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Abstract

Scleroproteins are an important category of proteins within the human body that adopt 

filamentous, elongated conformations in contrast with typical globular proteins. These include 

keratin, collagen, and elastin, which often serve a common mechanical function in structural 

support of cells and tissues. Genetic mutations alter these proteins, disrupting their functions and 

causing diseases. Computational characterization of these mutations has proven to be extremely 

valuable in identifying the intricate structure-function relationships of scleroproteins from the 

molecular scale up, especially if combined with multiscale experimental analysis and the synthesis 

of model proteins to test specific structure-function relationships. In this work, we review 

numerous critical diseases that are related to keratin, collagen, and elastin, and through several 

case studies, we propose ways of extensively utilizing multiscale modeling, from atomistic to 

coarse-grained molecular dynamics simulations, to uncover the molecular origins for some of 

these diseases and to aid in the development of novel cures and therapies. As case studies, we 

examine the effects of the genetic disease Epidermolytic Hyperkeratosis (EHK) on the structure 

and aggregation of keratins 1 and 10; we propose models to understand the diseases of 

Osteogenesis Imperfecta (OI) and Alport syndrome (AS) that affect the mechanical and 

aggregation properties of collagen; and we develop atomistic molecular dynamics and elastic 

network models of elastin to determine the role of mutations in diseases such as Cutis Laxa and 

Supravalvular Aortic Stenosis on elastin’s structure and molecular conformational motions and 

implications for assembly.
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1. Introduction

Keratin, collagen, and elastin belong to an important category of proteins within the human 

body, known as fibrous proteins or scleroproteins, which adopt filamentous, elongated 

conformations in contrast with typical globular proteins [1, 2]. They typically consist of 

tandemly repeating units of amino acid sequences, such as the heptad repeats in keratins [3], 

the G-X-Y motifs in collagen [4], and the V-P-G-V-G motifs in elastin [5]. These fibers 

provide structural support to cells and tissues due to their unique mechanical properties 

conferred by the repeating motifs and the resultant secondary structures, as well as their 

tendency to aggregate and form functional filaments [2]. Examples of these filaments 

include the helical coiled-coil bundles of keratins, the triple-helical fibers of collagen I, and 

the elastin microfibrils formed through coacervation and crosslinking. Given the remarkable 

importance of these proteins as structural elements, it is of no surprise that many disease 

phenotypes arise as a result of mutations in these proteins that lead to misaggregation that 

diminishes or completely disrupts their ability to form fibrillar structures, thereby 

dramatically reducing their mechanical functions. Due to the molecular nature of these 

disruptions, experimental characterization of diseases related to fibrous proteins has been 

significantly assisted by the proliferation of computational studies that are able to probe the 

intricate structure-function relationships of these scleroproteins on the molecular scale. 

Here, we review the molecular origins of numerous critical diseases that are related to 

keratin, collagen, and elastin, through several case studies. We propose ways of extensively 

utilizing multiscale modeling, from atomistic to coarse-grained molecular dynamics 

simulations, to uncover the underling molecular mechanisms for some of these diseases, 

helping to pave the way towards novel cures and therapies.

1.1. Keratin-related Diseases

The human skin, a complex multilayered structure encompassing almost the entirety of the 

human body, provides crucial biological functions, such as regulating the egress of body 

fluids, preventing the entry of foreign substances, and maintaining the body’s temperature 

[6, 7]. To perform those functions, cells known as keratinocytes undergo cellular 

differentiation and outward migration, leading to the formation of the final layer of the skin, 

known as the stratum corneum (SC) [8, 9], which consists of a dead flat layer of 

corneocytes. In healthy human skin, the primary structural components in the SC 

corneocytes are keratins [9], which are long strands of proteins with a high molecular 

weight, accounting for the major portion of the total protein content in the epidermis [8]. 

Importantly, many inherited skin disorders have been found to explicitly link with mutations 

in keratin molecular structures [10], and have been listed in the Human Intermediate 

Filament database [9].

Keratins in the human skin are rich in glutamic acid, serine, leucine, and glycine [9, 11]. The 

primary structure of keratins consists of chains of these amino acids with high sequence 

identity although the exact number and sequence of amino acids vary slightly. The amino 

acid sequences also display a periodicity in the arrangement of the residues, consisting of 

heptad repeats of (a-b-c-d-e-f-g)n such that residues a and d are typically hydrophobic and e 
and g are charged [3]. The precise amino acid sequence exerts immense influence on the 
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functions, structures, and properties of keratins [12]. The secondary structure of keratins 

consists of multiple domains and subdomains, as depicted in Figure 1a. Each keratin 

monomer consists of head, rod, and tail domains. The head and tail domains are largely non-

helical and globular structures with some content of β-turns [13, 14]. The rod domain is 

further divided into subdomains of right-handed α-helical segments (1A, 1B, 2A, and 2B) 

connected by strands of non-helical linkers (L1, L12, and L2).

The tertiary structures of keratin filaments consist of Type I and II keratins assembled as 

left-handed coiled-coil heterodimers [15] as shown in Figure 1b, where the hydrophobic 

residues a and d from each keratin monomer are wrapped up within the coil, forming an 

amphipathic structure with hydrophilic residues on the surface. Homodimers of either type 

are highly unstable, and thus degrade swiftly, while the stability of heterodimers helps 

maintain a balanced ratio between Types I and II [10]. This is due to Type I keratins being 

acidic, while Type II keratins are neutral to basic. Finally, unit length filaments (ULFs) are 

formed through bundling the heterodimers through four different modes of antiparallel 

stacking [16, 17] as illustrated in Figure 1c. These stacking modes were identified after 

crosslinks were induced between human K1 and K10 epidermal keratin chains and the 

linked residues were isolated through trypsin digestion [16]. The precise reason that ULFs 

have these stacking modes are still unknown but it is speculated that these can lead to 

spatially efficient packing into a lattice structure [18] through electrostatic interactions 

between charged amino acids on their surfaces [11].

