(A) ThT monitored fibrillation kinetics for the concentration range between 100 and 600 µM in steps of 50 

or 100 µM. (B) electron micrographs obtained from fibrillation of 400 µM sample, scale bar 0.2 µM. The 

extracted parameters are (C) λ, the sum of primary, (D) κ, the sum of secondary processes. All data points 

represent the mean and the standard deviation of three individual replicates. 

 

4.7.1.2. PTH (1-34) fibrillation kinetics 

The ThT fibrillation kinetics of the most truncated variant i.e., PTH (1-34) (lacking most of 

the C-terminal IDR) was set up for concentrations ranging from 75 µM to 400 µM and was 

fit to equation 3 for deeper analysis of primary and the secondary processes. 

For PTH (1-34) with increasing concentration, primary nucleation processes (represented by 

λ in Fig 4.22 C) became more pronounced whereas the secondary processes were hindered 

throughout all concentrations (represented by κ Fig 4.22 D). In comparison to full length 

PTH which shows such a shift or trade-off between primary and secondary processes only 

at higher monomer concentrations (Fig. 4.21 C and D), in PTH (1-34) primary nucleation 

processes gradually become more pronounced while the secondary processes slow down 

with increasing concentrations. The C-terminal IDR section is expected to not participate 

in the formation of the fibril cross-β core in case of full length PTH. This disordered 
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flanking regions could retard the primary nucleation mainly via steric impedence or 

increased entropic barrier due to increased motion in this disordered region leading to 

longer lag times in PTH as compared to PTH (1-34) which fibrillated rapidly (Fig. 4.21 A vs 

4.22 A). 

Figure 4.22 B illustrates that, in terms of morphology, amyloid fibrils formed by PTH (1-34) 

appear rigid and more compact compared to those of PTH. The impact of these structural 

differences on stability will be examined in subsequent sections. 

 

 

Figure 4.22: Amyloid fibril formation by PTH (1-34) 

(A) ThT monitored fibrillation kinetics for the concentration range between 75 and 400 µM in steps of 25 or 

50 µM. (B) electron micrographs obtained from fibrillation of 400 µM sample, scale bar 0.2 µM. The ex-

tracted parameters are (C) λ, the sum of primary, (D) κ, the sum of secondary processes. All data points 

represent the mean and the standard deviation of three individual replicates. 
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4.7.1.3. PTH (1-60) fibrillation kinetics 

As it has already been discussed in the previous sections, the presence or absence of the 

disordered region has influence on the amyloid fibrillation kinetics. ThT fibrillation assay 

of PTH (1-60), a protein that possesses some amount of disorder at the C-terminus was setup.  

The primary processes denoted by λ did not vary at lower concentrations however at con-

centration higher than 250 µM (log (250) = 2.39) the primary processes were inhibited (Fig 

4.23 C). On the other hand, the secondary processes κ were inhibited with increasing con-

centrations (Fig 4.23 D).  

 

Figure 4.23: Amyloid fibril formation by PTH (1-60) 

(A) ThT monitored fibrillation kinetics for the concentration range between 75 and 400 µM in steps of 50 or 

100 µM. (B) electron micrographs obtained from fibrillation of 400 µM sample, scale bar 0.2 µM. The ex-

tracted parameters are (C) λ, the sum of primary, (D) κ, the sum of secondary processes. All data points 

represent the mean and the standard deviation of three individual replicates. 

 

With increasing protein concentration most of the amyloid forming species tend to fibrillate 

faster with shorter lag times. This can be attributed to a higher likelihood of molecular 

interactions and collisions between proteins at elevated concentrations. However, for PTH 
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(1-60) increasing concentration resulted in an increase in lag time and slowed the fibrillation 

process (Fig. 4.23 A). Such a phenomena has been also observed in many other amyloid 

forming proteins such as calcitonin (141), Glucagon like peptide-1 (142) and ribosomal 

proteins (194). One thing common among all such proteins is formation of oligomers that 

are not capable of growing into fibrils also termed as off-pathway. For PTH (1-60) also per-

haps such off-pathway oligomers are formed which slows down fibrillation. This however 

needs investigation in future. 

 

Fig 4.23 B depicts that morphologically PTH (1-60) amyloid fibrils looked more hetero-

genous and were intermediate to that of PTH and PTH (1-34) in appearance. 

4.7.2. Comparative analysis of the nucleation-to-growth factor of PTH (1-

34), PTH (1-60), and PTH 

The nucleation to growth factor ratio also known as pre-exponential factor (pre-factor) and 

denoted by symbol A was then calculated where A = λ3/(3κ3) (equation 3). A can be also 

taken as a measure for the minimal fibrillar mass required to initiate secondary processes 

(195). In other words, small values of A indicate dominance of secondary processes (κ) and 

a trend towards increasing A indicates a relative increase of the rates of primary nucleation 

over secondary nucleation. Since the value of pre-factor, A is very small (Fig. 4.24 A-C) for 

PTH, PTH (1-34) and PTH (1-60) at low concentration ranges, this indicates that secondary pro-

cesses dominate the overall fibrillation process. These PTH variants show much higher A values 

at the highest studied concentrations indicating that primary nucleation becomes a competing 

pathway towards fibril formation. 

Moreover, for PTH (1-34), which does not contain the Intrinsically Disordered Region, the A 

values were consistently lower at all concentrations compared to PTH (1-60) and full length 

PTH. These findings imply that the disordered region at the C-terminus might have an ad-

verse effect on secondary processes. Further investigations are required to explore the dis-

tinct concentration dependence of ThT kinetics. It is also important to note that the truncation 

of PTH at position 60 was not associated with the established biological functions of PTH but 

rather stemmed from systematic considerations. 
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Figure 4.24: The kinetic pre factor A for (A) PTH (B) PTH (1-60) (C) PTH (1-34) 

 

4.7.3. Impact of the C-Terminal IDR Region on Fibril Morphology and 

arrangement 

WAXS can provide information about the internal order and dimensions or packing density 

of amyloid fibrils. When amyloid fibrils are subjected to X-rays, the resulting wide-angle 

scattering pattern provides information about the fibrillar structure (Fig. 4.25 A). The hall-

marks of a cross-β structure are meridional reflections (4.7–4.8 Å) and equatorial reflection 

(10 Å) in oriented fibril samples. Meridional reflections (outer ring) in WAXS patterns of 

amyloid fibrils occur along the direction parallel to the long axis of the fibrils and indicate 

the arrangement of β-strands which is parallel to the fibril axis. 

 

Equatorial reflections in WAXS patterns of amyloid fibrils occur perpendicular to the fibril 

axis and give information about the spacing between stacked β-sheets perpendicular to the 

fibril axis. In comparison to PTH (1-34), the equatorial peak of PTH appeared broader and 

smaller (between 0.5 and 0.6 Å-1 of the scattering vector q in Fig. 4.25 A). This could be 

due to the presence of the IDR in PTH fibrils that lead to less compact fibril structures also 

seen in the corresponding fibril EM image (Fig. 4.25 D). For fibrils of PTH (1-60) this effect 

is even more pronounced which could be indicative for an increased polydispersity of pos-

sible fibrillar arrangements. PTH (1-34) fibrils on the other hand have lesser IDR content due 

to C-terminal truncation. This results in higher intensity of the equatorial peak which could 

indicate more lateral order or densely packed arrangements within the fibril (Fig 4.25 B). 

