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Abstract

Human calcitonin (hCT) is a polypeptide hormone that participates in calcium-phosphorus 

metabolism. Irreversible aggregation of 32-amino acid hCT into β-sheet-rich amyloid fibrils 

impairs physiological activity and increases the risk of medullary carcinoma of the thyroid. 

Amyloid-resistant hCT derivatives substituting critical amyloidogenic residues are of particular 

interest for clinical applications as therapeutic drugs against bone-related diseases. Uncovering 

the aggregation mechanism of hCT at the molecular level, therefore, is important for the design 

of amyloid-resistant hCT analogs. Here, we investigated the aggregation dynamics of hCT, non-

amyloidogenic salmon calcitonin (sCT), and two hCT analogs with reduced aggregation tendency 

– TL-hCT and phCT – using long timescale discrete molecular dynamics simulations. Our results 

showed that hCT monomers mainly adopted unstructured conformations with dynamically formed 

helices around the central region. hCT self-assembled into helix-rich oligomers first, followed 

by a conformational conversion into β-sheet-rich oligomers with β-sheets formed by residues 

10–30 and stabilized by aromatic and hydrophobic interactions. Our simulations confirmed that 

TL-hCT and phCT oligomers featured more helices and fewer β-sheets than hCT. Substitution of 

central aromatic residues with leucine in TL-hCT and replacing C-terminal hydrophobic residue 

with hydrophilic amino acid in phCT only locally suppressed β-sheet propensities in the central 

region and C-terminus, respectively. Having mutations in both central and C-terminal regions, 

sCT monomers and dynamically-formed oligomers predominantly adopted helices, confirming 
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that both central aromatic and C-terminal hydrophobic residues played important roles in the 

fibrillization of hCT. We also observed the formation of β-barrel intermediates, postulated as 

the toxic oligomers in amyloidosis, for hCT but not sCT. Our computational study depicts a 

complete picture of the aggregation dynamics of hCT and the effects of mutations. The design of 

next-generation amyloid-resistant hCT analogs should consider the impact on both amyloidogenic 

regions and also take into account the amplification of transient β-sheets population in monomers 

upon aggregation.

Graphical Abstract

Introduction

Human calcitonin (hCT) is a 32-residue hormone polypeptide produced by C cells of the 

thyroid glands1, 2. hCT biologically acts to decrease the calcium level in the blood and 

reduce bone resorption by suppressing the activity of osteoclast cells3, 4. Primarily, hCT 

hormone has been used to treat a series of bone-related diseases including osteoporosis, 

hypercalcemia, and Paget’s disease for decades5–8. However, due to the intrinsic self-

assembly tendency of forming various aggregates with low bioactivity2, 9, the food and drug 

administration (FDA) has terminated the clinical application of hCT9. Besides, emerging 

evidence suggests the amyloid aggregation of hCT into insoluble, β-sheet rich fibrillar 

aggregates is associated with medullary carcinoma of the thyroid (MTC) after discovering 

hCT amyloid deposits from patients10, 11. The misfolding and amyloid aggregation of 

peptides – e.g., amyloid-β (Aβ), α-synuclein, and human amylin (hIAPP) – are also the 

hallmark of numerous amyloid degenerative diseases (e.g., Alzheimer’s disease, Parkinson’s 

disease, and type 2 diabetes)12–15. Preventing the aggregation of hCT from forming amyloid 

aggregates has thus become crucially important for both its clinical application of hCT and 

future MTC therapeutics2, 16.

The aggregation of hCT decreases its bioavailability and therapeutic efficiency, stimulates 

undesirable immune responses, and enhances the risk of drug-induced toxicity3, 9, 17, 18. 

For example, the viability of SH-SY5Y cells exposed to incubated 4μM hCT was reduced 

to 58.3 ± 0.7%19. hCT is thus not suitable to be used in the clinic. The calcitonin of 

salmon (sCT) with a much lower aggregation propensity than hCT is used in the clinic 

alternatively, although sCT displays a much weaker potency than hCT16. In addition, sCT 

must be administrated by frequent injections because the half-life is relatively short ~1h20. 

Furthermore, the sCT administration also causes immunogenic reactions (e.g., anorexia and 

vomiting) because the sequence similarity to hCT is only ~50%21–23. Possible strategies 

for overcoming these problems involve the design of non-amyloidogenic hCT analogs with 
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high similarity in both physicochemical properties and sequence and/or the development of 

biocompatible inhibitors against hCT amyloidosis2, 16. Many small-molecule polyphenols 

(e.g., magnolol and EGCG) with anti-amyloid effects on other amyloidogenic proteins (e.g., 

Aβ, hIAPP, and tau) display the capability of inhibiting hCT aggregation24–27. However, 

potential side effects and the pharmacological efficacies of these phenolic inhibitors in 

inhibiting hCT aggregation in vivo are still elusive. Mitigating the amyloidosis of hCT 

through substituting few critically-important amyloidogenic residues is of particular interest 

due to the expected high biocompatibility, low immunogenicity, and the high chance of 

preserving hCT function2, 19, 28. Therefore, hCT analogs with low aggregation propensity 

may have promising clinical applications as therapeutic drugs against bone-related diseases.