Epidermolysis Bullosa Simplex (EBS), Epidermolytic Palmoplantar Keratoderma (EPPK), 

and Epidermolytic Hyperkeratosis (EHK) are examples of inherited skin disorders that are 

explicitly linked to keratin mutations [15]. EBS and EHK display remarkable similarities in 

that the most frequent mutations occur in the highly-conserved regions in segments 1A and 

2B (also known as mutation ‘hot-spots’) as highlighted in Figure 1a. For EBS, mutations 

occur in both basal keratin 5 and 14 (K5 and K14), while EHK is a result of mutations in 

both suprabasal keratin 1 and 10 (K1 and K10), which are the predominant keratins found in 

human SC [11]. As there are 28 Type I and 26 Type II intermediate filament proteins, 

nomenclature of these keratins have been standardized according to the three categories of 

(1) epithelial keratins/genes, (2) hair keratins/genes, and (3) keratin pseudogenes, taking into 

account historical precedence [9, 19]. Moreover, one of the most frequently observed 

mutations in EHK is the substitution of the positively-charged arginine residue in position 

156 of K10 by six other residues [9]. Three of these are polar residues: cysteine, histidine, 

and serine; while the other three are hydrophobic residues: proline, leucine, and glycine. For 

ease of reference, the substitutions are simplified as three-letter protein codes, namely 

p.ARG156CYS, p.ARG156HIS, p.ARG156SER, p.ARG156PRO, p.ARG156LEU, and 

p.ARG156GLY respectively. Characteristics of EHK include skin redness coupled with 

broad thickening of the topmost layer of the skin and severe blistering [17]. These mutations 

also result in keratins failing to assemble into filament structures, leading to malformed 

clumps of keratins [12, 16].

The exact molecular mechanisms behind the inability of the keratins to assemble after 

mutations have not been fully understood. Through experimental observations, Steinart et al. 
[16] proposed a surface lattice model of K1 and K10 packing and suggested that there likely 
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exists a recurring pattern of ten to eleven residues overlapping between the highly conserved 

1A and 2B segments, implying that any mutations in these regions may result in significant 

interference with the structural integrity of keratin filaments. Similarly, through differential 

interference contrast microscopy and rheological assays, Ma et al. [20] characterized keratin 

14 (K14) mutations involved in EBS and found that mutations significantly decreased the 

keratins’ ability to bundle and weakened the network’s mechanical properties. Furthermore, 

structural characteristics of various mutated keratins have been studied by computer 

simulations [21, 22]. For instance, molecular dynamics (MD) modelling by Smith et al. [22] 

on twenty-two mutations in segment 1A of keratin 5 (K5) and K14 responsible for EBS 

showed that structural distortions due to these mutations correlate with clinical severity, and 

the distortions vary according to different mutations.

1.2. Collagen-related Diseases

Collagen is one of the most abundant proteins in human body that confers mechanical 

stability, elasticity, and integrity to bio-organisms in combination with other important 

materials such as hydroxyapatite (HAP) minerals and elastin [23–25]. The basic building 

block of collagen molecules is a Gly-X-Y amino acid triplet. Repeated triplets form long 

chain of polypeptides, and three strands of polypeptides assemble into a triple helical 

tropocollagen molecule. This tropocollagen molecule can be assembled further into two 

main types of collagen assemblies as shown in Figure 2a and b [26]: fibrillar (Type I-like, I, 

II, III, V, and XI) and non-fibrillar networks (Type IV-like). Type I collagen molecules form 

ordered fibers where the axial length is 67 nm and this is known as the D period [27]. The 

unit cell consists of five molecular segments with an overlap region (0.46D ~ 31 nm) and a 

gap region (0.54D ~ 36 nm), forming a right-handed twist with the neighboring fibrils [28]. 

The collagen I fiber is a main structural component of the muscular-skeletal components 

such as tendons, ligaments, and bone with the other building blocks of HAP mineral nano-

plates (2–5nm thick, 15–55 nm long and 5–25nm wide) [25, 29, 30]. On the other hand, type 

IV collagen is non-fibrillar and mostly found in the basal lamina, forming a structurally 

complex membrane basement with laminins which has filtration properties in capillaries and 

glomeruli [31].

A single point mutation of amino acids in these collagens can cause serious genetic diseases. 

Considering their portion in the total collagen molecules, it is intriguing that such small 

changes can have significant influence on the function and stability of the organs that 

contain collagen. Osteogenesis imperfecta (OI), also known as brittle bone syndrome, is a 

result of mutations in collagen I and it is characterized by significant bone fragility. Due to 

the sophisticated hierarchical structure of bone, it is still elusive how such a small alteration 

can significantly affect the entire system. Several abnormalities such as differences in 

mineralization, collagen crosslinking, fiber diameter, and mineral crystallinity are reported 

[32, 34, 35]. There is no known complete cure for this disease but some medicines such as 

bisphosphonate or treatment with vibration can mitigate the symptoms [36, 37].

Missense mutations in collagen I, such as replacing glycine with another amino acid that has 

a bulkier side chain, can cause serious malfunctions in the mechanical properties of bone 

due to tissue disorders [38]. In contrast, missing glycines in the Gly-X-Y triplet is 
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considered to be vital for non-fibrillar collagen IV and these are termed natural interruptions 

[39]. There are more than 20 natural interruptions in the entire collagen IV sequence [40] 

where six different chains of α1 to α6 have been identified in the collagen IV family. These 

chains are composed of three main domains: a short 7s domain at the N-terminal, a long 

collagenous domain, and a non-collagenous (NC1) domain at the C-terminal, as shown in 

Figure 2b [41]. Alport syndrome (AS) is a genetic disorder associated with mutations in 

collagen type IV. Most patients with Alport syndrome have X-linked inheritance of mutation 

in the gene responsible for encoding the collagen IV α5 chain, which results in thinning or 

detaching of the glomerular basement membrane (GBM), as shown in Figure 2b. The main 

feature of X-linked AS is the reduction or total loss of α3α4α5 triple helices, while some 

mutations with less severe AS still allow for the formation of α3α4α5 [42].