The meridional reflections indicating the alignment of β-strands however seemed undiffer-

entiated in all the three samples. 
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Figure 4.25: Impact of the C-Terminal IDR Region on Fibril Morphology and arrangement 

WAXS spectrum of PTH (1-34), PTH (1-84), and PTH (1-60). Electron micrographs of amyloid fibrils (B) PTH (1-

34) (C) PTH (1-84) (D) PTH (1-60). Initial monomeric protein concentration of 400 µM was set to fibrillate until 

it reaches equilibrium. The fibrils obtained thereof were used for the WAXS experiment. Scale bar corre-

sponds to 0.1 µm. 

 

  

4.8. Comparision of  the thermodynamic stability of PTH amyloids 

The ubound free monomer concentration was quantified after the amyloid fibrillation had 

reached equilibrium and the overall fibril mass was constant in order to study the 

thermodynamic stability of amyloids (Eq. 1). The most reliable way of determining that 

whether or not the sample has reached equillibrium is to demonstrate that the same free 

monomer concentration is reached irrespective of the initial starting monomer 

concentration. Therefore a range of different starting concentrations were chosen and once 

the equillibrium had been reached the fibrils were separated from the free monomer in the 

supernatant via centrifugation. PTH exhibited a significantly elevated equilibrium 

monomer concentration of 70.3 ± 9.5 µM (Fig. 4.26 C), in contrast to PTH (1-34) at 8.83 ± 

1.5 µM (Fig. 4.26 A) and PTH (1-60) at 14.8 ± 2.5 µM (Fig. 4.26 B). 
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Figure 4.26: Equilibrium free monomer concentrations Ceq (A) PTH (1-34) (B) PTH (1-60) (C) PTH 

 

The free monomer concentration at equilibrium (Fig. 4.26) can be related to the Gibbs free 

energy of aggregation (ΔG), using the Equation (1) and calculation of Gibbs free energy 

for all the fibril variants showed that PTH (1-34) had the lowest ΔG (-28.9 + 1.6 KJ/mol) and 

hence the most thermodynamically stable aggregate as compared to PTH (1-60) and PTH that 

revealed the ΔG values of -27.5 + 1.9 kJ/mol and -23.7 + 1.6 kJ/mol respectively (refer to 

table 8). 

 

 

 

 

 

Table 8: Gibbs free energy of PTH amyloid fibril and its IDR truncated variants. 

 

As mentioned before, the core region of PTH amyloid fibrils comprise of amino acid resi-

due 25R-37L and form a cross-β structure. Therefore, only parts of the 84 residues end up 

Protein (G) KJ/ mol 

PTH (1-34) -28.9 + 1.57  

PTH (1-60) -27.5 + 1.87  

PTH  -23.7 + 1.59  
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in the cross-β structure and the rest remains intrinsically disordered and flanks the core.  It 

was observed that the presence of IDR or the core flanking region dramatically affects the 

packing of the β-sheets in the amyloid (also observed by the WAXS results Fig. 4.25 A) 

and therefore could also affect the fibril stability. To further investigate this aspect, a com-

parative analysis of their stability was performed in the presence of the denaturing agent 

urea. 400 µM of initial monomer of these proteins were set to fibrillate in ThT assay and 

after reaching the plateau phase (thermodynamic equilibrium) fibrils were separated from 

supernatant via centrifugation. The fibrils were then incubated with buffer or urea (1 M, 3 

M, or 5 M) overnight. The amount of monomer released was calculated from the optical 

density at 280 nm by UV-Vis spectroscopy and the results are shown in Fig. 4.27. 

 

 

Figure 4.27: Effect of disordered region on stability of fibrils 

In the presence of 1 M, 3 M, or 5 M urea. Fraction monomer is the ratio of released monomer concentration 

and initial fibril concentration. 

 

The destabilization of a PTH fibril in presence of 1 M urea and resistance of PTH (1-34) and 

PTH (1-60) to denaturation even in presence of 3 M urea, appears to be linked to the length 

of C-terminal IDRs or molecular packing of the fibrils. Surprisingly, not much difference 

was seen in between the stabilities of PTH (1-60) and PTH (1-34) fibrils suggesting that the 

entire IDR region at the C-terminus is needed to largely reduce the fibril stability and re-

moving only 24 residues from PTH is not sufficient.  
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5. Discussion 
 

In early 1700s, the discovery of waxy substances in the spleen, liver and kidneys of patients 

began to rise (196). This wax like substance was incorrectly identified as starchy material 

and therefore was named as “amyloid.” Since then, a substantial amount of research has 

been done on amyloids and we now know that they are formed when soluble protein mon-

omers assemble to form insoluble higher order structures. Amyloid fibrils are also postu-

lated to be thermodynamically the most stable state present in the energy landscapes of 

proteins (197-200) (Fig. 5.1). 

 

 

Figure 5.1: The energy landscape of protein folding (green) and aggregation (red).  

As proteins fold, they navigate a potential free energy surface, seeking the thermodynamically favorable na-

tive state. Folding and aggregation are described as competing reactions during the transition from the un-

folded state to the natively folded state. The red part of the energy landscape represents the process of aggre-

gation which may include amorphous aggregates, β-sheet-rich oligomers, and amyloid fibrils. Amyloid fibrils 

are postulated as the thermodynamic ground state (198). 

 

Historically amyloids have been associated only with onset of a pathological condition 

however in the last two decades many amyloids have been discovered that occur without 

causing any cellular toxicity or disease which has led to a new appreciation of amyloid 

biology. Being often associated with normal biological function such amyloids have been 
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termed as functional amyloids (201). One major example of such amyloids are the pituitary 

hormones which are stored in the secretory granules as amyloid fibrils (153). Parathyroid 

hormone also falls under the category of functional amyloid where the storage of parathy-

roid hormone in the parathyroid gland takes place in the form of amyloids fibrils (155, 166). 

 

5.1. The core sequence of PTH undergoes rapid fibrillation, resulting in 

the formation of amyloids with distinct morphology 

In amyloid fibrils, the highly aggregation prone region is termed as the “core.” The amino 

acid sequences in the core region staple the individual monomers perpendicular to the fiber 

axis via hydrophobic interactions or by side chain hydrogen bonding interaction (202, 203). 

The residues in the core dominate the amyloid stability (204) as a result of which the amy-

loid core is extremely stable and resistant to degradation (96, 205). Using a limited prote-

olysis assay, the PTH core was identified as sequence 25R-37L (88). Being highly aggre-

gation prone, this sequence was capable of fibrillating very fast, with lag time of nearly 25 

times smaller than that of PTH (Fig. 4.5 A). One major reason behind such fast fibrillation 

of core sequence of PTH core can be understood by studying the secondary structure of the 

core sequence. CD and NMR spectroscopy results showed that the core sequence alone 

lacks any structure (Fig. 4.4). In contrast to this, full length PTH shows α-helical confor-

mation in the N-terminal residues, including the core region (Fig 4.6 red curves and Fig. 