The mechanistic insight into the fibrillization of hCT is essential for the rational design 

of aggregation-resistant hCT analogs. The fibrillization tendency of hCT is strong both 

in vivo and in vitro16, 17. The fibrillization kinetics of hCT features a typical sigmoidal 

curve as other pathological amyloid proteins (e.g., Aβ, hIAPP, and α-synuclein)20, 28, 29. A 

two-step reaction mechanism was proposed, isolated hCT monomers first nucleated β-sheet 

rich protofibrils via helical accumulation along with a series of complex conformation 

conversion, followed by fibril growth of forming mature fibrils3, 17, 30, 31. As revealed 

by numerous studies of other disease-related amyloid peptides, soluble low-molecular-

weight, β-sheet rich oligomers formed in the early nucleation stages are likely the major 

cytotoxic species of hCT aggregation13–15. All the calcitonin family proteins contain 

a highly conserved intramolecular disulfide bond formed by residues Cys-1 and Cys-7 

at the N-terminus5, 9. Reducing the disulfide bond of sCT causes the loss of helical 

conformation indicating that the disulfide bond may stabilize the helices of calcitonin29, 32. 

hCT monomer also mainly adopts α-helix, and the helical structure in hCT is more flexible 

than sCT2, 17, 33, 34. Residues from 15 to 19 of hCT, 15DFNKF19, are known as the 

amyloidogenic core of hCT28, 35, 36. A recent study showed that the nitration of tyrosine 

Y12 of hCT would significantly decrease the aggregation and cytotoxicity of hCT, indicating 

a critical role of this particular aromatic residue in the amyloid aggregation of hCT19. Two 

single-point mutants of F16L and F19L hCT aggregated much slower than the wild type 

but faster than a multi-point mutant TL-hCT with Y12L, F16L, and F19L substitutions28. 

Another fibrillization-resistant polar hCT analog (phCT) with five residues replaced by 

the corresponding sCT residues – Y12L, N17H, A26N, I27T, and A31T – displayed low 

aggregation propensity and similar solution structure as sCT2. However, detailed molecular 

mechanisms of the hCT forming β-sheet-rich aggregates and effects of known mutations 

are still elusive, hindering the development of next-generation hCT analogs with increased 

biocompatibility, reduced immunogenicity, and also preserved functionality.

In this study, we systematically investigated the self-assembly of hCT, sCT, TL-hCT, and 

phCT to explore the aggregation mechanics of hCT and the effects of various mutations 

using all-atom discrete molecular dynamics37, 38 (DMD) simulations. DMD is a fast and 

predictive molecular dynamics algorithm that has been widely used by our group12, 39 and 

others37, 40–42 to study protein folding and amyloid aggregation. Our simulation results 

revealed that hCT monomers mainly adopted unstructured conformations with dynamic 

helices around the central region. The helical structures of monomeric sCT were more 

stable than hCT, consistent with prior experiments2, 17, 33, 34. hCT readily self-assembled 
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into helical oligomers followed by a helix-to-sheet conformational conversion to form 

β-sheet rich oligomers. The self-assembly of hCT rendered the loss of helical conformations 

along with the amplifications of the transient β-sheet structures in monomers. Both the 

central aromatic and C-terminal hydrophobic residues of hCT participated in forming 

β-sheets structures. Substitution of central aromatic residues with leucine in TL-hCT 

and replacing C-terminal hydrophobic residue with hydrophilic amino acid in phCT only 

locally suppressed β-sheet propensities in the central region and C-terminus, respectively. 

Having mutations in both central and C-terminal regions, sCT mainly formed dynamical 

helical oligomers. The β-barrel formations with well-defined structures postulated to be the 

toxic oligomer of amyloidosis were also observed in the hCT self-assemblies. The direct 

observation of β-barrel oligomers during the self-assembly of cytotoxic hCT rather than 

the nontoxic sCT also supported β-barrels as the potential toxic oligomers of amyloidosis. 

By recapitulating the experimentally observed self-assembly of hCT forming β-sheet rich 

formations and amyloid-resistant mutants of TL-hCT and phCT, our computational results 

not only uncovered the self-assembly mechanism of hCT at the molecular level but 

also offered insights to help future design of next-generation hCT analogs for clinical 

applications. The design of amyloid-resistant hCT derivatives for clinical application 

should consider the impact on the central and C-terminal regions and the conformational 

amplification of even transient β-sheets in monomers upon aggregation.

Materials and Methods.

Molecular Systems.

The initial structures of phCT (PDBid: 2jxz2) and sCT (PDBid:2glh43) used in our 

simulation are taken from the NMR structures solved in an aqueous solution. The hCT 

and TL-hCT are constructed using the PyMol mutagenesis based on the structure of phCT 

(PDBid: 2jxz2). The amino acid sequences of four calcitonin peptides are presented in 

Table 1. For each type of peptide, two molecular systems with the one and five peptides 

were performed to investigate monomer conformation and self-assembly dynamics. For each 

molecular system, thirty independent all-atom DMD simulations were performed starting 

with different initial states (i.e., coordinates, orientations, and velocities). In five-peptide 

simulations, the initial configurations had a minimum intermolecular distance of more than 

1.5 nm between any two molecules. The duration of each DMD trajectory in one- and 

five-peptide systems was 500 ns and 600 ns, respectively. The details of all the simulations 

are summarized in Table 2. The hCT decreases the calcium level in the blood and reduce 

bone resorption by suppressing the activity of osteoclast cells via binding to its GPCR 

receptor3, 4, rather than directly interacts with calcium ion. Thus, prior experimental and 

computation simulation studies of calcitonin didn’t consider the calcium2, 28, 34, 43. The 

calcium ions were not included in our simulations.

Discrete Molecular Dynamics (DMD) Simulations.

All simulations are performed at 300K using the all-atom DMD algorithm with the Medusa 

force field38, which has been benchmarked for the accurate prediction of protein stability 

change upon mutation and protein–ligand binding affinity44, 45. DMD is a particular 

approach of molecular dynamics algorithm with significantly enhanced sampling efficiency, 
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widely used in studying protein folding, amyloid peptides aggregation, and nanoparticle–

protein interactions by our groups12, 39 and others37, 40–42. The major difference between 

DMD and conventional MD approaches is in the form of the interatomic interaction 

potential functions, where step functions in DMD replace the continuous potential functions 

of the MD force field. The VDW parameters of the Medusa force field are adopted from 

the CHARMM force field46, and the EEF1 implicit solvent model is used to model the 

solvation term47. The hydrogen bond interactions are explicitly modeled with a reaction-

like approach48. Screened charge-charge interactions are modeled using the Debye–Hückel 

approximation by setting the Debye length approximately at 10 Å. The units of mass, time, 

length, and energy used in our all-atom DMD simulations with an implicit water model are 1 

Da, ~50 fs, 1 Å, and 1 kcal/mol, respectively.