Those mutations may result in incorrect structural assembly of the α3α4α5 heterotrimer and 

cause them to degrade easily, although the detailed mechanisms are still not clear. The 

natural interruptions perturb the fibrillar packing but allow dense networks to form by 

reducing the fibril’s bending and tensile stiffness. Glycine missense mutations (i.e. 

mutations related to AS) near these natural interruptions can reduce the stability of triple 

helices further or weaken the mechanical properties of collagen IV networks [43]. However, 

these molecular details remain very elusive in terms of experimental characterization, 

therefore integrative atomistic and coarse-grained modeling can be performed together with 

detailed experiments to shed light on the mechanics of the tissues and the detailed molecular 

mechanisms that are caused by diseases.

1.3. Elastin-related Diseases

Elastin is an extracellular matrix protein that forms an essential component of elastic fibers 

which confer reversible deformability, recoil and resilience to connective and vascular tissue, 

including the skin, arteries, heart and the lungs [44, 45]. Native elastin is a durable 

constitutive material that is insoluble and extensively cross-linked [44], and thus difficult to 

isolate. Tropoelastin is the soluble, monomeric building block of the elastin protein. It is 

encoded by a single gene (ELN) with 34 exons that may generate multiple isoforms 

depending on alternative splicing patterns [46]. A mature molecular structure has the 

molecular weight of approximately 60 kDa [46]. Tropoelastin is composed of alternating 

hydrophilic domains rich in lysine and alanine residues and hydrophobic domains, rich in 

valine, proline and glycine residues, often occurring in repeats of VPGVG, in single amino-

acid code (Figure 3a).

It is a dynamic, highly disordered molecule, containing a high content of labile β-turns, 

poly-proline II helix (PPII) and disordered structure, as well as stable α-helices principally 

in polyalanine cross-linking domains [52, 53]. Tropoelastin interacts with cell-surface 

receptors, assisting cellular functions, and stimulates cell responses, including chemotaxis, 

proliferation and cell adhesion [54]. Of particular importance for these functions is domain 

36, the final capping domain of the molecule that contains an important cell-interactive 

RKRK sequence [55, 56].

Elastogenesis is the elastic fiber assembly process by which tropoelastin is deposited onto a 

microfibrilar scaffold, forming the growing elastic fiber. Microfibrils consist of fibrillin, 
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microfibril associated glycoproteins (MAGPs), fibulins, and EMILIN-1. Microfibrils and 

their components, which include fibrillin, microfibril associated glycoproteins (MAGPs), 

fibulins, and EMILIN-1, assist in lysyl oxidase (LOX) cross-linking and alignment of 

tropoelastin clusters onto the growing fiber [57]. First, tropoelastin is secreted from 

elastogenic cells (Figure 3b), such as smooth muscle cells and fibroblasts, coalescing on the 

cell surface, where it begins to be cross-linked by the enzyme lysyl oxidase, a process 

facilitated by fibulins. In parallel to the cross-linking process, the monomers aggregate 

together through coacervation (Figure 3c, f). In vitro coacervation has been observed, 

showing a sequential assembly of growing spherical clusters of tropoelastin [49, 58]. The 

growing aggregates of tropoelastin are eventually transferred to microfibrils in the 

extracellular environment, bound to the cell surface through integrins. The elastin aggregates 

extend on the microfibril scaffold where further cross-linking takes place (Figure 3d, g).

Until recently, the molecular structure of tropoelastin has remained a mystery due to its large 

size and disordered nature, and insoluble, highly cross-linked state in vivo. After the 

elucidation of the human tropoelastin-encoding gene, recombinant full-length tropoelastin 

expression was realized, opening the path to probe the complete molecular structure [48, 

59]. Recent small-angle X-ray (SAXS) and neutron scattering (SANS) studies captured the 

distinguishable global shape of tropoelastin [48] (Figure 3e). It was found that tropoelastin is 

an asymmetric molecule, with an extended, coil-like, N-terminal region, supported by a 

hinge that props a bridge linking the N-terminal to the cell-interactive C-terminal contained 

in the exposed foot region [48].

A number of diseases, including cutis laxa, emphysema, and supravalvular aortic stenosis 

are associated with mutations within or improper function of elastic fibers [60]. Cutis laxa 

includes a collection of disorders characterized by loose, wrinkled skin, affecting both the 

appearance and the protective function of tissues in the face, hands, feet, joints and torso [61, 

62]. Autosomal dominant congenital cutis laxa (ADCL), in particular, is associated with 

mutations in the elastin (ELN) gene. It is genetically heterogeneous and shows clinical 

variability. In addition to loose, inelastic skin, ADCL may include gastrointestinal 

diverticula, hernia, and genital prolapsem [62]. Rare manifestations are pulmonary artery 

stenosis, aortic aneurysm, bronchiectasis, and emphysema [61, 63]. The majority of ADCL 

mutations are due to frame-shift mutations in the ELN gene at the 3’-end, resulting in an 

extended missense peptide sequence at the carboxy-terminal end of secreted tropoelastin 

[64]. Mutant tropoelastin is deficient in fibrillin binding and has enhanced self-association 

properties [65]. After mutant tropoelastin is secreted it is incorporated into elastin fibers, 

forming elastic structures with reduced stiffness and increased compliance [66], and yielding 

observed disease phenotypes. A major challenge for understanding the mechanisms of 

operation of cutis laxa and other ELN-related diseases is to determine how the known 

mutations affect the structure of the tropoelastin molecule, thereby influencing exposed 

binding domains, mechanical properties and assembly.
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2. Simulation Methodologies

2.1. Atomistic Modeling

Molecular dynamics (MD) simulations are immensely powerful and useful tools for 

determining numerical solutions for classical many-body problems that commonly lack 

analytical solutions. In atomistic MD simulations, atoms are assumed to be point masses that 

interact with each other according to classical Newtonian equations of motion [67, 68], 

where Euler equations, Hamilton’s quaternions, and Lagrange’s method of geometric 

constraints, can be incorporated depending on the complexity of the problem at hand [69]. 

