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Abstract 

Protein misfolding and assembly are complex, intertwined processes resulting in the development of 

a heterogeneous population of aggregates closely related to many chronic pathological conditions 

including Type 2 Diabetes Mellitus and Alzheimer’s Disease. To address this issue, here we develop 

a theoretical model in the general framework of linear stability analysis. According to this model, 

self-assemblies of peptides with pronounced conformational flexibility may become, under particular 

conditions, unstable and spontaneously evolve toward an alternating array of partially ordered and 

disordered monomers. The predictions of the theory were verified by atomistic Molecular Dynamics 

(MD) simulations of Islet Amyloid Polypeptide (IAPP) used as a paradigm of aggregation-prone 

polypeptides (proteins). Simulations of dimeric, tetrameric and hexameric human-IAPP self-

assemblies at physiological electrolyte concentration reveal an alternating distribution of the smallest 

domains (of the order of the peptide mean length) formed by partially ordered (mainly β-strands) and 

disordered (turns and coil) arrays. Periodicity disappears upon weakening of the inter-peptide 

binding, a result in line with the predictions of the theory. To further probe the general validity of our 

hypothesis, we extended the simulations to other peptides, the Aβ(1-40) amyloid peptide, and the 

ovine prion peptide as well as to other proteins (SOD1 dimer) that do not belong to the broad class of 

intrinsically disordered proteins. In all cases, the oligomeric aggregates show an alternate distribution 

of partially ordered and disordered monomers. We also carried out Surface Enhanced Raman 

Scattering (SERS) measurements of hIAPP as an experimental validation of both the theory and in 

silico simulations.  

Keywords: Intrinsically Disordered Proteins, Symmetry-Breaking, Molecular Dynamics, Analytical 

Model, Oligomers. 
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Introduction 

In spontaneous symmetry-breaking, a system possessing a symmetry at its high temperature phase 

loses this symmetry upon cooling in the absence of external fields below the phase transition 

temperature. Ferromagnetism is probably the most well-known example: net magnetization arises as 

the local spins become ordered upon cooling below the Curie temperature (Chaikin and Lubensky 

1995). Spontaneous symmetry breaking is important in a plethora of phenomena such as single-

double bond alternation in Chemistry, molecular chirality, the formation of liquid-crystalline phases, 

charge and spin-density waves, superconductivity, the onset of polarity in cells and so on (Grason 

and Santangelo 2006; Yannoni and Clarke 1983; Chaikin and Lubensky 1995; Fuß et al. 2000; 

Gorman and Chakrabartty 2001; Peierls 2001; Nguyen et al. 2005, 2016; Tamashiro and Schiessel 

2006; Sitkiewicz et al. 2014; Klinger et al. 2014; vandenAkker et al. 2015).  

In this work, we try to extend the above concepts of spontaneous symmetry breaking to solid-state 

peptide (protein) crystals and to oligomeric self-aggregate protein in solution. It is well-known that 

in the crystal lattice the unit cell of most proteins contains just a single protein, while the unit cell of 

some protein systems may contain two or more unequal proteins (Weber and Steitz 1987; Deng et al. 

1993) (see, as an example, the SOD1 structure reported in fig S1 of Supplementary Information (SI)).  

This behavior is often observed also in the liquid phase, where proteins can stick together forming 

oligomers by spontaneous self-assembly. In this case, aggregates may arrange themselves as an array 

of identical monomeric units or, alternatively, they may exhibit periodic patters. For instance, dimeric 

proteins such as wt (Deng et al. 1993)and apo (Banci et al. 2012) superoxide dismutase (SOD1) and 

CRP-CAMP (Weber and Steitz 1987) exert their biological activity as asymmetric dimers.  

We would like to mention that the possibility of heterogeneous conformational distribution along a 

protein aggregate has been previously suggested in literature (Gorman and Chakrabartty 2001; 

Sitkiewicz et al. 2014; Klinger et al. 2014; vandenAkker et al. 2015) and scattered observations have 

been reported in MD studies of Intrinsically Disordered  Proteins (IDPs) (Reddy et al. 2010; Dupuis 

et al. 2011; Barz et al. 2014; Huy et al. 2016; Zhang et al. 2016; Nguyen et al. 2016; Das et al. 2017). 

In this paper we address this issue by building up a simplified theoretical model (both in 1-D and 3-

D) where protein aggregates are represented as an array of two different conformers: a spheroidal and 

quite disordered conformer alternating with a more ordered and elongated structure. Notably, the 

elongated shape enables the unit to be packed more tightly than the spheroidal one. The theoretical 

model developed here predicts that, under particular conditions, the system becomes unstable and 
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produce an alternating (patterned) array of ordered and disordered conformers when: a) their internal 

energy difference is small; b) the monomer-monomer interaction is large; c) there is a change in the 

geometry on going from ordered to disordered conformers.  

The best candidates for observing the foreseen effects is the broad family IDPs because they fulfill 

all the above requirements. Furthermore, IDPs misfolding and aggregation into toxic oligomers or 

amyloid fibrils has attracted increasing interest in the last decades since it is associated with a large 

number of diseases (such as Alzheimer’s disease (AD) and type 2 diabetes (T2D)). Particular attention 

was paid to oligomers to define the molecular determinants that may steer amyloid vs amorphous 

aggregation(La Rosa et al. 2016; Scollo et al. 2018): in fact, poorly structured, small sized oligomers 

may be more toxic than large, mature fibrils (Chiti and Dobson 2006; Riek and Eisenberg 2016; 

Sciacca et al. 2018). This is being proven by the development of new toxicity inhibitors that interact 

with oligomers instead of the already studied beta-breakers(Sciacca et al. 2017; Savelieff et al. 2019). 

A hallmark of AD is the aggregation of amyloid-β (Lorenzo et al. 1994) (Aβ); and human amylin 

(Höppener et al. 2000) (IAPP), a 37-residue polypeptide, is the major constituent of the pancreatic 

amyloid deposits found in patients with T2D. Both Aβ and IAPP belong to the IDPs family.  

To verify the general validity of the model, we performed Molecular Dynamics (MD) simulations of 

di-, tetra- and hexameric assemblies of hIAPP in pure water and in a 0.1 M electrolyte solution, a 

condition in which the intermolecular repulsion is weaker. Accurate experimental tests of our model 

are not currently available since present instrumentation do not support nanometer and millisecond 

resolution. However, Surface Enhanced Raman Scattering (SERS) measurements are able to detect 

the average evolution of helix, sheet and random coil secondary structures as a function of time. These 

measurements confirm the heterogeneous nature of hIAPP aggregates. We extended MD simulations 

to other IDPs (e.g. Aβ peptide) and amyloidogenic globular proteins (e.g., ovine prion peptide) to 

probe the general validity of the proposed model. Finally, we performed accurate (in the microsecond 

scale) MD simulations of Super Oxide Dismutase dimer, a well-known protein that does not belong 

to the IDPs class. Similarly, to IDPs, SOD self-aggregates and exerts its enzymatic activity as an 

asymmetric tight-bound dimer. 
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Experimental Methods 

 

hIAPP monomerization. hIAPP with a purity >99% was purchased from Bachem (Bubendorf, 

Switzerland) and 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP) with a purity of 99% w from Sigma-Aldrich. In 

order to prevent preformed aggregates, hIAPP was initially dissolved in HFIP at a concentration of 1 mg/ml 

and then lyophilized overnight. The lyophilized powder was dissolved in dimethyl sulfoxide (DMSO) to obtain 

a stock solution with a final concentration of 100 μM. Each stock solution of hIAPP was used immediately 

after preparation. 

 

Metal colloids and SERS. Colloidal metal nanoparticles (NPs) were prepared by pulsed laser ablation in 

liquid using the second harmonic (532 nm) output of a Nd:YAG laser operating at 10 Hz and at a fluence of 2 

J/cm2. A metal target (Ag) submerged in 5 ml of Millipore water was used as a substrate for 

ablation(Compagnini et al. 2007). The ablation process lasted 10 minutes. The concentration of the colloidal 

dispersion was estimated to be at around 1·10-5M, assuming an average molar extinction coefficient (Messina 

et al. 2012; Fazio et al. 2013) of 2.5·104 M-1cm-1.The size (20 nm) of metal NPs was estimated to be 35 nm by 

AFM. SERS analysis was performed with 532 nm laser irradiation in the backscattering mode using a Witec 

Alpha 300 RS instrument. All the spectra were acquired in water containing 10-3 M of NaCl (high salt 

concentration, NPs self-aggregate into large size assemblies so decreasing the SERS effect) with a 

concentration of 0.25 μM of hIAPP. 

 In SERS, the intensity of the Raman spectrum is greatly enhanced by metal (typically Ag or Au) 

particles or nanostructures. This can increase the intensity of the Raman spectrum up to a factor of 1010 - 1011 

(see, e.g., Le Ru, et al. 2007)). Proteins’ secondary structures can be determined by SERS by following the 

characteristic bands associated with the CONH (amide) group. The so-called amide I and III are the most 

sensitive bands. Typically, an α-helix shows a band in the range of 1640-1658 cm-1 (amide I) and 1264-1272 

cm-1 (amide III). β-sheet bands are in the range 1665-1680 cm-1 (amide I) and 1227-1242 cm-1 (amide III) 

while random coil lies in the range 1660-1665 cm-1 (amide I) and 1230-1240 cm-1 (amide III) (Rygula et al. 

2013). These wavenumbers are red shifted by about 20-30 cm-1 in a SERS measurement4. The amide I band is 

the most sensitive to secondary structure (Kurouski et al. 2015). The amide III band gives information about 

the oligomerization state of amyloidogenic proteins. For instance, Aβ(1-42) oligomers show a red shift of 27 

cm-1 with respect to monomers (Wang et al. 2013).  
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Simulation methods and setup 

Amyloidogenic proteins simulations were carried out using Gromacs software (Hess et al. 2008). In all of the 

cases, the systems were first energy minimized and pre-equilibrated by using the steepest descents algorithm 

and successive 1 ns simulations in the NVT and NPT ensembles. With the exception of the 20-mer Aβ (1-40) 

system, all systems were simulated in explicit water. The details of the implicit solvent simulations are given 

in Sec. 3.2.3  

 The common details for all explicit solvent simulations are the following: the GROMOS 54A7 force 

field (Schmid et al. 2011) was used for the hIAPP and Aβ systems, and the GROMOS 53A6 (Oostenbrink et 

al. 2004) for the ovine prion system. SPC (simple point charge) water model (Berendsen et al. 1981) was 

employed. The time step was set to 2 fs and the temperature was kept constant at 300 K using the V-rescale 

algorithm (Bussi et al. 2007) with the time constant set to 0.1 ps. Periodic boundary conditions were applied 

and the Parrinello-Rahman algorithm (Parrinello and Rahman 1981) was applied for isotropic pressure 

coupling (1 bar) with the exception of the prion simulation that used the Berendsen algorithms (Berendsen et 

al. 1984). The particle-mesh Ewald (PME) algorithm (Darden et al. 1993) was used for electrostatic 

interactions and overall charge neutrality was preserved by adding counterions when necessary. A solution of 

0.1 M NaCl was used in all explicit solvent systems. All simulations were repeated at least three times. For 

secondary structure analysis DSSP (Kabsch and Sander 1983) and STRIDE (Frishman and Argos 1995) were 

used. To monitor equilibration, RMSD (the root mean square deviation) was used. The rest of the details of 

each of the systems are provided below. 

Simulation details of the hIAPP systems. The NMR structure of hIAPP bound to sodium 

dodecylsufate (SDS) micelles (pdb ID: 2KB8 (Patil et al. 2009); the first structure in the PDB 

file) was used as the initial structure for the hIAPP monomer. Monomer, dimer, tetramer and 

hexamer systems were simulated. Details of the individual systems are listed next. 

hIAPP monomers. The hIAPP monomer was placed in a cubic solvent box of linear length 7.7 nm. 

Each of the three independent simulations lasted 400 ns.  

hIAPP dimers. Final independent configurations from the hIAPP monomer simulations were used to 

construct a dimer. Initially, the monomers were placed 4.7 nm from each other. The dimer was then 

simulated for 500 ns (for each independent simulation run) at 300 K. The simulation box was of the 

same size as above.  

hIAPP tetramers. The last frames from independent dimer simulations were used to construct a 

tetramer. A larger simulation box (16 x 10 x 10 nm3) was used. Initially, the two dimers were placed 

5 nm away from each other to eliminate unwanted self-interactions. Each of the three independent 
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simulations was run for a total of 1050 ns using a heating cycle to eliminate possible kinetic traps as 

follows: 1) 300 ns at 300 K. 2) Followed by 20 ns at 400 K, and 3) finally 730 ns at 300 K.  

hIAPP hexamers. Final configurations from tetramer simulations and two monomers from the 

monomer simulations were used to set up the three independent simulations. Initially, the components 

were placed about 4 nm away from each other. The same simulation box size as for the tetramer 

systems was used. The hexamer systems were simulated for a total of 1020 ns each run using a heating 

cycle as follows: 1) 300 ns at 300 K, 2) 20 ns at 400 K, 3) 250 ns at 300 K, 4) 50 ns at 400 K, 5) 100 

ns at 300 K, 6) 200 ns at 400 K, and 7) 100 ns at 300 K.  

hIAPP hexamers in pure water. Using the final configurations obtained after 1020 ns of simulation 

from the previous section, salt was removed (the counterions were left to ensure overall charge 

neutrality). The hexamer in pure water was then simulated for 500 ns at 300 K. 

Aβ (1-40) systems. To investigate the generality of the partially ordered-disordered periodic arrays, 

we extended our investigation to three additional systems. 

hIAPP:Aβ (1-40) 1:1. Monomer structures for hIAPP and Aβ (1-40) were taken from above. Each 

of the three independent systems was simulated for 500 ns at 300 K. 

Implicit solvent simulations. In addition to Aβ (1-40) in explicit solvent, 20-mer Aβ (1-40) systems 

using the implicit solvent generalized Born surface area (GBSA (Qiu et al. 1997)) method were 

simulated. These simulations were performed in the NVT ensemble using the Langevin thermostat 

(Grest and Kremer 1986). The OPLS/AA force field (Kaminski et al. 2001) was used for the peptides 

and no NaCl was added. As with other systems, three independent simulations were performed each 

simulation being 500 ns. 

Ovine prion systems. Prion (Pappalardo et al. 2007) aggregation was simulated by taking 18 

molecules of H2H3 from OvPrP (PDB ID 1UW3, residues from C182 to C217) (Haire et al. 2004) 

in a β-rich conformation, obtained from a prior MD simulation (Chakroun et al. 2010) in water. The 

18 prion monomers were placed in random orientation on a grid in a rectangular simulation box of 

dimensions 14 nm x 14 nm x 10 nm with 1.4 nm spacing and 63,668 water molecules. Each of the 

three individual trajectories was 200 ns. In the prion systems, Cys182 and Cys217 were connected 

with a disulphide bridge (Haire et al. 2004). 