Computational Analysis.

Secondary structures are analyzed by using the dictionary secondary structure of protein 

(DSSP) method49. According to our prior studies, a hydrogen bond was considered to be 

formed if the distance between backbone N and O atoms was ≤ 3.5 Å and the angle of 

N-H⋯O ≥ 120°50. Two residues are in contact when the minimum heavy atoms distance 

between two non-sequential residues is less than 0.55 nm. The residue-pairwise contact map 

frequency is a two-dimensional matrix representing the propensity between each residue-

pair forming contact in all the conformations used for the data analysis. If two peptides 

were connected by at least one inter-peptide contact, they were treated to belong to the same 

oligomer. Cluster analysis is performed using the Daura algorithm and a backbone root-

mean-square-deviation cutoff of 0.35 nm51. A two-dimensional (2D) free energy surface 

was constructed using −RT ln P(x, y), where P(x, y) corresponds to the probability of 

selected reaction ordinates (x and y). If the β-strand segments of an oligomer could form 

a closed cycle with each β-strand connected by two β-strands neighbors through no less 

than two hydrogen bonds, this oligomer was treated as a β-barrel oligomer12, 14, 15. Only 

the conformations from the saturated states were used for the average secondary structure 

propensity and residue-pairwise contact frequency analysis. The error bars of secondary 

structure propensities corresponded to the standard deviations of means from 30 independent 

simulations. All the 600 ns simulation data from each independent DMD trajectory was 

considered in the β-barrel propensity analysis due to the β-barrel formations were also 

present in the first 300 ns simulations.

Results and discussion

Monomeric structures of calcitonin variants.

We first investigated the conformational dynamics of hCT, TL-hCT, phCT, and sCT 

monomers. Thirty independent DMD simulations were performed for each molecular 

peptide to ensure sufficient sampling. The conformational dynamics of each peptide were 

monitored by the time evolution of the secondary structure of each residue (one trajectory 

was randomly selected for each type of peptide, Figure 1). As shown in Figure 1a, the 

monomeric conformations of hCT were very dynamic and populated with partial helices 

and transient β-sheets. Dynamical helices were mainly formed by residues 5–20. Residues 

in the C-terminal predominantly adopted unstructured conformations (i.e., coil and bend). 
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Transient β-sheets appeared around both the central region and C-terminus of hCT. The 

helical conformations of TL-hCT monomers were more stable with longer duration than 

hCT, indicating that the Y12L, F16L, and F19L substitutions of hCT enhanced the helix 

formation (Figure 1b). The C-terminal transient β-sheets observed in hCT were suppressed 

in phCT monomers (Figure 1c) due to residues in that region being replaced by the 

corresponding sCT residues (e.g., Y12L, N17H, A26N, I27T, and A31T). Differently, 

residues 5–20 of sCT formed stable helices without frequent folding/refolding as observed 

in hCT and hCT analogs (Figure 1d), consistent with prior experimental studies34, 52. The 

formation of β-sheets was also rare in the sCT.

The convergence of each molecular system was examined by the structural parameters of 

radius gyration (Rg) and the secondary structure probability as a function of simulation time 

(Figures S1&S2). The significant conformational changes in each calcitonin indicated that 

sufficient sampling was achieved (Figure S1). Not many changes in the time-evolution of 

ensemble-averaged conformational parameters (e.g., Rg and secondary structure content) 

over thirty independent simulations during the last 200 ns indicated that all the simulation 

systems were reasonably converged (Figure S2). Therefore, all calcitonin monomer 

conformations from the last 200 ns of 30 independent DMD trajectories were used for 

the equilibrium structural analysis to avoid potential biases in the single trajectory data53, 54. 

The calculation of average secondary structure propensities revealed that all the four types of 

calcitonin monomers predominately adopted unstructured conformation, with the population 

of the random coil and bend structures ~60%−70% (Figure 2a&b). The population of helix 

structures of hCT (~16.9%) was a little smaller than TL-hCT (~22.2%) and phCT (~19.8%). 

Helical structures of hCT were mainly formed by residues 4–10 and 14–21 (Figure 2b). 

Averaged helical propensity of residues 14–21 (~50%) was much stronger than residues 

4–10 (~25%) in hCT. The residue-pairwise contact frequencies formed among main-chain 

atoms also displayed two helical patterns along the diagonal (Figures 2c&S3a). Similar 

helical regions were also observed by prior solid-state NMR spectra measurements31, 34, 55. 

The high-resolution solid-state 13C NMR spectroscopy measurement suggested that a local 

helical form was present around G10, whereas the regions around residues F22, A26, and 

A31 were dominant with the random coil in the hCT monomer at pH 3.331. An analysis 

of the NMR restraints violations together with the angular order parameters S(φ) and 

S(ψ) of hCT monomers indicated that residues 13–21 were populated with helix34. The 

aromatic interactions caused residues Y12, F16, and F19 of hCT aligning on the same 

side of the helix, resulting in an amphiphilic helix was also observed in prior experimental 

measurement2.

The aggregation-resistant mutants of TL-hCT and phCT didn’t alter the helical regions but 

enhanced the helical propensities of the corresponding residues of hCT (Figures 2b&S3b–

c). The NMR measurement of TL-hCT monomers indicated that residue G10 was in the 

helical state but residues F22, A26, and A31 featured unstructured formations28. NMR 

spectroscopy demonstrated helical structures in phCT monomer spanned residues 4–21, 

and other residues mainly adopted random coil2. The residue-pairwise contact frequency 

difference maps of TL-hCT and phCT with respect to the wild-type hCT also showed that 

the helical patterns formed by residues 4–21 were enhanced (Figure 2d). The backbone Ca 

root-mean-square deviation (RMSD) of the helical region (residues 3–22) with respect to 
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the NMR phCT structure (PDBid: 2jxz2) had an average value of ~0.40 nm (Figure S4a–d). 