Classical MD deals with the atoms or molecules based on their interactions where the 

electronic structures of atoms are not changed significantly, e.g., excluding bond breaking 

and forming. Based on this classical description, the Hamiltonian, H, is the sum of the 

potential energy, U, and kinetic energy, K, of a system that has N number of particles. The K 
and U are usually functions of coordinates qi and momenta pi of each atom i, where the 

variables in bold refer to vectors. Under given volume and interatomic potential U(qi), the 

equations of motion are solved by numerical integration such as velocityVerlet or Gear 

method. Then, the total Hamiltonian, H = K(pi)+U(qi), is naturally conserved with a proper 

time step during the time integration (NVE ensemble). Since temperature and pressure are 

common macroscopic variables in experiments, the NVT (canonical) and NPT (isobaric-

isothermal) ensembles, where the equations of motion are generally derived from the 

extended Hamiltonian systems including thermostat and barostat, are frequently adopted in 

MD simulations.

To describe the properties of a model system correctly, the potential, U, plays a key role in 

defining their behaviors and therefore, a broad range of MD potentials have been developed 

to characterize numerous types of interatomic interactions, which are able to describe 

biological, chemical, mechanical, and physical properties of many materials. Through a 

comparatively simple mathematical formulation, one of the most fundamental of these 

potential energy functions is the Lennard-Jones (LJ) potential which could accurately model 

the properties of several low-density gases, such as argon [70, 71]. Moreover, a more 

significant usage of the LJ potential is to couple it to other interatomic potentials to 

implement dispersive interactions. This allows a much broader range of materials to be 

modeled [72–75] by approximating the interactions between chemically dissimilar atoms 

with the Lorentz-Berthelot mixing rules [67]. Even though these mathematical formulations 

have proven to be suitable for a broad range of applications, simulations of biological 

phenomena typically demand greater complexity, especially when modeling chemical 

species that have complex bonding structures, such as those in carbon and silicon 

compounds. Highly intricate potential energy functions have been derived, optimized, and 

validated against Density Functional Theory (DFT) and experimental results, including the 

Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential [72], the 

Tersoff potential [76], and the large family of CHARMM [77] and AMBER [78] potentials 

to name just a few. Here, for instance, the Amber03 force field [79] was used to 

parameterize the keratins, as implemented in the GROMACS 4.6.5 software package [80]. 

This force field has been widely used to simulate peptides, proteins, and helical coiled-coils 

such as collagen [81–85]. The force field is comprised of five separate energy terms, namely, 
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the bond stretching, angle bending, torsional, van der Waals (vdW), and electrostatic 

interactions. Explicitly,

U(R) = ∑
bonds

Kr r − req
2 + ∑

angles
Kθ θ − θeq + ∑

diℎedrals

V n
2 (1 − cos[nϕ − γ])

+ ∑
i < j 

atoms Aij
Rij12 −

Bij
Rij6

+
qiqj
εRij

where Kr and Kθ are the bond and angle stiffnesses; r and θ the bond length and bond angle; 

req and θeq the equilibrium bond length and bond angle; Vn the dihedral stiffness; φ the 

dihedral angle; γ the phase angle; Rij the distance between two non-bonded atoms; Aij and 

Bij the constants for non-bonded interactions; q the charge of the atoms; ε the dielectric 

constant.

2.2. Coarse-grained Modeling

Even though highly detailed characteristics of atoms can be determined from MD 

simulations, significant computational costs have to be incurred for systems that extend 

beyond millions of atoms because of their intrinsically short time step, typically around 1 or 

2 fs. This might be infeasible even with current computational hardware, especially for 

biological materials, as adequate sampling of configurational space for large systems 

becomes prohibitive. An alternative to a brute force approach is to employ a simplification 

of interatomic details through coarse-graining. Coarse-grained (CG) models are efficient and 

computationally economical techniques for investigating the response, property, and/or 

behavior of interest in systems with spatiotemporal scales that are not accessible to 

numerical methods that capture phenomena on a much smaller scale, such as MD 

simulations. Moreover, hierarchical “handshaking” can be established between the various 

scales, leading to progressively multiscale transitions to determine each system’s nano-, 

meso-, and macro-scale structure-property-function relationships. By adopting this “finer-

trains-coarser” approach, the ability to characterize and understand biological phenomena 

from the bottom-up is greatly fortified through the incorporation of a comprehensive 

theoretical foundation to predict and characterize multiple properties in these biological 

systems.

One of the more widely used CG models is a physics-based approach where experimental 

data or quantum-mechanical calculations are used to parameterize CG forcefields. Due to 

this similarity with parameterizing fully atomistic MD forcefields, physics-based CG 

forcefields can usually be assimilated into existing MD software conveniently, thus ensuring 

excellent portability for wider usage. Amongst these numerous CG methods, the MARTINI 

forcefield [86, 87] is widely used for modeling biological systems and materials. From its 

initial parameterization to model lipids [88], the MARTINI methodology has been 

standardized subsequently for the systematic reproduction of the free energies of hydration, 

vaporization, and partitioning of polar and apolar phases for a wide variety of chemical 

compounds such as hexadecane, chloroform, ether, and octanol [86]. The MARTINI 

forcefield clusters atoms into four main types of polar (P), nonpolar (N), apolar (C), and 

charged (Q) CG beads where four heavy atoms and their corresponding hydrogen atoms are 
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modelled as one CG bead. Even though this is a comparatively basic representation of 

molecules, this model has been parameterized and validated for a broad range of 

biomaterials, such as polymers and block co-polymers such as PEG and PEO [89], 

polysaccharides [90], proteins [91, 92], and DNA [93]. A major downside is that only 

tertiary structures of proteins, DNA, and RNA can be determined as the secondary structures 

have to be constrained via an elastic network, therefore a MARTINI model cannot capture 

conformational changes in the secondary structure.