Superoxide dismutase. For atomistic molecular dynamics simulations of Superoxide dismutase 

(SOD) we used the SOD dimeric crystallographic structure [PDB id: 1SPD (Deng et al. 1993)] the 
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PDB structure of SOD was solvated CHARMM-GUI (Lee et al. 2016). A 150 mM concentration of 

KCl was added to mimic physiological condition.  

The CHARMM36m force field (Huang et al. 2017) was employed to describe the protein structure, 

salt ions and TIP3 water model. 

The system was first energy minimized using the steepest descend algorithm followed by an 

equilibration step under NpT conditions for 10 ns. In this stage, all protein atoms were restrained with 

a harmonic potential with a force constant of 1000 kJ mol-1 nm-2. The temperature was kept constant 

at 310 K using the Nose-Hoover thermostat (Nosé and Klein 1983; Evans and Holian 1985) with a 

time constant of 1.0 ps.  Isotropic pressure coupling scheme was applied using the Berendsen 

algorithm (Berendsen et al. 1984) with a time constant set to 5.0 ps. The Verlet scheme, with a cut-

off distance of 1.2 nm is set to search the short-range neighbours every 20 steps. Particle mesh Ewald 

method (Darden et al. 1993) was used to handle the electrostatic interactions. The cut-off length of 

1.2 nm was used for both electrostatic and van der Waals interactions. To constrain the hydrogen 

bonds, the LINCS algorithm (Hess et al. 1997)⁠  was employed and periodic boundary conditions 

were applied in all directions. For the production MD runs, we removed all the restraints applied to 

the proteins and used the and Parrinello-Rahman barostat (Bussi et al. 2007) instead of the 

Berendsen’s algorithm (Berendsen et al. 1984). See Table 1 for simulations details. 

All simulations were carried out using an integration time step of 2 fs using the GROMACS 2018 ⁠  

simulation package (Abraham et al. 2015). 

 

Table 1. Simulations Details. 

# Protein # Water # K + # Cl - Time (ns) Temperature (K) 

2 49001 153 139 1200 310 – 372* 

2 49001 153 139 200 310  

* The temperature has been increased linearly from 310 to 372 K during the first 500 ns. The 

temperature was then kept constant at 372 K until the system reached 1200 ns.  

 

Theoretical Methods  

The famous Peierls instability (Peierls 2001) shares significant resemblances (but there are also 

significant differences) with the systems investigated here. In the essence, the Peierls Theorem 
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(Peierls 2001) states that a system consisting of a one-dimensional crystal with constant lattice 

spacing and electrons becomes unstable and develops a periodic modulation of electron density if 

there is any coupling between the electrons and the lattice. This is due to a competition between the 

electronic and elastic energies. An application is provided by poly-acetylene (Yannoni and Clarke 

1983; Fuß et al. 2000) (…-CH=CH-CH=CH-…) and chemically related molecules: Experimental 

(Yannoni and Clarke 1983) and theoretical (Fuß et al. 2000) data confirm the onset of less symmetric 

structures, where alternating array of electron-rich short (1.36 Å) and electron-poor long (1.44 Å) 

bonds is preserved. Analogously, shape instabilities arise from the competition between electrostatic 

repulsion and surface tension: increasing the size of a droplet beyond a critical size may lead to 

capillary instabilities that eventually breaks larger droplets into smaller ones (Tamashiro and 

Schiessel 2006). For instance, uniformly charged tubules made up of identical surfactant molecules 

can become unstable evolving toward less symmetric structures such as undulated cylinders or arrays 

of juxtaposed spheroidal micelles (pearling instability (Grason and Santangelo 2006; Nguyen et al. 

2005)). Similar effects were also observed in lyotropic lamellar systems which show alternation in 

the lamellar repeat distance (Porcar et al. 2000; Harries et al. 2006; Del Favero et al. 2009). 

We start by developing an idealized model to investigate if a linear aggregate of interacting peptides 

(proteins) that exist in different conformational states may exhibit a transition from a homogeneous 

to a space-modulated structure.  

Free energy 

We first consider infinitely long one-dimensional (1-D) pre-fibrillar aggregates along the z-axis. 

The opposite cases of a dimeric structure and the extension to the 3-D infinite aggregates will be 

discussed separately. Proteins exhibit conformational flexibility that, for the sake of simplicity, is 

restricted to two interchanging states alone: Φ and Ψ. The ordered Ψ arrangement comprises α-

helices and β-strands, while the disordered Φ conformation includes coils and turns. A description 

of protein structure and function in terms of pure Φ and Ψ states is a gross simplification. In the real 

world, proteins can be described by a weighted combination of Φ and Ψ states. Usually, the ordered 

conformations prevail at room temperature (and in absence of denaturating chemicals), while, in the 

case of IDPs, the relative abundance of ordered and disordered domains within the same molecule is 

comparable over a wide range of experimental conditions.    

The total free energy of proteins array, 𝐺, can be decomposed into three main contributions: a) a 

term related to the entropy of mixing (𝑇 ∙ 𝑆𝑀𝐼𝑋𝐼𝑁𝐺) which favors an identical of Φ and Ψ states, b) 
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the self-energy (USELF) which measures the stability of a given conformation by specific 

intramolecular bonds and solvent interactions, and c) the energy of interaction (UINT), which 

expresses the conformation-dependent interaction between nearest-neighbor proteins. Combining 

the three contributions gives the total free energy  

𝐺 =  −𝑇𝑆𝑀𝐼𝑋𝐼𝑁𝐺 +  𝑈𝑆𝐸𝐿𝐹 + 𝑈𝐼𝑁𝑇,           (1) 

Next, we develop functional forms for the individual terms.  

Let φn  be the local fraction of Φ conformations of a protein at site n along the 1-D array, and 1-φn the 

fraction of Ψ conformations. Standard mean-field expression for Φ and Ψ mixing entropy 𝑆𝑀𝐼𝑋 reads 

−𝑇𝑆𝑀𝐼𝑋 ≈ 𝑘𝐵𝑇 ∑ [𝜑𝑛 log 𝜑𝑛 + (1 − 𝜑𝑛)log(1 − 𝜑𝑛)]𝑁
𝑛 ,             (2) 

where kB is the Boltzmann constant, T the absolute temperature and the sum spans over the N 

molecules of the aggregate. 

The simplest expression for the self-energy of the array is 

𝑈𝑆𝐸𝐿𝐹 = ∑ [𝜑𝑛𝑔Φ + (1 − 𝜑𝑛)𝑔Ψ)]𝑁
𝑛 ,             (3) 

Where 𝑔Φ and 𝑔Ψ are the internal energies of the Φ and Ψ conformations, respectively. Notice that 

𝑔Φ and 𝑔Ψ are strongly affected by the interactions of the protein with its environment.  

 In the nearest-neighbor approximation, the energy of interaction for a 1-D array of self-

aggregated proteins can be written as 

𝑈𝐼𝑁𝑇 = 1

2
∑ 𝑢𝐼𝑁𝑇(|𝑧𝑛 − 𝑧𝑛±1|, 𝜑𝑛),   𝑁

𝑛    (4) 

where 𝑢𝐼𝑁𝑇 is the potential acting between nearest-neighbor proteins at positions zn and zn+1. We 

define it as 

𝑢𝐼𝑁𝑇(|𝑧𝑛 − 𝑧𝑛±1|, 𝜑𝑛) ≈ 1

2
[−𝑃𝑒−𝛾𝑃(𝜑𝑛)∙(𝑧𝑛−𝑧𝑛±1) + 𝑄𝑒−𝛾𝑄(𝜑𝑛)∙(𝑧𝑛−𝑧𝑛±1)], 

where the positive constants P and Q measure the strengths of the attractive and repulsive interactions, 

respectively, while 𝛾𝑃(𝜑𝑛) and 𝛾𝑄(𝜑𝑛) (with 𝛾𝑄 > 𝛾𝑃) measure their decay lengths. The parameters 

P, Q, 𝛾𝑃(𝜑𝑛) and 𝛾𝑄(𝜑𝑛) can be related to experimentally accessible quantities as shown later on.   

Since conformational arrangements strongly change upon aggregation (Gsponer and Vendruscolo 

2006), also the decay profile of the intermolecular protein-protein interactions must change. These 

variations are mainly associated to the proteins changing from an ordered to a disordered 

conformation. In the following we assume that the disordered Φ configuration is more swollen than 
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the ordered Ψ arrangement where the elongate shape enables a tighter packing (in SI we report some 

conformation-related gyration radii of IDPs).  

 In order to allow the proteins within an aggregate to have different conformations, we 

introduce a modulation of the decay lengths 𝛾𝑖(𝜑𝑛) (with i =P or Q) linked to the local 

conformational population (probability) 𝜑𝑛. To the lowest order 

𝛾𝑖(𝜑𝑛) ≈ 𝛾𝑖(𝜑̅) +
𝜕𝛾𝑖

𝜕𝜑̅
∙ (𝜑𝑛 − 𝜑̅),                                (5) 

where 𝜑̅ is the averaged conformational population for a homogeneous equally-spaced array. The 

equation for 𝛾𝑖(𝜑𝑛) allows for the length scales of intermolecular interactions to be modulated around 

their average value depending on the parameters γ̅𝑖
∗ ≡

𝜕𝛾𝑖

𝜕𝜑̅
  that measure the response of 𝛾𝑖 to  

variations of the conformational population 𝜑̅.  

       First, the free energy, Eq.(1), is minimized for a homogeneous array 𝜑𝑛 = 𝜑̅ and |𝑧𝑛 − 𝑧𝑛+1|=𝑎̅, 

where 𝑎̅ is the protein-protein mean distance in the homogeneous state. This procedure, shown in SI 

(Eq.(17Sa)), yields 

𝑔Φ − 𝑔Ψ + 𝑘𝐵𝑇 log
𝜑̅

1−𝜑̅
+ |𝛼|𝛬 𝑎 ̅= 0,     (6) 

where Λ ≡
γ̅𝑄γ̅𝑃

∗ −γ̅𝑃γ̅𝑄
∗

γ̅𝑄−γ̅𝑃
 and −|𝛼| is the protein-protein adhesion energy (a thorough discussion will be 

made after Eq.(13)). Solution to Eq.(6) yields an expression for the averaged conformational 

population 𝜑̅ in an equally-spaced 1-D lattice.  

Stability criterion 

The next step is the calculation of the fluctuations around 𝑎̅ and 𝜑̅. This is most conveniently done at 

the continuum limit by replacing the discrete variables 𝜑𝑛 and 𝑧𝑛 − 𝑧𝑛±1 by their continuum 

analogues. 

𝑧𝑛 − 𝑧𝑛±1  ≈  𝑎̅  ±
𝜕𝜂(𝑧)

𝜕𝑧
𝑎̅ + 1

2

𝜕2𝜂(𝑧)

𝜕𝑧2 𝑎̅2 + …   ,   𝜑𝑛  = 𝜑(𝑧)                (7) 

where 𝑎̅ is the average distance between two nearby proteins. Then, inserting Eq.(7) in Eq.(1), 

expanding it in power series for 𝜑(𝑧) − 𝜑̅, 𝜕𝜂(𝑧)/𝜕𝑧 and 𝜕2𝜂(𝑧)/𝜕𝑧2 and retaining terms up to 

second order gives (see SI, Eq.(17Sb)) 
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𝐺 ≈ 𝐺𝑜+ 𝑎̅−1 ∫ [1

2
𝐴1 (

𝜕2𝜂

𝜕𝑧2
)

2

+ 1

2
𝐴2 (

𝜕𝜂

𝜕𝑧
)

2

+ 1

2
𝐴3(𝜑 − 𝜑̅)2 + 𝐴4

𝜕2𝜂

𝜕𝑧2
(𝜑 − 𝜑̅)]

+ℓ

−ℓ
𝑑𝑧,   (8) 

 

where𝐺𝑜is the total energy without fluctuations,  2ℓ = 𝑁𝑎̅ is the length of an aggregate of N 

proteins, and 𝐴1 = 1

4
|𝛼|𝑎̅4𝛾̅𝑃𝛾̅𝑄, 𝐴2 = |𝛼|𝑎̅2𝛾̅𝑃𝛾̅𝑄, 𝐴3 = 𝑘𝐵𝑇[𝜑̅(1 − 𝜑̅)]−1 − |𝛼|𝑎̅2 (γ̅𝑄

∗ )2γ̅𝑃−(γ̅𝑃
∗ )2γ̅𝑄

γ̅𝑄−γ̅𝑃
 

and 𝐴4 = 1

2
|𝛼|𝑎̅3𝛾̅𝑃𝛾̅𝑄 (

γ̅𝑄
∗ −γ̅𝑃

∗

γ̅𝑄−γ̅𝑃
)

2

. With Eq.(8), by denoting the monomer mass by 𝑚 and introducing 

a kinetic energy term as  𝐾 =
𝑎̅−1

2
∫ [𝑚 (

𝜕𝜂

𝜕𝑡
)

2

dz]
+ℓ

−ℓ
, we can now construct a Lagrangian for the 

system, ℒ = 𝐾 − 𝑈. Let  𝐼 ≡ ∫ ℒ𝑑𝑡
t

0
, the motion is such that the variation of I is zero (see, e.g., 

(Goldstein et al. 2001). This procedure leads to the Euler-Lagrange equations shown in eq.(18S). 

By using the explicit form of ℒ derived above, eventually we obtain a simple system of two linear 

partial differential equations 

−ρ𝑎̅
∂2η

∂t2 = A1
𝜕4η

∂z4 − A2
𝜕2η

∂z2 + A4
𝜕2𝜑

𝜕𝑧2 ,          (9a) 

0 = A3(ϕ − ϕ̅) + A4
𝜕2η

∂z2 ,            (9b) 

where amρ /  is the linear density of the protein array. Assuming symmetry across zero, use of 

Fourier series expansions: η = ∑ ηq(t)eiqz
q + c. c. and: ϕ − ϕ̅ = ∑ ϕ𝑞(t)eiqz

q + c. c. (c.c. = 

Conjugated Complex), yields from Eqs.(9) 

d2ηq(t)

dt2
= Θ2(q)ηq(t)                   ϕ𝑞(t) = q2 𝐴4

𝐴3
ηq(t),        (10)  

where: Θ2(𝑞) ≡
1

𝜌𝑎̅
((𝐴1 −

𝐴2
2

𝐴3
) 𝑞4 + 𝐴2𝑞2) depends on the wave number q. It can be noted that 

when Θ(q)>0 (stable region), the solutions to Eq.(10) are: 𝜂𝑞 ∝ exp(𝑖|Θ(𝑞)|𝑡) and 𝜑𝑞 ∝

exp(𝑖|Θ(𝑞)|𝑡), that is, both protein-protein distance and the protein conformational population 

oscillate near the equilibrium values 𝑎̅  and 𝜑̅. The amplitudes of those oscillations are usually small 

and are calculated by adding to Eq.(10) a Fourier series representation of the thermal noise. The 

resulting Langevin’s equation can be solved by well-known procedures (Risken 1984). On the 

contrary, when Θ(q)<0 (unstable region), the solutions are 𝜂𝑞 ∝ exp(+|Θ(𝑞)|𝑡) and 𝜑𝑞 ∝

exp(+|Θ(𝑞)|𝑡). In other words, the system becomes unstable and even the smallest fluctuations 

applied at t = 0 grow exponentially in time. The growth of the protein distance 𝜂 and that of the 
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conformational population 𝜑 suggests that, beyond some critical values, the homogeneous system is 

no longer stable against infinitesimal fluctuations and breaks down into a patched structure. This 

behavior is akin to spinodal decomposition (Onuki 2002).  