4.9 A). Since a widely accepted principle in amyloid field is that proteins must partially or 

fully unfold to form amyloid fibrils (183, 184). PTH core sequence alone fibrillates very 

fast being already in a disordered state (Fig. 4.5 blue curve). Compared to the core frag-

ment, full length PTH must first unfold to favor the intermolecular interactions of the ag-

gregation prone region i.e., the core (Fig. 5.2 A). 

The amount of structural order in an amyloid fibril has an influence on its morphology. For 

instance, amyloid fibrils of the Alzheimer peptide, which are curvilinear at early stages 

(206),  subsequently they display polymorphism and eventually transition into mature fi-

brils that are consistently straight. The process of transitioning from protofibril to fibril 

involves a significant increase in the structural order of the Aβ peptide and hence the change 

in morphology (207). The fibrils formed by the core sequence of PTH appeared to be rigid, 
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straight, and very compact (Fig. 4.5 B) as compared to the full length PTH which had a thin 

curvilinear appearance (Fig.4.5 C). The latter appearance is obviously attributed to the 

flanking disordered PTH sections at the N- and C-terminus, which are not part of the core 

residues. 

 

Figure 5.2: Proteins must partially or fully unfold to form amyloid fibrils 

PTH core sequence fibrillates very rapidly being already in a disordered state. Full mature PTH must undergo 

and unfolding process prior to start of fibrillation, which makes it overall a slower process with longer lag 

times.  

 

5.2. The disordered flanking regions of PTH fibrils play a role in shap-

ing the fibril's structure and determining its stability. 

FTIR spectroscopy of monomeric PTH and its corresponding amyloid fibrils showed that 

only specific segments of PTH become part of the cross-β structure (core) (Fig. 4.20 B). 

The remaining sections retain their intrinsically disordered nature, resulting in a lower rel-

ative β-sheet content for PTH fibrils compared to the truncated variants PTH (1-60) and PTH 

(1-34) which have a much higher relative β-sheet content. The disorder in PTH is mainly 

localized at the C-terminus as observed by NMR data (Fig. 4.9 A) therefore removing the 

C-terminus leads to formation of fibrils that have a much higher β-sheet content than wild 

type PTH (Fig. 4.20 B). These disordered regions flank the core in PTH and significantly 

influences the morphology and stability of amyloid structures (discussed in the subsequent 

sections). 

WAXS emerged as a valuable tool for unraveling details about the axial and lateral order 

of amyloid fibrils. In WAXS, the meridional reflections (4.7 Å - 4.8 Å) indicate the spacing 



Discussion 

 

 
74 

 

of β-strands which is parallel to the fibril axis whereas the equatorial reflections (10 Å) 

indicate the inter-sheet distances and lateral stacking. The meridional reflections in all the 

peptide variants were same, which means that the axial order or alignment of β-strands is 

same in all the peptides. The equatorial peak intensity is inversely proportional to the inter-

sheet distance present in fibrillar structures. The degree of order of PTH (1-34) amyloid fibril 

was much more than PTH full length as seen by more intense equatorial peak in it (Fig 4.25 

A). The lower degree of order can thus be related to the flanking disordered region in the 

full length PTH that makes the fibril lose its compactness. 

Based on EM imaging data, the morphology of fibrils derived from the full-length PTH 

compared to the IDR shortened variants exhibited a noticeable contrast. Fibrils resulting 

from PTH exhibited a slender and curvilinear structure, while those originating from PTH 

(1-34) displayed a distinctly rigid morphology. Fibrils derived from PTH (1-60) showcased an 

intermediate morphology between the two and were more heterogeneous in appearance 

(Fig 4.25 B-D).  

Moreover, the different fibril morphologies could be related to different thermodynamic 

stabilities of the fibrils. The disordered region flanking the core was found to notably im-

pact conformational stability in the presence of denaturing agent (urea). Fibrils obtained 

from PTH (1-34) and PTH (1-60) were resistant to urea denaturation i.e., when incubated with 

urea (Fig. 4.27 black and blue curve), they released negligible monomeric protein. How-

ever, fibrils obtained from the full length PTH were completely destabilized already in the 

presence of 1 M Urea (Fig.4.27 orange curve). These results suggest that disordered se-

quences have a destabilizing effect on amyloid fibril facilitated by core region closer to the 

N-terminus. The fibrils formed by PTH have a reduced lateral order and the exposed dis-

ordered region could more easily bind to urea and shift the equilibrium towards monomers. 

Unlike PTH, in case of PTH (1-34) fibrils, the disordered flanking region is small and the 

fibrils appear morphologically compact or are less solvent accessible. This finding is in 

agreement with another study in which truncated barnase M1 peptides (111), wherein the 

C-terminal sequence beyond the cross-β structure was absent. The fibrils generated by this 

truncated variant exhibited a pronounced influence on conformational instability in pres-

ence of denaturating agent. This highlights the importance of peripheral sequences near the 

cross-β core. 
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Thermodynamically, a lower Gibbs free energy implies greater stability of amyloid struc-

ture. The truncated variants of PTH viz. PTH (1-34) and PTH (1-60) has the lower G (Gibbs 

free energy) as compared to PTH (table 8) and therefore more stable. 

Given its role as a functional amyloid and its proposed function as a hormone storage form, 

PTH fibrils should possess reversibility, enabling it to efficiently release monomers when 

required by the body. Indeed, PTH fibrils released about 10% monomer within 24 hours 

when diluted in buffer (Fig 4.16 A and 4.27 orange curve), however PTH (1-34) and PTH (1-

60) released negligible amount of monomeric protein when dissolved in excess buffer (Fig 

4.27 black and blue respectively). These findings highlight the crucial function of the IDR 

in PTH. For PTH fibrils to serve as a functional amyloid and hormone reservoir, the pres-

ence of a disordered region is important as allows fibrils to release monomeric PTH as 

needed by the body. 

Notably, the disordered region at the C-terminus did not impact PTHR1 receptor activation, 

as evidenced by the similar cAMP responses exhibited by all three variants upon receptor 

binding (Fig. 4.18). Therefore, the investigation into the role of the disordered region in 

rendering PTH amyloid reversible sheds light on its existence and significance. 

 

5.3. Fibrillation kinetic comparison of full length PTH and its truncated 

variants. 

The formation of amyloid fibrils in the parathyroid hormone is regulated by an interplay 

between secondary and primary nucleation processes (Fig. 5.3) as published by our re-

search group (137). At lower protein concentration primary nucleation starts via low order 

oligomers which eventually grows into fibrils that then facilitates secondary nucleation 

which dominates the overall mechanism of fibril formation (Fig 5.3) and (137). Higher 

protein concentrations introduce a counteractive effect on both fibril elongation and sec-

ondary nucleation posed by primary nucleation. At higher protein concentration amyloid 

formation process starts via high order oligomers which can sequester (bind and hold onto) 

monomers as a result of which freely available monomers that could participate in second-

ary nucleation and elongation is drastically impacted (137). The dominant process 
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throughout all concentrations is however secondary nucleation but it is only at higher pro-

tein concentrations that primary nucleation enters competition with secondary nucleation 

(Fig 4.21) and (Fig 5.3).  

