
Acta Biomaterialia 134 (2021) 477–489 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

A coarse-grained mechanical model for folding and unfolding of 

tropoelastin with possible mutations 

Giuseppe Florio 

a , b , ∗, Nicola M. Pugno 

c , d , Markus J. Buehler e , f , g , Giuseppe Puglisi a 

a Dipartimento di Ing. Civile, Ambientale, del Territorio, Edile e di Chimica, Politecnico di Bari, Via Re David 200, 70126 Bari, Italy 
b INFN Sezione di Bari, I-70126 Bari, Italy 
c Laboratory of Bio-inspired, Bionic, Nano, Meta Materials & Mechanics, Department of Civil, Environmental and Mechanical Engineering, University of 

Trento, Italy 
d School of Engineering and Materials Science, Queen Mary University of London, UK 
e Laboratory for Atomistic and Molecular Mechanics, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Room 1-165, Cambridge, MA 02139, 

USA 
f Center for Materials Science and Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA 
g Center for Computational Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA 

a r t i c l e i n f o 

Article history: 

Received 3 March 2021 

Revised 13 July 2021 

Accepted 15 July 2021 

Available online 22 July 2021 

Keywords: 

Coarse-grained modeling 

Tropoelastin 

Protein folding 

Mutations 

Force-elongation diagram 

a b s t r a c t 

We propose a simple general framework to predict folding, native states, energy barriers, protein unfold- 

ing, as well as mutation induced diseases and other protein structural analyses. The model should not 

be considered as an alternative to classical approaches (Molecular Dynamics or Monte Carlo) because it 

neglects low scale details and rather focuses on global features of proteins and structural information. We 

aim at the description of phenomena that are out of the range of classical molecular modeling approaches 

due to the large computational cost: multimolecular interactions, cyclic behavior under variable external 

interactions, and similar. To demonstrate the effectiveness of the approach in a real case, we focus on the 

folding and unfolding behavior of tropoelastin and its mutations. Specifically, we derive a discrete me- 

chanical model whose structure is deduced based on a coarse graining approach that allows us to group 

the amino acids sequence in a smaller number of ‘equivalent’ masses. Nearest neighbor energy terms are 

then introduced to reproduce the interaction of such amino acid groups. Nearest and non-nearest neigh- 

bor energy terms, inter and intra functional blocks are phenomenologically added in the form of Morse 

potentials. As we show, the resulting system reproduces important properties of the folding-unfolding 

mechanical response, including the monotonic and cyclic force-elongation behavior, representing a phys- 

iologically important information for elastin. The comparison with the experimental behavior of mutated 

tropoelastin confirms the predictivity of the model. 

Statement of significance 

Classical approaches to the study of phenomena at the molecular scale such as Molecular Dynamics (MD) 

represent an incredible tool to unveil mechanical and conformational properties of macromolecules, in 

particular for biological and medical applications. On the other hand, due to the computational cost, the 

time and spatial scales are limited. Focusing of the real case of tropoelastin, we propose a new approach 

based on a careful coarse graining of the system, able to describe the overall properties of the macro- 

molecule and amenable of extension to larger scale effects (protein bundles, protein-protein interactions, 

cyclic loading). The comparison with tropoelastin behavior, also for mutations, is very promising. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The possibility of predicting the mechanical behavior of pro- 

ein molecules is crucially important in different fields such as 

iomaterials design and the understanding of biological pro- 

esses [1–3] . However, conventional simulation methods such as 
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olecular dynamics (MD) can be computationally expensive and 

imit the accessible space and time scales, often below relevant 

cales. To address these shortcomings, here we formulate a new 

oarse-grained approach for the analysis of folding and unfolding 

henomena and the possible influence of mutations, focusing on 

he special important case of tropoelastin. Aimed at a significant 

eduction of the computational cost, with the purpose of consider- 

ng complex phenomena out of the range of application of classical 

pproaches (MD or Monte Carlo), we choose to neglect details at 

he single amino acid scale and focus on the configurational and 

echanical properties at the macromolecular scale. 

After the coarse graining step, obtained by grouping several 

mino acids in fictitious particles, we introduce Morse type NN 

nearest neighbor) and NNN (non-nearest neighbor) interactions, 

henomenologically chosen to reproduce the folding/unfolding ex- 

erimental behavior. While for this reason such an approach can- 

ot be considered as an alternative to the classical MD and Monte 

arlo approaches, it can be an important inspiration to such meth- 

ds and experiments [4] together with a simplified low-scale 

odel for multiscale analysis of protein materials in the spirit 

f [5] . As we show, the obtained model can reproduce impor- 

ant experimental effects and MD results [6–8] on tropoelastin 

olding and diseases. Considering that MD simulations, especially 

hen multimolecular systems are considered, are often character- 

zed by a huge computational effort, sometimes incompatible with 

he space and time size of effective molecular systems phenom- 

na, we believe that our approach can provide a significant new 

erspective in this crucially important field. 

. Materials and methods 

The model here proposed aims at a description of the funda- 

ental process of folding and unfolding and mechanical behavior 

f protein macromolecules. To fix the ideas and show the effective- 

ess of the model we focus on the important case of tropoelastin 

nfolding and refolding phenomena and to the analysis of known 

utation phenomena [ 7 , 9 ]. 