It is worth mentioning that not all fluctuations in the unstable region grow at the same rate: those with 

the largest Θ(𝑞) will grow the fastest. The q value which maximizes Θ(𝑞), q* say, is obtained from 

the condition: 
𝜕Θ(𝑞)

𝜕𝑞
= 0. The final dimensions of the protein domains (defined as the protein clusters 

inside the patterned aggregate having similar conformational population) will keep memory of this 

dynamic processes and would be of order q*. Using the explicit expressions for Θ(𝑞) (Eq.(10)) and 

𝐴i (Eq.(8)) and using 
𝜕Θ(𝑞)

𝜕𝑞
= 0, we find that the fastest growth rate of the patterned structures 

arises when 

𝑞∗𝑎̅ =   (−2

𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
−|𝛼|𝑎̅2𝑓1

𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
−|𝛼|𝑎̅2(𝑓1+𝑓2)

)

1/2

      (11) 

where: 𝑓1 =
(γ̅𝑄

∗ )2γ̅𝑃−(γ̅𝑃
∗ )2γ̅𝑄

γ̅𝑄−γ̅𝑃
 and 𝑓2 = 𝛾̅𝑃𝛾̅𝑄 (

γ̅𝑄
∗ −γ̅𝑃

∗

γ̅𝑄−γ̅𝑃
)

2

. Equation (11) is the main result of the theory, 

predicting stability and wavelength (size) of the patterned structures. Indeed, only if the right-hand 

side of Eq.(11) is real, stable patterned structures may exist. This condition is satisfied only if in 

Eq.(11) the following inequalities are fulfilled: |𝛼|𝑎̅2𝑓1 <
𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
< |𝛼|𝑎̅2(𝑓1 + 𝑓2). Near the lower 

boundary, 
𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
≈ |𝛼|𝑎2(𝑓1 + 𝑓2), the patterned structures exhibit the highest 𝑞∗ → 𝑞𝑚𝑎𝑥 (i.e., a 

close alternation of ordered and disordered proteins). On the contrary, on approaching the upper 

boundary, 
𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
≈ |𝛼|𝑎2𝑓1, we find: 𝑞∗ → 0, that is, the patterned phase contains very large 

domains. To calculate the boundaries in a phase diagram, we need the concentrations of ordered and 

disordered conformations, 𝜑̅ and (1 − 𝜑̅), given by Eq.(6) and depend on the same parameters that 

affect the protein-protein interaction. Whence, combing Eqs.(6) and (11) the boundaries between 

homogeneous and patched aggregates are obtained solving the algebraic equations 

(1+exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
))

2

exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
)

=  
|𝛼|𝑎̅2

𝑘𝐵𝑇
(𝑓1 + 𝑓2),           

(1+exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
))

2

exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
)

=  
|𝛼|𝑎̅2

𝑘𝐵𝑇
𝑓1        (12a) 

where:  

∆𝐺𝑈𝑁𝐹(|𝛼|) ≡ 𝑔Φ − 𝑔Ψ + |𝛼|𝛬𝑎̅= ∆𝐺𝑈𝑁𝐹
𝑜 + |𝛼|𝛬𝑎̅                     (12b) 
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is the unfolding energy of the protein self-aggregate. The energy difference 𝑔Φ − 𝑔Ψ can be identified 

with the unfolding free energy of the isolated protein, ∆𝐺𝑈𝑁𝐹
𝑜 . On the contrary, no direct 

measurements of the self-adhesion energy |𝛼|are available, while the experimental free energy 

variation upon the assembly of N identical proteins reads: ∆𝐺𝐴𝐷𝐻 =
1

𝑁
(𝑈(𝑁) − 𝑁 ∙ 𝑈(𝑁 = 1)). This 

formula accounts for the reorganization energy of the proteins self-energy upon the formation of a N-

mer and it is valid in the limit N>>1 (negligible end effects). Exploiting Eqs.(1)-(5), we derived in 

SI (Eq.27S) a compact expression for ∆𝐺𝐴𝐷𝐻 (per protein molecule)as a function of |𝛼| for a 1-D 

aggregate 

|∆𝐺𝐴𝐷𝐻|  ≈ |𝛼| (1 − 1

2

exp(−
∆𝐺𝑈𝑁𝐹

𝑜

𝑘𝐵𝑇
)

(1+exp(−
∆𝐺𝑈𝑁𝐹

𝑜

𝑘𝐵𝑇
))

2

|𝛼|

𝑘𝐵𝑇
𝛬2𝑎̅2 +  𝑂((

|𝛼|

𝑘𝐵𝑇
𝛬2𝑎̅2)2))         (13) 

showing how the self-adhesion energy |𝛼|is modified by the reorganization effects (the second term 

in the right hand side of Eq.(13)).  

By eliminating|𝛼| from the system of equations (12a,b) and (13), we may calculate the ∆𝐺𝐴𝐷𝐻 

vs. ∆𝐺𝑈𝑁𝐹
0  phase diagram. Specifically, if a point defined by the two accessible control 

parameters ∆𝐺𝐴𝐷𝐻 and ∆𝐺𝑈𝑁𝐹
0  falls inside the unstable region, large fluctuations in conformational 

population and intermolecular distances begin to develop within the aggregate, eventually leading to 

patterned structures. On the contrary, inside the stable region, the protein aggregate remains 

homogeneous. 

So, while the requirements for the formation of patterned structures can be predicted with a good 

degree of accuracy and the final morphology can be somehow inferred by Eq. (11), what is lost in 

our linear stability analysis is the final conformational composition of the mature protein aggregates. 

This goal can be reached only by including higher order terms in the series expansion of the energy 

functional (Eq. 8). The mathematics, however, becomes very involved (non-linear soliton-like partial 

differential equations (Drazin and Johnson 1989)) and the number of parameters increases, this task 

is beyond the aims of the present study and will be addressed in the next section by MD simulations. 

Accordingly, one expects to observe, under particular conditions (Θ(𝑞)<0), an alternating ordered 

array of small domains richer in Φ and Ψ arrangements, respectively as shown in Fig.1. We have 

extended the theory to 3-D aggregates, details are reported in SI. In the limit of isotropic interactions, 

the final formulas remain unchanged, apart from a renormalization of the wavenumber q. The 

calculated final arrangements for the 1-D and 3-D cases are pictorially shown in Fig.1.   
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Figure 1. The most likely configurations of two-state proteins above a critical threshold (see the text for the definition). 

For the sake of clarity, proteins have been depicted by the pure Φ and Ψ states (fully disordered and fully ordered 

configurations, respectively). In our model, proteins are described by a weighted combination of Φ and Ψ states. Panel 

A: 1-D arrangement. Panel B: 3-D arrangement. 

 

Then, we numerically solved the system of equations (12a,b) and (13) in order to obtain a qualitative 

phase diagram reported in Fig. 2. The drawing shows the boundaries among stable and unstable 

regions as a function of two control parameters. We selected as parameters two experimental 

quantities: the (attractive) protein-protein interaction free energy, ∆𝐺𝐴𝐷𝐻 against the unfolding free 

energy ∆𝐺𝑈𝑁𝐹. If a point identified by the above defined control parameters falls inside the unstable 

region, large fluctuations in conformational population and intermolecular distances begin to develop, 

eventually leading to a patterned structure. Conversely, inside the stable region the protein aggregate 

remains homogeneous. Figures have been calculated for selected values of the parametersγ̅𝑖 , γ̅𝑖
∗and 

𝑎̅. The phase diagrams in Fig. 2 clearly shows two distinct regions, homogeneous and patched, 

respectively.  
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Figure 2. Phase diagram showing the stability regions (homogeneous and patterned structures) for a 1-D array of proteins 

with internal conformational flexibility. The protein-protein self-adhesion energy, ∆𝐺𝐴𝐷𝐻, is plotted against the unfolding 

energy ∆𝐺𝑈𝑁𝐹
0  of the isolated monomer. Panel A: strong geometrical variations upon protein conformational transition, 

panel B: weak geometrical deformations (20% of those of panel A). Large and small labels the size of the patterned 

structures, pictorially sketched at the top of the figure.  

 

Lastly, we repeated the calculations in the simpler case of dimeric protein aggregates. Results, 

reported below and in SI, predict a qualitatively similar behavior as that of infinite arrays.  

Main qualitative conclusions from the model 

Let us summarize the main features of the theoretical model before discussing the MD simulations 

and SERS experiments. An equally spaced 1-D array made of protein repeat units that may assume 

two different geometrical arrangements becomes unstable when: i) the internal energies of Φ  

(disordered) and Ψ (ordered) arrangements are slightly different (of order of 1𝑘𝐵𝑇 ≈

0.5 𝑘𝑐𝑎𝑙𝑚𝑜𝑙𝑒−1 at room temperature); ii) there are large differences in the geometries of the Φ and Ψ 

arrangements, and iii) there are strong interactions between the proteins (of order of  10 𝑘𝐵𝑇). The 

phase diagram for a 1-D array of proteins is shown in Fig. 2. By comparison, it is evident that strong 
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protein-protein interactions stabilize the patterned structures, provided a critical strength of the 

interactions (of order of a few 𝑘𝐵𝑇) has been reached. Thus, the formation of periodic structures is 

unlikely, but not unrealistic. For variation of the intermolecular forces decay length upon Φ to Ψ 

protein arrangement as small as 10%, and for internal energy difference between Φ and Ψ of order 

of a few 𝑘𝐵𝑇 and proteins radii within the experimental range, patterned 1-D structures emerge, 

provided the protein-protein interaction energy is of order of 10 𝑘𝐵𝑇. Obviously, other parameters, 

like the protein-protein mean distance 𝑎, modify the detailed shape of the curves, so an “universal” 

phase diagram cannot be drawn even using more advanced models. Nevertheless, our simple theory 

unveils a close relationship between patterns geometry, self-adhesion energy and unfolding energy, 

a relation that would be obscured in a more detailed picture. 

Once the system becomes unstable, fluctuations grow bringing the protein array toward less 

symmetric configurations. The growth of local heterogeneities depends on the wave number: patterns 

with the largest wave number q grow fast near the lower boundary of the instability region (see Fig. 

2), while large patterns (i.e. 𝑞 → 0) appear on approaching the upper boundary. Thus, it is conceivable 

that the most likely final organization is given by an alternating array of mostly ordered and mostly 

disordered proteins as shown schematically in Fig. 1. 

 

Results and Discussion 

A comparison of the experimental data with model predictions 

The qualitative model developed above was tested for some relevant classes of proteins with 

known assembly and folding free energies. The energies of aggregation, ∆𝐺𝐴𝐷𝐻, and the energy 

difference between Φ and Ψ internal states in the monomeric state, ∆𝐺𝑈𝑁𝐹
𝑜 , were estimated from 

calorimetric and chemical denaturation measurements. Fig. 3 show phase diagram of patterned and 

homogenous of some amyloidogenic and non-amyloidogenic proteins. The free energy of self-

adhesion, ∆𝐺𝐴𝐷𝐻 (a negative quantity because of the favourable protein-protein interactions in self-

assembled proteins)  was calculated from the experimental dissociation energy: ∆𝐺𝐴𝐷𝐻= - ∆𝐺𝐷𝐼𝑆𝑆.  
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Figure. 3. Phase diagram (∆𝐺𝐴𝐷𝐻  of self-adhesion versus ∆𝐺𝑈𝑁𝐹
𝑜  of unfolding) of some proteins. The plot includes  

amyloidogenic, (Aβ(1-40) (Iljina et al. 2016)) and globular proteins in aqueous solutions (wt-SOD1 (Khare et al. 2004; 

Stathopulos et al. 2006), apo-SOD1 (Svensson et al. 2006, 2010), plastocyanin (Milardi et al. 1998), amicyanin (La Rosa 

et al. 2002), wt-azurin (La Rosa et al. 1995), apo-azurin (Pappalardo et al. 2008) and CRP-CAMP (Cheng et al. 1993)). 

Red line represents the qualitative boundary between patterned and homogenous aggregate structure. The ΔG values are 

reported in table S1 of SI.  

Superoxide dismutase (SOD1) is a thermodynamically well characterized globular dimeric metal-

protein. SOD1 undergoes thermal or chemical denaturation following a two-step pathway: in a first 

step the dimeric form dissociates into two monomers and then unfolding occurs with a Gibbs free 

energy change of 13.5 kcal mole-1 (dissociation) and 3.5 kcal mole monomer-1 (unfolding) 

respectively. This datum suggests that SOD1 lies in the patterned structures side of the phase diagram 

3. In order to verify this conjecture, accurate MD simulations of SOD1 were performed. MD data are 

in agreement with model expectations, showing that the two subunits have a different number of 

amino acid in ordered conformations (sum of α-helix and β-sheet) as reported in Fig.S1. This 

difference decreases at increasing temperatures during unfolding process (Fig. S2). The dimer 

asymmetry was found also in the crystal structure (pdb code 1SPD (Deng et al. 1993)). In fact, the 

two monomers show 56% and 34% of amino acids with ordered secondary structures, respectively. 

On the contrary, globular proteins, such as blue-copper proteins, that do not show any tendency to 
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form multi-meric aggregates, lie in the homogeneous side of Fig. 3 because of the negligible self-

adhesion energy and the large unfolding energy. Moreover, even though the crystallographic unit cell 

of azurin contains four proteins, no differences in the conformational population were detected. For 

additional information, Table S1 reports the Gibbs free energy of some patterned and homogeneous 

proteins. 

Molecular dynamics test of the theoretical model 

 

IAPP oligomers formation. During the simulation, hIAPP monomer (over 500 ns at 300 K in 0.1 M 

NaCl solution) undergoes a conformational transition toward a structure exhibiting an antiparallel 

cross β-sheet (residues 24-28 and 15-20, yellow color in Figure S3) with a connecting turn (cyan) 

encompassing residues 21-23 according to literature data (Milardi et al. 2008; Reddy et al. 2010; 

Sciacca et al. 2018). The secondary structure evolution of dimer and a snapshot of the final structure 

are shown in Fig. 5 (contact map is shown in Fig. S4). The first monomer retained its antiparallel β-

conformation for 140±20 ns. Then it became partially ordered, with shorter β-sheets and a small but 

noticeable α-helical portion at one end. The second monomer preserved its antiparallel β-

conformation for 80 ns, then quickly unfolded and became disordered with hints of short discontinued 

helices and a β-bridge. Interestingly, the arrangement of a partially ordered monomer and a largely 

disordered partner was found to maintain stable intermolecular contacts in the individual simulations. 

