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Abstract

The abnormal aggregation of human calcitonin (hCT) hormone peptides impairs their 

physiological function, leading to harmful immune responses and cytotoxicity, which limits 

their clinical utility. Interestingly, a representative hCT analog incorporating Y12L and N17H 

substitutions (DM-hCT) has shown reduced aggregation tendencies while maintaining bioactivity. 

But the molecular mechanism of Y12L and N17H substitutions on the conformational dynamics of 

hCT remains unclear. Here, we systematically investigated the folding and self-assembly dynamics 

of hCT and DM-hCT using atomistic discrete molecular dynamics (DMD) simulations. Our 

findings revealed that hCT monomers predominantly adopted unstructured conformations with 

dynamic helices. Oligomerization of hCT resulted in the formation of β-sheet-rich aggregates and 

β-barrel intermediates. The Y12L and N17H substitutions enhanced helical conformations and 

suppressed β-sheet formation in both monomers and oligomers. These substitutions stabilized the 

dynamic helices and disrupted aromatic interactions responsible for β-sheet formation at residue 

12. Notably, DM-hCT assemblies still exhibited β-sheets in phenylalanine-rich and C-terminal 

hydrophobic regions, suggesting that future optimizations should focus on these areas. Our 

simulations provide insights into the molecular mechanisms underlying hCT aggregation and 

the amyloid-resistant effects of Y12L and N17H substitutions. These findings have valuable 

implications for the development of clinical hCT analogs.
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Graphical Abstract

Human calcitonin monomers displayed dynamic helical structures and readily aggregated into 

β-sheet-rich oligomers, including β-barrel intermediates. The Y12L and N17H substitutions in 

human calcitonin enhanced helical conformations and partially inhibited the formation of β-sheet-

rich oligomers.
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1. Introduction

Human calcitonin (hCT) is a 32-amino acid polypeptide hormone secreted by the C-cells 

of the thyroid gland, playing a crucial role in regulating calcium-phosphorus metabolism 

within the body1. The central physiological function of hCT revolves around its interaction 

with the skeletal system to maintain calcium homeostasis within the human body2. This 

is primarily achieved by preserving bone mass through inhibiting osteoclasts, a specific 

type of bone-associated cell responsible for bone resorption3. The capability of hCT to 

suppress bone resorption has led to its application in treating conditions like osteoporosis, 

hypercalcemia, and Paget’s disease for over two decades4, 5. However, due to its significant 

aggregation tendency and resulting reduced bioactivity, the clinical use of hCT has been 

discontinued, as recognized by the FDA6. Furthermore, amyloid deposits of hCT have been 

detected in patients with medullary thyroid carcinoma (MTC), implying a potential link 

between MTC and hCT aggregation7, 8. The irreversible aggregation of peptides leading 

to amyloid deposits in human tissues and organs is recognized to be associated with 

various amyloid diseases, including Alzheimer’s disease (AD) with amyloid-β (Aβ) and 

tau, and type 2 diabetes (T2D) with human islet amyloid polypeptide (hIAPP). Similar to 

peptides associated with amyloid diseases (such as Aβ, tau, and hIAPP), prior research 

has shown that the aggregation of hCT notably reduced the viability of SH-SY5Y cells 

in vivo9. Therefore, the abnormal accumulation of hCT compromises its reliability as a 

pharmaceutical agent in clinical applications.
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The anomalous aggregation of the hCT peptide drug leads to a marked reduction in 

bioactivity5, undesirable immune responses10, and drug-induced cytotoxicity9. Salmon 

calcitonin (sCT), known for its considerably reduced aggregation tendency compared to 

hCT, serves as a clinical alternative11. Despite sCT’s notably weaker potency in comparison 

to hCT12, its administration necessitates frequent injections due to its relatively short half-

life of only 1 hour13. Furthermore, sCT administration triggers immunogenic reactions 

(e.g., anorexia and vomiting) owing to its sequence similarity with hCT at approximately 

50%1, 14. Therefore, the concept of crafting non-amyloidogenic analogues of hCT, closely 

mirroring its physicochemical properties and sequence, emerges as an ideal strategy to 

surmount these challenges11, 12. Mitigating hCT amyloidosis by strategically replacing 

specific amyloidogenic residues is particularly intriguing9, 12, 15, 16, given the anticipated 

advantages of high biocompatibility, limited immunogenicity, and the potential to retain 

hCT’s functionality. Consequently, hCT analogues with diminished aggregation propensity 

hold promise for clinical applications as therapeutic interventions against bone-related 

conditions.