Averaged helical conformations of sCT (~34.5%) were much larger than hCT (~16.9%), 

in agreement with prior experimental data34, 43. Residues 9–19 of sCT displaying high 

propensities (Figures 2b&S3d) to form helices in our simulations were also observed in 

previous NMR measurement2, 34. Helices of sCT (residues 3–22) were well maintained with 

the backbone RMSD mostly within 0.25 nm compared to the NMR structure (PDBid:2glh43) 

(Figure S4e–h). In addition, the phCT monomers had more helical content than hCT but 

smaller than sCT also agreed with the CD spectra2, 7, 56.

Transient β-sheets of hCT were mainly formed by residues 6–14, 16–24, and 26–31, where 

were stabilized by hydrophobic and aromatic interactions among residues 6–31 (Figures 

2c&S3a). Conformational analysis showed that the Y12L, F16L, and F19L substitutions 

reduced the β-sheet formations in residues 6–14 and enhanced more helical formation for 

residues 4–10 and 14–21 (Figure 2d). The observation can be explained by the fact that 

leucine (L or Leu) was more favorable with helix but phenylalanine (F or Phe) preferred to 

form β-sheet57, 58. Residue-pairwise contact map demonstrated that the transient β-hairpin 

formation formed by residues 10–21 (snapshot 4 in Figure 2c) was inhibited in TL-hCT 

due to the enhanced formation of helical conformations (Figure 2d). The anti-aggregation 

mutants in the TL-hCT didn’t alter the β-hairpin formations around residues 19–31 (Figures 

2d&S3b). The Y12L, N17H, A26N, I27T, and A31T replacements of hCT disrupted the 

interactions among hydrophobic residues from the C-terminal tail (residue 26–31) and 

residues 9–22, which destabilized the β-sheet conformations and increased the stability of 

helical formations in phCT (Figures 2d&S3c). Representative conformations of top eight 

most populated conformational clusters of each calcitonin peptide could also demonstrate 

that sCT was more helical than hCT, TL-hCT, and phCT (Figure S5).

Differential oligomerization dynamics of calcitonin variants.

To investigate the self-assembly dynamics and structures of hCT, TL-hCT, phCT, and sCT, 

we performed aggregation simulations of five peptides for each calcitonin variant (Methods). 

The time evolution of radius gyration and secondary structure contents indicated that all 

our molecular systems reached the corresponding steady states of oligomerization during 

the last 300 ns (Figures S6&S7). Hence, the simulation data from the last 300 ns of each 

independent DMD trajectory was used for equilibrium analyses of aggregate structures and 

conformational dynamics. We found that all the five isolated hCT peptides first accumulated 

into a single helix-rich oligomer followed by a helix-to-sheet conformation conversion 

(Figures 3a–c&S6a). The β-sheet conformations, very transient in the monomeric hCT 

(Figure 1a), became the dominant secondary structures in hCT oligomers. The nucleation of 

β-sheet rich aggregates via helical accumulation was also observed in many other amyloid 

peptides2, 30, 31, 59, 60. All the TL-hCT and phCT peptides also readily self-assembled into 

a single oligomer, but their aggregates displayed more helices and fewer β-sheets than 

hCT oligomers (Figure 3d–f&3g-i). These results suggested that amyloid-resistant mutants 

of hCT hindered the helix-to-sheet conformational conversion, resulting in more helical 

formations as observed in prior experiment studies2, 28, 61. Time evolution of the oligomer 

size of each peptide aggregated into revealed that the hCT, TL-hCT, and phCT oligomers 

were relatively stable in size without apparent association and dissociation (Figure 3a–i). 
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The self-assembly dynamics of sCT were dramatically different from hCT and its two 

analogs (Figure 3j–l). Five sCT peptides were able to form helical oligomers, which undergo 

frequent association and dissociation with dynamics in size (Figure 3k). The oligomeric 

sCT predominantly adopted helical formations instead of β-sheet consistent with prior CD 

measurements7, 56. The association and dissociation process of sCT was much more frequent 

than hCT, TL-hCT, and phCT (Figure 3j–l). Time evolution of the largest oligomer size in 

each independent DMD simulation and oligomer size probably distribution during the last 

300 ns further confirmed the oligomers of sCT were more dynamic in size (Figure S8).

Secondary structure content revealed that compared to the monomer oligomerization of 

hCT enhanced the β-sheet conformations and reduced the helical structures (Figure 4a). 

For example, the averaged β-sheet and helix contents of oligomeric hCT were ~19.2% and 

~10.2% (Figure 4a), but monomeric hCT had ~4.2% β-sheet and 16.9% helix (Figure 2a). 

Oligomeric hCT also featured two helical regions around residues 4–10 and 14–21 with 

a similar averaged propensity of ~25% (Figure 4a&b). Meanwhile, the helical propensity 

of residues 14–21 in the hCT monomer (~50%) was much larger than in hCT oligomers 

(~25%). Unlike hCT monomers with relatively weak β-sheet propensities (Figure 2a&b), 

the β-sheet propensities of residues 10–31 in oligomeric hCT were ~15%−45% (Figure 

4b). Residues 19–31 displayed a strong tendency to form a typical β-strand-turn-β-strand 

motif with the β-strand propensity of ~33%, indicating C-terminal residues may adopt a β-

hairpin conformation (Figure 4b). Residues Y12, F16, F19, and F22 displayed significantly 

strong β-sheet propensity suggesting these aromatic residues played critical roles in the 

fibrillization of hCT, consistent with prior numerous experimental and computational 

studies19, 35, 36, 62. For example, the aggregation propensity and cytotoxicity of hCT 

derivative with Y12 mutation were much weaker than the wild-type hCT19. Single-crystal 