To best describe the dimer secondary structures, a statistical analysis over 500 ns of three independent 

runs was performed. Dimeric complexes were clustered based on their RMSD values using the 

Gromos algorithm (Daura et al. 1999) and a RMSD cut-off for two structures to be neighbors within 

0.6 nm. This procedure yields 3 most populated clusters C1 (25%, rmsd=0.44 nm), C2 (24%, 

rmsd=0.38 nm) and C3 (21%, rmsd=0.51 nm). Other small clusters where found, the most 

rapresentative one being populated up to 5%. For each cluster, the most representative structure and 

the centroid of the structures in a given cluster, are represented in Figure 5.  

 These observations partially disagree with the implicit solvent simulations of Dupuis et al. 

(Dupuis et al. 2011) who found still an asymmetric composition of the dimer, but with a different 

conformational distribution. Our simulations do, however, agree with those of Derreumaux et al. 

(Tarus et al. 2015) who investigated the Aβ (1-40) dimers by atomistic simulations and found a 

limited percentage of helix and sheet conformations using both explicit solvent simulations as well 

implicit solvent methods for free energy analysis (Tarus et al. 2015; Nguyen et al. 2016) . 
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An interesting consequence of the order-disorder alternation is that the radii of gyration of the single 

peptides within the aggregate are not identical. This is clearly seen in Fig. 4 which shows them for 

two hIAPP monomers within a dimeric aggregate. Such an effect is difficult to detect in single 

snapshots from the aggregate, but becomes unambiguous after averaging over long times (see Fig. 

5). Similar results were observed also in hexamers confirming that the heterogeneous nature of the 

peptides aggregates persists even after a long equilibration time.  

 

Figure 4. Radius of gyration of hIAPP dimer. Simulation of the early stage time evolution of a dimeric aggregate 

consisting of two identical monomers brought at constant distance at time t = 0 ns. Notice: 1) the formation of an 

asymmetric dimer made up of two juxtaposed unequally sized monomers at late times; 2) the intense noise due to the 

continuous conformational rearrangement obscures the dimer asymmetry unless a statistical analysis has been performed.   
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Figure 5. Left: DSSP plot of the secondary structure evolution of a hIAPP dimer over 500 ns of three independent runs. 

Right: Cluster analysis of dimeric assembly of hIAPP in 0.1 M electrolyte solution. Notice the coexistence of partially 

ordered (mainly β-sheets) and partially disordered domains in the dimeric aggregate. Color code: white-coil; light yellow-

β-sheet; dark yellow-isolated bridge; pink-α-helix; blue-3-10 helix; red-π-helix; green-turn. 

 

The tetramer resembles the dimer, i.e., the tetramer shows the partially ordered-disordered sequence 

(Figs. S5-S7).  

The peptides self-assembled into a hexameric aggregate after about 50 ns. The aggregate exhibits the 

characteristic partially order-disorder arrangement as observed for dimers and tetramers. The average 

percentage of different secondary structures in the last 60 ns of the 1020 ns simulation (Fig. S8) shows 

random coil is the dominant conformation in all molecules while helical structures are rarely sampled. 

Interestingly, Fig. S8 also shows that the molecules with more β-strand tend to have less turns 

(molecules 2, 4, and 6) while molecules with less β-strand tend to have more of them (molecules 1, 

3, and 5). Unlike with dimers and tetramers, the alternating ordered-disordered correlation between 

the different molecules in hexamers is less evident. Nonetheless, the strand-turn complementary 

shows an interesting partially ordered-disordered feature within each of the peptides in the hexamer 

aggregate (see fig.6D). The time evolution of the secondary structures is shown in Fig. S9. Contact 

map and a snapshot of the final hexameric hIAPP assembly are also reported (Fig. S10, S11). The 

radius of gyration of the hexamer hIAPP is reported in Fig S12.  

Our MD results are summarized in Fig. 6 which clearly shows the order-disorder alternation in the 

conformational population of hIAPP monomers, dimers, tetramers and hexamers.  
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Figure 6. Fractions of ordered structures and their indeterminations, calculated by VMD and averaged over ten frames 

of the last 50 ns of simulation, along an array of hIAPP peptide suspended in a 0.1 M electrolyte solution. n labels the 

position of a generic n-th peptide within the linear aggregate. Blue bars: disordered secondary structures considered as a 

sum of coils and turns. Red bars: partially ordered secondary structures as a sum of α-helices and β-strands. A = monomer, 

B = dimer, C = tetramer, D = hexamer. 

 

To further investigate the validity of the model, we performed MD simulations of the hexamer 

without salt (only counterions were present). The theory predicts the disappearance of the modulated 

structures for weakly adhesive assemblies (Fig. 2). When no added salt is present, the electrostatic 

repulsion is stronger due to lack of screening. Strong repulsion weakens the stability of the assembly 

and destroys the modulated phases. Results are summarized in Fig. S13 where we report the fraction 

of ordered (blue) and disordered (red) arrangements in a hIAPP hexamer aggregate in pure water.  

The comparison with the corresponding system embedded in a 0.1 M electrolyte solution (Fig. 6D) 

is striking: virtually, no modulated phases exist in pure water and the distribution, apart from position 

n=3, resembles that of a monomer (Fig. 6D and S2). Interestingly, the ordered structures of hIAPP in 

pure water are mainly helices, while in 0.1 M electrolyte solution the most abundant component is 

the β-strand arrangement (Fig. S3). The strong sensitivity of the conformational landscape to 

electrolytes in amyloid Aβ-peptides has been recently shown by Smith and Cruz (Smith and Cruz 

2013) using MD simulations.  In addition, in another previous study using pure water no alternation 

was observed in aggregates of the closely related Aβ(1-42) fragment (Masman et al. 2009). 
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Aβ (1-40) large oligomers formation.Lastly, the analysis of the trajectories reported by Strodel et al. 

for a ribbon-like 20-mer aggregate of Aβ(1-40) (Barz et al. 2014) yields an alternate distribution 

along both the short and the long-axes of the ribbon (see Fig. 7).   

 

 

 

Figure 7. Top left histogram: fraction of ordered and unordered structures averaged over ten frames of the last 50 ns of 

simulation counted over the long axis (red axis of cartoon representation). Top right histogram: fraction of ordered and 

unordered structures evaluated over the short axis (black axis of cartoon representation). Below: cartoon representation 

of semi-toroidal aggregate formed by 20 Aβ(1-40) molecules after 500 ns of implicit solvent simulation. 

Also, ovine prion protein and mixture of 1:1 Molar ratio of IAPP and Aβ(1-40) show the same 

behavior as reported in SI (see Fig.S15 and S16). 

 

Surface-Enhanced Raman Scattering (SERS) test of the theoretical model 

SERS is a technique able to detect the secondary structures of amyloidogenic peptides and proteins 

at very low concentrations. Although spatial and temporal resolutions are not comparable to MD, at 

low concentration SERS is able to reveal, with a good precision, the secondary structure of 

amyloidogenic proteins (D’Urso et al. 2018). Here we use SERS to determine inhomogeneous 
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secondary structures within small aggregates of IAPPs. SERS spectra of 10 nM hIAPP solution 

containing 1 µM of silver Nano Particles (NPs) were recorded at different times. Representative 

spectra of the most informative spectral regions are shown in Figs. S17-S19. As time proceeds, 

proteins self-aggregate from monomers to oligomers, and eventually to proto-fibrils and fibrils. The 

aggregation kinetics of these assemblies is well known and can be followed by conventional light 

scattering (Nag et al. 2011) and fluorescence lifetime correlation spectroscopy (Paredes et al. 2012) 

measurements.  

 We can obtain quantitative information by comparing the relative intensities of the various 

bands inside each spectrum. Since all signals assigned to α-helix, β-strand and random coil are well 

resolved, in Table 2 we report the results of such an analysis in the case of the β-sheet to random coil 

intensity ratio, considered at different times after mixing hIAPP and silver NPs. The time evolution 

of the amide III band confirms that at low incubation time (0-15 min.) the peptide exists as a 

monomeric species in agreement with Dynamic Light Scattering measurements (Nag et al. 2011) 

performed at the same monomer concentration. After 40 minutes of incubation, the sharp amide III 

band broadens and the three peaks assigned to helix, sheet and random coil are rather convoluted 

(Wang et al. 2013). Lastly, at very long incubation times (> 360 min) the formation of proto-fibrils 

is observed (Fändrich 2012). 

 Our SERS results unambiguously confirm that the distribution of the peptide conformational 

populations becomes broader upon monomer to dimer self-aggregation (Table 2), while retaining a 

comparable heterogeneity upon increasing size of the aggregates. Although SERS data cannot 

straightforwardly prove the order-disorder alternation in the aggregates, they are consistent because:  

a) significant changes in conformational populations are observed on passing from monomers to a 

dimers and, spectroscopically, larger oligomers behave as a collection of ordered-disordered dimers 

as predicted by the theory and demonstrated by MD;  

b) our MD simulations cover microsecond range, SERS data run over minutes. Therefore, the 

simulated alternate order-disordered arrangement is not a transient state but it persists over much 

longer times than those typical of MD simulations (10-6 s).  

The data in Table 2 highlight an overall agreement between experiments and simulations.   
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Table 2. Secondary structures evaluated as the ratio (β-sheet)/(random coil) from SERS 

measurements recorded at different times (minutes).  At each monomer concentration aggregates 

modify their own size as time goes by, as reported in the literature (Sumner Makin and Serpell 2004; 

Nguyen et al. 2016). In parenthesis we report the (β-sheet)/(random coil) ratio taken from MD data 

obtained for the different aggregates. Simulation and SERS kinetics have different time scales. Here, 

molecular dynamics are used to calculate the secondary structure of each aggregation state. The error 

over SERS measurements was calculated by considering I and III amide band of three independent 

spectra. a) Average of (β-sheet)/(random coil) ratio calculated by MD over monomer (0.48) and dimer 

(0.75). b) Average of (β-sheet)/(random coil) ratio calculated over dimers (0.75), tetramers (0.80) and 

hexamers (0.73). 

 

Time (minutes) β-sheet/coil ratio from SERS 

spectra 

Aggregation Status and 

(β-sheet)/(coil) ratio from MD data 

0 0.5±0.2 Monomers (0.48±0.10) 

15 1.0±0.3 Mostly Dimers (0.85±0.26a) 

40 1.1±0.2       Small Oligomers (0.76±0.46b) 

120 1.0±0.3 Large Oligomers 

240 1.2±0.3 Proto-fibrils + large oligomers 

360 2.0±0.3 Proto-fibrils + large Oligomers 

 

Our main results are a theoretical model predicting an instability that leads to periodic distribution of 

partially ordered and disordered peptide structures in aggregates, and the confirmation of the 

theoretical predictions using MD simulations and SERS. The main findings from the MD simulations 

are summarized in Figs. 6 and 7 which show the percentages of the secondary structures in a hIAPP 

hexamer, and the partially ordered (α-helix and β-strand) and disordered (turn and coil) structures in 

all hIAPP systems, respectively. More details on conformational arrangements are given in Fig. S14 

for ovine prion and in Fig. S15 for equimolar mixtures of hIAPP and Aβ(1-40).  

 High sensitivity SERS spectroscopy was used to provide information about the β-sheet to 

random coil ratio in hIAPP aggregates upon oligomerization. The results are consistent with the 

appearance of modulated structures. Since the theory is based on the hypothesis of conformational 

symmetry breaking, change in the ratio between ordered and disordered structures observed upon 

passing from monomer to aggregates is a clear indication of the conformational changes occurring 

upon aggregation. Moreover, as predicted by the theory and MD data, this ratio remains constant 

upon increasing the size of the oligomeric structures. 
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 On a larger scale (microns), alternating patterns have also been recently observed in Tip-

Enhanced Raman Spectroscopy (TERS) measurements on hIAPP fibrils where an inhomogeneous 

configuration of secondary structures was found along the fibril surface. In addition, a recent ion 

mobility mass spectrometry study reported the coexistence of compact and extended structures in an 

ensemble of low-order Aβ peptide oligomers. Particularly interesting is a recent study using advanced 

scanning microscopy (vandenAkker et al. 2015) and vibrational sum-frequency generation 

spectroscopy on Aβ fibrils (vandenAkker et al. 2011). Other observations have been reported in Refs. 

(Gorman and Chakrabartty 2001; Klinger et al. 2014; vandenAkker et al. 2015). These works provide 

further support to our hypothesis.  

 

Conclusion 

         The simple theoretical model we have developed assumes a coupling between internal 

arrangement and intermolecular interactions: for a given intermolecular distance, the peptide (protein) 

internal conformations may change in order to minimize the total free energy. In turn, the new 

conformations influence the strengths of the interactions among self-assembled peptides (proteins). 

When the energy difference between ordered and disordered structures become similar and the 

interactions are appreciable, spatially modulated patterns may spontaneously emerge. This kind of 

phenomena are widespread in condensed matter and are often referred to as “pre-transitional” effects. 

They are observed, for instance, in lipid bilayers, where a strongly corrugated phase (the Ripple 

phase) appears on approaching the gel to liquid-crystalline phase transition (Akabori and Nagle 

2015). According to our model, IDPs are the best candidates for observing an alternate distribution 

of conformations as confirmed by accurate MD simulations on different self-assemblies. Even non-

IDP systems such as wt and apo SOD1 and CRP-CAMP form dimers with a distinct ordered-

disordered distribution. Although simulations were performed in different laboratories by using 

different force fields and water descriptors, data converge toward the concept of symmetry breaking. 

 The results also qualitatively explain why, in general, amyloid aggregates escape a detailed 

structural characterization by X-ray analysis (Sumner Makin and Serpell 2004). Provided the partially 

ordered-disordered arrangement persists also in larger aggregates and at longer times, one may infer 

that the diffraction patterns of an alternate crystalline-amorphous array of scattering units yields well-

resolved Bragg peaks to which a broad amorphous halo is superimposed. A thorough discussion of 

X-ray diffraction for such a complex system is beyond the aims of the present paper. However, the 

particular peptide arrangement observed for small hIAPP assemblies might contribute to explaining 
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the coarse resolution and the complex diffraction patterns of mature hIAPP fibrils (Masman et al. 

2009).  