One of the easiest ways to visualize this phenomenon is through plotting the logarithm of 

pre-factor A versus logarithm of the PTH concentration (Fig. 4.24). A values smaller than 

0.33 indicates dominance of secondary nucleation (134). For both the full length and the 

truncated PTH variants secondary nucleation is therefore the dominant process since all the 

A (pre-factor) values obtained at all concentrations are very low (Fig. 4.24 A-C). However, 

increasing A values indicates the competition between primary and secondary nucleation. 

Such a competition exists for PTH at higher concentrations when higher order oligomers 

are formed that sequestrate the monomer and impact secondary nucleation (Fig. 4.24 A) 

(137). Different systems can adopt varied pathways from oligomer to fibril formation 

states. These kinetic models are extremely useful for studying and understanding these di-

verse pathways.  

Perhaps for PTH (1-34) monomer sequestrating higher order oligomers are formed at much 

lower protein concentrations because of which the primary nucleation competes with sec-

ondary nucleation even at low concentrations because log (A) constantly increases with 

concentration log (Co) (Fig. 4.22) and (Fig. 4.24 B). The potential cause for this could be 

the lack of a flexible intrinsically disordered region (IDR), which otherwise, if present, 

might lead to hindering of the appropriate alignment and stacking of protein molecules that 

are essential for the formation of oligomers. As a result of this such higher order oligomers 

are easily formed in PTH (1-34) even at much lower concentration unlike full length PTH. 

For PTH (1-60) the kinetic trend was contrary to the conventional understanding of amyloid 

aggregation. With increasing initial monomer concentration, the lag phase increased (Fig. 

4.23 A). Such a positive correlation has also been observed in proteins like human calci-

tonin (141), ribosomal protein S6 (194), immunoglobin light chain (208), Glucagon-like 

peptide 1 (142). One common aspect of these proteins is formation of off pathway oligo-

mers, that play the main role in slowing down fibrillation by diverting aggregation inter-

mediates away from the main pathway that leads to fibril formation. These off-pathway 

oligomers are perhaps also formed in the case of PTH (1-60) that diverts the monomeric pro-

tein into nonproductive pathway, thereby reducing their availability for fibril formation. A 
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negative slope for primary processes (at higher concentrations) (Fig. 4.23 C) and secondary 

processes (Fig. 4.23 D) hints toward off pathway oligomeric species. The growth of fibril 

however continues via some on-pathway oligomers. 

Figure 5. 3: Schematic depiction of the influence of concentration on the growth for PTH, PTH (1-34) 

and PTH (1-60) amyloid fibrils 

Below critical concentration all three proteins remain in a monomeric state. When surpassing critical concen-

tration, two scenarios emerge: firstly, the formation of low-order oligomers; secondly, upon surpassing a 

threshold concentration (coc), the emergence of high-order oligomers. Both oligomer species play a role in 

the initial formation of primary fibril nuclei, situated within the fibrillation network. The equilibrium depletes 

the concentration of available monomers (apparent co), negatively affecting elongation and secondary nucle-

ation as the processes requiring monomers (indicated by red arrows). Such a monomer depletion phenomena 

takes place in the case of PTH at higher concentration and across all concentrations in case of PTH (1-34). In 

the case of PTH (1-60) formation of off-pathway oligomers is probably taking place above critical oligomer 

concentration which negatively impacts the overall fibrillation process. The image has been taken from (137) 

and modified. 

 

5.4. The pro-sequence of parathyroid hormone prevents premature am-

yloid fibril formation  

Pro-sequences fulfill a wide range of functions before being cleaved off during the matu-

ration of proteins. This includes inhibition of proteases before reaching their final location 

(209), guidance during protein folding (210), as well as intra- and interchain disulfide bond 

mediated assembly of procollagen chains and protein stabilization (211). In peptide 
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hormones, the pro-sequence can also play an essential role as in the case of insulin, where 

the C-peptide assists in correct folding and disulfide bond formation between the A and the 

B chain of insulin before its cleavage (212). 

Various pro-hormones, pro-neuropeptide, many pro-transcription factors, pathogenic pro-

proteins, pro-receptors, and other precursor proteins are substrates for the above-men-

tioned pro-protein convertases. Examples include progastrin, proglucagon, proANF, hu-

man proGLP1 (Glucagon-like peptide-1), and the here-studied human proPTH. Furin and 

PC7 are similar in their sequence specification to correctly process proPTH to PTH (75, 

213). 

 

Figure 5.4: This electrostatic repulsion can prevent the protein molecules from interacting and form-

ing fibrils 

High ionic strength (e.g., high salt concentration) can screen the electrostatic interactions between charged 

groups, reducing Coulomb repulsion and therefore facilitate amyloid fibril formation (right image). 

From the here presented results, we propose a new function of a pro-sequence, which is the 

prevention of premature formation of functional amyloid fibrils in the case of proPTH 

(Fig. 6.1). Under in vitro conditions of pH 7.4 and low salt, only mature PTH readily forms 

fibrils according to ThT kinetics and EM micrographs but not proPTH (Fig. 4.10). Fibril 

formation of proPTH can be restored by cleaving the pro-sequence with furin (Fig. 4.12 
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A). As proPTH cannot leave parathyroid cells even at high cellular concentrations after 

inhibition of its proteasomal degradation (82), we suspect that pro-sequence cleavage und 

subsequent fibril formation is obligatory for successful PTH secretion. The pro-sequence 

of PTH comprises residues KSVKKR. Four out of 6 residues have positively charged side 

chains, which lead to high local charge density near the fibril forming segment 25R–37L 

(88) of PTH that could abolish primary nucleation and fibril growth due to Coulomb repul-

sion. Therefore, no fibrillation could be observed for proPTH in buffer conditions under 

which PTH readily forms fibrils. Because the failure of proPTH monomers to come to-

gether into fibrils might be connected to Couloumb repulsion, the presence of additional 

salt is expected to reverse this and encourage fibril formation by reducing the impact of 

these charges (Fig. 5.4). As anticipated, when excess salt was introduced (at concentrations 

of 1 M and 1.5 M), proPTH effectively formed fibrils (Fig 4.13 B and F). 

Adding seeds from sonicated PTH fibrils allowed proPTH to form fibrils only via second-

ary nucleation (as seen by lack of lag phases which indicates primary nucleation Fig 4.14 

B blue and black curve) supporting the hypothesis that the pro-sequence mainly prevents 

the formation of primary nuclei to start the fibrillation process. Under the acidic conditions 

corresponding to the secretory PTH granules, heparin is required to stimulate the fibrilla-

tion of both PTH and proPTH. This process is four times slower for proPTH compared with 

PTH, which shows that the retarding fibrillation property of the pro-sequence also remains 

under physiological conditions (Fig. 4.15 B). 

PTH fibrils readily release monomers (88), which is an essential requirement for hormone 

release from the secretory granules to the blood (Fig. 4.16 A) and for the classification as 

functional amyloids (153, 214). This main difference from pathogenic amyloids, which 

typically do not dissolve from deposits or plaques, is preserved for the proPTH fibrils 

formed in this study under high salt conditions because upon dilution, about 11% of mon-

omeric proPTH got released within 24 h (Fig. 4.16 B). Human peptide hormones such as 

corticotropin-releasing factor, β-endorphin, adrenocorticotropin, vasopressin, somatosta-

tin, and prolactin stored as functional amyloids in pituitary secretory granules revealed 

monomer release within the same time window in a comparable assay (153).  