Understanding the molecular mechanisms by which hCT monomers assemble into fibrils 

is crucial for developing fibrillation-resistant hCT analogs. The fibrillation process of 

hCT follows a typical nucleation-dependent sigmoidal kinetics. Isolated hCT monomers 

kickstart β-sheet-rich protofibril formation, transitioning from helical accumulation to 

sequential conformational changes, ultimately resulting in mature fibril growth13, 15, 17, 18. 

hCT monomer exhibited dynamic helical conformations in vivo12, 19 and in silico20, 21. 

The nucleation of hCT triggers a shift from helix to β-sheet around residue G10 and a 

transition from random coil to β-sheet for residues F22, A26, and A3115. The hCT segment 
15DFNKF19 readily formed fibrils, highlighting its pivotal role in hCT aggregation17, 22. 

Nitration of the Y129 or phosphorylation of the T1318 in hCT can hinder aggregation, 

underscoring their significance in this aggregation-prone region. The hCT analogue with 

F16L and F19L substitutions exhibited slower aggregation than the wild type but faster 

than the TL-hCT with Y12L, F16L, and F19L substitutions15. The phCT, with five residues 

replaced by their corresponding sCT counterparts - Y12L, N17H, A26N, I27T, and A31T 

- demonstrated low aggregation propensity and maintained a solution structure similar to 

sCT12. Our recent simulation study uncovered that the aromatic residues (Y12, F16, F19, 

and F22) and the hydrophobic residues at the C-terminal (A26, I27, V29, and A31) are 

key drivers in the formation of β-sheet structures during hCT aggregation20. Another hCT 

analog with Y12L and N17H double mutations (DM-hCT) can inhibit hCT aggregation 

without altering its bioactivity of binding to the hCT receptor16, 23. Furthermore, the 

presence of DM-hCT can also inhibit the fibrillization of wild-type hCT16. With just two 

residue substitutions and a physiological function similar to hCT, DM-hCT could potentially 

provide a valuable therapeutic alternative to hCT. However, the impact of Y12L and N17H 

substitutions on the conformational dynamics of hCT remains uncertain, which is crucial 

for the clinical utilization of DM-hCT and the development of other amyloid-resistant hCT 

analogs.

To explore the impact of Y12L and N17H double substitutions on the conformational 

dynamics of hCT monomers and aggregates, we employed atomistic discrete molecular 

dynamics (DMD) simulations with the Medusa force field24, 25 to conduct both one- 
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and four-peptide simulations of hCT and DM-hCT. Our extensive long-timescale DMD 

simulations revealed that hCT monomers primarily adopted unstructured conformations, 

with dynamic helices occurring around residues 4–21. The Y12L and N17H substitutions 

increased the stability of the dynamic helix around residues 4–21 and inhibited the 

transition towards transient β-sheet conformations of residues 8–12 in hCT monomers. 

The oligomerization of hCT resulted in the formation of β-sheet-rich aggregates and β-

barrel intermediates. Formation of β-sheets within the hCT aggregates included residues 

8–31, with a prominent presence around the phenylalanine-rich region of residues 16–25. 

Compared to the hCT oligomers, self-assemblies of DM-hCT exhibited an enhancement 

of helix conformations around residues 4–21 and an inhibition of β-sheet formations 

around residues 8–14. The phenylalanine-rich region and C-terminal hydrophobic tail still 

displayed inter-peptide β-sheets in DM-hCT aggregates. Future improvements to enhance 

DM-hCT’s amyloid-resistance should focus on minimizing mutations to effectively reduce 

the remaining β-sheets. In conclusion, our simulations suggest that the experimentally 

determined amyloid-resistant Y12L and N17H substitutions16, 23 are achieved by stabilizing 

the dynamic helical conformation and suppressing its conversion to β-sheet structures. Our 

findings not only elucidate the molecular mechanism behind hCT aggregation and the 

amyloid-resistant effects of Y12L and N17H double substitutions but also offer valuable 

insights for developing next-generation hCT analogs for clinical applications.

2. Materials and methods

2.1 Molecular Systems.

The experimentally determined structures of hCT and DM-hCT remain unclear. To initiate 

our simulations, we utilized the NMR-characterized phCT monomer structure12 (PDB ID: 

2jxz) as a template, using PyMol mutagenesis to construct the initial conformations of 

hCT and DM-hCT monomers. The primary amino acid sequences and structures of hCT 

and DM-hCT are outlined in Table 1 and Fig. S1. For each peptide type, we conducted 

two molecular systems involving one and four peptides to explore monomer conformation 

and self-assembly dynamics. Within each system, we executed fifty independents atomistic 

DMD simulations, commencing from distinct initial states encompassing coordinates, 

orientations, and velocities. In simulations involving multiple peptides, four peptides were 

randomly situated (with both positions and orientations) within a 9.5 nm cubic simulation 

box, maintaining a minimum intermolecular distance of 1.5 nm. To prevent bias from initial 

states and ensure comprehensive conformational sampling, each independent simulation, 

whether with one or four peptides, extended up to 1000 ns. Further details about each 

molecular system are consolidated in Table 2.