 To the best of our knowledge, this is the first systematic study focusing on the spontaneous 

periodic distortion in supramolecular peptide and protein aggregates, the possibility of heterogeneous 

conformational distribution along an aggregate has been previously suggested in literature (Gorman 

and Chakrabartty 2001; Sitkiewicz et al. 2014; Klinger et al. 2014; vandenAkker et al. 2015) and 

scattered observations have been reported in MD studies (Reddy et al. 2010; Dupuis et al. 2011; Barz 

et al. 2014; Huy et al. 2016; Zhang et al. 2016; Nguyen et al. 2016; Das et al. 2017). We proved by 

MD simulations that the order-disorder alternation in IDPs oligomers is a dynamic process that 

emerges only after statistical averaging. Such a result is consistent with the low energies required for 

the onset of the alternation in respect to the homogeneous state. We propose that the occurrence of 

small patterns of alternate ordered-disordered patterns may provide a novel rationale to explain the 

molecular origin of fibril polymorphism as well as the lack of short-range molecular order in mature 

fibrils.  
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Abstract 

Protein misfolding and assembly are complex, intertwined processes resulting in the development of 

a heterogeneous population of aggregates closely related to many chronic pathological conditions 

including Type 2 Diabetes Mellitus and Alzheimer’s Disease. To address this issue, here we develop 

a theoretical model in the general framework of linear stability analysis. According to this model, 

self-assemblies of peptides with pronounced conformational flexibility may become, under particular 

conditions, unstable and spontaneously evolve toward an alternating array of partially ordered and 

disordered monomers. The predictions of the theory were verified by atomistic Molecular Dynamics 

(MD) simulations of Islet Amyloid Polypeptide (IAPP) used as a paradigm of aggregation-prone 

polypeptides (proteins). Simulations of dimeric, tetrameric and hexameric human-IAPP self-

assemblies at physiological electrolyte concentration reveal an alternating distribution of the smallest 

domains (of the order of the peptide mean length) formed by partially ordered (mainly β-strands) and 

disordered (turns and coil) arrays. Periodicity disappears upon weakening of the inter-peptide 

binding, a result in line with the predictions of the theory. To further probe the general validity of our 

hypothesis, we extended the simulations to other peptides, the Aβ(1-40) amyloid peptide, and the 

ovine prion peptide as well as to other proteins (SOD1 dimer) that do not belong to the broad class of 

intrinsically disordered proteins. In all cases, the oligomeric aggregates show an alternate distribution 

of partially ordered and disordered monomers. We also carried out Surface Enhanced Raman 

Scattering (SERS) measurements of hIAPP as an experimental validation of both the theory and in 

silico simulations.  

Keywords: Intrinsically Disordered Proteins, Symmetry-Breaking, Molecular Dynamics, Analytical 

Model, Oligomers. 
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Introduction 

In spontaneous symmetry-breaking, a system possessing a symmetry at its high temperature phase 

loses this symmetry upon cooling in the absence of external fields below the phase transition 

temperature. Ferromagnetism is probably the most well-known example: net magnetization arises as 

the local spins become ordered upon cooling below the Curie temperature (Chaikin and Lubensky 

1995). Spontaneous symmetry breaking is important in a plethora of phenomena such as single-

double bond alternation in Chemistry, molecular chirality, the formation of liquid-crystalline phases, 

charge and spin-density waves, superconductivity, the onset of polarity in cells and so on (Grason 

and Santangelo 2006; Yannoni and Clarke 1983; Chaikin and Lubensky 1995; Fuß et al. 2000; 

Gorman and Chakrabartty 2001; Peierls 2001; Nguyen et al. 2005, 2016; Tamashiro and Schiessel 

2006; Sitkiewicz et al. 2014; Klinger et al. 2014; vandenAkker et al. 2015).  

In this work, we try to extend the above concepts of spontaneous symmetry breaking to solid-state 

peptide (protein) crystals and to oligomeric self-aggregate protein in solution. It is well-known that 

in the crystal lattice the unit cell of most proteins contains just a single protein, while the unit cell of 

some protein systems may contain two or more unequal proteins (Weber and Steitz 1987; Deng et al. 

1993) (see, as an example, the SOD1 structure reported in fig S1 of Supplementary Information (SI)).  

This behavior is often observed also in the liquid phase, where proteins can stick together forming 

oligomers by spontaneous self-assembly. In this case, aggregates may arrange themselves as an array 

of identical monomeric units or, alternatively, they may exhibit periodic patters. For instance, dimeric 

proteins such as wt (Deng et al. 1993)and apo (Banci et al. 2012) superoxide dismutase (SOD1) and 

CRP-CAMP (Weber and Steitz 1987) exert their biological activity as asymmetric dimers.  

We would like to mention that the possibility of heterogeneous conformational distribution along a 

protein aggregate has been previously suggested in literature (Gorman and Chakrabartty 2001; 

Sitkiewicz et al. 2014; Klinger et al. 2014; vandenAkker et al. 2015) and scattered observations have 

been reported in MD studies of Intrinsically Disordered  Proteins (IDPs) (Reddy et al. 2010; Dupuis 

et al. 2011; Barz et al. 2014; Huy et al. 2016; Zhang et al. 2016; Nguyen et al. 2016; Das et al. 2017). 

In this paper we address this issue by building up a simplified theoretical model (both in 1-D and 3-

D) where protein aggregates are represented as an array of two different conformers: a spheroidal and 

quite disordered conformer alternating with a more ordered and elongated structure. Notably, the 

elongated shape enables the unit to be packed more tightly than the spheroidal one. The theoretical 

model developed here predicts that, under particular conditions, the system becomes unstable and 
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produce an alternating (patterned) array of ordered and disordered conformers when: a) their internal 

energy difference is small; b) the monomer-monomer interaction is large; c) there is a change in the 

geometry on going from ordered to disordered conformers.  

The best candidates for observing the foreseen effects is the broad family IDPs because they fulfill 

all the above requirements. Furthermore, IDPs misfolding and aggregation into toxic oligomers or 

amyloid fibrils has attracted increasing interest in the last decades since it is associated with a large 

number of diseases (such as Alzheimer’s disease (AD) and type 2 diabetes (T2D)). Particular attention 

was paid to oligomers to define the molecular determinants that may steer amyloid vs amorphous 

aggregation(La Rosa et al. 2016; Scollo et al. 2018): in fact, poorly structured, small sized oligomers 

may be more toxic than large, mature fibrils (Chiti and Dobson 2006; Riek and Eisenberg 2016; 

Sciacca et al. 2018). This is being proven by the development of new toxicity inhibitors that interact 

with oligomers instead of the already studied beta-breakers(Sciacca et al. 2017; Savelieff et al. 2019). 

A hallmark of AD is the aggregation of amyloid-β (Lorenzo et al. 1994) (Aβ); and human amylin 

(Höppener et al. 2000) (IAPP), a 37-residue polypeptide, is the major constituent of the pancreatic 

amyloid deposits found in patients with T2D. Both Aβ and IAPP belong to the IDPs family.  

To verify the general validity of the model, we performed Molecular Dynamics (MD) simulations of 

di-, tetra- and hexameric assemblies of hIAPP in pure water and in a 0.1 M electrolyte solution, a 

condition in which the intermolecular repulsion is weaker. Accurate experimental tests of our model 

are not currently available since present instrumentation do not support nanometer and millisecond 

resolution. However, Surface Enhanced Raman Scattering (SERS) measurements are able to detect 

the average evolution of helix, sheet and random coil secondary structures as a function of time. These 

measurements confirm the heterogeneous nature of hIAPP aggregates. We extended MD simulations 

to other IDPs (e.g. Aβ peptide) and amyloidogenic globular proteins (e.g., ovine prion peptide) to 

probe the general validity of the proposed model. Finally, we performed accurate (in the microsecond 

scale) MD simulations of Super Oxide Dismutase dimer, a well-known protein that does not belong 

to the IDPs class. Similarly, to IDPs, SOD self-aggregates and exerts its enzymatic activity as an 

asymmetric tight-bound dimer. 

 

 

 

 



5 
 

Experimental Methods 

 

hIAPP monomerization. hIAPP with a purity >99% was purchased from Bachem (Bubendorf, 

Switzerland) and 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP) with a purity of 99% w from Sigma-Aldrich. In 

order to prevent preformed aggregates, hIAPP was initially dissolved in HFIP at a concentration of 1 mg/ml 

and then lyophilized overnight. The lyophilized powder was dissolved in dimethyl sulfoxide (DMSO) to obtain 

a stock solution with a final concentration of 100 μM. Each stock solution of hIAPP was used immediately 

after preparation. 

 

Metal colloids and SERS. Colloidal metal nanoparticles (NPs) were prepared by pulsed laser ablation in 

liquid using the second harmonic (532 nm) output of a Nd:YAG laser operating at 10 Hz and at a fluence of 2 

J/cm2. A metal target (Ag) submerged in 5 ml of Millipore water was used as a substrate for 

ablation(Compagnini et al. 2007). The ablation process lasted 10 minutes. The concentration of the colloidal 

dispersion was estimated to be at around 1·10-5M, assuming an average molar extinction coefficient (Messina 

et al. 2012; Fazio et al. 2013) of 2.5·104 M-1cm-1.The size (20 nm) of metal NPs was estimated to be 35 nm by 

AFM. SERS analysis was performed with 532 nm laser irradiation in the backscattering mode using a Witec 

Alpha 300 RS instrument. All the spectra were acquired in water containing 10-3 M of NaCl (high salt 

concentration, NPs self-aggregate into large size assemblies so decreasing the SERS effect) with a 

concentration of 0.25 μM of hIAPP. 

 In SERS, the intensity of the Raman spectrum is greatly enhanced by metal (typically Ag or Au) 

particles or nanostructures. This can increase the intensity of the Raman spectrum up to a factor of 1010 - 1011 

(see, e.g., Le Ru, et al. 2007)). Proteins’ secondary structures can be determined by SERS by following the 

characteristic bands associated with the CONH (amide) group. The so-called amide I and III are the most 

sensitive bands. Typically, an α-helix shows a band in the range of 1640-1658 cm-1 (amide I) and 1264-1272 

cm-1 (amide III). β-sheet bands are in the range 1665-1680 cm-1 (amide I) and 1227-1242 cm-1 (amide III) 

while random coil lies in the range 1660-1665 cm-1 (amide I) and 1230-1240 cm-1 (amide III) (Rygula et al. 

2013). These wavenumbers are red shifted by about 20-30 cm-1 in a SERS measurement4. The amide I band is 

the most sensitive to secondary structure (Kurouski et al. 2015). The amide III band gives information about 

the oligomerization state of amyloidogenic proteins. For instance, Aβ(1-42) oligomers show a red shift of 27 

cm-1 with respect to monomers (Wang et al. 2013).  
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Simulation methods and setup 

Amyloidogenic proteins simulations were carried out using Gromacs software (Hess et al. 2008). In all of the 

cases, the systems were first energy minimized and pre-equilibrated by using the steepest descents algorithm 

and successive 1 ns simulations in the NVT and NPT ensembles. With the exception of the 20-mer Aβ (1-40) 

system, all systems were simulated in explicit water. The details of the implicit solvent simulations are given 

in Sec. 3.2.3  

 The common details for all explicit solvent simulations are the following: the GROMOS 54A7 force 

field (Schmid et al. 2011) was used for the hIAPP and Aβ systems, and the GROMOS 53A6 (Oostenbrink et 

al. 2004) for the ovine prion system. SPC (simple point charge) water model (Berendsen et al. 1981) was 

employed. The time step was set to 2 fs and the temperature was kept constant at 300 K using the V-rescale 

algorithm (Bussi et al. 2007) with the time constant set to 0.1 ps. Periodic boundary conditions were applied 

and the Parrinello-Rahman algorithm (Parrinello and Rahman 1981) was applied for isotropic pressure 

coupling (1 bar) with the exception of the prion simulation that used the Berendsen algorithms (Berendsen et 

al. 1984). The particle-mesh Ewald (PME) algorithm (Darden et al. 1993) was used for electrostatic 

interactions and overall charge neutrality was preserved by adding counterions when necessary. A solution of 

0.1 M NaCl was used in all explicit solvent systems. All simulations were repeated at least three times. For 

secondary structure analysis DSSP (Kabsch and Sander 1983) and STRIDE (Frishman and Argos 1995) were 

used. To monitor equilibration, RMSD (the root mean square deviation) was used. The rest of the details of 

each of the systems are provided below. 

Simulation details of the hIAPP systems. The NMR structure of hIAPP bound to sodium 

dodecylsufate (SDS) micelles (pdb ID: 2KB8 (Patil et al. 2009); the first structure in the PDB 

file) was used as the initial structure for the hIAPP monomer. Monomer, dimer, tetramer and 

hexamer systems were simulated. Details of the individual systems are listed next. 

hIAPP monomers. The hIAPP monomer was placed in a cubic solvent box of linear length 7.7 nm. 

Each of the three independent simulations lasted 400 ns.  

hIAPP dimers. Final independent configurations from the hIAPP monomer simulations were used to 

construct a dimer. Initially, the monomers were placed 4.7 nm from each other. The dimer was then 

simulated for 500 ns (for each independent simulation run) at 300 K. The simulation box was of the 

same size as above.  

hIAPP tetramers. The last frames from independent dimer simulations were used to construct a 

tetramer. A larger simulation box (16 x 10 x 10 nm3) was used. Initially, the two dimers were placed 

5 nm away from each other to eliminate unwanted self-interactions. Each of the three independent 
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simulations was run for a total of 1050 ns using a heating cycle to eliminate possible kinetic traps as 

follows: 1) 300 ns at 300 K. 2) Followed by 20 ns at 400 K, and 3) finally 730 ns at 300 K.  

hIAPP hexamers. Final configurations from tetramer simulations and two monomers from the 

monomer simulations were used to set up the three independent simulations. Initially, the components 

were placed about 4 nm away from each other. The same simulation box size as for the tetramer 

systems was used. The hexamer systems were simulated for a total of 1020 ns each run using a heating 

cycle as follows: 1) 300 ns at 300 K, 2) 20 ns at 400 K, 3) 250 ns at 300 K, 4) 50 ns at 400 K, 5) 100 

ns at 300 K, 6) 200 ns at 400 K, and 7) 100 ns at 300 K.  

hIAPP hexamers in pure water. Using the final configurations obtained after 1020 ns of simulation 

from the previous section, salt was removed (the counterions were left to ensure overall charge 

neutrality). The hexamer in pure water was then simulated for 500 ns at 300 K. 

Aβ (1-40) systems. To investigate the generality of the partially ordered-disordered periodic arrays, 

we extended our investigation to three additional systems. 

hIAPP:Aβ (1-40) 1:1. Monomer structures for hIAPP and Aβ (1-40) were taken from above. Each 

of the three independent systems was simulated for 500 ns at 300 K. 

Implicit solvent simulations. In addition to Aβ (1-40) in explicit solvent, 20-mer Aβ (1-40) systems 

using the implicit solvent generalized Born surface area (GBSA (Qiu et al. 1997)) method were 

simulated. These simulations were performed in the NVT ensemble using the Langevin thermostat 

(Grest and Kremer 1986). The OPLS/AA force field (Kaminski et al. 2001) was used for the peptides 

and no NaCl was added. As with other systems, three independent simulations were performed each 

simulation being 500 ns. 

Ovine prion systems. Prion (Pappalardo et al. 2007) aggregation was simulated by taking 18 

molecules of H2H3 from OvPrP (PDB ID 1UW3, residues from C182 to C217) (Haire et al. 2004) 

in a β-rich conformation, obtained from a prior MD simulation (Chakroun et al. 2010) in water. The 

18 prion monomers were placed in random orientation on a grid in a rectangular simulation box of 

dimensions 14 nm x 14 nm x 10 nm with 1.4 nm spacing and 63,668 water molecules. Each of the 

three individual trajectories was 200 ns. In the prion systems, Cys182 and Cys217 were connected 

with a disulphide bridge (Haire et al. 2004). 

Superoxide dismutase. For atomistic molecular dynamics simulations of Superoxide dismutase 

(SOD) we used the SOD dimeric crystallographic structure [PDB id: 1SPD (Deng et al. 1993)] the 
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PDB structure of SOD was solvated CHARMM-GUI (Lee et al. 2016). A 150 mM concentration of 

KCl was added to mimic physiological condition.  