The NMR and CD data show that the pro-sequence does not affect the secondary structure 

content of PTH both at pH 5.3 and 7.4 (Fig. 4.6 and 4.9). Both α-helix sections and the 

https://febs.onlinelibrary.wiley.com/doi/10.1002/1873-3468.14587#feb214587-fig-0001
https://febs.onlinelibrary.wiley.com/doi/10.1002/1873-3468.14587#feb214587-fig-0004
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intrinsically disordered region are identical (Fig. 4.9) and both PTH and proPTH can induce 

cAMP in HEK293T cells stably expressing PTHR1 (Fig 4.17 blue and red curve). This 

contrasts the influence of post-translational modification of PTH by phosphorylation of S1, 

S3 and S17, which fully abolished receptor activation and the corresponding analysis of 

NMR chemical shift changes revealed that N-terminal residue up to position A36 sensed 

phosphorylation (57) cAMP induction by proPTH is physiologically not very relevant, be-

cause only mature PTH will be released into the blood (82). 

However, some mechanistic and pharmacological conclusions can be drawn. Two steps are 

required to activate the PTH receptors 1 and 2: binding of ligand to the extracellular domain 

(ECD) of the GPCR followed by its insertion into the trans-membrane helices (receptor J 

domain) (215). The latter is facilitated by the N-terminal residues of PTH. The additional 

six residues of the pro-sequence probably interfere with this insertion, which could explain 

the 90-fold reduction in activation potency (Fig. 4.17 red curve). For the ECD binding step 

we assume that the pro-sequence has a minor effect because more distant residues L15-F34 

are involved and because proPTH could compete with PTH for the cAMP induction by 

binding the receptor (Fig 4.17 orange curve). Such competition between the pro-form and 

the mature form about a class B GPCR is also known for example for the bone morphogenic 

protein (216). For proPTH the competition with PTH represents one perspective for drug 

development to treat hyperparathyroidism. As PTH1–84 and PTH1–34 and their formulations 

are already approved drugs for the treatment of osteoporosis (217) we anticipate that com-

peting proPTH might serve as a compound for a proper blood level adjustment during hor-

mone therapy. Functional amyloids of hormones had been put into perspective as a formu-

lation of long-acting drugs (218). Therefore, monomer-releasing proPTH fibrils formed 

under high salt concentrations might further support such a hormone therapy by serving as 

a hormone depot.

https://febs.onlinelibrary.wiley.com/doi/10.1002/1873-3468.14587#feb214587-fig-0006
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6. Summary 

This thesis focuses on the characteristics and functional aspects of parathyroid hormone 

(PTH), a vital mammalian hormone produced by the parathyroid gland to regulate blood 

calcium levels through activation of a corresponding G protein-coupled receptor (GPCR). 

PTH comprises 84 amino acids, with around 70% of its structure being intrinsically disor-

dered, predominantly located at the C-terminal region (residues ~35-84). The process of 

PTH synthesis begins with preproPTH, which undergoes a series of modifications, includ-

ing signal peptide pre-sequence cleavage by signal peptidase in late Endoplasmic reticulum 

followed by pro-region (KSVKKR) cleavage by furin enzyme in the Golgi apparatus, lead-

ing to mature PTH. 

Various hormones store themselves in the form of amyloid fibrils. The presence of intra-

follicular amyloids within the parathyroid gland suggested a potential indication that this 

hormone might also employ amyloid fibrils as a storage mechanism. Indeed, in-vitro fibril 

formation was detected for PTH, particularly identifying the amyloid core as the sequence 

from 25R-37L. This core represents the most stable and amyloidogenic part, engaging in 

monomer-monomer interactions within the fibril structure. Beyond the core, "flanking re-

gions" were identified, which are non-interacting segments adjacent to the core, raising 

interest in their influence on amyloid formation, stability, and morphology. 

The here presented research delved into several critical questions and the main findings are 

depicted in image 6.1. Firstly, it explored how PTH navigates through the secretory path-

way without prematurely forming fibrils. The pro-sequence at the N-terminus, rich in basic 

residues (KSVKKR), was found to prevent primary nucleation via Coulomb repulsion. 

This was further supported by experiments involving high salt concentration which facili-

tate charge screening or fibrillation of proPTH in presences of seeds of PTH fibrils. Furin 

cleavage restored fibril formation, and structural characterization confirmed the similarity 

of proPTH to PTH. This indicates that pro-sequence assists the PTH in not forming amyloid 

prematurely in the secretory pathway. 

This study also examined the influence of flanking regions on amyloid formation. The C-

terminal region of PTH, marked by intrinsic disorder, was found to significantly impact the 
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kinetics of amyloid fibrillation. The interplay between secondary and primary nucleation 

processes regulated fibril formation, with the C-terminal disordered region playing a piv-

otal role. 

 

Figure 6. 1: Overview of the cellular maturation, target receptor activation of the parathyroid hormone 

and the proposed role of C-terminal IDR region (flanking region) in PTH amyloid fibril stability. The 

pre-sequence guides translated preproPTH to the ER, where it gets cleaved by a signal peptidase. In the Golgi 

apparatus, furin or PC7 cleave the pro-sequence before mature PTH is secreted from membrane-coated gran-

ules into the blood. PTH receptor activation causes a second messenger modulation in target cells. During 

storage in secretory granules, PTH forms functional amyloid fibrils. These amyloids are reversible in nature, 

i.e., in presence of solvent they change to monomeric form of protein. However, fibrils originating from the 

truncated peptide PTH (1-34), lacking the C-terminal disordered region, do not demonstrate this transition into 

the monomeric state. The truncation of the intrinsically disordered region (IDR) in PTH results in the creation 

of compact and linear fibrils, manifesting in heightened stability of these fibrils. 

Lastly, the research investigated how the C-terminal region affected amyloid stability and 

morphology. Truncating the C-terminal intrinsically disordered region altered fibril mor-

phology, compacting the fibrils, and enhancing their resistance to denaturation in presence 

of urea or monomer release in presence of excess solvent. These truncated fibrils displayed 

higher thermodynamic stability and limited reversibility. This could imply that the C-
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terminal disordered region of the PTH is important as it allows PTH amyloid to be reversi-

ble to serve their function of being the storage form of the protein.  