2.2 Discrete Molecular Dynamics (DMD) Simulations.

All simulations were conducted at a temperature of 300K using the atomistic discrete 

molecular dynamics (DMD) algorithm coupled with the Medusa force field26, 27. The 

Medusa force field has been extensively validated for its accuracy in predicting changes 

in protein stability and protein-ligand binding affinity upon mutation28, 29, making it well-

suited for this study. DMD is a rapid and predictive molecular dynamics algorithm that 

employs discrete step-wise functions to model the continuous potential functions used in 
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classic molecular dynamics (MD)25, 30. Similar to traditional MD force fields, the Medusa 

force field considers both bonded interactions (such as covalent bonds, bond angles, and 

dihedrals) and nonbonded interactions (including van der Waals, solvation, hydrogen bond, 

and electrostatic terms). Solvation energy was computed using the effective energy function 

proposed by Lazaridis and Karplus31. Hydrogen bonds were explicitly modeled using a 

reaction-like algorithm24. Electrostatic interactions between charged atoms were computed 

using the Debye-Hückel approximation with a Debye length of approximately 10 Å under 

physiological conditions. The DMD software is available to academic researchers through 

Molecules In Action, LLC (www.moleculesinaction.com). In our simulations, the units of 

mass, time, length, and energy were set to 1 Da, approximately 50 fs, 1 Å, and 1 kcal/mol, 

respectively.

The predictive capabilities of DMD simulations using the Medusa force field and the EEF1 

implicit solvation model have been validated in previous research25, 26. This validation 

includes accurately modeling native states with both secondary and tertiary structures in 

ab initio protein folding simulations24, 25 and consistently reproducing computationally 

derived conformational ensembles that match single-molecule FRET measurements in 

the conformational dynamics of multi-domain proteins32, 33. Additionally, the accuracy 

of the Medusa force field, in combination with the EEF1 implicit solvation model, has 

been benchmarked against standard MD simulations that utilize an explicit solvent model 

with various force fields such as GROMOS96, OPLS-AA, AMBER99SB-ILDN, and 

CHARMM36m in our earlier studies34, 35. Our recent research successfully replicated the 

experimentally examined self-assembly of hCT into β-sheet-rich structures and amyloid-

resistant mutants of TL-hCT and phCT20. These findings highlight the Medusa force field’s 

capability to faithfully represent the conformational dynamics of hCT and its analogs.

2.3 Analysis Methods.

We employed the dictionary of secondary structures of proteins (DSSP) method for the 

analysis of secondary structures36. Residue-pairwise contact occurrence was defined when 

the minimum distance between heavy atoms of two nonconsecutive residues was less than 

0.55 nm37. Hydrogen bonding was identified if the distance between backbone N and O 

atoms was ≤ 3.5 Å, and the N–H•••O angle was ≥ 120°38. Cluster analysis utilized the 

Daura algorithm with a backbone atom deviation cutoff of 0.35 nm39. Two-dimensional 

(2D) free energy (also known as potential mean force, PMF) surfaces were constructed using 

the formula −RT ln P(x, y), where P(x, y) represents the probability of a conformation 

having specific parameter values of x and y40. An oligomer was identified as a β-barrel if 

its β-strand segments formed a closed cycle with each β-strand connected by at least two 

hydrogen bonds to neighboring β-strands35, 41.
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3. Results and Discussion.

3.1 The Y12L and N17H substitutions of hCT increased the stability of dynamic 
helical conformations and inhibited the formation of transient β-hairpin structures in the 
monomers.

Fifty independent microsecond-scale simulations were conducted to thoroughly explore 

the monomeric conformational dynamics of hCT and DM-hCT, ensuring comprehensive 

sampling. The efficiency of conformational sampling and equilibrium were evaluated 

through structural parameters such as radius of gyration (Rg), number of backbone hydrogen 

bonds and heavy atom contacts, and secondary structure content over simulation time 

(Figs. S2 and S3). Pronounced fluctuations without consistent trends confirmed that our 

extended DMD simulations were not trapped and sufficient sampling was attained. The 

ensemble-averaged time evolution of these parameters across fifty independent simulations 

demonstrated minimal changes in the last 500 ns, indicating reasonable equilibration of both 

molecular systems.

For each molecular system, one trajectory was randomly selected from the fifty independent 

DMD simulations to illustrate the conformational dynamics of each peptide by monitoring 

the time evolution of the secondary structure of each residue (Fig. 1a&b). The conformations 

of both hCT and DM-hCT monomers displayed notable dynamics, undergoing frequent 

conformational changes. The N-terminal and central regions (residues 4–21) formed 

dynamic helical structures, whereas the C-terminal residues occasionally exhibited transient 

β-sheets.