The followed approach is energetic. This means that the en- 

rgy associated to conformational changes of the protein regu- 

ates the kinetics of the observed unfolded → folded conformational 

ransition, with a ‘multiscale’ competition of the energy associ- 

ted to primary, secondary and tertiary structures. In particular, 

he main energetic contributions which are considered to dominate 

he native state protein stability are the hydrophobic effect, hydro- 

en bonding, configurational entropy and electrostatic interactions. 

ere, the primary structure is described by strong Nearest Neigh- 

or (NN) interactions, reproducing the covalent links in the amino 

cids chain. The secondary and tertiary structures are instead as- 

igned by weak Non-Nearest Neighbor (NNN) interactions, repro- 

ucing non-covalent bonds between chain elements. The presence 

f the non-covalent bonds regulates the folded → unfolded transfor- 

ation, the relative stability of the native configuration as well as 

he crucial protein to ligand interactions. Mutations induce varia- 

ions of the binding site within the protein structure that can alter 

he protein functionality. A comment about the physical origin of 

ur choice of the potential energies is in order. We distinguished 

he structure based on the hydrophobic or hydrophilic properties 

f the domains because their interaction is fundamental in tropoe- 

astin folding as well as in the folding of several other proteins 

 10 , 11 ]: indeed the fast process of protein assembly during coacer- 

ation is typically dominated by hydrophobic effects. On the other 

and, electrostatic interactions, neglected in our modeling, can be 

elevant in the case of slow coacervation phenomena (so called “off

ritical” regime) [ 12 , 13 ]. As a matter of fact, the model can be ex-

ended to include electrostatic effects in the considered long-range 

ffective interaction. 
478 
The typical folded configuration is shown in Fig. 1 (a) where 

he important building blocks that contribute to the functional- 

ty of the molecule are evidenced. In particular, we may identify 

he N-terminus, the coil, the hinge, the bridge, the foot and the 

-terminus. The sequence of hydrophobic and hydrophilic domains 

14] is shown in Fig. 1 (b). We treat the protein in the surrounding 

olvent as classical particles interacting through empirical poten- 

ial energy functions. Specifically (see e.g. [15] ), we describe the 

acrosystem as a chain of interacting elements with strong “near- 

st neighbor” (NN) interactions and weak, longer range, interac- 

ions that we collectively denote as “Non-Nearest Neighbor” (NNN). 

ince the principal energetic component underlying the secondary 

nd tertiary structure configurations is the (entropically driven) 

lustering of hydrophobic components, minimizing the interaction 

f nonpolar residues with the solvent, NNN interactions depend on 

he hydrophilic or hydrophobic characteristics of the interacting el- 

ments (see the potential energy function in Fig. 4 (b)). In partic- 

lar, we may observe that each hydrophobic and hydrophilic do- 

ain contains a variable number of amino acids. In order to quali- 

atively reproduce the folding and unfolding kinematics of this sys- 

em, each particle represents a (sequential) group of amino acids. 

e fix an average number of amino acids per particle and then 

ubdivide each protein domain in a corresponding number of par- 

icles [16] (see table 2 in the following). In principle, by increasing 

he number of particles we may attain more accurate results. On 

he other hand, it may be desirable to obtain good molecular scale 

esults with a small number of particles in order to speed-up the 

umerical simulations and consider larger space and time scales. 

Lastly, as we describe in detail in the following, we introduce 

NN interactions between different blocks (for example, between 

he coil section and the bridge section) in order to phenomeno- 

ogically recover the main properties of the tertiary structure fold- 

ng kinematics. Roughly speaking, our aim is to deduce a model 

hat, by calibrating the material parameters to reproduce the ex- 

erimental behavior, is characterized by an energy manifold keep- 

ng the main features of the real one. Once the model is cali- 

rated, several tests on possible mutations, mechanical response, 

ntermolecular interactions, morphological transitions and so on 

an be analyzed. Possibly, the deduced prototypical behaviors of 

he molecule can be tested and improved through a synergic anal- 

sis with experimental techniques and ‘guided’ molecular dynam- 

cs simulations. 

Specifically, we consider the dynamical response of a discrete 

ystem of N = 99 particles and compare its behavior with the 

ropoelastin behavior in [6–8] . We describe the interaction energy 

etween particles through the classical choice of Morse potentials. 

he role of water is introduced by considering a viscous dissipa- 

ive term also favoring the convergence of the numerical analysis 

o obtain stable equilibrium configurations starting from assigned 

ut of equilibrium states. 

More in detail, our numerical scheme corresponds to the solu- 

ion of a system of 3 N nonlinear ODE for a system with local and 

ong-range interactions of the Morse type (see Fig. 2 (b) ) 

 i j = D i j 

(
1 − e −αi j ( r i j −r 0 

i j ) 
)2 

, (1) 

here r i j is the distance between particles i and j, αi j is a con- 

rol parameter for the width of the potential, r 0 
i j 

is the equilibrium 

istance and, finally, D i j represents the well depth. All parameters 

ave been carefully tuned to reproduce the experimental behav- 

or and previous molecular dynamics simulations in [6–8] and are 

eported in Table 1 . Observe that in this paper we are only inter- 

sted in the possibility of a qualitative description of the structural 

nd mechanical properties of the system reproducing the experi- 

ental behavior of the tropoelastin, whereas a direct calibration 

f the parameter on the experiments would give a fully quanti- 
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Fig. 1. (a) Typical folded configuration of tropoelastin with highlighted the main important blocks contributing to the functionality of the molecule: N-terminus, coil, hinge, 

bridge, foot and C-terminus (adapted from Ref. [29] ). 

(b) Sequence of hydrophobic and hydrophilic domains (see Ref. [ 14 , 21 , 29 ], adapted from [21] ). Here and in the following figures we marked the functional blocks using 

different colors. 