X-ray experiment demonstrated that fragments 15–19 of hCT could independently aggregate 

into cross-β fibrillar structures35. Differently, the average secondary structure content of 

sCT oligomers was predominantly helix (~40.1%), and β-sheet formation was rare (~1.8%) 

(Figure 4a), which was similar to the sCT monomers (Figure 2a). Apart from residues 4–21 

populated with helical conformations in the sCT aggregates, other residues mainly adopted 

the unstructured conformations (Figure 4b). The initially helical aggregates underwent 

helix-to-sheet conformational conversion in hCT, but not in sCT. The averaged β-sheet 

and helix content of each independent trajectory showed all the trajectories of sCT were 

populated with helical formations further confirmed that (Figure 4c). Indeed, the sCT as the 

non-amyloidogenic peptide without fibrillar propensity was also supported by numerous 

prior experiments2, 16. Overall, the self-assembly of hCT rendered the loss of helical 

conformations along with the amplifications of β-sheet structures in monomers (Figure 4d).

The self-assemblies of TL-hCT and phCT were populated with more helices and fewer 

β-sheets than wild-type hCT (Figure 4a&c). Both residues 4–10 and 14–21 had stronger 

helical propensities ranging around ~35%−63% in the aggregates of TL-hCT and phCT 

(Figure 4b). Despite TL-hCT and phCT oligomers displaying a similar β-sheet content of 

~11%, which was much smaller than hCT aggregates. The β-sheet populated regions of 

TL-hCT and phCT were dramatically different due to the mutating sites being different. 

Compared to hCT oligomers, the fibrillization-resistant mutations significantly prevented 

residues 10–18 of TL-hCT and residues 26–31 of phCT from forming β-sheets in oligomers 
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(Figure 4b). However, the other β-sheet abundant regions observed in the hCT aggregates 

still had strong β-sheet propensities in the self-assemblies of TL-hCT and phCT, albeit 

a little smaller than that in hCT oligomers (Figure 4b). The Y12L, F16L, and F19L 

substitutions of hCT preventing the β-sheet conformation around mutant regions through 

stabilizing the helical formation in the TL-hCT self-assemblies were consistent with prior 

NMR assay28. The oligomeric structure of phCT suggested residues replacement of Y12L, 

N17H, A26N, I27T, and A31T rendered β-sheet decrease along with helices increase also 

agreed with the previous experiment2. These residue replacements leading the oligomers 

with more helices and fewer β-sheets suggested that residues 26–31 played a critical role in 

the fibrillization of hCT. The observation that amyloid-resistant mutation sites in TL-hCT 

and phCT resulted in low β-sheet formations around the corresponding mutation region 

(Figure 4b&d) suggests that there should be more than one aggregation prone region in hCT.

Direct observation of β-barrel intermediates in the self-assembly of cytotoxic hCT and 
absence in nontoxic sCT.

The β-barrel oligomers first discovered in the aggregation of an 11-residue fragment 

from the heat-shock protein αB-crystalline (residues 90–100) by X-ray crystallography 

were postulated as the potentially cytotoxic oligomers of amyloidosis63. A series of prior 

computational studies reported the observation of β-barrel intermediates in the aggregation 

of experimentally-determined, toxic amyloid peptides12, 50, 64, 65. The formation of β-barrel 

intermediate was also experimentally and computationally supported for full-length Aβ 
and hIAPP14, 15, 66, 67. Consistent with the toxic β-barrel intermediates hypothesis15, 67, 

hCT19 could also spontaneously nucleate into β-barrel oligomers (Figure 5). The averaged 

β-barrel tendency of TL-hCT was lower than the hCT (Figure 5a). No β-barrel oligomers 

were observed in the self-assemblies of phCT and sCT. The direct observation of β-barrel 

oligomers during the self-assembly of toxic hCT but not the nontoxic sCT also supported β-

barrels as the toxic oligomers in amyloidosis. With well-ordered 3D structures, the β-barrel 

oligomers might serve as novel therapeutic targets against amyloid-related diseases.

Both the central aromatic and C-terminal hydrophobic residues played important roles in 
the amyloid aggregation of hCT.

To investigate the key interactions driving the aggregation of calcitonin variants, we 

calculated intra- and inter-chain contact probabilities between all residue pairs formed 

by main-chain and side-chain atoms (Figure 6). Intra-chain contact frequency map of 

hCT self-assemblies featured patterns of two helixes (residues 4–10 and 15–21) and 

one β-hairpin (residues 19–31) (left panel, Figure 6a). There were multiple inter-chain 

contact patterns perpendicular to the diagonal for residues 10–31 of hCT, suggesting that 

residues 10–31 mainly assembled into antiparallel β-sheets. The results agreed with previous 

experiments30, 31. The side-chain contact frequencies and the total number of inter-chain 

contacts per residue (Figure 6a right panel) revealed that aromatic residues Y12, F16, 

F19, H20, and F22 were important in stabilizing the β-sheet patterns. Previous NMR 

measurements also demonstrated that interactions between these central aromatic residues 

– i.e., governed by electrostatics between polarized pi systems and also hydrophobic 

interactions68 – were the main driving force for the nucleation and fibril elongation of 

hCT28, 60. In addition, the C-terminal hydrophobic residues A25, I27, V29, and A31 
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participated in forming both intra-chain β-hairpins and inter-chain β-sheets (Figure 6a 

right panel). The average contact numbers of the C-terminal hydrophobic residues were 

lower than that of central aromatic residues. Previous HDX-MS measurements of hCT 

fibrillization suggested the involvement of the central 12–19 fragments was much stronger 

than C-terminal fragments 26–3229, 60.