The secondary structure was further analyzed using the last 500 ns of simulation data 

from fifty independent trajectories (Fig. 1c&d). The average secondary structure content 

indicated that both hCT and DM-hCT monomers predominantly adopted unstructured 

conformations (including random coil and bend structures) with propensities of ~68.6% 

and ~64.6%, respectively (Fig. 1c&d). The helical population of hCT (~15.3%) was smaller 

than that of DM-hCT (~19.8%), suggesting that Y12L and N17H substitutions enhanced 

helical conformations. Previous CD spectroscopy assays on hCT and DM-hCT indicated 

that DM-hCT exhibited a higher helical content than hCT16, consistent with our simulation 

results. The average helical propensity for each residue of hCT exhibited two helical regions 

around residues 4–12 and 14–21, with the latter (~50%) showing a stronger tendency than 

the former (~25%) (Fig. 1d). Previous solid-state NMR studies revealed similar helical 

regions15, 42, 43. For instance, high-resolution NMR spectroscopy demonstrated local helical 

structures around residues 10 and 13–21, while F22, A26, and A31 exhibited random coil 

structures in hCT monomers15. The average helical tendencies in both regions (residues 

4–12 and 14–21) were enhanced in DM-hCT. Additionally, a weak enhancement of helix 

formation around residue 12 was observed in DM-hCT, which was relatively weak in the 

hCT monomer.

In comparison to the helical structure, the average β-sheet content in hCT and DM-hCT 

was relatively low, with a propensity of approximately 4.4% and 4.1%, respectively (Fig. 

1c). This observation aligns with the analysis of the time-evolution secondary structure 

dynamics of each residue, where β-sheet conformations were highly transient and frequently 
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converted into random coil and bend structures (Fig. 1a&b). The top four most populated 

conformational clusters of hCT and DM-hCT, which accounted for 8.1% and 10.5% of the 

conformations, respectively, further confirmed that both types of peptides primarily adopted 

unstructured conformations with partial helices, and DM-hCT exhibited a higher helical 

tendency (Fig. 1e&f).

3.2 The double mutants Y12L and N17H enhanced the helical conformation while 
suppressing the transition towards transient β-hairpin structures of the hCT monomer.

Residue-pairwise contact frequencies within hCT and DM-hCT monomers were further 

analyzed to investigate the effects of the Y12L and N17H substitutions on the conformation 

of the hCT monomer (Fig. 2). Consistent with prior NMR experiments15, 42, 43 and 

secondary structure analysis (Fig. 1d), the hCT monomer exhibited two helical patterns 

along the diagonal around residues 4–12 and 14–21 (contact patterns and conformations 

1 & 2 in Fig. 2a&b). An obvious β-hairpin contact pattern, oriented perpendicular to the 

diagonal, was observed, involving β-strands formed by residues 18–22 and 26–30 (contact 

patterns and conformations 3 in Fig. 2a&b). Additionally, two relatively weak β-sheet 

patterns were also observed, involving the formation of β-strands around residues 8–12 vs. 

19–23 and residues 9–13 vs. 27–31 (contact patterns and conformations 4 & 5 in Fig. 2a&b). 

These β-sheets were primarily stabilized by interactions among hydrophobic residues.

The DM-hCT displayed a continuous helical contact pattern around residues 4–21 (contact 

patterns and conformations 1 & 2 in Fig. 2c&e), encompassing both helical regions found 

in hCT (i.e., residues 4–12 and 14–21). Analysis of the differences in residue-pairwise 

contact frequency between DM-hCT and hCT monomers revealed that the double mutations 

Y12L and N17H did not alter the helical region but enhanced the stability of the helical 

conformations (i.e., contact pattern regions 1 & 2 in Fig. 2d). For instance, the propensities 

of the helical contact patterns around residues 4–12 and 14–21 were greater than those 

of hCT. This observation can be explained by the inherent φ and ψ preferences of amino 

acids44, 45. For example, tyrosine favored β-sheet conformations over helices, whereas 

leucine exhibited a preference for helical structures over β-sheets44, 45. Additionally, 

histidine had a slightly stronger inclination towards helical conformations compared to 

asparagine44, 45. The transient β-sheets involving residues 8–12 vs. 19–23 and residues 

9–13 vs. 26–31 (contact patterns and conformations 4 & 5 in Fig. 2c–e) were suppressed. 