Fig. 2. (a) Schematic representation of the interaction between the particles of the model. Each cubic box represents a group of amino acids modelled as a single particle. 

The interaction energy between particles represents the average interaction among two different groups of amino acids. This energy is proportional to the product of the 

areas S i and S j facing each other. The volume V j of a box is proportional to the number N j of contained amino acids. The length size l j scales as l j ∝ N 1 / 3 
j 

. Thus, one has 

S j = l 2 
j 

∝ N 2 / 3 
j 

and the interaction energy V i j between particles i and j scales as V i j ∝ S i S j ∝ N 2 / 3 
i 

N 2 / 3 
j 

. 

(b) Morse potential between particles i and j has the form V i j = D i j ( 1 − e −αi j ( r i j −r 0 
i j 
) ) 2 where r i j is the distance between the particles i and j, αi j is the parameter controlling 

the width of the potential, r 0 
i j 

is the equilibrium distance and D i j is the well depth. 

Table 1 

Values of the parameters for the potential energies used in the 

simulations. 

Potential D 0 
i j 

αi j r 0 
i j 

r 0 
i j 

(mutation) 

V NN 1000 0.1 1 1 

V N N N (hydrophobic) 0.02 0.5 3 3 

V N N N (hydrophilic) 0.003 0.5 4 4 

V block 0.8 0.5 8 5 

V block ( coil − bridge ) 0.6 0.1 7 9 
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ative description. In this perspective, all material parameters are 

on-dimensional, being their ratio the only important factor. All 

hese parameters depend on the nature of the interaction. In par- 

icular, we consider NNN interactions proportional to masses with 
479 
 i j = N 

2 / 3 
i 

N 

2 / 3 
j 

D 

0 
i j 

where D 

0 
i j 

depends, as already explained, on the 

previously introduced) types of interaction, whereas N i and N j 

epresent the number of amino acids considered in the particle i 

nd j, respectively. The choice of the exponent derives from the 

ollowing scaling argument. Let us consider each particle as a cu- 

ic box containing an assigned number of amino acids, see Fig. 2 . 

he value of each N i and the corresponding domain are detailed 

n Table 2 . We suppose that the interaction energy between two 

oxes is proportional to the product of the areas S i and S j facing 

ach other. If the volume V j of a box is proportional to the num- 

er N j of amino acids, then the length size l j scales as l j ∝ N 

1 / 3 
j 

. 

herefore, we have S j = l 2 
j 

∝ N 

2 / 3 
j 

so that the interaction energy V i j 

etween particles i and j scales as V i j ∝ S i S j ∝ N 

2 / 3 
i 

N 

2 / 3 
j 

. 
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Table 2 

Domain structure of tropoelastin, see also Fig. 1 (b). For each domain we include the 

number of amino acids, the number of particles used in the simulation for the de- 

scription of the domain, the mass of each particle in the group (the mass corresponds 

to the number of amino acids represented by the particle). Domain 22 is excluded 

because quiescent in mammalian tropoelastin [6] . 

Domain Number of amino acids Number of particles Masses of particles 

2 18 3 6-6-6 

3 9 1 9 

4 12 2 6-6 

5 12 2 6-6 

6 31 4 8-8-8-7 

7 16 2 8-8 

8 18 3 6-6-6 

9 16 2 8-8 

10 22 3 7-7-8 

11 10 1 10 

12 24 3 8-8-8 

13 14 2 7-7 

14 20 3 7-7-6 

15 18 3 6-6-6 

16 30 4 7-7-8-8 

17 20 3 7-7-6 

18 49 7 7-7-7-7-7-7-7 

19 18 3 6-6-6 

20 55 8 7-7-7-7-7-7-7-6 

21 14 2 7-7 

23 19 3 6-6-7 

24 48 5 8-8-8-8-8-8 

25 21 3 7-7-7 

26 42 5 7-7-7-7-7-7 

27 13 2 6-7 

28 24 3 8-8-8 

29 20 3 7-7-6 

30 25 3 8-8-9 

31 13 2 6-7 

32 18 3 6-6-6 

33 15 2 7-8 

36 14 2 7-7 

g

m

w

t

c

t

a

F

i

N

t  

t

b

c

(  

h

c

b

c

d

t

d

t

e

d

d

e

p

t

i

b

t

t

T

i

d

s

I

F

t

p

d

p

o

b

i

c

s

t  

t

t

m

w

t

The system of 3 N ODE governing the dynamics of the system is 

iven by 

 i r̈ i = −γ ˙ r i + 

∑ N 

j =1 , j � = i F 
( j ) 

i 
, i = 1 , . . . , N, (2) 

ith r i the position vector of the i -th particle. In the previous sys- 

em the value of each mass m i is equal to N i and γ is a viscosity 

oefficient used to let the system reach an equilibrium configura- 

ion (the adopted values are reported in the figures). Force terms 

re obtained as 

 i 
( j ) = −∇ i V i j . (3) 