In conclusion, this thesis contributes insights into the mechanisms underlying PTH's be-

havior as a functional amyloid. It illuminates how specific regions, such as the N-terminal 

pro-sequence and the C-terminal disordered region, orchestrate PTH's journey through syn-

thesis, secretion, and storage. 
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7. Appendix  

7.1. Software and equipment 

Software   

Image J                                                   National institute of Health 

Snapgene GSL Biotech 

Origin OriginLab Corporation 

NMRFAM sparky University of Wisconsin-Madison 

Endnote Clarivate 

TALOS+ National institute of Health 
BioRender Biorender, Toronto, Canada 

UNICORN Cytiva 

GraphPad Prism GraphPad Software, Inc 

NMRpipe National institute of Health 

PyMOL Schrödinger 

Spectra manager JASCO 

TOPSPIN2.3 Bruker 

Random coil 

chemical shift 

National institute of Health 

 

Equipments  

Circular Dichroism spectrophotometer JASCO 

Plate reader BMG labtech 

ÄKTA pure Cytiva 

UV–visible spectrophotometer JASCO 

Thermocycler PCR Eppendorf 

Incubator ThermoFisher Scientific 

Bench top centrifuge Eppendorf 

Electrophoresis supplies  Bio-Rad 

Thermomixer Eppendorf 

Refrigerated Centrifuge  HIMAC 
Balances and scales Mettler Toledo 

Ultrasonic homogenizer Bandelin 

Autoclave Systec GmbH 

Laminar Flow Hood ThermoFisher Scientific 

Agarose gel imager INTAS 

NMR-Spektrometer Avance III  

800  MHz 

Bruker, Karlsruhe 

Incubator shaker New Brunswick Scientific GmbH 
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7.2. Chemicals 

Enzymes and protease inhibitors  

DNase 1 ThermoFisher Scientific 

Restriction enzymes ThermoFisher Scientific 

Ligation enzyme ThermoFisher Scientific 

Protease inhibitor cocktail Promega 

Furin New England Biolabs 

Shrimp Alkaline Phosphatase New England Biolabs 

Phusion polymerase ThermoFisher Scientific 

Dream Taq polymerase ThermoFisher Scientific 

Polynucleotide Kinase (PNK) Fermentas 

 

Other used chemicals  

Acrylamide Sigma Aldrich 

Agarose Carl Roth 

Adenosine 5 -triphosphate Disodium 

salt 

Carl Roth 

Ammoniumpersulfate (APS) Sigma Aldrich 

Ammonium chloride Carl Roth 

Ammonium chloride (15NH4Cl) Sigma Aldrich 

Ammonium sulfate Sigma Aldrich 

Buffer G New England Biolabs 

Coomassie Brilliant Blau G250 ThermoFisher scientific 

Citric acid Sigma Aldrich 

Deuterium Oxide (D2O) Cortecnet 

Dipotassium phosphate Sigma Aldrich 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

Deoxynucleotide triphosphate Sigma Aldrich 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Sigma aldrich 

6X DNA Loading Dye Fermentas 
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EGTA  ThermoFisher Scientific 

Ethylenediaminetetraacetic acid Sigma Aldrich 

Extran MA 02 neutral Sigma Aldrich 

GelRed Biotium 

Glucose Cortecnet 

13C Glucose Cortecnet 

Glycerol Sigma Aldrich 

N-2-hydroxyethylpiperazine-N-2-

ethane sulfonic acid 

Sigma Aldrich 

Imidazole Sigma Aldrich 

3-Isobutyl-1-methylxanthin Sigma Aldrich 

Isoproterenol -hydrochlorid Sigma Aldrich 

IPTG ThermoFisher Scientific 

N,N,N’,N’-Tetramethyletylendiamin Sigma Aldrich 

N,N’-Methylenbisacrylamid Sigma Aldrich 

Peptone Carl Roth 

Porcine intestinal heparin Carl Roth 

Phusion buffer Fermentas 

sodium dodecyl sulfate (SDS) Sigma Aldrich 

Sodium citrate Carl Roth 

Sodium phosphate Sigma Aldrich 

Sodium chloride Sigma Aldrich 

Yeast extract for LB-Medium Carl Roth 

Urea Carl Roth 

 

Antibiotics  

Penicillin-Streptomycin ThermoFisher Scientific 

Kanamycin -monosulfat ThermoFisher Scientific 

Hygromycin-B ThermoFisher Scientific 
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Standards and kits  

Page ruler low range ThermoFisher Scientific 

GeneRuler (DNA Ladders) ThermoFisher Scientific 

Qiaquick Gel extraction kit QIAGEN 

Quick coomassie stain SERVA 

Plasmid purification kit QIAGEN 

cAMP assay kit Cisbio 
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7.3. Cells, PCR condition and primers  

Cells  

TOP TEN cell Invitrogen 

E. coli codon plus RIL cells Invitrogen 

HEK 293T cells expressing PTH1R Prof. Plückthun (University of Zurich) 

 

 

Primers 5’-3’  

proPTH forward gggggtctcatggtaaaagcgtgaaaaaacg 

proPTH reverse cgcggatccttattactggctttttgctttgg 

PTH (1-34) forward gggggtctcatggtagcgttagcgaaattcag 

PTH (1-34) reverse cgcggatccttattaaaaattatgcacatcc 

PTH (1-60) forward gggggtctcatggtagcgttagcgaaattcag 

PTH (1-60) reverse cgcggatccttattaaaccagaacgttatcttc 

 

Laemmli sample buffer 4x 

Tris (1.0 M, pH 6.8) 10 ml 

SDS 4.0 g 

Glycerol 20 ml 

β-Mercaptoethanol 10 ml 

Bromophenol blue 0.1 g 

dH2O To 50 ml 

 

 

 

PCR condition 

Plasmid Denaturation annealing extension cycles Extension 

proPTH 98 (20 sec) 60 (20 sec) 72 (30 sec) 35 72 (5 min) 

PTH (1-34) 98 (20 sec) 60 (20 sec) 72 (30 sec) 35 72 (5 min) 

PTH (1-60) 98 (20 sec) 60 (20 sec) 72 (30 sec) 35 72 (5 min) 



Appendix 

 

 
89 

 

SDS Gel composition Stacking gel Resolving gel  

Gel buffer* 3,3 ml 1.5 ml 

Acrylamide solution 5,0 ml 1,2 ml 

ddH20 1,7 ml 3,3 ml 

TEMED 4,5 µl 4,0 µl 

10% APS 83,0 µl 50,0 µl 

*Gel buffer: 3 M Tris/HCl, 0,3% (w/v) SDS, pH 8,45 
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7.4. SDS PAGE IMAGES 

 

Figure S1: SDS gel image for PTH (1-60), PTH (1-34), PTH (1-84) and proPTH. 
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7.5. Amino acid sequence of all proteins 

proPTH 

Molecular weight 10151 Da 

Isoelectric point 10.51 

KSVKKRSVSE IQLMHNLGKH LNSMERVEWL RKKLQDVHNF VALGAPLAPR 

DAGSQRPRKK EDNVLVESHE KSLGEADKAD VNVLTKAKSQ 

 

PTH 

Molecular weight 9424 Da 

Isoelectric point 9.8 

SVSEIQLMHN LGKHLNSMER VEWLRKKLQD VHNFVALGAP LAPRDAGSQR 

PRKK EDNVLV ESHEKSLGEA DKADVNVLTK AKSQ 

 

PTH (1-34) 

Molecular weight 4118 Da 

Isoelectric point 9.58 

SVSEIQLMHN LGKHLNSMER VEWLRKKLQD VHNF 

 

PTH (1-60) 

Molecular weight 6857 Da 

Isoelectric point 10.47 

SVSEIQLMHN LGKHLNSMER VEWLRKKLQD VHNFVALGAP LAPRDAGSQR 

PRKK EDNVLV  
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PTH (25-37) core 

Molecular weight 1567 Da 

Isoelectric point 10.66 

RKKLQDVHNFVAL 

 

Amino acid sequence of furin. 