The CHARMM36m force field (Huang et al. 2017) was employed to describe the protein structure, 

salt ions and TIP3 water model. 

The system was first energy minimized using the steepest descend algorithm followed by an 

equilibration step under NpT conditions for 10 ns. In this stage, all protein atoms were restrained with 

a harmonic potential with a force constant of 1000 kJ mol-1 nm-2. The temperature was kept constant 

at 310 K using the Nose-Hoover thermostat (Nosé and Klein 1983; Evans and Holian 1985) with a 

time constant of 1.0 ps.  Isotropic pressure coupling scheme was applied using the Berendsen 

algorithm (Berendsen et al. 1984) with a time constant set to 5.0 ps. The Verlet scheme, with a cut-

off distance of 1.2 nm is set to search the short-range neighbours every 20 steps. Particle mesh Ewald 

method (Darden et al. 1993) was used to handle the electrostatic interactions. The cut-off length of 

1.2 nm was used for both electrostatic and van der Waals interactions. To constrain the hydrogen 

bonds, the LINCS algorithm (Hess et al. 1997)⁠  was employed and periodic boundary conditions 

were applied in all directions. For the production MD runs, we removed all the restraints applied to 

the proteins and used the and Parrinello-Rahman barostat (Bussi et al. 2007) instead of the 

Berendsen’s algorithm (Berendsen et al. 1984). See Table 1 for simulations details. 

All simulations were carried out using an integration time step of 2 fs using the GROMACS 2018 ⁠  

simulation package (Abraham et al. 2015). 

 

Table 1. Simulations Details. 

# Protein # Water # K + # Cl - Time (ns) Temperature (K) 

2 49001 153 139 1200 310 – 372* 

2 49001 153 139 200 310  

* The temperature has been increased linearly from 310 to 372 K during the first 500 ns. The 

temperature was then kept constant at 372 K until the system reached 1200 ns.  

 

Theoretical Methods  

The famous Peierls instability (Peierls 2001) shares significant resemblances (but there are also 

significant differences) with the systems investigated here. In the essence, the Peierls Theorem 
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(Peierls 2001) states that a system consisting of a one-dimensional crystal with constant lattice 

spacing and electrons becomes unstable and develops a periodic modulation of electron density if 

there is any coupling between the electrons and the lattice. This is due to a competition between the 

electronic and elastic energies. An application is provided by poly-acetylene (Yannoni and Clarke 

1983; Fuß et al. 2000) (…-CH=CH-CH=CH-…) and chemically related molecules: Experimental 

(Yannoni and Clarke 1983) and theoretical (Fuß et al. 2000) data confirm the onset of less symmetric 

structures, where alternating array of electron-rich short (1.36 Å) and electron-poor long (1.44 Å) 

bonds is preserved. Analogously, shape instabilities arise from the competition between electrostatic 

repulsion and surface tension: increasing the size of a droplet beyond a critical size may lead to 

capillary instabilities that eventually breaks larger droplets into smaller ones (Tamashiro and 

Schiessel 2006). For instance, uniformly charged tubules made up of identical surfactant molecules 

can become unstable evolving toward less symmetric structures such as undulated cylinders or arrays 

of juxtaposed spheroidal micelles (pearling instability (Grason and Santangelo 2006; Nguyen et al. 

2005)). Similar effects were also observed in lyotropic lamellar systems which show alternation in 

the lamellar repeat distance (Porcar et al. 2000; Harries et al. 2006; Del Favero et al. 2009). 

We start by developing an idealized model to investigate if a linear aggregate of interacting peptides 

(proteins) that exist in different conformational states may exhibit a transition from a homogeneous 

to a space-modulated structure.  

Free energy 

We first consider infinitely long one-dimensional (1-D) pre-fibrillar aggregates along the z-axis. 

The opposite cases of a dimeric structure and the extension to the 3-D infinite aggregates will be 

discussed separately. Proteins exhibit conformational flexibility that, for the sake of simplicity, is 

restricted to two interchanging states alone: Φ and Ψ. The ordered Ψ arrangement comprises α-

helices and β-strands, while the disordered Φ conformation includes coils and turns. A description 

of protein structure and function in terms of pure Φ and Ψ states is a gross simplification. In the real 

world, proteins can be described by a weighted combination of Φ and Ψ states. Usually, the ordered 

conformations prevail at room temperature (and in absence of denaturating chemicals), while, in the 

case of IDPs, the relative abundance of ordered and disordered domains within the same molecule is 

comparable over a wide range of experimental conditions.    

The total free energy of proteins array, 𝐺, can be decomposed into three main contributions: a) a 

term related to the entropy of mixing (𝑇 ∙ 𝑆𝑀𝐼𝑋𝐼𝑁𝐺) which favors an identical of Φ and Ψ states, b) 
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the self-energy (USELF) which measures the stability of a given conformation by specific 

intramolecular bonds and solvent interactions, and c) the energy of interaction (UINT), which 

expresses the conformation-dependent interaction between nearest-neighbor proteins. Combining 

the three contributions gives the total free energy  

𝐺 =  −𝑇𝑆𝑀𝐼𝑋𝐼𝑁𝐺 +  𝑈𝑆𝐸𝐿𝐹 + 𝑈𝐼𝑁𝑇,           (1) 

Next, we develop functional forms for the individual terms.  

Let φn  be the local fraction of Φ conformations of a protein at site n along the 1-D array, and 1-φn the 

fraction of Ψ conformations. Standard mean-field expression for Φ and Ψ mixing entropy 𝑆𝑀𝐼𝑋 reads 

−𝑇𝑆𝑀𝐼𝑋 ≈ 𝑘𝐵𝑇 ∑ [𝜑𝑛 log 𝜑𝑛 + (1 − 𝜑𝑛)log(1 − 𝜑𝑛)]𝑁
𝑛 ,             (2) 

where kB is the Boltzmann constant, T the absolute temperature and the sum spans over the N 

molecules of the aggregate. 

The simplest expression for the self-energy of the array is 

𝑈𝑆𝐸𝐿𝐹 = ∑ [𝜑𝑛𝑔Φ + (1 − 𝜑𝑛)𝑔Ψ)]𝑁
𝑛 ,             (3) 

Where 𝑔Φ and 𝑔Ψ are the internal energies of the Φ and Ψ conformations, respectively. Notice that 

𝑔Φ and 𝑔Ψ are strongly affected by the interactions of the protein with its environment.  

 In the nearest-neighbor approximation, the energy of interaction for a 1-D array of self-

aggregated proteins can be written as 

𝑈𝐼𝑁𝑇 = 1

2
∑ 𝑢𝐼𝑁𝑇(|𝑧𝑛 − 𝑧𝑛±1|, 𝜑𝑛),   𝑁

𝑛    (4) 

where 𝑢𝐼𝑁𝑇 is the potential acting between nearest-neighbor proteins at positions zn and zn+1. We 

define it as 

𝑢𝐼𝑁𝑇(|𝑧𝑛 − 𝑧𝑛±1|, 𝜑𝑛) ≈ 1

2
[−𝑃𝑒−𝛾𝑃(𝜑𝑛)∙(𝑧𝑛−𝑧𝑛±1) + 𝑄𝑒−𝛾𝑄(𝜑𝑛)∙(𝑧𝑛−𝑧𝑛±1)], 

where the positive constants P and Q measure the strengths of the attractive and repulsive interactions, 

respectively, while 𝛾𝑃(𝜑𝑛) and 𝛾𝑄(𝜑𝑛) (with 𝛾𝑄 > 𝛾𝑃) measure their decay lengths. The parameters 

P, Q, 𝛾𝑃(𝜑𝑛) and 𝛾𝑄(𝜑𝑛) can be related to experimentally accessible quantities as shown later on.   

Since conformational arrangements strongly change upon aggregation (Gsponer and Vendruscolo 

2006), also the decay profile of the intermolecular protein-protein interactions must change. These 

variations are mainly associated to the proteins changing from an ordered to a disordered 

conformation. In the following we assume that the disordered Φ configuration is more swollen than 
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the ordered Ψ arrangement where the elongate shape enables a tighter packing (in SI we report some 

conformation-related gyration radii of IDPs).  

 In order to allow the proteins within an aggregate to have different conformations, we 

introduce a modulation of the decay lengths 𝛾𝑖(𝜑𝑛) (with i =P or Q) linked to the local 

conformational population (probability) 𝜑𝑛. To the lowest order 

𝛾𝑖(𝜑𝑛) ≈ 𝛾𝑖(𝜑̅) +
𝜕𝛾𝑖

𝜕𝜑̅
∙ (𝜑𝑛 − 𝜑̅),                                (5) 

where 𝜑̅ is the averaged conformational population for a homogeneous equally-spaced array. The 

equation for 𝛾𝑖(𝜑𝑛) allows for the length scales of intermolecular interactions to be modulated around 

their average value depending on the parameters γ̅𝑖
∗ ≡

𝜕𝛾𝑖

𝜕𝜑̅
  that measure the response of 𝛾𝑖 to  

variations of the conformational population 𝜑̅.  

       First, the free energy, Eq.(1), is minimized for a homogeneous array 𝜑𝑛 = 𝜑̅ and |𝑧𝑛 − 𝑧𝑛+1|=𝑎̅, 

where 𝑎̅ is the protein-protein mean distance in the homogeneous state. This procedure, shown in SI 

(Eq.(17Sa)), yields 

𝑔Φ − 𝑔Ψ + 𝑘𝐵𝑇 log
𝜑̅

1−𝜑̅
+ |𝛼|𝛬 𝑎 ̅= 0,     (6) 

where Λ ≡
γ̅𝑄γ̅𝑃

∗ −γ̅𝑃γ̅𝑄
∗

γ̅𝑄−γ̅𝑃
 and −|𝛼| is the protein-protein adhesion energy (a thorough discussion will be 

made after Eq.(13)). Solution to Eq.(6) yields an expression for the averaged conformational 

population 𝜑̅ in an equally-spaced 1-D lattice.  

Stability criterion 

The next step is the calculation of the fluctuations around 𝑎̅ and 𝜑̅. This is most conveniently done at 

the continuum limit by replacing the discrete variables 𝜑𝑛 and 𝑧𝑛 − 𝑧𝑛±1 by their continuum 

analogues. 

𝑧𝑛 − 𝑧𝑛±1  ≈  𝑎̅  ±
𝜕𝜂(𝑧)

𝜕𝑧
𝑎̅ + 1

2

𝜕2𝜂(𝑧)

𝜕𝑧2 𝑎̅2 + …   ,   𝜑𝑛  = 𝜑(𝑧)                (7) 

where 𝑎̅ is the average distance between two nearby proteins. Then, inserting Eq.(7) in Eq.(1), 

expanding it in power series for 𝜑(𝑧) − 𝜑̅, 𝜕𝜂(𝑧)/𝜕𝑧 and 𝜕2𝜂(𝑧)/𝜕𝑧2 and retaining terms up to 

second order gives (see SI, Eq.(17Sb)) 
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𝐺 ≈ 𝐺𝑜+ 𝑎̅−1 ∫ [1

2
𝐴1 (

𝜕2𝜂

𝜕𝑧2
)

2

+ 1

2
𝐴2 (

𝜕𝜂

𝜕𝑧
)

2

+ 1

2
𝐴3(𝜑 − 𝜑̅)2 + 𝐴4

𝜕2𝜂

𝜕𝑧2
(𝜑 − 𝜑̅)]

+ℓ

−ℓ
𝑑𝑧,   (8) 

 

where𝐺𝑜is the total energy without fluctuations,  2ℓ = 𝑁𝑎̅ is the length of an aggregate of N 

proteins, and 𝐴1 = 1

4
|𝛼|𝑎̅4𝛾̅𝑃𝛾̅𝑄, 𝐴2 = |𝛼|𝑎̅2𝛾̅𝑃𝛾̅𝑄, 𝐴3 = 𝑘𝐵𝑇[𝜑̅(1 − 𝜑̅)]−1 − |𝛼|𝑎̅2 (γ̅𝑄

∗ )2γ̅𝑃−(γ̅𝑃
∗ )2γ̅𝑄

γ̅𝑄−γ̅𝑃
 

and 𝐴4 = 1

2
|𝛼|𝑎̅3𝛾̅𝑃𝛾̅𝑄 (

γ̅𝑄
∗ −γ̅𝑃

∗

γ̅𝑄−γ̅𝑃
)

2

. With Eq.(8), by denoting the monomer mass by 𝑚 and introducing 

a kinetic energy term as  𝐾 =
𝑎̅−1

2
∫ [𝑚 (

𝜕𝜂

𝜕𝑡
)

2

dz]
+ℓ

−ℓ
, we can now construct a Lagrangian for the 

system, ℒ = 𝐾 − 𝑈. Let  𝐼 ≡ ∫ ℒ𝑑𝑡
t

0
, the motion is such that the variation of I is zero (see, e.g., 

(Goldstein et al. 2001). This procedure leads to the Euler-Lagrange equations shown in eq.(18S). 

By using the explicit form of ℒ derived above, eventually we obtain a simple system of two linear 

partial differential equations 

−ρ𝑎̅
∂2η

∂t2 = A1
𝜕4η

∂z4 − A2
𝜕2η

∂z2 + A4
𝜕2𝜑

𝜕𝑧2 ,          (9a) 

0 = A3(ϕ − ϕ̅) + A4
𝜕2η

∂z2 ,            (9b) 

where amρ /  is the linear density of the protein array. Assuming symmetry across zero, use of 

Fourier series expansions: η = ∑ ηq(t)eiqz
q + c. c. and: ϕ − ϕ̅ = ∑ ϕ𝑞(t)eiqz

q + c. c. (c.c. = 

Conjugated Complex), yields from Eqs.(9) 

d2ηq(t)

dt2
= Θ2(q)ηq(t)                   ϕ𝑞(t) = q2 𝐴4

𝐴3
ηq(t),        (10)  

where: Θ2(𝑞) ≡
1

𝜌𝑎̅
((𝐴1 −

𝐴2
2

𝐴3
) 𝑞4 + 𝐴2𝑞2) depends on the wave number q. It can be noted that 

when Θ(q)>0 (stable region), the solutions to Eq.(10) are: 𝜂𝑞 ∝ exp(𝑖|Θ(𝑞)|𝑡) and 𝜑𝑞 ∝

exp(𝑖|Θ(𝑞)|𝑡), that is, both protein-protein distance and the protein conformational population 

oscillate near the equilibrium values 𝑎̅  and 𝜑̅. The amplitudes of those oscillations are usually small 

and are calculated by adding to Eq.(10) a Fourier series representation of the thermal noise. The 

resulting Langevin’s equation can be solved by well-known procedures (Risken 1984). On the 

contrary, when Θ(q)<0 (unstable region), the solutions are 𝜂𝑞 ∝ exp(+|Θ(𝑞)|𝑡) and 𝜑𝑞 ∝

exp(+|Θ(𝑞)|𝑡). In other words, the system becomes unstable and even the smallest fluctuations 

applied at t = 0 grow exponentially in time. The growth of the protein distance 𝜂 and that of the 
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conformational population 𝜑 suggests that, beyond some critical values, the homogeneous system is 

no longer stable against infinitesimal fluctuations and breaks down into a patched structure. This 

behavior is akin to spinodal decomposition (Onuki 2002).  