Local (NN) and non-local (NNN) interactions have the follow- 

ng structure (see the scheme in Fig. 3 ). First, we consider strong 

N interactions involving consecutive particles at distance r (con- 

inuous red lines in Fig. 3 (a) ); the resulting force acts also be-

ween consecutive particles that belong to different domains and 

locks (N-terminus, coil, hinge, bridge, foot, C-terminus). We then 

onsider NNN interactions among particles contained in a block 

dashed lines in Fig. 3 (a) ; in order not to burden the picture, we

ave drawn only some NNN interactions as an example). In this 

ase, we considered the possibility that the interaction takes place 

etween two particles in three different scenarios: 1) both parti- 

les in a hydrophobic domain, 2) both particles in a hydrophilic 

omain, 3) one particle in a hydrophilic domain and the other par- 

icle in a hydrophobic domain. In particular, NNN energy terms 

escribe stronger interactions inside the hydrophobic domains so 

o favor cross linking effects and inducing the observed clustering 

ffect. Weaker ener gy terms describe the interaction between hy- 

rophilic particles and between domains with different nature (hy- 

rophobic and hydrophilic). 
480 
Finally, the different blocks interact among them through an 

nergy term that is responsible for the final shape of the system. In 

articular, this interaction takes place through a coupling between 

he first and last particle in block i and the first and last particle 

n block j (see Fig. 3 (b) ), respectively. The interactions between 

locks act as a force conjugated to a collective variable given by 

he block distance. Finally, we remark that the N-terminus and C- 

erminus do not experience NNN interactions with other blocks. 

his choice has been made to reproduce a final configuration qual- 

tatively similar to the observed tropoelastin configuration and re- 

uce the number of parameters in the model. 

In Fig. 4 we plot the different interaction energies used in the 

imulation with the corresponding parameters reported in Table 1 . 

n particular, Fig. 4 (a) shows the NN potential energy V NN . In 

ig. 4 (b) we draw the energy potential V N N N that describes the in- 

eraction among NNN particles contained in a block. Observe in 

articular the different behavior for hydrophobic and hydrophilic 

omains that we described above. In Fig. 4 (c) we represent the 

otential energy V block between different blocks. A comment is in 

rder. The interaction taking place between the coil block and the 

ridge block is different. This choice has been made in order to 

mprove the similarity between the numerical and observed folded 

onfiguration of tropoelastin. Moreover, as detailed in the following 

ection, we use this energy term to reproduce the effect of muta- 

ion of residue 515 in the bridge [ 8 , 17 ] and subsequent modifica-

ions in the final conformation of tropoelastin. 

Our model is based on the underlying assumption (see e.g. [18] ) 

hat the native conformation represents the global energy mini- 

um configuration. As pointed out in [19] , different trajectories, 

ith different (high energy) transition states and energy barrier, 

ypically lead to the same (minimum energy) native configuration. 
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Fig. 3. (a) Scheme of the interactions among particles in a functional block. Strong 

NN interactions (continuous red) involve consecutive particles at distance r in a 

block and consecutive particles of different blocks (N-terminus, coil, hinge, bridge, 

foot, C-terminus). NNN interaction (dashed lines) involves particles contained in a 

block; for simplicity, we have drawn only some NNN interactions as an example. We 

consider three possible interactions of this kind: 1) both particles in a hydrophobic 

domain, 2) both particles in a hydrophilic domain, 3) one particle in a hydrophilic 

domain and the other particle in a hydrophobic domain. NNN energy terms describe 

stronger interactions inside the hydrophobic domains in order to favor cross link- 

ing and induce the observed clustering effect. A weaker energy term describes the 

interaction between particles in domains with different nature (hydrophobic and 

hydrophilic). 

(b) Scheme of the interaction between functional blocks: this interaction takes place 

with a nonlocal energy term coupling the first and last particle in block i with the 

first and last particle in block j, respectively. N-terminus and C-terminus do not 

experience NNN interactions with other blocks. These choices, based on the exis- 

tence of functional blocks and secondary/tertiary structures, have been calibrated 

to reproduce a final configuration qualitatively similar to the observed tropoelastin 

configuration and reduce the number of parameters in the model. 
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s a result, we may deduce that there is no unique pathway of 

olding and no unique intermediate, partially folded state. These 

tates are close in structure to the native form and thereby lead to 

he typical assumption of the existence of a unique transition state. 

nce the barrier is overcome, folding occurs following the steep- 

st descending path to the global energy minimum leading to the 

olded native state. Based on this qualitative description, we may 

rgue that the efficacy of the proposed approach is that we are 

ble to phenomenologically reproduce an energy manifold keeping 

he main energetic properties of the real energy manifold and in 

articular of the energy of the intermediate and native configura- 

ions. 

Our dynamical strategy is described in Fig. 5 where we observe 

he typical evolution during the folding transition of the kinetic 

 k and potential V energies as functions of time. First, we perturb 
ig. 4. Potentials energies considered for the different interactions. (a): NN potential ene

articles contained in a block; the potentials for hydrophobic and hydrophilic interaction

nteraction taking place between the coil block and the bridge block is different. 

481 
he system in such a way that it is able to overcome the initial 

arge energy barrier of the unfolded state. Loosely, the underlying 

ypothesis is the same assumed as a possible justification of the 

evinthal paradox [20] based on the idea that protein folding is 

nder a ‘kinetic’ control with the multiple folding pathways lead- 

ng to the native states. In our model this assumption is verified a 

ortiori by observing a two-steps transition leading first to the sec- 

ndary structure nucleation, followed by the tertiary structure nu- 

leation. We have observed that both the kinetics and the energy 

evels of these two steps are largely and remarkably independent 

rom the initial perturbed state. Roughly, once the system is per- 

urbed, it is free to evolve and dissipate the excess energy to reach 

ne of these isoenergetic states that then all transform to a unique 

olded state corresponding to the native configuration. 

. Results 

We now test the efficacy of the proposed model in describing 

nown experimental effects regarding folding, unfolding and mu- 

ation in tropoelastin reported in the literature [ 7 , 8 , 21 , 22 ]. 