Compared to hCT, the contact map of TL-hCT self-assemblies displayed more helical 

structures around residues 4–21, but the inter-peptide interaction among residues 10–

18 was significantly decreased (Figure 6b). The mutations of Y12L, F16L, and F19L 

resulted in more helical and less β-sheet formation around the central residue region in 

TL-hCT aggregates, consistent with prior NMR spectra measurements28. The NMR assays 

revealed that the fibrillization rates of TL-hCT were significantly slower than that of 

hCT28, indicating the substitutions of aromatic residues delayed the fibrillization rather 

than complete inhibition. The fibrillar-resistant mutants didn’t alter the interactions among 

residues 20–31, and thus, the C-terminal residues of TL-hCT were still abundant with 

various β-sheets (Figure 6b left panel). Side-chain atoms of residues F22, A26, and V29 

had a larger number of intermolecular contacts than other residues, indicating these were 

important in stabilizing the β-sheets of the TL-hCT self-assemblies (Figure 6b right panel). 

These results suggested that Y12L, F16L, and F19L enhanced the stability of the central 

helix, which suppressed the helix-to-sheet transition around the central helical region. The 

contact map of phCT oligomers showed that the Y12L, N17H, A26N, I27T, and A31T 

substitutions strongly inhibited the intermolecular interactions around the mutation sites 

and enhanced the intra-chain interactions around the central helical region (Figure 6c). 

Therefore, the β-sheet formation around residues 12 and 26–31 was inhibited. The aromatic 

interactions among F16, F19, and F22 drove the conversion of residues 15–23 into β-sheet 

structures. The phCT became more helical and had weaker intermolecular interaction than 

hCT, also in agreement with prior experimental studies2, 61. Mutations of A26N, I27T, 

and A31T significantly decreased the hydrophobicity of the C-terminus, which not only 

disrupted interaction among the C-terminus but also between the C-terminal and central 

hydrophobic residues (Figure 6c).

The main-chain contact map of sCT only displayed one long helical pattern formed 

by residues 10–20 without any β-sheet patterns (Figure 6d left panel). The side-chain 

interaction among hydrophobic residues L9, L12, and L16 was observed (Figure 6d 

right panel), suggesting the dynamic formation of helix-rich sCT oligomers was driven 

by hydrophobic interactions among the aforementioned residues. The formation of sCT 

oligomers didn’t induce β-sheet conformational conversion in silico, consistent with 

numerous prior experimental studies2, 33. Hence, the replacements of central aromatic 

residues (Y12, F16, and F19) by the leucine and substitutions of C-terminal hydrophobic 

residues by hydrophilic residues (A26N, I27T, V29S, and A31T) allowed both sCT 

monomers and oligomers predominantly adopted stable helixes and completely inhibited β-

sheet formations. Together, the contact analysis suggested that both the central aromatic and 

C-terminal hydrophobic residues played critically important roles in the amyloid aggregation 

of hCT and future design of amyloid-resistant hCT derivatives for clinical application should 

consider the impact on both regions.
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Conformational free energy landscape analysis.

To better understand the conformation characteristics of the oligomers aggregated by hCT, 

TL-hCT, phCT, and sCT, we calculated the potential of mean force (PMF, the effective 

free energy landscape) as a function of the helix ratio and β-sheet content. The last 

300 ns simulations from 30 independent simulations were used for the PMF calculation. 

Conformations of hCT oligomers in the free energy basin had the average β-sheet and α-

helix contents ~20–30% and ~0–15%, respectively (Figure 7a). The probability distribution 

of helix and β-sheet content of hCT oligomer also displayed more β-sheet and fewer 

helix (Figure 7e&f), with the β-sheets populated around both the central aromatic region 

and C-terminus (Figure 7g&h). The representative snapshots with low free energy further 

confirmed that both aforementioned regions participated in forming β-sheet. The Y12L, 

F16L, and F19L residue replacements rendered the TL-hCT oligomer more helical along 

with the decrease of β-sheet (Figure 7e&f). For example, the self-assemblies of TL-hCT 

with low free energy were most distributed around regions with β-sheet contented less 

than 20% and helical ratio ~20%−30% (Figure 7b). The representative TL-hCT structures 

(snapshots in Figure 7b) and the β-sheet propensity distribution (Figure 7g&h) suggested 

that β-sheets were more populated in the C-terminus than in the central region due to 

the substitutions enhanced the stability of the central helix. The low free energy regions 

of phCT aggregates were even more helical (~20%−40%) and had less β-sheet content 

(~0–10%) (Figure 7c). The central region of phCT had a stronger β-sheet tendency than 

C-terminus (Figure 7g&h). Oligomers of sCT were predominantly adopted with high 

helical content (~35%−45%) and relatively rare β-sheets (less than 2%) (Figure 7d). The 

probability distribution of inter-chain and intra-chain hydrogen bonds formed by main-chain 

atoms was also analyzed (Figure S9). Overall, the non-amyloidogenic sCT aggregates 

were more populated with intra-chain hydrogen bonds due to the abundance of the helix, 

but amyloidogenic hCT oligomers were more abundant with inter-chain hydrogen bonds 

corresponding to forming intermolecular β-sheet (Figure S9a&b). In addition, due to the 

oligomer of sCT being dynamic in size with frequent association and dissociation (Figure 

S8), the self-assemblies of sCT displayed larger radius gyration than hCT aggregates. The 

anti-amyloid mutants resulted in the TL-hCT and phCT oligomers with fewer inter-chain 

hydrogen bonds and more intra-chain hydrogen bonds than hCT assemblies.

A proposed hCT amyloid aggregation mechanism.