This suppression can be attributed to the Y12L and N17H mutations enhancing the helical 

stability around residues 4–21. As a result, there was a slightly stronger interaction between 

residues 15–19 and 27–31 to balance the exposed surface areas of C-terminal hydrophobic 

residues (contact pattern and conformation 3 in Fig. 2c–e). This explained why the Y12L 

and N17H substitutions only inhibited β-sheet formation around the residue 12 region, 

without affecting the central aromatic regions in the β-sheet propensity of each residue 

(Fig. 1d). The enhanced stability of the dynamic helix in DM-hCT compared to hCT 

was consistent with the CD measurements16, 23. Overall, our analysis of residue-pairwise 

contacts indicated that the Y12L and N17H mutations stabilize the dynamic helical 

conformations, thus contributing to the suppression of the conformational transition from 

helix to β-sheet in the hCT monomer.
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3.3 The double mutants Y12L and N17H inhibited the formation of inter-peptide contacts 
and hydrogen bonds while enhancing intra-peptide contacts and hydrogen bonds.

To investigate the effects of the Y12L and N17H substitutions on the self-assembly of hCT, 

we conducted fifty independent four-peptide simulations, each with a duration of up to 1000 

ns. The time evolution of the radius of gyration, total number of contacts and hydrogen 

bonds, as well as the average secondary structure contents, all indicated that our molecular 

systems reached steady states of oligomerization during the last 500 ns (Figs. S4 and 

S5). Therefore, we utilized the simulation data from the final 500 ns of each independent 

DMD trajectory for the equilibrium analysis of aggregate structures and conformational 

dynamics. The analysis of self-assembly dynamics, as monitored through the time evolution 

of inter- and intra-peptide contacts and hydrogen bonds, revealed that both hCT and DM-

hCT readily formed oligomers, but they exhibited distinct conformational characteristics in 

these parameters (Fig. 3a&b). Therefore, we further computed the probability distribution 

functions for both inter- and intra-peptide contacts and hydrogen bonds within the self-

assemblies of both peptides, utilizing the last 500 ns of simulation data from all fifty 

independent trajectories (Fig. 3c). Consistent with the findings from the self-assembly 

dynamics analysis (Fig. 3a&b), the conformations of hCT oligomers displayed a greater 

number of inter-peptide contacts and hydrogen bonds compared to DM-hCT aggregates 

(Fig. 3c). Conversely, DM-hCT assemblies exhibited a higher count of intra-peptide contacts 

and hydrogen bonds than hCT aggregates.

3.4 The double substitutions Y12L and N17H in hCT resulted in self-assemblies with 
more helical and less β-sheet conformations.

The average secondary structure was analyzed to uncover the effects of Y12L and N17H 

substitutions on the structure of hCT aggregates. Oligomerization of hCT resulted in a 

noticeable enhancement of β-sheet content and a decrease in helix content. For example, 

the averaged β-sheet and helix contents of hCT aggregates were approximately 18.3% and 

10.6%, respectively (Fig. 4a), while hCT monomers exhibited approximately 4.4% β-sheet 

and 15.3% helix content (Fig. 2c). The substitutions of Y12L and N17H in hCT led to 

DM-hCT having a significantly higher helix content and lower β-sheet and unstructured 

conformations compared to hCT (Fig. 4a). The average secondary structure propensity of 

each residue from hCT and DM-hCT aggregates suggested that the double mutations of 

Y12L and N17H enhanced the helical conformations around residues 4–21 and inhibited 

the unstructured conformations of residues 4–19, as compared to hCT oligomers (Fig. 

4b). Additionally, the inhibition of β-sheet formation was predominantly observed around 

residues 8–12, with a relatively milder suppression effect observed around residues 20–22.

The average helix and β-sheet ratios from each independent oligomerization simulation for 

hCT and DM-hCT during the last 500 ns revealed distinct conformational preferences. DM-

hCT aggregates showed a higher propensity for helical structures, while hCT aggregates 

exhibited a higher occurrence of β-sheet conformations (Fig. 4c). To delve deeper, we 

calculated the conformational potential mean force (PMF), often referred to as the free 

energy landscape, as a function of the helix and β-sheet ratios (Fig. 4d). Both systems 

exhibited broad energy basins but in different regions. The most favorable conformations 

for hCT oligomers were characterized by a helix content of 0%~12% and a β-sheet 
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population of 7%~22% on the PMF surface. In contrast, the Y12L and N17H substitutions 

shifted the preference towards conformations with a higher helix content and a lower 

β-sheet population. This evident shift towards more helices and fewer β-sheets in DM-hCT 

compared to hCT suggested that the double substitutions of Y12L and N17H suppressed 

hCT fibrillization in vivo16, 23 by enhancing helix formation and preventing β-sheet 

structures.

3.5 The double substitutions Y12L and N17H prevented inter-peptide interactions around 
residues 8–12 from forming β-sheet conformations.