.1. Folding dynamics 

We performed numerical simulations for a dynamical system of 

 = 99 particles, each describing a group of amino acids, interact- 

ng through the local and nonlocal energies previously introduced 

see also Table 1 and 2 for details about the correspondence among 

articles and the groups of amino acids). In Fig. 5 we show the di- 

grams of the kinetic and potential energies during the system dy- 

amical evolution. We mark the regions, denoted by S 1 , S 2 , S 3 and 

 4 , where the kinetic energy increases (and the potential energy 

ecreases). Each step corresponds to a conformational transition of 

ropoelastin secondary and tertiary structure as shown in Figs 5 . 

chematically, the proposed dynamical system describes the fol- 

owing unfolded → folded transition strategy. First the chain dissi- 

ates the energy of the initial perturbation (sufficient to overcome 

he energy barrier allowing the folding process). This leads to a 

udden decrease of the potential energy with the system still with- 

ut ‘clear’ secondary structure. After this transition regime, due to 

he dissipative energy term, the system starts to follow the (steep- 

st descending) path to the native conformation. Subsequently, the 

econdary structure is formed in sequential steps ( S 1 , S 2 , S 3 ). Fi- 

ally, the molecule relaxes in the native state minimum energy 

onfiguration ( S 4 ) passing, as described in Fig. 6 , through a ‘tor- 

ional’ rotation of the final block, reproducing the observed tropoe- 

astin tertiary structure. Thus, according with our numerical result, 

he folding dynamics reflects the so called ‘framework model’ of 

rotein folding [23] . Indeed, the system does not evolve continu- 

usly from the unfolded to the folded, native state, whereas it is 

haracterized by successive abrupt conformational transitions (see 
rgy V NN . (b): nonlocal energy potential V N N N describing the interaction among NNN 

 is different (c): nonlocal interactions energy potential V block between blocks. The 
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Fig. 5. Kinetc (a) and potential energy (b) evolution during the folding of tropoelastin to the native state: discontinuous transitions are evidenced by magnifications. We 

have marked the regions, denoted by S 1 , S 2 , S 3 and S 4 , where the kinetic energy increases (and the potential energy decreases). Each step corresponds to a conformational 

transition reported in (c). First the chain dissipates the energy of the initial perturbation (assumed sufficient to overcome the energy barrier leading to the transition 

state). This corresponds to a sudden decrease of the potential energy with the system still without clear secondary structure nuclei. After this transition regime, due to the 

dissipative energy term in the equations of motion, the system follows the path to the native conformation ( Fig. 6 ). See also the animation in the Supplementary Materials. 

Here and in the other figures, the parameters used for the simulations are those reported in Table 1 and 2 with the dissipation parameter γ = 5. Different functional blocks 

are identified by different colors (see the caption in Fig. 1 ). 
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lso the video in the Supplementary Materials). In particular we 

ay observe the high energy difference between the initial un- 

olded state and the folded configuration with defined secondary 

tructure. On the other hand, the successive transition involving 

ertiary structure rearrangement is characterized by a much lower 

nergy difference. 

In Fig. 7 we compare the initial and final configurations ob- 

ained after the folding. Interestingly, by varying both the initial 

erturbation at fixed non equilibrium end-to-end chain length and 

ven by considering significantly different non equilibrium end-to- 

nd length, our model shows that the system is always character- 

zed by the same energetic and folding behavior (almost identi- 

al energy jumps and secondary structure states sequence) lead- 

ng to the formation of the same primitive structure. For exam- 

le, in Fig. 8 we show the energy evolution of the system starting 

rom two different initial configurations with approximately 50% 

arger end-to-end initial length in the second case as compared 

ith the first one. Observe that the dynamical behavior is highly 

eproducible with similar energies corresponding to the interme- 

iate configurations in both cases reproducing the ones shown 

n Fig. 5 (c). In particular, according with the previously described 
482 
cheme, independently from the initial conditions or from the ini- 

ial end-to-end length, the system ‘falls down’ after the initial en- 

rgy jump to different configurations characterized by almost the 

ame energy. The kinetic energy is then dissipated to attain the 

nal nucleation of the secondary structure and finally for the fi- 

al formation of the tertiary structure. The final conformation of 

he native configuration is independent from the initial conditions. 

nterestingly, also the time scales are independent from the ini- 

ial condition. Finally, we considered a different coarse-graining 

cheme. Specifically, we included a different discretization, dou- 

ling the number of particles with half of the mass with respect 

o the previously shown discretization. We remark that we have 

ot modified the values of the parameters of the Morse potentials, 

ut only the values of the minimum distances of the NN interac- 

ions that have been coherently halved. The results are shown in 

ig. 9 where we compare the previous discretization (left figure) 

nd the new one (right figure). We observe that the system is sta- 

le under this rescaling and the final folded configurations show 

he same qualitative behavior and very similar quantitative fea- 

ures both from the topological and energetical point of view. Of 

ourse, such a refinement would require a new calibration of the 
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Fig. 6. Evidence of the tertiary structure formation in the final part of the folding transition: rotation of the blocks induced by the potential V block . Different functional blocks 

are identified by different colors (see the caption in Fig. 1 ). 

Fig. 7. Example of unfolded → folded transition with the initial and final configurations obtained after the folding. Different functional blocks are identified by different colors 

(see the caption in Fig. 1 ). 
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arameters for a better quantitative accordance, but the aim of this 

nalysis is only to show the “stability” of the results with respect 

o the coarse graining scheme. This result is important because the 

efinement of coarsening of the proposed model will depend on 

he specific considered system with different types and number of 

olecular interactions. 