The hCT monomer is a typical IDP, with high conformational dynamics. It had less helical 

content than TL-hCT, phCT, and sCT. The central helical conformations were mainly 

maintained by the local aromatic interactions among residues Y12, F16, F19, H20, and 

F22 (Figures S3a&2c). On the other hand, aromatic residues of phenylalanine and tyrosine 

were more frequently present in β-sheet than a-helix in proteins,57, 58 suggesting both 

the phenylalanine and tyrosine preferred to form β-sheets than a-helixes. Indeed, transient 

β-strand was observed in the central region, and these aromatic residues also stabilized the 

β-sheet structures with the rest of the protein (Figure 8a). Thus, substituting the aromatic 

residues Y12, F16, and F19 with leucine (with a stronger helical tendency57, 58) promoted 

the helix propensity and weakened the β-sheet propensity in the central region. However, 

since replacing central aromatic residues with hydrophobic leucine did not abolish the 

corresponding interactions that stabilized transient β-sheets (Figure 8b), TL-hCT were 
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able to form β-sheets in the aggregates. Mutating the hydrophobic residues to hydrophilic 

amino acids (including A26N, I27T, and A31T) around the C-terminus disrupted the 

hydrophobic interactions stabilizing the transient β-sheets between the central region and 

C-terminus, rendering phCT adopting more stable helical formations (Figure 8c). β-sheets in 

oligomers were mainly stabilized by interactions among aromatic and hydrophobic residues 

from the central region and C-terminus, suggesting both central aromatic and C-terminal 

hydrophobic residues were critically important in the fibrillization of hCT. The C-terminal 

tail of phCT mostly adopts unstructured formations. With the central aromatic residues 

mutant to the more helical leucine amino acids (Y12L, F16L, and F19L) and substitutions 

of the C-terminal hydrophobic residues replaced by hydrophilic residues (A26N, I27T, 

V29S, and A31T), the sCT predominantly adopted helix, and the β-sheet formations were 

nearly completely inhibited. Overall, our results suggested the strategies of the design of 

non-amyloidogenic hCT analogs included enhancing central helix stability and decreasing 

C-terminal hydrophobicity.

Conclusion

We systematically studied the self-assembly of hCT, TL-hCT, phCT, and sCT through 

multiple long-timescale all-atom DMD simulations. Prior computational studies have 

shown the secondary structure tendency of some peptides may depend on the force 

field69–71. Therefore, whether or not a computational study could recapitulate experimental 

measurements is the ultimate test of the method. The predictive power of DMD with 

Medusa force field has been demonstrated in our previous studies, such as ab initio 
protein folding38, 72 and conformational dynamics of large multi-domain proteins73, 74. 

Using the same method, we were able to recapitulate available experimental measurements 

in terms of monomer structures and aggregation propensities of different calcitonin 

variants. Specifically, our results demonstrated that the hCT monomer was intrinsically 

disordered with dynamic formation of helices. The helical structures of sCT monomers 

were more abundant and stable than hCT monomers, as observed in prior experimental 

measurements34, 52. Oligomers of hCT were populated with β-sheets conformations around 

residues 10–31. Self-assembly dynamics analysis revealed that hCT monomers readily self-

assembled initially into helix-rich oligomers, followed by a conformational conversion into 

β-sheets. The sCT, on the other hand, assembled into dynamic helix-rich oligomers with 

frequent association and dissociation. There were no helix-to-sheet conversion in sCT, in 

agreement with numerous studies2, 19, 33, 35, 36, 62. Residue-wise contact frequency analysis 

demonstrated that interactions among central aromatic residues (Y12, F16, F19, and F22) 

and C-terminal hydrophobic residues (A25, I27, V29, and A31) played important roles in 

stabilizing transient β-sheet in monomers and also promoting helix-to-sheet conversions 

in aggregates of hCT. The Y12L, F16L, and F19L substitutions increased the helical 

propensity and weakened the β-sheet propensity of the central region, but failed to disrupt 

interactions with the hydrophobic residues in the C-terminus that stabilized the transient 

β-sheets between the two adjacent regions. In phCT, hydrophilic mutations of N17H, 

A26N, I27T, and A31T mainly prevented C-terminal residues from forming β-sheets, 

but Y12L only partially weaken the β-sheet propensity of the central regions; and thus 

the amplification of β-sheets was observed in phCT aggregates. Together, mutations in 
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TL-hCT and phCT only locally suppressed β-sheet formations in central or C-terminal 

regions. Only in sCT, mutations in both central and C-terminus stabilized the helixes, 

destabilized the aggregates, prevented the helix-to-sheet conversion, and thus, inhibiting 

amyloid fibrillization. The aggregation of hCT limits the bioavailability and therapeutic 

activity of hCT peptides3, 9, 17, 18 and increases the risk of MTC disease10, 11. The 

β-barrel intermediates observed in the aggregation of numerous toxic amyloid disease-

related peptides were postulated as the potentially cytotoxic oligomers12, 14, 15, 50, 63–67. 

Interestingly, the β-barrel oligomers were only observed in the self-assemblies of hCT 

rather than the nontoxic sCT aggregates. Overall, our theoretical insights offer a complete 

picture of the aggregation mechanism of full-length hCT at the molecular level and 

reveal the importance of both central and C-terminal regions in amyloid aggregation. Our 

work suggests that the design of amyloid-resistant hCT derivatives for clinical application 

should consider the impact on both regions and also take into account the conformational 

amplification of even transient β-sheets in monomers upon aggregation.

Data and Software Availability.

DMD simulation engine is available at Molecules In Action, LLC. 

(www.moleculesinaction.com). Initial conformations, input parameter and topology files for 

DMD simulation, and representative DMD output trajectories for each system are available 

(https://doi.org/10.5281/zenodo.7109325).
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Figure 1. 
Conformational dynamics of each monomeric calcitonin peptide. Time evolution of the 

secondary structure of each residue from hCT (a), TL-hCT (b), phCT (c), and sCT (d) 

peptide in the monomeric peptide simulation is shown on the upper panel. Transient ordered 

conformations formed along the simulation (the time-stamped blew) are also presented. For 

each system, one 500 ns DMD trajectory is randomly selected out of thirty independent 

simulations. The N-terminal Cα atom is highlighted by a sphere for clarity.
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Figure 2. 
Secondary structure analysis for each calcitonin monomer. (a) Average secondary structure 

propensity in the monomers of each calcitonin. (b) Probability of each residue adopting 

different secondary structures. The mutation sites in TL-hCT and phCT are labeled in 

orange and purple. (c) The frequency of intra-molecular residue-pairwise contact formed 

between atoms from main-chain (upper diagonal) and side-chain (lower diagonal). The 

representative structured contact patterns and their corresponding structures (selected 

according to the contact frequency) are labeled and presented as 1–5. (d) The residue-

pairwise contact frequency differences of TL-hCT, phCT, and sCT with respect to the 

wild-type hCT are calculated by subtracting each corresponding residue-pairwise contact 

propensity of hCT from the hCT derivatives. Only the last 200 ns data from 30 independent 