It is worth mentioning that not all fluctuations in the unstable region grow at the same rate: those with 

the largest Θ(𝑞) will grow the fastest. The q value which maximizes Θ(𝑞), q* say, is obtained from 

the condition: 
𝜕Θ(𝑞)

𝜕𝑞
= 0. The final dimensions of the protein domains (defined as the protein clusters 

inside the patterned aggregate having similar conformational population) will keep memory of this 

dynamic processes and would be of order q*. Using the explicit expressions for Θ(𝑞) (Eq.(10)) and 

𝐴i (Eq.(8)) and using 
𝜕Θ(𝑞)

𝜕𝑞
= 0, we find that the fastest growth rate of the patterned structures 

arises when 

𝑞∗𝑎̅ =   (−2

𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
−|𝛼|𝑎̅2𝑓1

𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
−|𝛼|𝑎̅2(𝑓1+𝑓2)

)

1/2

      (11) 

where: 𝑓1 =
(γ̅𝑄

∗ )2γ̅𝑃−(γ̅𝑃
∗ )2γ̅𝑄

γ̅𝑄−γ̅𝑃
 and 𝑓2 = 𝛾̅𝑃𝛾̅𝑄 (

γ̅𝑄
∗ −γ̅𝑃

∗

γ̅𝑄−γ̅𝑃
)

2

. Equation (11) is the main result of the theory, 

predicting stability and wavelength (size) of the patterned structures. Indeed, only if the right-hand 

side of Eq.(11) is real, stable patterned structures may exist. This condition is satisfied only if in 

Eq.(11) the following inequalities are fulfilled: |𝛼|𝑎̅2𝑓1 <
𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
< |𝛼|𝑎̅2(𝑓1 + 𝑓2). Near the lower 

boundary, 
𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
≈ |𝛼|𝑎2(𝑓1 + 𝑓2), the patterned structures exhibit the highest 𝑞∗ → 𝑞𝑚𝑎𝑥 (i.e., a 

close alternation of ordered and disordered proteins). On the contrary, on approaching the upper 

boundary, 
𝑘𝐵𝑇

𝜑̅(1−𝜑̅)
≈ |𝛼|𝑎2𝑓1, we find: 𝑞∗ → 0, that is, the patterned phase contains very large 

domains. To calculate the boundaries in a phase diagram, we need the concentrations of ordered and 

disordered conformations, 𝜑̅ and (1 − 𝜑̅), given by Eq.(6) and depend on the same parameters that 

affect the protein-protein interaction. Whence, combing Eqs.(6) and (11) the boundaries between 

homogeneous and patched aggregates are obtained solving the algebraic equations 

(1+exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
))

2

exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
)

=  
|𝛼|𝑎̅2

𝑘𝐵𝑇
(𝑓1 + 𝑓2),           

(1+exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
))

2

exp (−
∆𝐺𝑈𝑁𝐹(|𝛼|)

𝑘𝐵𝑇
)

=  
|𝛼|𝑎̅2

𝑘𝐵𝑇
𝑓1        (12a) 

where:  

∆𝐺𝑈𝑁𝐹(|𝛼|) ≡ 𝑔Φ − 𝑔Ψ + |𝛼|𝛬𝑎̅= ∆𝐺𝑈𝑁𝐹
𝑜 + |𝛼|𝛬𝑎̅                     (12b) 
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is the unfolding energy of the protein self-aggregate. The energy difference 𝑔Φ − 𝑔Ψ can be identified 

with the unfolding free energy of the isolated protein, ∆𝐺𝑈𝑁𝐹
𝑜 . On the contrary, no direct 

measurements of the self-adhesion energy |𝛼|are available, while the experimental free energy 

variation upon the assembly of N identical proteins reads: ∆𝐺𝐴𝐷𝐻 =
1

𝑁
(𝑈(𝑁) − 𝑁 ∙ 𝑈(𝑁 = 1)). This 

formula accounts for the reorganization energy of the proteins self-energy upon the formation of a N-

mer and it is valid in the limit N>>1 (negligible end effects). Exploiting Eqs.(1)-(5), we derived in 

SI (Eq.27S) a compact expression for ∆𝐺𝐴𝐷𝐻 (per protein molecule)as a function of |𝛼| for a 1-D 

aggregate 

|∆𝐺𝐴𝐷𝐻|  ≈ |𝛼| (1 − 1

2

exp(−
∆𝐺𝑈𝑁𝐹

𝑜

𝑘𝐵𝑇
)

(1+exp(−
∆𝐺𝑈𝑁𝐹

𝑜

𝑘𝐵𝑇
))

2

|𝛼|

𝑘𝐵𝑇
𝛬2𝑎̅2 +  𝑂((

|𝛼|

𝑘𝐵𝑇
𝛬2𝑎̅2)2))         (13) 

showing how the self-adhesion energy |𝛼|is modified by the reorganization effects (the second term 

in the right hand side of Eq.(13)).  

By eliminating|𝛼| from the system of equations (12a,b) and (13), we may calculate the ∆𝐺𝐴𝐷𝐻 

vs. ∆𝐺𝑈𝑁𝐹
0  phase diagram. Specifically, if a point defined by the two accessible control 

parameters ∆𝐺𝐴𝐷𝐻 and ∆𝐺𝑈𝑁𝐹
0  falls inside the unstable region, large fluctuations in conformational 

population and intermolecular distances begin to develop within the aggregate, eventually leading to 

patterned structures. On the contrary, inside the stable region, the protein aggregate remains 

homogeneous. 

So, while the requirements for the formation of patterned structures can be predicted with a good 

degree of accuracy and the final morphology can be somehow inferred by Eq. (11), what is lost in 

our linear stability analysis is the final conformational composition of the mature protein aggregates. 

This goal can be reached only by including higher order terms in the series expansion of the energy 

functional (Eq. 8). The mathematics, however, becomes very involved (non-linear soliton-like partial 

differential equations (Drazin and Johnson 1989)) and the number of parameters increases, this task 

is beyond the aims of the present study and will be addressed in the next section by MD simulations. 

Accordingly, one expects to observe, under particular conditions (Θ(𝑞)<0), an alternating ordered 

array of small domains richer in Φ and Ψ arrangements, respectively as shown in Fig.1. We have 

extended the theory to 3-D aggregates, details are reported in SI. In the limit of isotropic interactions, 

the final formulas remain unchanged, apart from a renormalization of the wavenumber q. The 

calculated final arrangements for the 1-D and 3-D cases are pictorially shown in Fig.1.   
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Figure 1. The most likely configurations of two-state proteins above a critical threshold (see the text for the definition). 

For the sake of clarity, proteins have been depicted by the pure Φ and Ψ states (fully disordered and fully ordered 

configurations, respectively). In our model, proteins are described by a weighted combination of Φ and Ψ states. Panel 

A: 1-D arrangement. Panel B: 3-D arrangement. 

 

Then, we numerically solved the system of equations (12a,b) and (13) in order to obtain a qualitative 

phase diagram reported in Fig. 2. The drawing shows the boundaries among stable and unstable 

regions as a function of two control parameters. We selected as parameters two experimental 

quantities: the (attractive) protein-protein interaction free energy, ∆𝐺𝐴𝐷𝐻 against the unfolding free 

energy ∆𝐺𝑈𝑁𝐹. If a point identified by the above defined control parameters falls inside the unstable 

region, large fluctuations in conformational population and intermolecular distances begin to develop, 

eventually leading to a patterned structure. Conversely, inside the stable region the protein aggregate 

remains homogeneous. Figures have been calculated for selected values of the parametersγ̅𝑖 , γ̅𝑖
∗and 

𝑎̅. The phase diagrams in Fig. 2 clearly shows two distinct regions, homogeneous and patched, 

respectively.  
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Figure 2. Phase diagram showing the stability regions (homogeneous and patterned structures) for a 1-D array of proteins 

with internal conformational flexibility. The protein-protein self-adhesion energy, ∆𝐺𝐴𝐷𝐻, is plotted against the unfolding 

energy ∆𝐺𝑈𝑁𝐹
0  of the isolated monomer. Panel A: strong geometrical variations upon protein conformational transition, 

panel B: weak geometrical deformations (20% of those of panel A). Large and small labels the size of the patterned 

structures, pictorially sketched at the top of the figure.  

 

Lastly, we repeated the calculations in the simpler case of dimeric protein aggregates. Results, 

reported below and in SI, predict a qualitatively similar behavior as that of infinite arrays.  

Main qualitative conclusions from the model 

Let us summarize the main features of the theoretical model before discussing the MD simulations 

and SERS experiments. An equally spaced 1-D array made of protein repeat units that may assume 

two different geometrical arrangements becomes unstable when: i) the internal energies of Φ  

(disordered) and Ψ (ordered) arrangements are slightly different (of order of 1𝑘𝐵𝑇 ≈

0.5 𝑘𝑐𝑎𝑙𝑚𝑜𝑙𝑒−1 at room temperature); ii) there are large differences in the geometries of the Φ and Ψ 

arrangements, and iii) there are strong interactions between the proteins (of order of  10 𝑘𝐵𝑇). The 

phase diagram for a 1-D array of proteins is shown in Fig. 2. By comparison, it is evident that strong 
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protein-protein interactions stabilize the patterned structures, provided a critical strength of the 

interactions (of order of a few 𝑘𝐵𝑇) has been reached. Thus, the formation of periodic structures is 

unlikely, but not unrealistic. For variation of the intermolecular forces decay length upon Φ to Ψ 

protein arrangement as small as 10%, and for internal energy difference between Φ and Ψ of order 

of a few 𝑘𝐵𝑇 and proteins radii within the experimental range, patterned 1-D structures emerge, 

provided the protein-protein interaction energy is of order of 10 𝑘𝐵𝑇. Obviously, other parameters, 

like the protein-protein mean distance 𝑎, modify the detailed shape of the curves, so an “universal” 

phase diagram cannot be drawn even using more advanced models. Nevertheless, our simple theory 

unveils a close relationship between patterns geometry, self-adhesion energy and unfolding energy, 

a relation that would be obscured in a more detailed picture. 

Once the system becomes unstable, fluctuations grow bringing the protein array toward less 

symmetric configurations. The growth of local heterogeneities depends on the wave number: patterns 

with the largest wave number q grow fast near the lower boundary of the instability region (see Fig. 

2), while large patterns (i.e. 𝑞 → 0) appear on approaching the upper boundary. Thus, it is conceivable 

that the most likely final organization is given by an alternating array of mostly ordered and mostly 

disordered proteins as shown schematically in Fig. 1. 

 

Results and Discussion 

A comparison of the experimental data with model predictions 

The qualitative model developed above was tested for some relevant classes of proteins with 

known assembly and folding free energies. The energies of aggregation, ∆𝐺𝐴𝐷𝐻, and the energy 

difference between Φ and Ψ internal states in the monomeric state, ∆𝐺𝑈𝑁𝐹
𝑜 , were estimated from 

calorimetric and chemical denaturation measurements. Fig. 3 show phase diagram of patterned and 

homogenous of some amyloidogenic and non-amyloidogenic proteins. The free energy of self-

adhesion, ∆𝐺𝐴𝐷𝐻 (a negative quantity because of the favourable protein-protein interactions in self-

assembled proteins)  was calculated from the experimental dissociation energy: ∆𝐺𝐴𝐷𝐻= - ∆𝐺𝐷𝐼𝑆𝑆.  
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Figure. 3. Phase diagram (∆𝐺𝐴𝐷𝐻  of self-adhesion versus ∆𝐺𝑈𝑁𝐹
𝑜  of unfolding) of some proteins. The plot includes  

amyloidogenic, (Aβ(1-40) (Iljina et al. 2016)) and globular proteins in aqueous solutions (wt-SOD1 (Khare et al. 2004; 

Stathopulos et al. 2006), apo-SOD1 (Svensson et al. 2006, 2010), plastocyanin (Milardi et al. 1998), amicyanin (La Rosa 

et al. 2002), wt-azurin (La Rosa et al. 1995), apo-azurin (Pappalardo et al. 2008) and CRP-CAMP (Cheng et al. 1993)). 

Red line represents the qualitative boundary between patterned and homogenous aggregate structure. The ΔG values are 

reported in table S1 of SI.  

Superoxide dismutase (SOD1) is a thermodynamically well characterized globular dimeric metal-

protein. SOD1 undergoes thermal or chemical denaturation following a two-step pathway: in a first 

step the dimeric form dissociates into two monomers and then unfolding occurs with a Gibbs free 

energy change of 13.5 kcal mole-1 (dissociation) and 3.5 kcal mole monomer-1 (unfolding) 

respectively. This datum suggests that SOD1 lies in the patterned structures side of the phase diagram 

3. In order to verify this conjecture, accurate MD simulations of SOD1 were performed. MD data are 

in agreement with model expectations, showing that the two subunits have a different number of 

amino acid in ordered conformations (sum of α-helix and β-sheet) as reported in Fig.S1. This 

difference decreases at increasing temperatures during unfolding process (Fig. S2). The dimer 

asymmetry was found also in the crystal structure (pdb code 1SPD (Deng et al. 1993)). In fact, the 

two monomers show 56% and 34% of amino acids with ordered secondary structures, respectively. 

On the contrary, globular proteins, such as blue-copper proteins, that do not show any tendency to 
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form multi-meric aggregates, lie in the homogeneous side of Fig. 3 because of the negligible self-

adhesion energy and the large unfolding energy. Moreover, even though the crystallographic unit cell 

of azurin contains four proteins, no differences in the conformational population were detected. For 

additional information, Table S1 reports the Gibbs free energy of some patterned and homogeneous 

proteins. 

Molecular dynamics test of the theoretical model 

 

IAPP oligomers formation. During the simulation, hIAPP monomer (over 500 ns at 300 K in 0.1 M 

NaCl solution) undergoes a conformational transition toward a structure exhibiting an antiparallel 

cross β-sheet (residues 24-28 and 15-20, yellow color in Figure S3) with a connecting turn (cyan) 

encompassing residues 21-23 according to literature data (Milardi et al. 2008; Reddy et al. 2010; 

Sciacca et al. 2018). The secondary structure evolution of dimer and a snapshot of the final structure 

are shown in Fig. 5 (contact map is shown in Fig. S4). The first monomer retained its antiparallel β-

conformation for 140±20 ns. Then it became partially ordered, with shorter β-sheets and a small but 

noticeable α-helical portion at one end. The second monomer preserved its antiparallel β-

conformation for 80 ns, then quickly unfolded and became disordered with hints of short discontinued 

helices and a β-bridge. Interestingly, the arrangement of a partially ordered monomer and a largely 

disordered partner was found to maintain stable intermolecular contacts in the individual simulations. 