The described results reflect the observation [24] that the global 

tability of the folded configuration is mainly regulated by the en- 

rgy of the folded regions of the most probable partially folded 

onformations and that cooperative effects are maximal at the 

idpoint of the folding-unfolding transition [24] . Moreover, in ac- 

ordance with the results reported in [25] , the system shows two 
483 
ifferent relaxation phases with a ‘fast’ transition corresponding 

o the secondary structure formation and a ‘slow’ transition cor- 

esponding to the tertiary structure formation. As observed in 

25] there are three orders of magnitude of difference in the trans- 

ormation rates. The overall behavior can be also deduced by the 

ovie reported in the SM. Observe also that the initial energy 

ives a measure of the energy barrier that the system has to over- 

ome to nucleate the transition state and thus it may also give a 

easure of the rate constant of the transition based on Arrhenius 

ype formulation [26] . We also remark that the described sequen- 

ial morphological transition is observed in our numerical experi- 

ents also in the reverse unfolding path (first the tertiary struc- 
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Fig. 8. Independence of the final folded configuration from the initial condition. The figures on the right corresponds to the initial end-to-end distance approximately 50% 

larger than the initial configuration on the left. From top to bottom initial unfolded configuration, final folded configuration, kinetic energy and potential energy. Different 

functional blocks are identified by different colors (see the caption in Fig. 1 ). 
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ure unfolds while the secondary structure is involved only later) 

n accordance with the results in [18] . Moreover, our results are in 

greement with the observation [27] that the N-terminal domain 

s nucleated first and then it is stabilized by the interaction with 

he C -terminus. This stabilization effect is induced in our model by 

he NNN interactions inducing the protein torsion following the N 

nd C nucleation and leading to the final configuration of the na- 

ive state. 

.2. Force-elongation relation 

In this section we focus on the important mechanical behav- 

or in order to assess the possibility of analyzing also the force- 

nduced unfolding of the native states. Specifically, we applied a 

onstant force F to the first and last element along the chain axis 

end-to-end vector) starting from a folded configuration obtained 

y previously described dynamical process. The resulting protein 

esponse is reported in Fig. 10 , where we show the relation of the

pplied force with the projection of the end-to-end distance along 

he force direction d x between these two elements of the chain. 

n this case we deduce the equilibrium configurations by apply- 
484 
ng an increasing force to the completely folded conformation and 

valuating the corresponding elongation after molecule relaxation. 

s expected, increasing the applied force the system undergoes a 

everse structural transition. The force elongation diagram shows 

udden changes of the elongation d x at almost fixed (transition) 

orces F corresponding to the breaking of secondary structures. The 

rrow in the figure corresponds to the persistence of the secondary 

tructure in the coil block whose failing induces the subsequent 

udden final increase of d x . Notice that, after the complete unfold- 

ng of the tertiary and secondary structure, the curve displays an 

experimentally observed) sharp increase due to the strong NN in- 

eractions. 

In order to further test the model, we followed a different ap- 

roach to obtain the force/end-to-end length curve. We applied a 

tepwise increasing force to a completely folded configuration. In 

his case we consider a monotonic loading with a fixed value of in- 

remental force �F . Once again, after each increment of the force 

e let the system relax and we measure the corresponding end- 

o-end distance. Starting from the attained state, we apply again 

n increment �F at the new attained configuration. The proce- 

ure is repeated until full unfolding is reached. 
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Fig. 9. Comparison of different coarse-graining schemes. Figures on the right correspond to doubling the number of particles with half of the mass with respect to dis- 

cretization used for the results shown in the left figures. We have not modified the values of the parameters of the Morse potentials, but only the values of the minimum 

distances of the NN interactions have been halved. Different functional blocks are identified by different colors (see the caption in Fig. 1 ). 

h

(

e  

f

s

b

t

f

u

s

t

F

s

c

o

i

γ
t

f

i

s

s

o

t

c

s

s

s

i

c

[  

t

e

3

i

Then, we consider the molecule behavior under cyclic loading 

istories to analyze the reversibility or the hysteretical response 

see the loading history in Fig. 11 (a)). We may observe two differ- 

nt regimes shown respectively in Fig. 11 (b) and Fig. 11 (c). In the

ormer we show loading/unloading force/elongation curves with a 

tepwise constant force in a low force regime Fig. 11 (b). As can 

e expected, for low force cycles the behavior is practically elas- 

ic with no hysteresis. On the other hand, when we reach the 

ull unfolding, the system shows a significantly different loading- 

nloading path that is associated to hysteresis and energy dis- 

ipation. In particular, in the case of higher forces in Fig. 11 (c) 

he secondary structure is unfolded differently from the case in 

ig. 11 (b). Observe that in the figures are shown the paths corre- 

ponding to different values of the dissipation parameter γ . The 

urves are independent from this parameter except the final point 

f the unloading curve that, as the dissipation is increased, stops 

n a slightly longer final configuration. In particular, by decreasing 

we end up with a final configuration more and more similar to 

he initial one at the beginning of the loading path (with a final 

olded configuration largely similar to the initial one). The process 
h

485 
n the low force regime corresponds to the unfolding of the tertiary 

tructure as shown in the inset of the figure with the secondary 

tructures unaffected. On the other hand, if we increase the value 

f the applied force, we observe a hysteresis phenomenon after 

he cycle is completed. Interestingly, according with our numeri- 

al analysis also hysteresis is not affected by the value of the dis- 

ipation parameter γ . This irreversible process corresponds to the 

equential breaking of the secondary structures as shown in the in- 

et whereas the folding-unfolding process in the tertiary structure 

s elastic. The general behavior of the force-elongation diagrams is 

onsistent with the experimental and numerical results (see e.g. 