500 ns DMD simulations are used for the above analysis. The error bars of secondary 

structure propensities correspond to the standard deviations of means from 30 independent 

simulations.
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Figure 3. 
Oligomerization dynamics and conformational changes of each calcitonin variant. The time 

evolution of secondary structure per residue (a, d, g, j), and the oligomer size into which a 

peptide aggregated (b, e, h, k) are shown for representative trajectories. Four snapshots with 

time stamps below (c, f, i, l) are also shown to illustrate transient conformations. For each 

system, the trajectory is randomly selected out of 30 independent DMD simulations.
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Figure 4. 
Secondary structure analysis for calcitonin oligomers. (a) The secondary structure contents 

in oligomers formed by hCT, TL-hCT, phCT, and sCT. (b) Probability of each residue 

adopting different secondary structures. The mutation sites in TL-hCT and phCT are labeled 

in orange and purple. The averaging was calculated over all 30 independent simulations 

during the last 300 ns. The error bars of secondary structure propensities correspond to the 

standard deviations of means from 30 independent simulations. (c) Simulation trajectories 

are sorted according to the β-sheet content from high to low, and the corresponding 

trajectories’ helical content is shown below. (d) Snapshot structures with high β-sheet 

contents from the top ranked trajectories are also shown.
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Figure 5. 
The population of β-barrel oligomers. (a) Probability of β-barrel oligomers observed in 

the 30 independent DMD trajectories for each calcitonin. (b) One representative β-barrel 

structure formed by hCT and TL-hCT is also presented in two different views (side and top).
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Figure 6. 
Inter-residue interactions driving the self-assembly of calcitonin variants. The intra-chain 

(lower diagonal) and inter-chain (upper diagonal) residue-wise contact frequencies of main-

chain (left column) and side-chain (right column) atoms for the aggregates of (a) hCT, 

(b) TL-hCT, (c) phCT, and (d) sCT. The average number of inter-chain (topper) and intra-

chain (bottom) contacts per residue formed by atoms from the main-chain (left panel) and 

side-chain (right panel) are also computed for each molecular system. For each molecular 

system, two representative aggregate structures selected according to contact frequency are 

also presented with N-terminal Cα atoms highlighted by spheres. For clarity, residues 1–11, 

12–22, and 22–32 are colored from light, to moderate and deep, respectively.
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Figure 7. 
Conformational free energy landscape analysis. The conformational free energy landscape as 

a function of the helix and β-sheet contents for the self-assemblies aggregated by hCT (a), 

TL-hCT (b), phCT (c), and sCT (d) peptides. For each molecular system, four representative 

structures with the helix and β-sheet contents featuring low free energy (labelled as 1–4 

on the free energy landscape surface) are also presented. The N-terminal Cα atoms are 

highlighted as a sphere for clarity. The probability distribution as a function of average helix 

content (e) and the β-sheet ratio of the whole peptide (f), as well as the β-sheet ratio around 

the central helical region (residues 12–22) (g) and C-terminus (residues 23–32) (h) in each 

calcitonin variants oligomer are also present.
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Figure 8. 
Proposed mechanism of hCT forming β-sheet rich aggregates. (a) The hCT monomers are 

dynamic and mainly adopted unstructured conformations with partial helix and transient 

β-sheet structures. Oligomers of hCT are abundant in diverse β-sheets formed by the central 

region and C-terminus of hCT. The interactions among aromatic and hydrophobic residues 

from the central region and C-terminus stabilize β-sheets and promoted the helix-to-sheet 

transition. (b) The Y12L, F16L, and F19L substitutions enhance the helix propensity and 

decrease the helix-to-sheet conformational conversion, because the intrinsic helical tendency 

of leucine amino acid is stronger than aromatic tyrosine and phenylalanine. Oligomeric 

β-sheets of TL-hCT are mainly formed by C-terminal residues. (c) The Y12L, N17H, 

A26N, I27T, and A31T replacements disrupt the interaction between the central region 

and C-terminus that stabilize transient β-sheet in monomers and protect the central helix 

of phCT monomer forming conformational convert. The β-sheet formations of phCT 

oligomers mainly span central region stabilized by interactions among aromatic residues. 

The C-terminal tail of phCT mostly adopts unstructured conformation.
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Table. 1.

Amino acid sequences of hCT, TL-hCT, phCT, and sCT used in our simulation. All the four calcitonin 

peptides have a Cys1-Cys7 intra-molecular disulfide bond. For clarity, the hydrophobic, hydrophilic, 

negatively charged, and positively charged residues are colored black, green, red, and blue, respectively.
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Table 2.

Details of molecular system in each DMD simulation. Including the number of simulated peptides (System), 

the type of calcitonin (Peptide), corresponding dimensions of the cubic simulation box (Box edge size), the 

number of independent DMD simulations performed (DMD run), the length of each DMD simulation (Time), 

and the accumulative total simulation time (Total Time).

System Peptide Box edge size (nm) DMD run Time (μs) Total time (μs)

1-peptide

hCT 6.5 30 0.5 15

TL-hCT 6.5 30 0.5 15

phCT 6.5 30 0.5 15

sCT 6.5 30 0.5 15

5-peptides

hCT 9.5 30 0.6 18

TL-hCT 9.5 30 0.6 18

phCT 9.5 30 0.6 18

sCT 9.5 30 0.6 18
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