To explore the critical interactions responsible for the aggregation of hCT and elucidate 

the amyloid-resistant mechanism arising from the double mutants Y12L and N17H, we 

computed the probabilities of intra- and inter-chain contacts between all pairs of residues, 

considering both main-chain and side-chain atoms (Fig. 5). Intra-peptide residue-pairwise 

contact frequencies within hCT self-assemblies primarily revealed two helical regions 

(residues 4–12 and 14–21) and one β-hairpin structure (residues 19–31) as dominant contact 

patterns (Fig. 5a&b). Examination of inter-residue interactions involving side-chain atoms 

indicated that the stability of the β-hairpin structure was mainly driven by hydrophobic 

interactions between residue F19 and the C-terminal hydrophobic tail. Furthermore, multiple 

inter-peptide β-sheet contact patterns, perpendicular to the diagonal, encompassed residues 

8–31 and were primarily governed by interactions between aromatic (e.g., Y12, F16, 

F19, H20, and F22) and hydrophobic (L9, F16, F19, F22, A26, I27, V29, and A31) 

residues in hCT oligomers (Fig. 5a&b). This finding highlighted the critical role of 

hydrophobic and aromatic residues in mediating inter-peptide β-sheet formation during 

hCT self-assembly, which aligns with previous studies on hCT and amyloid-resistant 

analogs aggregation9, 15, 17, 20, 22. For instance, prior NMR measurements conclusively 

established that interactions between the central aromatic residues and the C-terminal 

hydrophobic residues were the primary driving forces behind the nucleation and fibril 

elongation of hCT15, 46. Substitutions such as Y12L, F16L, and F19L resulted in relatively 

weak amyloid aggregation, as exemplified in TL-hCT15. Another polar hCT analog, phCT, 

was characterized by five residue replacements (Y12L, N17H, A26N, I27T, and A31T) 

and exhibited a low propensity for aggregation12. Our results are in alignment with these 

previous studies9, 12, 20, which highlighted the significance of aromatic and hydrophobic 

residues (L9, Y12, F16, F19, H20, F22, A26, I27, V29, and A31) in the nucleation and fibril 

elongation of hCT.

The analysis of residue-pairwise contacts in DM-hCT self-assemblies, compared to hCT 

oligomers, indicated that the Y12L and N17H substitutions led to an enhancement of 

helical conformations around residues 4–21 (Fig. 5c–e). The Y12L substitution disrupted 

the formation of inter-peptide β-sheets, which were primarily driven by the interaction of 

the aromatic residue Y12 with F16, F19, H20, and F22 in hCT aggregates. Additionally, 

enhancement of helical formation in residues 4–21 also suppressed their participation with 

the C-terminal hydrophobic tail in β-sheet structures. Due to the intrinsic biophysical 

property of the aromatic phenylalanine favored β-sheet formation over α-helix44, 45, 

phenylalanine residues were commonly found around the β-sheet core in many amyloid 

peptides, such as the segments KLVFFAE in Aβ47, 48 and NFGAIL in hIAPP49, 50. The 
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segments 16FHKFHTF22 and 26AIGVGA31 in DM-hCT aggregates remained populated 

with inter-peptide β-sheet structures because there were no alterations in the phenylalanine 

and C-terminal hydrophobic residues. The analysis of the average number of intra- and 

inter-peptide contacts formed by main-chain atoms per residue revealed a higher number 

of intra-peptide contacts for residues 4–21 and a lower number of inter-peptide contacts 

for residues 9–15 (Fig. 5f). This was primarily due to the Y12L substitution, which 

disrupted the inter-peptide side-chain-side-chain interactions of residue 12 with the aromatic 

residue abundant region and the C-terminal hydrophobic tail. Future efforts to enhance the 

amyloid-resistant potential of DM-hCT should concentrate on modifying the mutants of 

phenylalanine residues and the C-terminal tail hydrophobic residues.

3.6 Double substitutions Y12L and N17H suppressed the β-barrel intermediates.

The discovery of β-barrel oligomers, initially observed in the aggregation of an 11-

residue fragment from the heat-shock protein αB-crystalline using X-ray crystallography, 

raised the possibility that these could be cytotoxic oligomers in amyloidosis51. Several 

prior computational studies have reported the presence of β-barrel intermediates in the 

aggregation of experimentally determined toxic amyloid peptides41, 52, 53. Experimental 

and computational support for the formation of β-barrel intermediates has also been found 

in the cases of full-length Aβ47, 54, 55 and hIAPP49. For instance, in wild-type Aβ, a 

higher propensity for β-barrel formation was observed compared to the AD-protective 

A2T substitution, but it was lower than in AD-causative mutations of D7N and E22G47. 