 28 , 29 ]). On the other hand, the presence of hysteresis is consis-

ent with experimental results obtained in tropoelastin and elastin 

xperiment in literature [30–34] . 

.3. Effects of mutation 

As another important test of the efficacy of the obtained model 

n describing and predicting important observed phenomena, we 

ere show how it is possible to describe, once the parameters have 
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Fig. 10. Applied force as a function of the end-to-end distance d x measured as its 

projection along the force direction. Each point in the plot is obtained as in the 

following description: we start from a completely folded conformation and apply a 

force F to both ends of the chain in opposite directions. After the system reaches 

the equilibrium configuration the value of d x is measured. Then, a larger force is ap- 

plied again starting from the folded state and the new equilibrium displacement is 

measured. After the complete unfolding of the tertiary and secondary structure, the 

curve displays a sharp increase due to the strong NN interactions. We also observe 

that the obtained sudden changes of d x for small increases of F correspond to the 

breaking of the secondary structures. The interval marked by the arrow corresponds 

to the persistence of the secondary structure in the coil block that disappears in the 

subsequent force plateau. Different functional blocks are identified by different col- 

ors (see the caption in Fig. 1 ). 
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een calibrated as shown in previous section, the effects of possi- 

le mutations. In s particular we consider (see Fig. 12 ) the R515A 

utation inside the block connecting the feet by modifying the 

ong-range interaction as studied in [8] . We phenomenologically 

eproduced such mutation by increasing the value of the distance 

 

0 
i j 

of the long-range interaction between the bridge block and the 

oil block and decreasing the value of r 0 
i j 

among the other blocks. 

he obtained system shows a behavior reproducing the results re- 

orted in [ 6 , 8 ]. In particular we obtain a decrease of the average

istance between the hinge and foot blocks (foot span). The aver- 

ges are 4 . 90 and 3 . 83 (non-dimensional units) for the normal and

utated chain, respectively. Analogously, the average elongation of 

he foot block (measured as the distance between the beginning of 

oot block and the end of the C-terminus block) is 5 . 59 and 5 . 04

non-dimensional units determined by the assigned Morse poten- 

ials) for the normal and mutated chain, respectively. This qual- 

tative confirmation of the experimental behavior supports once 

gain the possibility of describing crucial effects of the mutations 

n the conformation of the proteins with the consequent variation 

f coacervation. This result can find an explanation in the behav- 

or of α-helices and β-sheets observed in MD [8] . In particular, the 

ercentage of α-helices is increased and a more-ordered secondary 

tructure is observed. 

Finally, in Fig. 13 we show the response to a force applied to the

nd particles of the mutated system with respect to the behavior 

bserved in Fig. 10 for the original system. Observe that the mu- 

ated system shows a tendency to maintain a more compact struc- 

ure with smaller values of the end-to-end distance. This behavior 

s due to the larger value assigned to the equilibrium distance be- 

ween coil and bridge inducing the hinge and the foot blocks to 

tay closer. 

A comment is now in order. We have considered the ef- 

ects of the particular mutation detailed above by modifying the 

ong-range interaction between the coil and the bridge blocks. Of 

ourse, each other possible mutation would require the identifica- 

ion of relevant structural changes in the conformation of the pro- 
486 
ein so to associate this change to the parameters in the effective 

otential energies included in the model. 

. Discussion 

We introduced a course-grained mechanical model able to de- 

cribe the structural behavior of tropoelastin at the molecular 

cale. While the model neglects the details of single amino acids, 

e show the ability of analyzing global molecular properties, both 

echanical and topological. In particular, the important folding- 

nfolding conformational transition, the force-elongation relation 

sing different loading strategies both for loading and unloading, 

nd the effect of mutations are successfully obtained. 

To focus the attention on a real case, we considered the be- 

avior of an important protein precursor of elastin: the tropoe- 

astin. The model is able to reproduce the main experimental fea- 

ures observed in such protein. Several properties, in our opin- 

on, are worth to mention. Our model, as compared to classi- 

al approaches based on MD, is numerically enormously advanta- 

eous thus offering the possibility of performing numerical exper- 

ments on large systems such as interacting molecules or protein 

undles that are out of the range of applications of MD experi- 

ents. Our numerical tests showed the high morphological sta- 

ility of the folded configuration starting from very different ini- 

ial configurations. In particular, we tested initial configurations 

here the distance among the particles in the direction of one 

xis and the range of fluctuations along the other axes are 50% 

arger than in other numerical simulations, thus showing a robust- 

ess of the equilibrium folded configuration in agreement with 

he well-known stability of folded configurations of proteins ( e.g. , 

ropoelastin). Moreover, we have changed the number of particles 

sed in the simulations and rescaled the masses and coherently 

he distances where the nearest-neighbor potential energies are 

inima. We found that the final folded configuration is consis- 

ent with the previous results. This result indicates that the ap- 

roach is mainly independent on the coarse-graining scheme and 

hat it captures the main structural and energetic features of the 

ystem. 