MELRPWLLWVVAATGTLVLLAADAQGQKVFTNTWAVRIPGGPAVANSVARKHGFLNLGQI 

FGDYYHFWHRGVTKRSLSPHRPRHSRLQREPQVQWLEQQVAKRRTKRDVYQEPTDPKFPQ 

QWYLSGVTQRDLNVKAAWAQGYTGHGIVVSILDDGIEKNHPDLAGNYDPGASFDVNDQDP 

DPQPRYTQMNDNRHGTRCAGEVAAVANNGVCGVGVAYNARIGGVRMLDGEVTDAVEARSL 

GLNPNHIHIYSASWGPEDDGKTVDGPARLAEEAFFRGVSQGRGGLGSIFVWASGNGGREH 

DSCNCDGYTNSIYTLSISSATQFGNVPWYSEACSSTLATTYSSGNQNEKQIVTTDLRQKC 

TESHTGTSASAPLAAGIIALTLEANKNLTWRDMQHLVVQTSKPAHLNANDWATNGVGRKV 

SHSYGYGLLDAGAMVALAQNWTTVAPQRKCIIDILTEPKDIGKRLEVRKTVTACLGEPNH 

ITRLEHAQARLTLSYNRRGDLAIHLVSPMGTRSTLLAARPHDYSADGFNDWAFMTTHSWD 

EDPSGEWVLEIENTSEANNYGTLTKFTLVLYGTAPEGLPVPPESSGCKTLTSSQACVVCE 

EGFSLHQKSCVQHCPPGFAPQVLDTHYSTENDVETIRASVCAPCHASCATCQGPALTDCL 

SCPSHASLDPVEQTCSRQSQSSRESPPQQQPPRLPPEVEAGQRLRAGLLPSHLPEVVAGL 

SCAFIVLVFVTVFLVLQLRSGFSFRGVKVYTMDRGLISYKGLPPEAWQEECPSDSEEDEG 

RGERTAFIKDQSAL 

 

Amino acid sequence of SUMO fusion protein 

MGSSHHHHHHGSGLVPRGSASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIK-

KTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG 
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7.6. 1H-1H TOCSY PTH (25-37). Spin system assignment for HN region.  
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7.7. NOESY PTH (25-37). Sequence assignment for HN region  
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7.8. Chemical shift values of the PTH core 

Amino 

acid 

                         

H HA CA CB CD CG 

R1 0 0 0 0 0 0 

K2 0 0 0 0 0 0 

K3 8.46 4.195 53.78 30.51 26.57 39.41, 22.12 

L4 8.29 4.239 53.82 40.69 22.37, 20.95 24.46 

Q5 8.285 4.234 52.63 31.12   

D6 8.271 4.53 51.56 38.71   

V7 7.96 3.963 59.76 29.84 17.41  

H8 8.469 4.568 52.73 26.3   

N9 8.221 4.584 50.39 36.24   

F10 8.134 4.519 55.25 36.93   

V11 7.855 3.934 59.27 30.5  18.35 

A12 8.154 4.217 53.19 16.56   

L13 7.745 4.081 54.01 40.79 20.97, 22.59 24.46 
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7.9. Chemical shift values for PTH  

amino 

acid 

                

H 

                

N 

               

HA 

               

CA         HB CB 

S1 - - - 57.12 - 63.7 

V2 8.623 120.6 4.215 62.62 - 32.79 

S3 8.431 119.4 4.44 58.38 - 63.82 

E4 8.447 123.2 4.229 57.46 3.896, 2.024 30.05 

I5 8.048 121 4.012 62.36 1.832 38.32 

Q6 8.218 123.1 4.222 56.75 2.044 29.12 

L7 8.128 122.3 4.236 55.94 1.643 42.14 

M8 8.136 119 4.333 55.99 2.017 32.82 

H9 8.499 119.5 4.773 55.7 3.165 29.2 

N10 8.411 119.2 4.775 53.9 2.813 38.73 

L11 8.208 122 4.29 55.63 1.642 42.23 

G12 8.3 108.6 - 45.59 - - 

K13 7.984 120.1 4.229 56.33 1.685 - 

H14 8.3 118.6 4.777 56 3.208 29.05 

L15 8.208 123.5 4.343 55.35 1.555 42.67 

N16 8.692 120.2 4.731 52.99 2.874 38.78 

S17 8.342 115.8 4.306 59.76 3.926 63.57 

M18 8.338 121.6 4.275 56.77 - 32.45 

E19 8.356 121.2 4.185 57.89 1.994 30.18 

R20 8.261 121.2 4.216 57.75 - 30.62 

V21 7.955 119.7 4.042 64.85 - 32.01 

E22 8.27 121.8 - 58.28 2.034 29.54 

W23 8.1 121.1 4.423 59.53 3.354 29.35 

L24 8.021 120.6 - 56.93 1.651 41.98 

R25 - - - - - 30.45 

K26 7.925 120.2 4.113 57.73 1.778 32.66 

K27 7.986 120.8 - 57.06 - 32.36 

L28 8.01 121.1 4.218 55.78 1.667 41.95 

Q29 8.053 119.5 4.233 56.53 2.033 29.32 

D30 8.172 121.2 4.588 54.45 2.698 41.18 

V31 7.934 119.8 4.005 62.73 - 32.38 

H32 8.484 120.8 4.606 55.64 3.136 28.95 

N33 8.262 119.3 4.684 53.08 2.705 38.89 

F34 8.164 120.9 - 58.26 3.066 39.58 

V35 7.947 123 3.972 62.38 - 32.96 

A36 8.223 127.7 4.249 52.47 - 19.23 

L37 8.18 121.9 4.29 55.49 1.63 42.53 

G38 8.331 109.7 - 45.06 - - 

A39 8.026 124.8 4.58 50.51 - 18.34 

P40 - - - 62.96 - 32.06 

L41 8.284 122.3 4.29 55.05 1.584 42.55 

A42 8.267 126.4 4.579 50.33 - 18.24 

P43 - - - 63.26 - 31.99 
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R44 8.452 121 4.27 56.48 1.795 30.76 