Additionally, the substitution of S20G in hIAPP, which exhibited stronger amyloidogenicity 

and cytotoxicity, resulted in a significant increase in β-barrel formation compared to the 

wild-type peptide35. In line with the hypothesis of toxic β-barrel intermediates, hCT was 

found to spontaneously nucleate into β-barrel oligomers (Fig. 6). Interestingly, the averaged 

β-barrel propensity of DM-hCT was significantly lower than that of hCT (Fig. 6a&b). 

Notably, previous experimental assays have also demonstrated that hCT is much more 

cytotoxic than DM-hCT16. Although the formation of β-barrel intermediates was observed 

as a rare event in only a few trajectories (Fig. 6b), our findings, indicating a stronger β-barrel 

propensity in hCT compared to DM-hCT, further support the notion that β-barrels may be 

the toxic oligomers in amyloidosis. These well-structured 3D β-barrel oligomers (Fig. 6c) 

could potentially serve as novel therapeutic targets for amyloid-related diseases, such as AD 

and T2D.

4. Conclusion

In this study, we conducted a series of microsecond-scale atomistic DMD simulations to 

investigate the folding and self-assembly conformation dynamics of hCT and DM-hCT. 

Our extensive long-timescale DMD simulations revealed that hCT monomers primarily 

adopted unstructured conformations, interspersed with dynamic helices around residues 4–

21. The Y12L and N17H substitutions increased the stability of this dynamic helix and 

inhibited the transition towards transient β-sheet conformations, particularly in residues 

8–12 of hCT monomers. This observation aligned with prior CD measurements, which 

showed that DM-hCT exhibited more helical content than hCT in the monomer state16, 23. 

Upon oligomerization, hCT formed β-sheet-rich aggregates and β-barrel intermediates. The 
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β-sheet formation involved residues 8–31, with a notable presence in the phenylalanine-rich 

region from residues 16–25, consistent with previous NMR measurements15. Comparatively, 

self-assemblies of DM-hCT exhibited an enhancement of helix conformations around 

residues 4–21 and a reduction in β-sheet formations around residues 8–14. The Y12L 

substitution disrupted the aromatic interaction of residue 12 with the phenylalanine-rich 

region, thus preventing β-sheet formation. Furthermore, the increased helical formation 

around residues 4–21 hindered their participation with the C-terminal hydrophobic tail 

in β-sheet structures. Notably, the phenylalanine-rich region and C-terminal hydrophobic 

tail still displayed inter-peptide β-sheets in DM-hCT aggregates. Future amyloid-resistant 

improvements for DM-hCT should focus on minimizing mutations in phenylalanine and the 

C-terminal hydrophobic tail to reduce the remaining β-sheets. Interestingly, Y12L and N17H 

substitutions effectively prevented potential toxic β-barrel formations, and prior cell viability 

assays indicated a significant reduction in the cytotoxicity of hCT16. Our computational 

results have not only unveiled the molecular mechanisms underlying hCT aggregation and 

provided insight into the amyloid-resistant effects of Y12L and N17H substitutions in DM-

hCT, but have also offered valuable guidance for designing next-generation hCT analogs 

with clinical applications in mind.
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Fig. 1. Conformational dynamics of hCT and DM-hCT monomers.
The time evolution of the secondary structure of each residue within hCT a) and DM-hCT b) 
monomers is depicted. Three snapshots with corresponding time stamps are provided below 

to illustrate transient conformations. For each molecular system, one trajectory is randomly 

selected from fifty independent simulations to illustrate the conformational dynamics. The 

average secondary structure contents of unstructured (coil and bend), β-sheet, helix, and turn 

conformations for hCT and DM-hCT during the last 500 ns from fifty independent 1000 

ns DMD simulations are shown in c). The average propensity of each residue from hCT 

and DM-hCT monomers adopting unstructured, helix, β-sheet, and turn conformations is 

displayed in d). Representative conformations of the top 4 most-populated clusters of hCT 

e) and DM-hCT f) with the N-terminal Cα atom highlighted as a bead. For clarity, hCT and 

DM-hCT are colored red and cyan, respectively.
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Fig. 2. Residue-pairwise contact frequency analysis for hCT and DM-hCT monomers.
The residue-pairwise contact frequency of the hCT monomer is shown in a). Representative 

structured contact patterns are labeled as 1–5, corresponding to the structures presented in 

b). The residue-pairwise contact frequency of the DM-hCT monomer is displayed in c), 
and its corresponding difference from hCT is shown in d). The difference is calculated by 

subtracting the corresponding residue-pairwise contact propensity of hCT from DM-hCT. 