The folding process shows the formation in sequence of sec- 

ndary and tertiary structure [ 35 , 36 ] in agreement with a “frame-

ork folding model”. In particular, our model qualitatively repro- 

uces the ‘topological regions’ known in the folded configuration 

f tropoelastin [29] . In order to further investigate the effective- 

ess of the model, we considered the effect of mutation through a 

odification of the foot-coil block interaction. We observe a larger 

orce in the mutated scheme needed to obtain a desired value 

f elongation. In other words, the mutation induces an increased 

igidity of the system. This reflects the observation that in the case 

f a biological macromolecule such as tropoelastin, mutations of 

his form could affect its functionality and, in the end, hierarchical 

ssembly [7] . 

We obtained a force-elongation diagram that shows an ini- 

ial slight hardening, corresponding to the unfolding of the folded 

tructure. After this stage one observes a sudden stiffness increase 

hat is induced by the large stiffness of the NN interactions, dom- 

nant after the unfolding of tertiary and secondary structures (this 

eflects the experimental and numerical results in e.g. [ 28 , 29 ]). In

he unfolding process at fixed force, we distinguish a low force 

egime where the behavior is mainly reversible and elastic elonga- 

ion corresponds to the reversible tertiary structure unfolding. In 

his regime the system behaves as an elastic spring. For larger val- 

es of the assigned force the behavior is irreversible with a large 

ysteresis and dissipation that in the range of our numerical ex- 

eriment is independent from both rate of loading and viscosity. 

his behavior is coherent with the experimental elastin behavior 

n [32] where the author observes that for temperature such that 
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Fig. 11. Cyclic loading behavior of the tropoelastin molecule. 

(a): Stepwise constant force applied to the ends of the chain to test the behavior of the system during a loading-unloading cycle. After the application of the force, the 

system can evolve for a time interval �t until it reaches an equilibrium configuration. After this interval the force is increased (decreased during the unload process) by �F 

starting from the new attained conformation. 

(b): Low maximum force cyclic behavior. During the unloading phase we considered different values of the dissipation parameter γ ( γ = 1 and γ = 5 ); the reduction of 

this parameter corresponds to a final configuration more and more similar to the initial one at the beginning of the loading phase. The unfolding process in this regime 

corresponds to the breaking of the tertiary structure as shown in the inset with the secondary structures unaffected. Observe the (almost perfectly) elastic behavior of the 

system with almost no hysteresis and coincidence of loading and unloading paths. Different functional blocks are identified by different colors (see the caption in Fig. 1 ). 

(c): High maximum force (hysteretic, dissipative) cyclic behavior. In this regime the phenomenon of hysteresis appears after the cycle is completed. Hysteresis is not affected 

by the value of the dissipation parameter γ (ranging from 5 to 0.5). This irreversible process corresponds to the sequential breaking of the secondary structures as shown 

in the inset. Different functional blocks are identified by different colors (see the caption in Fig. 1 ). 

Fig. 12. Foot span: Example of final configurations in case of normal chain (left fig.) 

and mutated chain (right fig.). Mutation is introduced by modifying the long-range 

interaction, increasing the value of the distance r 0 
ij 

of the long-range interaction be- 

tween the bridge block and the coil block and decreasing the value of r 0 
ij 

among the 

other blocks. The average distance between the hinge and foot blocks (foot span) 

changes from 4.90 to 3.83 (in non-dimensional units) for the normal and mutated 

chain, respectively. Analogously, the average elongation of the foot block is 5.59 and 

5.04 for the normal and mutated chain, respectively. Different functional blocks are 

identified by different colors (see the caption in Fig. 1 ). 

t

i

t

Fig. 13. Applied force vs end-to-end distance in the case of normal and mutated 

chain. The procedure for obtaining the plot is analogous to the one described in 

the caption of Fig. 10 . The mutation is included as described in the text and in the 

caption of Fig. 12 . 
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he hydrophobic effect is not activated and no secondary structure 

s present, the behavior is reversible. On the other hand, when 

he temperature induces the hydrophobic effect and secondary 
487 
tructure formation, large hysteresis is observed associated to the 

olding-unfolding transition of the secondary structure. We stress 

n important point of our approach. The calibration of the param- 

ters has been based on the only reproduction of the final confor- 

ational structure of the folded system (wild-type and mutated). 
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nce fixed these parameters, we tested the model in order to ob- 

ain the force-elongation curves and the cyclic loading/unloading 

urves reproducing known experimental behavior. Thus, these re- 

ults are not introduced ab initio and are emergent features of the 

odel. 

A comment about future research activity and the extension 

f the presented approach is in order. We see our approach as 

 starting point for the modeling of more complex systems that 

re out of the range of application of other classical methods such 

s Molecular Dynamics simulations due to computational effort. 

hus, future work will be related to the validation of this model 

sing parameters that can allow a quantitative comparison with 

umerical and experimental results. Moreover, it would be in- 

eresting to consider and analyze a system made of a chain of 

ropoelastin elements in order to test the behavior of a model of 

lastin. 

Finally, one would like to extend this model to other macro- 

olecules of interest for applications in biology and bio-inspired 

aterials. The application to different systems will require the cal- 

bration of the local and long-range interaction potentials. On the 

ther hand, some general features of the model (such as the scal- 

ng law characterizing the interaction strength between particles 

f the form N 

2 / 3 or the role of hydrophobic effect in the folding 

rocess of several proteins) are general, suggesting that this ap- 

roach can be adapted to other cases in order to consider different 

ffects. We are thus confident that the proposed approach will de- 

iver an important innovative tool to study significantly more com- 

lex structures, beyond the range of applications of present MD 

pproaches. 
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