However, structural details in MARTINI models can be reinforced through the construction 

of appropriate elastic network models (ENMs) [51]. ENMs are most useful in capturing 

global domain motions of loops and subdomains, as these phenomena occur at longer time 

scales and larger length scales inaccessible to MD. Such approaches have been instrumental 

in identifying protein functions in ion gating and self-assembly (further references can be 

found in [94]). ENMs simplify a structure by modeling it as a network of masses interacting 

through a simple harmonic potential, creating a coupled bead-spring system [94]. Nodes 

correspond to equidistant points on a grid fit to atomistic or small-angle X-ray scattering 

derived geometries. Molecular normal mode analysis is based on the assumption that a 

molecule will oscillate about an equilibrium configuration as a result of thermally induced 

fluctuations at the atomic scale. Mathematically, the molecule is modeled as a system 

containing N interacting sites with coordinates qi. The assumption in normal mode analysis 

maintains that the starting structure is an equilibrium configuration, such that qi0 are 

coordinates in the equilibrium configuration. The potential energy near equilibrium is 

approximated as:

V (q) = 1
2 ∑

ij
∂2V

∂qi∂qj

0
qi − qi0 qj − qj0 .

The terms ∂2V
∂qi∂qj

0
 are components of the Hessian matrix. Considering the molecule as a 

system of classically interacting particles, the equation of motion is:

Md2Δq
dt2

+ HΔq = 0

where M is the mass matrix, q are the coordinate components and H is the Hessian matrix. 

The equation of motion can be written as:

Huk = ωk
2Muk,

assuming a solution of the form

uk(t) = akexp −iωkt .
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This is a generalized eigenvalue problem, where the solution set, uk, with 1 ≤ k ≤ 3N, and 

squared frequencies, ω2, represent the eigenvectors and eigenvalues, respectively. The 

eigenvectors of the mass-weighted Hessian matrix form an orthonormal basis set defining 

the normal modes of the molecule. The energy of a mode is directly proportional to the 

eigenvalue, or the squared frequency of motion, λk = ω2k. From normal mode analysis, low-

frequency modes are most accessible and least energetically expensive.

Dissipative particle dynamics (DPD) is an alternative physics-based method of coarse-

graining [95, 96] where a combination of a dissipative force, a random force, and a 

conservative linear repulsive force are exerted on the CG beads. The corresponding chemical 

identity of each CG bead is enforced by the conservative force which mimics excluded-

volume interactions while the system’s temperature is maintained by a thermostat 

comprising of the dissipative and random forces. Furthermore, bonds between the CG beads 

are usually soft Hookean springs or the finitely extensible nonlinear elastic (FENE) model 

[97]. DPD simulations have been broadly used to model the properties of proteins [98–100], 

polymers [101, 102], complex fluids [103], and biomembranes [104]. For instance, 

ultraviolet inks for 3D inkjet printing in nanoscale additive manufacturing were modelled 

with DPD [102] to demonstrate that sodium dodecyl sulphate is an effective surfactant for 

reducing the average size of polyethylene glycol and polystyrene agglomerates, thereby 

enhancing their uniformity. Another study employed DPD to identify experimental 

parameters that are critical for the processing of bioinspired silk fibres [99]. To design 

hierarchical materials in a predictive manner, the co-polymer’s ideal lengths were 

determined and the ratios of the hydrophobic and hydrophilic domains in the co-polymer are 

optimized. It was verified experimentally that fibers with excellent mechanical properties 

were formed. This model was extended further to determine how fibrillation was influenced 

by terminal modification of the peptides [100] and their results demonstrated that decreasing 

the hydrophobicity in combination with increasing the molecular weight at the terminals 

augmented the alignment of the peptide chains under shear. Despite a reduction in 

extensibility and toughness, the mechanical strength and elasticity were enhanced.

3. Computational Characterization of Disease Phenotypes

3.1. Keratin

Fully atomistic molecular dynamics (FAMD) and coarse-grain molecular dynamics 

(CGMD) simulation methods have successfully used to reveal the dynamics of different 

types of proteins such as HIV-1 protease at different timescales [105, 106]. These methods 

can also be applied to determine the molecular mechanisms behind poor assembly of 

mutated K1 and K10. In this case study, we perform both FAMD and CGMD simulations on 

the six ARG mutations in segment 1A of K10. Through FAMD simulations, we characterize 

the evolution and equilibration of the secondary and tertiary structures of these mutated 

segments. In order to simulate the binding of the overlapping regions of keratin segments, 

which is on a time-scale beyond the reach of FAMD simulations, cluster analyses [107] are 

performed on the trajectories of the FAMD simulations and the most probable equilibrated 

structures are coarse-grained. Subsequently, the binding energies between segments 1A and 

2B of each mutation are analyzed by using CGMD. As mentioned in Section 1.1, mutations 
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related to EHK result in poor binding of keratins, leading to the inability to assemble into 

filament structures. The present case study provides fundamental understanding of the 

effects of different mutations in highly conserved regions of keratins on the structural 

characteristics and aggregation dynamics, which may lead to potential therapeutic treatments 

for EHK as this disorder currently has no known cure beyond amelioration of its symptoms. 

Details of the FAMD and CGMD models and simulation procedures are provided in Section 

1 of the Supporting Information.

3.1.1. Atomistic modeling—Hydrophobic substitutions of the ARG156 residue in 

segment 1A have marked effects on the structural stability of the entire segment. Table 1 

collates the structural data averaged over the last 10 ns of the equilibrations in comparison 

with the wild-type segments.

As mentioned in Section 1, protein coiled-coil formation is due to the burying of 

hydrophobic residues between the coils away from water solvents. For K1/K10 segment 1A, 

the ARG156 residue directly faces into the water solvent, as illustrated in Figure S1a. In 

contrast, hydrophobic substitutions immediately result in the destabilization of the coiled-

coil structure as the keratins attempt to re-fold their tertiary structure. Evidence for this is 

provided in Figure 4, where the average root-mean-square fluctuation (RMSF) of the 

backbone atoms in each residue of K10 is plotted. There are 35 residues in segment 1A of 

K10, and the substituted ARG residue is the tenth residue in K10. From Figure 4a, it can be 

observed that the hydrophobic residues (PRO, LEU, GLY) induced significant fluctuations 

in all residues at the nearest ends (residues 1 to 9), whereas these were largely stable for 

polar substitutions (CYS, HIS, SER) in Figure 4b. These fluctuations are most apparent for 

residues 1 to 5, where the RMSF for these residues in hydrophobic mutations can be almost 

double that for wild-type and hydrophilic mutations. PRO substitutions underwent the most 

dramatic fluctuations, affecting the entire length of K10. This is due to the fact that PRO 

residues have low propensity to form helices, as well as steric hindrance of the PRO 

sidechain with the backbone atoms of the preceding turn within the helix [108, 109]. As 

shown in Table 1, substitutions with hydrophobic residues also resulted in more decreased 

α-helical content than polar residues. The average number of α-helical residues in wild-type 

keratins is 61 ± 1. This number dipped for PRO, LEU, and GLY hydrophobic substitutions, 

whereas it was relatively stable for polar substitutions of CYS, HIS, and SER.