To best describe the dimer secondary structures, a statistical analysis over 500 ns of three independent 

runs was performed. Dimeric complexes were clustered based on their RMSD values using the 

Gromos algorithm (Daura et al. 1999) and a RMSD cut-off for two structures to be neighbors within 

0.6 nm. This procedure yields 3 most populated clusters C1 (25%, rmsd=0.44 nm), C2 (24%, 

rmsd=0.38 nm) and C3 (21%, rmsd=0.51 nm). Other small clusters where found, the most 

rapresentative one being populated up to 5%. For each cluster, the most representative structure and 

the centroid of the structures in a given cluster, are represented in Figure 5.  

 These observations partially disagree with the implicit solvent simulations of Dupuis et al. 

(Dupuis et al. 2011) who found still an asymmetric composition of the dimer, but with a different 

conformational distribution. Our simulations do, however, agree with those of Derreumaux et al. 

(Tarus et al. 2015) who investigated the Aβ (1-40) dimers by atomistic simulations and found a 

limited percentage of helix and sheet conformations using both explicit solvent simulations as well 

implicit solvent methods for free energy analysis (Tarus et al. 2015; Nguyen et al. 2016) . 
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An interesting consequence of the order-disorder alternation is that the radii of gyration of the single 

peptides within the aggregate are not identical. This is clearly seen in Fig. 4 which shows them for 

two hIAPP monomers within a dimeric aggregate. Such an effect is difficult to detect in single 

snapshots from the aggregate, but becomes unambiguous after averaging over long times (see Fig. 

5). Similar results were observed also in hexamers confirming that the heterogeneous nature of the 

peptides aggregates persists even after a long equilibration time.  

 

Figure 4. Radius of gyration of hIAPP dimer. Simulation of the early stage time evolution of a dimeric aggregate 

consisting of two identical monomers brought at constant distance at time t = 0 ns. Notice: 1) the formation of an 

asymmetric dimer made up of two juxtaposed unequally sized monomers at late times; 2) the intense noise due to the 

continuous conformational rearrangement obscures the dimer asymmetry unless a statistical analysis has been performed.   
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Figure 5. Left: DSSP plot of the secondary structure evolution of a hIAPP dimer over 500 ns of three independent runs. 

Right: Cluster analysis of dimeric assembly of hIAPP in 0.1 M electrolyte solution. Notice the coexistence of partially 

ordered (mainly β-sheets) and partially disordered domains in the dimeric aggregate. Color code: white-coil; light yellow-

β-sheet; dark yellow-isolated bridge; pink-α-helix; blue-3-10 helix; red-π-helix; green-turn. 

 

The tetramer resembles the dimer, i.e., the tetramer shows the partially ordered-disordered sequence 

(Figs. S5-S7).  

The peptides self-assembled into a hexameric aggregate after about 50 ns. The aggregate exhibits the 

characteristic partially order-disorder arrangement as observed for dimers and tetramers. The average 

percentage of different secondary structures in the last 60 ns of the 1020 ns simulation (Fig. S8) shows 

random coil is the dominant conformation in all molecules while helical structures are rarely sampled. 

Interestingly, Fig. S8 also shows that the molecules with more β-strand tend to have less turns 

(molecules 2, 4, and 6) while molecules with less β-strand tend to have more of them (molecules 1, 

3, and 5). Unlike with dimers and tetramers, the alternating ordered-disordered correlation between 

the different molecules in hexamers is less evident. Nonetheless, the strand-turn complementary 

shows an interesting partially ordered-disordered feature within each of the peptides in the hexamer 

aggregate (see fig.6D). The time evolution of the secondary structures is shown in Fig. S9. Contact 

map and a snapshot of the final hexameric hIAPP assembly are also reported (Fig. S10, S11). The 

radius of gyration of the hexamer hIAPP is reported in Fig S12.  

Our MD results are summarized in Fig. 6 which clearly shows the order-disorder alternation in the 

conformational population of hIAPP monomers, dimers, tetramers and hexamers.  
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Figure 6. Fractions of ordered structures and their indeterminations, calculated by VMD and averaged over ten frames 

of the last 50 ns of simulation, along an array of hIAPP peptide suspended in a 0.1 M electrolyte solution. n labels the 

position of a generic n-th peptide within the linear aggregate. Blue bars: disordered secondary structures considered as a 

sum of coils and turns. Red bars: partially ordered secondary structures as a sum of α-helices and β-strands. A = monomer, 

B = dimer, C = tetramer, D = hexamer. 

 

To further investigate the validity of the model, we performed MD simulations of the hexamer 

without salt (only counterions were present). The theory predicts the disappearance of the modulated 

structures for weakly adhesive assemblies (Fig. 2). When no added salt is present, the electrostatic 

repulsion is stronger due to lack of screening. Strong repulsion weakens the stability of the assembly 

and destroys the modulated phases. Results are summarized in Fig. S13 where we report the fraction 

of ordered (blue) and disordered (red) arrangements in a hIAPP hexamer aggregate in pure water.  

The comparison with the corresponding system embedded in a 0.1 M electrolyte solution (Fig. 6D) 

is striking: virtually, no modulated phases exist in pure water and the distribution, apart from position 

n=3, resembles that of a monomer (Fig. 6D and S2). Interestingly, the ordered structures of hIAPP in 

pure water are mainly helices, while in 0.1 M electrolyte solution the most abundant component is 

the β-strand arrangement (Fig. S3). The strong sensitivity of the conformational landscape to 

electrolytes in amyloid Aβ-peptides has been recently shown by Smith and Cruz (Smith and Cruz 

2013) using MD simulations.  In addition, in another previous study using pure water no alternation 

was observed in aggregates of the closely related Aβ(1-42) fragment (Masman et al. 2009). 
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Aβ (1-40) large oligomers formation.Lastly, the analysis of the trajectories reported by Strodel et al. 

for a ribbon-like 20-mer aggregate of Aβ(1-40) (Barz et al. 2014) yields an alternate distribution 

along both the short and the long-axes of the ribbon (see Fig. 7).   

 

 

 

Figure 7. Top left histogram: fraction of ordered and unordered structures averaged over ten frames of the last 50 ns of 

simulation counted over the long axis (red axis of cartoon representation). Top right histogram: fraction of ordered and 

unordered structures evaluated over the short axis (black axis of cartoon representation). Below: cartoon representation 

of semi-toroidal aggregate formed by 20 Aβ(1-40) molecules after 500 ns of implicit solvent simulation. 

Also, ovine prion protein and mixture of 1:1 Molar ratio of IAPP and Aβ(1-40) show the same 

behavior as reported in SI (see Fig.S15 and S16). 

 

Surface-Enhanced Raman Scattering (SERS) test of the theoretical model 

SERS is a technique able to detect the secondary structures of amyloidogenic peptides and proteins 

at very low concentrations. Although spatial and temporal resolutions are not comparable to MD, at 

low concentration SERS is able to reveal, with a good precision, the secondary structure of 

amyloidogenic proteins (D’Urso et al. 2018). Here we use SERS to determine inhomogeneous 
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secondary structures within small aggregates of IAPPs. SERS spectra of 10 nM hIAPP solution 

containing 1 µM of silver Nano Particles (NPs) were recorded at different times. Representative 

spectra of the most informative spectral regions are shown in Figs. S17-S19. As time proceeds, 

proteins self-aggregate from monomers to oligomers, and eventually to proto-fibrils and fibrils. The 

aggregation kinetics of these assemblies is well known and can be followed by conventional light 

scattering (Nag et al. 2011) and fluorescence lifetime correlation spectroscopy (Paredes et al. 2012) 

measurements.  

 We can obtain quantitative information by comparing the relative intensities of the various 

bands inside each spectrum. Since all signals assigned to α-helix, β-strand and random coil are well 

resolved, in Table 2 we report the results of such an analysis in the case of the β-sheet to random coil 

intensity ratio, considered at different times after mixing hIAPP and silver NPs. The time evolution 

of the amide III band confirms that at low incubation time (0-15 min.) the peptide exists as a 

monomeric species in agreement with Dynamic Light Scattering measurements (Nag et al. 2011) 

performed at the same monomer concentration. After 40 minutes of incubation, the sharp amide III 

band broadens and the three peaks assigned to helix, sheet and random coil are rather convoluted 

(Wang et al. 2013). Lastly, at very long incubation times (> 360 min) the formation of proto-fibrils 

is observed (Fändrich 2012). 

 Our SERS results unambiguously confirm that the distribution of the peptide conformational 

populations becomes broader upon monomer to dimer self-aggregation (Table 2), while retaining a 

comparable heterogeneity upon increasing size of the aggregates. Although SERS data cannot 

straightforwardly prove the order-disorder alternation in the aggregates, they are consistent because:  

a) significant changes in conformational populations are observed on passing from monomers to a 

dimers and, spectroscopically, larger oligomers behave as a collection of ordered-disordered dimers 

as predicted by the theory and demonstrated by MD;  

b) our MD simulations cover microsecond range, SERS data run over minutes. Therefore, the 

simulated alternate order-disordered arrangement is not a transient state but it persists over much 

longer times than those typical of MD simulations (10-6 s).  

The data in Table 2 highlight an overall agreement between experiments and simulations.   
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Table 2. Secondary structures evaluated as the ratio (β-sheet)/(random coil) from SERS 

measurements recorded at different times (minutes).  At each monomer concentration aggregates 

modify their own size as time goes by, as reported in the literature (Sumner Makin and Serpell 2004; 

Nguyen et al. 2016). In parenthesis we report the (β-sheet)/(random coil) ratio taken from MD data 

obtained for the different aggregates. Simulation and SERS kinetics have different time scales. Here, 

molecular dynamics are used to calculate the secondary structure of each aggregation state. The error 

over SERS measurements was calculated by considering I and III amide band of three independent 

spectra. a) Average of (β-sheet)/(random coil) ratio calculated by MD over monomer (0.48) and dimer 

(0.75). b) Average of (β-sheet)/(random coil) ratio calculated over dimers (0.75), tetramers (0.80) and 

hexamers (0.73). 

 

Time (minutes) β-sheet/coil ratio from SERS 

spectra 

Aggregation Status and 

(β-sheet)/(coil) ratio from MD data 

0 0.5±0.2 Monomers (0.48±0.10) 

15 1.0±0.3 Mostly Dimers (0.85±0.26a) 

40 1.1±0.2       Small Oligomers (0.76±0.46b) 

120 1.0±0.3 Large Oligomers 

240 1.2±0.3 Proto-fibrils + large oligomers 

360 2.0±0.3 Proto-fibrils + large Oligomers 

 

Our main results are a theoretical model predicting an instability that leads to periodic distribution of 

partially ordered and disordered peptide structures in aggregates, and the confirmation of the 

theoretical predictions using MD simulations and SERS. The main findings from the MD simulations 

are summarized in Figs. 6 and 7 which show the percentages of the secondary structures in a hIAPP 

hexamer, and the partially ordered (α-helix and β-strand) and disordered (turn and coil) structures in 

all hIAPP systems, respectively. More details on conformational arrangements are given in Fig. S14 

for ovine prion and in Fig. S15 for equimolar mixtures of hIAPP and Aβ(1-40).  

 High sensitivity SERS spectroscopy was used to provide information about the β-sheet to 

random coil ratio in hIAPP aggregates upon oligomerization. The results are consistent with the 

appearance of modulated structures. Since the theory is based on the hypothesis of conformational 

symmetry breaking, change in the ratio between ordered and disordered structures observed upon 

passing from monomer to aggregates is a clear indication of the conformational changes occurring 

upon aggregation. Moreover, as predicted by the theory and MD data, this ratio remains constant 

upon increasing the size of the oligomeric structures. 
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 On a larger scale (microns), alternating patterns have also been recently observed in Tip-

Enhanced Raman Spectroscopy (TERS) measurements on hIAPP fibrils where an inhomogeneous 

configuration of secondary structures was found along the fibril surface. In addition, a recent ion 

mobility mass spectrometry study reported the coexistence of compact and extended structures in an 

ensemble of low-order Aβ peptide oligomers. Particularly interesting is a recent study using advanced 

scanning microscopy (vandenAkker et al. 2015) and vibrational sum-frequency generation 

spectroscopy on Aβ fibrils (vandenAkker et al. 2011). Other observations have been reported in Refs. 

(Gorman and Chakrabartty 2001; Klinger et al. 2014; vandenAkker et al. 2015). These works provide 

further support to our hypothesis.  

 

Conclusion 

         The simple theoretical model we have developed assumes a coupling between internal 

arrangement and intermolecular interactions: for a given intermolecular distance, the peptide (protein) 

internal conformations may change in order to minimize the total free energy. In turn, the new 

conformations influence the strengths of the interactions among self-assembled peptides (proteins). 

When the energy difference between ordered and disordered structures become similar and the 

interactions are appreciable, spatially modulated patterns may spontaneously emerge. This kind of 

phenomena are widespread in condensed matter and are often referred to as “pre-transitional” effects. 

They are observed, for instance, in lipid bilayers, where a strongly corrugated phase (the Ripple 

phase) appears on approaching the gel to liquid-crystalline phase transition (Akabori and Nagle 

2015). According to our model, IDPs are the best candidates for observing an alternate distribution 

of conformations as confirmed by accurate MD simulations on different self-assemblies. Even non-

IDP systems such as wt and apo SOD1 and CRP-CAMP form dimers with a distinct ordered-

disordered distribution. Although simulations were performed in different laboratories by using 

different force fields and water descriptors, data converge toward the concept of symmetry breaking. 

 The results also qualitatively explain why, in general, amyloid aggregates escape a detailed 

structural characterization by X-ray analysis (Sumner Makin and Serpell 2004). Provided the partially 

ordered-disordered arrangement persists also in larger aggregates and at longer times, one may infer 

that the diffraction patterns of an alternate crystalline-amorphous array of scattering units yields well-

resolved Bragg peaks to which a broad amorphous halo is superimposed. A thorough discussion of 

X-ray diffraction for such a complex system is beyond the aims of the present paper. However, the 

particular peptide arrangement observed for small hIAPP assemblies might contribute to explaining 
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the coarse resolution and the complex diffraction patterns of mature hIAPP fibrils (Masman et al. 

2009).  

 To the best of our knowledge, this is the first systematic study focusing on the spontaneous 

periodic distortion in supramolecular peptide and protein aggregates, the possibility of heterogeneous 

conformational distribution along an aggregate has been previously suggested in literature (Gorman 

and Chakrabartty 2001; Sitkiewicz et al. 2014; Klinger et al. 2014; vandenAkker et al. 2015) and 

scattered observations have been reported in MD studies (Reddy et al. 2010; Dupuis et al. 2011; Barz 

et al. 2014; Huy et al. 2016; Zhang et al. 2016; Nguyen et al. 2016; Das et al. 2017). We proved by 

MD simulations that the order-disorder alternation in IDPs oligomers is a dynamic process that 

emerges only after statistical averaging. Such a result is consistent with the low energies required for 

the onset of the alternation in respect to the homogeneous state. We propose that the occurrence of 

small patterns of alternate ordered-disordered patterns may provide a novel rationale to explain the 

molecular origin of fibril polymorphism as well as the lack of short-range molecular order in mature 

fibrils.  
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