D45 8.317 121 4.568 54.16 2.685 41.49 

A46 8.343 125.1 4.32 53.08 - 19.12 

G47 8.475 107.6 - - - - 

S48 8.104 115.4 4.423 58.43 3.884 63.78 

Q49 8.342 121.7 4.377 55.61 2.111 29.3 

R50 8.261 123.2 4.592 55.63 1.691 30.09 

P51 - - - 63.11 - 32.05 

R52 8.466 122.1 4.285 55.71 1.773 30.94 

K53 8.436 123.5 4.31 56.03 1.773 33.4 

K54 8.511 124.2 4.217 56.18 1.782 32.97 

E55 8.669 122 4.283 56.83 2.075 30.01 

D56 8.256 121.2 4.578 54.35 - 41.25 

N57 8.342 118.8 4.686 53.39 2.78 38.98 

V58 8.026 120.2 4.064 62.63 - 32.6 

L59 8.278 125.8 4.37 55.37 1.595 42.16 

V60 8.084 121.9 4.068 62.4 - 32.85 

E61 8.461 124.9 4.286 56.56 1.952 30.41 

S62 8.34 117.1 4.439 58.44 - 63.74 

H63 8.616 120.9 4.758 55.67 3.163 29.09 

E64 8.467 121.8 4.278 56.86 1.976 30.14 

K65 8.408 122.5 4.316 56.76 1.803 33.13 

S66 8.373 117.3 4.439 58.32 3.859 63.81 

L67 8.374 124.4 4.336 55.62 1.643 42.19 

G68 8.429 109.4 - 45.44 - - 

E69 8.21 120.6 4.256 56.82 2.086 30.31 

A70 8.347 124.4 4.289 52.88 - 19.1 

D71 8.256 119.1 4.6 54.39 2.7 41.1 

K72 8.1 121.4 4.272 56.01 1.742 32.92 

A73 8.239 124.6 4.351 52.73 - 19.38 

D74 8.26 119.6 4.6 54.23 2.658 41.1 

V75 8.01 119.8 4.064 62.63 - 32.54 

N76 8.49 121.5 4.707 53.78 2.803 38.91 

V77 7.971 120.1 4.052 62.91 - 32.55 

L78 8.24 124.3 4.356 55.62 1.687 42.16 

T79 7.984 114.6 4.263 62.31 - 69.61 

K80 8.15 123.7 4.286 56.34 1.78 33.02 

A81 8.265 125.3 4.32 52.68 - 19.32 

K82 8.293 120.8 4.333 56.55 1.809 33.17 

S83 8.348 117.8 4.434 58.37 3.877 63.86 

Q84 8.002 126.7 4.179 57.42 2.115 30.51 
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7.10. Chemical shift values proPTH 

 H N HA CA HB CB 

S2 - - - - - 63.9 

V3 8.306 121.6 - 62.24 - 33.43 

K4 8.372 126 4.237 56.18 1.69 33.09 

K5 8.406 124.4 4.238 56.18 1.706 33.23 

R6 8.447 123.7 4.298 55.94 1.756 31.04 

S7 8.545 118.6 4.445 58.15 3.871 63.84 

V8 8.388 122.7 - 62.07 - 32.47 

S9 8.291 118 4.337 59 3.825 63.55 

E10 8.259 123.1 4.312 57.5 - 30.08 

I11 8.061 121.3 3.918 62.43 - 38.32 

Q12 8.242 122.9 - 56.88 1.985 29.17 

L13 8.09 122.4 4.178 55.78 1.588 42.09 

M14 8.105 119.2 4.277 56.04 1.969 32.81 

H15 8.474 119.7 4.768 55.66 3.107 29.21 

N16 8.381 119.3 4.771 53.79 2.757 38.65 

L17 8.2 122.1 4.257 55.63 1.6 42.16 

G18 8.275 108.7 - 45.45 - - 

K19 7.975 120.2 - 56.27 - 32.98 

H20 8.269 118.9 4.772 55.94 3.127 29.23 

L21 8.188 123.5 4.278 55.31 1.499 42.51 

N22 8.669 120.1 4.666 52.95 2.816 38.7 

S23 8.325 115.8 4.243 59.68 3.874 63.7 

M24 8.308 121.6 4.369 56.78 2 32.48 

E25 8.331 121.3 4.119 57.86 2.031 30.19 

R26 8.247 121.4 4.152 57.54 1.761 30.37 

V27 7.95 120.2 3.993 64.87 - 32.11 

E28 8.232 121.9 4.152 58.18 1.977 29.51 

W29 8.086 121.2 4.37 59.49 3.287 29.27 

L30 8.005 120.7 3.919 56.81 1.631 42.02 

R31 - - - - - 30.38 

K32 7.912 120.3 4.06 57.72 1.729 32.56 

K33 7.955 120.8 4.06 56.99 - 32.27 

L34 7.981 121.2 4.166 55.72 1.611 41.92 

Q35 8.029 119.5 4.172 56.47 1.979 29.33 

D36 8.151 121.2 4.528 54.41 2.615 41.07 

V37 7.906 119.8 3.995 62.78 - 32.21 

H38 8.451 121 4.752 55.65 3.084 28.93 

N39 8.238 119.3 4.772 53 2.644 38.81 

F40 8.143 120.9 4.526 58.22 3.011 39.52 

V41 7.925 123.2 3.91 62.34 - 32.97 

A42 8.21 127.7 4.186 52.43 - 19.1 

L43 8.174 121.9 4.23 55.39 1.579 42.41 

G44 8.309 109.7 - 44.9 - - 

A45 8.011 124.8 4.522 50.4 - 18.22 
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P46 - - - 62.81 - 31.96 

L47 8.278 122.3 4.234 54.95 1.53 42.49 

A48 8.26 126.4 4.517 50.29 - 18.17 

P49 - - - 62.98 - 32.03 

R50 8.438 121 - 56.38 1.741 30.75 

D51 8.295 121.1 4.528 54.1 2.626 41.41 

A52 8.328 125.1 4.214 53.06 - 19 

G53 8.449 107.6 - 45.61 - - 

S54 8.076 115.4 4.369 58.47 3.832 63.8 

Q55 8.321 121.7 4.284 55.52 1.935 29.26 

R56 8.245 123.2 4.539 - 1.769 29.99 

P57 - - - 62.99 - 32.17 

R58 8.452 122.2 4.228 55.74 1.707 31 

K59 8.435 123.6 4.273 55.95 1.728 33.34 

K60 8.5 124.3 4.3 56.05 1.727 32.92 

E61 8.656 122 4.221 56.81 2.006 29.86 

D62 8.22 121.2 4.521 54.35 2.599 41.15 

N63 8.312 118.8 4.624 53.32 2.724 38.89 

V64 8.007 120.3 3.999 62.55 - 32.54 

L65 8.26 125.9 4.31 55.42 - 42.92 

V66 8.076 122 4.011 62.4 - 32.71 

E67 8.448 125 4.224 56.52 1.881 30.4 

S68 8.326 117.2 4.332 58.33 3.828 63.84 

H69 8.597 120.9 4.698 55.6 3.25 29.28 

E70 8.438 121.8 - 56.86 1.877 30.11 

K71 8.394 122.6 4.258 56.6 1.774 33.06 

S72 8.358 117.4 4.386 58.33 3.815 63.84 

L73 8.361 124.4 4.279 55.61 1.59 42.13 

G74 8.406 109.4 - 45.34 - - 

E75 8.182 120.6 4.198 56.76 2.015 30.31 

A76 8.324 124.5 4.211 52.98 - 19.17 

D77 8.225 119.1 - 54.4 2.644 41 

K78 8.082 121.4 4.216 55.96 1.773 32.77 

A79 8.218 124.6 4.24 52.78 - 19.37 

D80 8.236 119.7 4.557 54.21 - 40.96 

V81 7.997 120 4.011 62.53 - 32.42 

N82 8.467 121.5 4.649 53.67 2.748 38.85 

V83 7.957 120.2 4.176 62.8 - 32.36 

L84 8.223 124.4 4.306 55.57 1.638 42.11 

T85 7.962 114.6 - 62.21 - 69.48 
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