The combined effects of significant increases in the RMSF with the decreases in the α-

helical content due to hydrophobic substitutions can be ascertained visually, as illustrated in 

Figure 5. Cluster analyses [107] were performed on the trajectories of the equilibration run 

in GROMACS to determine the conformations with the highest number of transitions, i.e. 

conformations which have been accessed the most number of times throughout the 

simulation. Thereafter, the backbone atoms in mutated keratins were aligned with the wild-

type keratin and their RMSD were determined. On the one hand, it can be observed that 

hydrophobic residues tend to produce a localized kink in the region of mutation, and this is 

especially dramatic for PRO substitutions due to the reasons aforementioned. This leads to 

much larger RMSD values after alignment with the wild-type, as seen in the first column of 

Table 1. On the other hand, polar substitutions produced negligible kinking, largely retaining 

similar conformations with the wild-type, resulting in very small RMSD values after 
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alignment. Clearly, local structural distortions could be a significant factor behind the in 
vitro observation of misaggregation of mutated keratin bundles. To deepen our 

understanding of the origin and driving force behind this misaggregation, we performed 

CGMD on much longer time-scales to determine the interaction energies during the 

aggregation process.

3.1.2. Coarse-grained Modeling—The vdW, Coulombic, and total interaction energies 

between segments 1A and 2B were determined over 200 ns and these data were averaged 

over four different simulations for each mutation together with the application of the 

Savitzky-Golay smoothing filter, as shown in Figure S2. There were no significant variations 

in the short-range vdW interaction energies for both hydrophobic and polar mutations. 

However, substitutions with hydrophobic residues led to extensive reductions in inter-

segment long-range Coulombic interactions, while substitutions with polar residues only 

resulted in slight reductions in the Coulombic interactions. As shown in Table 1 and Figure 

S2, for hydrophobic mutations, this resulted in decreases of more than 10% in the average 

total interaction energy between segments 1A and 2B. The underlying reasons for the 

differences are that hydrophobic substitutions of the positively-charged arginine residue 

greatly reduced long-range electrostatic interactions in the highly polar region at the end of 

segment 2B; while the varying degrees of polarity in cysteine, histidine and serine 

substitutions ensured that the weakening was lessened to a great extent, though the effects 

were still apparent, especially for serine mutations due to their relatively small sidechains.

To analyze this issue, the amino acid sequences for segments 1A and 2B are listed in Figure 

6. It is shown that hydrophobic mutations of ARG156 strongly perturb the mutated region 

dominated by the polar interactions, leading to the reduction in the long-range electrostatic 

interactions. By summing up both of these interactions, we see that the total interaction 

energies in Figure S2 point to the fact that a single mutation in the ‘hot-spot’ is able to cause 

significant losses of intersegment cohesiveness along the overlapping regions, thus 

potentially leading to filament misaggregation observed in experiments [12, 16]. This is 

especially true for substitutions with hydrophobic residues.

3.1.3. Discussion and Implications—From the Human Intermediate Filament 

Database [9], the vast majority of mutations in K10 can be found in segment 1A, especially 

in the ARG156 hotspot. Moreover, the most frequent substitutions are of HIS, followed by 

CYS, with the other mutations being rare. The origins of these keratin mutations have a 

genetic basis, where mutations of a single base to different bases in various positions of the 

KRT10 gene result in different expressions of keratin 10 segment 1A [110]. The remarkably 

high frequency of HIS and CYS substitutions observed in literature [9] correlates well with 

our findings that these substitutions result in binding energies which are largely similar to 

that of wild-type keratins, implying that these substitutions are more energetically favorable 

and thus increase the relative probability of such mutations. Furthermore, there is a broad 

spectrum of phenotypic expressions of EHK, where even the same residue substitution can 

result in a different level of phenotypic severity and different expression [110–113], leading 

to significant variation and tailoring of therapies and disease management for each 

individual. This phenotype spectrum also implies that keratins have multiple functions, some 
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of which are not yet well characterized and understood. Hence, deepening the understanding 

of phenotypic traits and keratin functions could be made possible through untangling the 

complex interactions involved.

It is known that changes in keratin’s secondary and tertiary structures are strongly related to 

the side chain properties (size, acidic, basic, neutral) of mutated residues and how they 

interact with other biomolecules in their close environment, which are the key drivers behind 

the aggregation and clumping caused by mutations [110]. In the present study, by isolating 

localized atomic interactions, we identified the molecular traits associated with different 

residues and conformations. Our results can be useful in identifying different classes of 

phenotypic expressions observed in experiments, enabling better prediction of disease 

symptoms, especially since these symptoms vary with individuals and change with age and 

different therapies. For instance, our models predict that the lower binding affinity due to 

hydrophobic mutations presents a greater probability of severe disease phenotypes. 

Otherwise, it is likely that another confounding mechanism dominates, such as the 

expression of other keratin types like keratin 2 or 9 which may reinforce the functions of 

defective K1/K10. Further numerical studies may be needed to identify such confounding 

mechanisms in order to correlate with the phenotypes determined experimentally.