The same structured contact patterns region of hCT is also correspondingly labeled in c) and 

d) for DM-hCT, with the corresponding structures shown in e). The analysis is based on the 

data of the last 500 ns from 1000 ns simulations conducted in fifty independent runs for each 

molecular system. For clarity, hCT and DM-hCT are colored red and cyan, respectively, with 

the N-terminal Cα atom labeled as a bead.
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Fig. 3. Oligomerization dynamics analysis of four peptides of hCT and DM-hCT.
The number of backbone hydrogen bonds and heavy contacts is presented as a function of 

simulation time in the four-peptide simulation of hCT a) and DM-hCT b). Corresponding 

snapshots at 200, 600, and 1000 ns are shown on the right. One out of fifty independent 

trajectories is randomly selected to illustrate the self-assembly dynamics. Probability 

distributions for the number of intra- and inter-peptide heavy-atom contacts (left) and 

hydrogen backbone bonds (right) in the saturated self-assemblies of hCT and DM-hCT 

are displayed in c). The saturated hCT and DM-hCT self-assemblies correspond to the 

conformations of the last 500 ns from 1000 ns DMD runs in fifty independent trajectories. 

For clarity, each peptide within the hCT and DM-hCT self-assemblies is color-coded from 

light to dark in red and cyan, respectively. The N-terminal Cα atom of each peptide is 

indicated as a bead.
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Fig. 4. Secondary structure analysis of the self-assemblies of hCT and DM-hCT.
The average content of each secondary structure in the self-aggregates of hCT and DM-hCT 

a). The average propensity of each residue from hCT and DM-hCT, assuming unstructured, 

helix, β-sheet, and turn conformations in their corresponding aggregates b). The error bars 

of secondary structure propensities correspond to the standard deviations of means from fifty 

independent simulations. The average helix (top) and β-sheet (bottom) probability of each 

independent four-peptide hCT and DM-hCT simulation, with the trajectory index sorted 

by the helical content from high to low c). The conformational free energy landscape as a 

function of the helix and β-sheet ratio of each aggregate formed by hCT (left panel) and 

DM-hCT (right panel) d). Three representative snapshots with the helix and β-sheet contents 

corresponding to the deepest basin region are randomly selected for illustration as insets. 

Only the last 500 ns data out of 1000 ns from fifty independent DMD trajectories are used 

for the above secondary structure analysis. For clarity, each peptide within the hCT and 

DM-hCT self-assemblies is color-coded from light to dark in red and cyan, respectively. The 

N-terminal Cα atom is highlighted as a bead.
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Fig. 5. Interactions among residues driving the self-assembly of hCT and DM-hCT.
Intra-chain (lower diagonal) and inter-chain (upper diagonal) residue-pairwise contact 

frequencies of main-chain (left column) and side-chain (right column) atoms for the 

aggregates of hCT a) and DM-hCT c). The representative structured contact patterns with 

a high average contact frequency are labeled as 1–6, and the corresponding structures 

highlighted by boxes in the contact frequency map are also presented in b) and e). For each 

system, six representative aggregated structures are selected based on contact frequency. 

The residue-pairwise contact frequency differences of DM-hCT with respect to wild-type 

hCT are calculated by subtracting each corresponding residue-pairwise contact propensity 

of hCT from the DM-hCT d). The average number of inter- and intra-peptide contacts per 

residue formed by atoms from the main-chain and side-chain are also computed for hCT 

and DM-hCT f). For clarity, each peptide within the hCT and DM-hCT self-assemblies is 

color-coded from light to dark in red and cyan, respectively, with the N-terminal Cα atom of 

each peptide indicated as a bead.
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Fig. 6. The β-barrel conformation analysis for hCT and DM-hCT.
The average probability of β-barrel oligomers observed in the fifty independent DMD 

trajectories for hCT and DM-hCT a). Two representative β-barrel structures formed by hCT 

and DM-hCT are presented in two different views (side and top) b). Due to the highly 

heterogeneous structure of β-barrels, two representative β-barrels are randomly selected 

from the top-most populated β-barrel trajectories.
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Table 1.

The amino acid sequences of hCT and DM-hCT both include a C1–C7 intra-peptide disulfide bond. For 

clarity, hydrophobic, hydrophilic, negatively charged, and positively charged residues are color-coded in black, 

green, red, and blue, respectively.
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Table 2.

The details of each molecular system simulation, including the number of simulated peptides (system), the 

type of calcitonin peptide (peptide), cubic simulation box dimensions (box size), the number of independently 

performed DMD simulations for each molecular system (DMD run), the duration time of each independent 

DMD simulation (time), and the cumulative total simulation time.

system peptide box size (nm) DMD run time (μs) total time (μs)

1-peptide
hCT 6.5 50 1 50

DM-hCT 6.5 50 1 50

4-peptides
hCT 9.5 50 1 50

DM-hCT 9.5 50 1 50
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