Current treatments of this type of genetic diseases are confined to management through daily 

skin care, or oral ingestion and skin application of various retinoids. However, there are 

promising future prospects of more comprehensive treatments through gene regulation by 

topical delivery of siRNA-based spherical nucleic acid nanoparticles [114]. While this is still 

under intensive research, the existing symptomatic relief of these diseases could be further 

strengthened by targeting the specific keratin mutations presented in our study. The most 

notable success in this form of therapy is the treatment of specific mutations in cystic 

fibrosis [115, 116]. High-throughput screening of small molecules has successfully 

identified molecules which can correct or improve the functions of both deletion and point 

substitution mutations in the cystic fibrosis transmembrane conductance regulator protein 

even when this protein is misfolded as a result of these mutations. Our model is a crucial 

step towards identifying similar drugs which can restore the binding affinity of segments 1A 

and 2B, leading to corrections and/or improvements in the structural and mechanical 

properties in the keratin filaments.

3.2. Collagen

Fully atomistic and CG MD simulations are utilized to understand the mechanical properties 

of type I collagen molecule and fibrils. Details of the FAMD and CGMD models and 

simulation procedures are provided in Section 2 of the Supporting Information. Like other 

biological materials, the deformation and stress-strain behaviors of collagen molecules are 

strongly affected by their hydrogen bond networks during the deformation [117]. The stress-

strain curve of a single collagen (GPO)13 homotrimer shows hyper-elastic behavior, as 

shown in Figure 2c. The initial low Young’s modulus is a result of rotation and unwinding of 

the triple helix, while the subsequent high modulus is due to stiffening as the backbone 

stretches. The transition from low modulus to high modulus depends on the loading rate and 

hydration [118, 119]. The Young’s modulus under a strain of 0.1 converged to around 4 GPa 
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when the tensile loading rate is lower than 1 m/s. When the collagen I molecule is 

dehydrated, it becomes stiffer and less tough due to reduced energy dissipation by the water 

environment. Atomistic simulations of fibril-level deformation and mechanical properties 

are prohibitive due to the extremely large system sizes. Therefore, CG models are developed 

to understand fibril level deformation and mechanics [120–122]. Unlike other CG methods 

such as the MARTINI forcefield [92], previous CG models for fibrils are developed for 

mechanical properties without considering thermodynamic properties such as free energy. 

These CG models capture the nonlinear stress–strain behaviors by adopting bilinear spring 

constants derived from atomistic MD simulation (examples are shown in Figure 2c). A 

group of amino acids is represented by a bead and each bead is connected to others with a 

bilinear spring. The overall behavior of a single molecule is described very well with this 

simple model. The spring constant includes hydration and loading rate effects from the 

atomistic MD conditions. One may include the loading rate effects into the CG models by 

considering the instant relative velocities between the beads. In the CG modeling of collagen 

assembly, the interchain friction is usually oversimplified because the Lenard-Jones (LJ) 

type potential is usually adapted to determine the non-bonded interactions and it cannot 

capture the friction arising from variations in geometries, which might play an important 

role in toughening and impact tolerance.

Mutations related to the OI disease have been studied with various atomistic MD 

simulations. Previous studies have discussed the effects of mutation-induced structural 

changes, including kinks, locally unfolded helix, and disturbed hydrogen bonds at the atomic 

scale [123–125]. However, the assembly process of nano-fibrils is still elusive, hence a 

reliable CG forcefield tuned for thermodynamics properties is required to model the self-

assembly of collagen. On the other hand, the CG models for mechanical properties of the 

mutated collagen molecules can be developed with in same manner of bilinear spring 

models to determine the mechanical behaviors under given geometries. For example, the 

force-strain behaviors by deleting 6th glycine in the center of collagen molecule of (GPO)13 

show reduction in the stiffness, and the bilinear spring model can still capture the overall 

mechanical behavior, as shown in Figure 2c(ii).

Srinivasan et al. have studied the molecular structures and stress-strain relationship in 

collagen IV due to mutations related to AS [126], although the selected sequences do not 

include natural interruptions. Results from peptide models in experiments [127, 128] show 

that the natural interruptions can decrease the stability of triple helical structure but the 

changes strongly depend on the specific sequences, indicating that the natural interruptions 

are not randomly distributed but nature may have designed them through evolution. Also, the 

mutations of X-linked AS are dispersed in α5 chain without distinct hot spots [40], which is 

consistent with distributions of natural interruptions, and 75% of Gly missense mutations 

related AS are located within a distance of 20 residues away from the natural interruptions 

[43]. Figure 2c(iii) shows the force-strain behavior of (GPO)13 with distributed natural 

interruptions. The three chains of the collagen molecule have different locations of Gly 

missing with 9 amino acids in spatial separation, showing softened behavior compared to the 

other two samples. The bilinear spring CG model also can capture the behaviors properly. 

Although the detailed geometries of the networks still need to be addressed, CG and 
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atomistic MD can shed light on the effects of AS mutations or natural interruptions in 

collagen IV on the mechanical properties of the basement membrane.

3.3. Elastin

Mutations within the elastin gene (ELN) have been shown to result in a series of diseases, 

including cutis laxa, supervalvular aortic stenosis and emphezyma [60]. The phenotypes 

share a common thread as they ultimately stem from the disruption in the molecular 

structure and consequent effects on mechanical function and elastic fiber assembly, starting 

at the single molecule level. Therefore, it is crucial to understand the structure-function 

relationship within the mutated elastin molecule to identify the mechanisms of these 

diseases and thereafter to design treatment strategies targeted to the molecular scale. Though 

traditionally thought to be a fully disordered protein, tropoelastin has a defined shape in 

solution [51, 129], and conserved sequence elements across mammalian species suggest that 

specific regions of the molecule are tied to distinct structural functionality [130–132]. 

Elastic fiber formation begins with tropoelastin association, followed by molecular 

deposition and cross-linking [133]. Linking molecular scale changes and implications for 

higher-order assembly may be critical for understanding disease etiology.

To consider single-molecule kinetics and implications for assembly of tropoelastin, elastin 

network models were developed, yielding descriptions of concerted molecular motions 

(Figure 3h). These collective motions are intrinsically accessible to the molecule and are 

governed by the representative native fold [51]. The wild type (WT) elastic network model 

displays a scissors-like motion in the lower region of the molecule, and a twist in the upper 

region of the molecule (Figure 3i). A lock-and-key mechanism is identified, suggesting a 

predisposition to a head-to-tail, chain-like assembly pattern of tropoelastin into higher order 

structures [51]. The scissor-like motion involves the hinge region, producing a high stress 

concentration in the region that is effectively strengthened through clamping imposed during 

cross-linking. The dynamics results provide a good qualitative match to SAXS snapshots 

(Figure 3j). This data supports and redefines the role played by the C-terminal and the hinge 

region of tropoelastin in cellular and intra-molecular binding [51, 129]. On the other hand, 

the mutant WT+22, which introduces a normally spliced out sequence corresponding to 

exon 22, displays significantly different dynamics from WT (Figure 3k). The hinge and foot 

regions of the WT+22 molecule move in parallel, while its coil region bends along a 

perpendicular axis, which may shield intermolecular regions of contact and reduce the 

likelihood of head-to-tail assembly [51]. The WT+22 mutant also displays an increase in 

beta sheet secondary structure in the hinge region compared to the WT [51], suggesting 

changes in local stiffness within the molecular structure. It is found that local stiffness in fact 

plays an important role in the molecule’s global dynamic behavior (Figure 3l). We propose 

that similar analysis may be performed on disease-associated tropoelastin isoforms to 

uncover disease etiology at the molecular scale.

Elastin (ELN) based diseases have not been well-characterized through computational 

approaches to date. Based on recent progress in computational modeling of tropoelastin, 

modeling presents a useful avenue to understand the structural underpinnings of elastin 
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(ELN) based diseases. Full-atomistic molecular models of tropoelastin and related mutations 

will be key for determining molecular mechanisms of these diseases in the future.

4. Conclusions

Through a series of reviews and case studies, we examined the role of numerous critical 

diseases that are disruptive to the normal functions of scleroproteins, including keratin, 

collagen, and elastin. We also analyzed the importance of multiscale modeling, from 

atomistic to coarse-grained molecular dynamics simulations in complementing experimental 

studies to unearth the molecular effects of genetic diseases. In particular, our case studies 

focus on Epidermolytic Hyperkeratosis (EHK), and the structure and aggregation of keratins 

1 and 10; the diseases of Osteogenesis Imperfecta (OI) and Alport syndrome (AS) that affect 

the mechanical and aggregation properties of collagen; and the role of mutations on elastin’s 

structure and molecular conformational motions. These diseases are currently debilitating 

yet incurable, therefore we are hopeful that integrative computational and experimental 

approaches may help to develop novel cures and therapies.
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Figure 1. 
(a) Schematics of a keratin monomer secondary structure at the molecular scale. (b) Parallel 

coiled-coil heterodimers of keratin Types I (blue) and II (grey) stylized from the proposed 

tertiary structure of heterodimeric coiled-coil keratins (bottom). (c) Different stacking modes 

of keratin tetramers during the formation of keratin filaments. Thin cylinders denote random 

coils, thick cylinders denote α-helices, and brown regions denote the highly-conserved 

regions of keratins.
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Figure 2. 
a) Hierarchical structures of bone and TEM images of mineralized collagens in wild type 

and OIM mice adapted from [32] licensed under CC BY 3.0 from Elsevier. b) Hierarchical 

structure of glomeruli in kidney and TEM images of 9-week-old normal glomeruli and 9-

week-old Alport syndrome glomeruli, adapted by permission from Macmillan Publishers 

Ltd: Nature Reviews Nephrology [33], copyright (2013). P: Podocyte, EN: Endothelium 

GBM: glomerular basement membrane. c) Atomistic model and bilinear spring CG model of 

(GPO)13 normal (i) and mutated (ii and iii) collagen molecules with strain rates of 10 m/s 
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and time steps of 1 fs. The difference between panels ii and iii is the location of the glycine 

deletion. The mutation is located at the center of all 3 chains in (ii) and is spatially separated 

in (iii) to mimic the similar conditions of OI and normal collagen IV. The force-strain 

behavior is well captured with a bilinear spring model.

Yeo et al. Page 25

Extreme Mech Lett. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) Structure of human tropoelastin with alternating hydrophobic and hydrophilic domains, 

adapted from [47], Copyright (2005), with permission from Elsevier. (b) Tropoelastin is 

secreted from the cell, (c) self-assembles into a coacervate form, whereupon it is (d) 

crosslinked and deposited onto a microfibrillar scaffold, forming a growing elastic fiber. (e) 

Tropoelastin structure based on small-angle X-ray scattering, adapted from [48] with 

permission from the National Academy of Science, USA. (f) Scanning electron micrograph 

of coacervates of tropoelastin, adapted from [49], Copyright (2011), with permission from 
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Elsevier. (g) Scanning electron micrograph of elastic fiber purified from human skin 

biopsies, adapted from [50] with permission from John Wiley and Sons. (h) Elastic network 

model of a SAXS-based structure of tropoelastin. (i) Wild type (WT) tropoelastin global 

dynamics, depicting the twist of the N-terminal scissors-like flexion of the hinge and foot 

regions. (j) Representative solution shapes of wild type tropoelastin showing conformations 

consistent with the range of molecular motions defined by the elastic network model. (k) 

Domain motion of WT+22 tropoelastin, characterized by the N-terminal bend along the 

perpendicular axis of the body and the parallel motion between the hinge region and the foot 

region. (l) Change in representative angles for four models: WT, mutant tropoelastin (WT

+22), WT with a stiffened hinge region representative of alpha helix–to–beta sheet transition 

(WT with stiff hinge), and WT with a softened hinge region as an alternate control (WT with 

soft hinge). Corresponding model representations are presented below. The color bar 

indicates relative stiffness in the structure. (h-l) are adapted from [51] licensed under CC 

BY-NC 4.0 from AAAS.
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Figure 4. 
Evolution of the protein backbone RMSF of each residue in K10 over 20 ns for (a) 

hydrophobic and (b) polar mutations in comparison with the wild-type segment. The 

substituted ARG residue is the tenth residue in K10.
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Figure 5. 
Alignment of the backbone atoms in mutated K1/K10 segment 1A (red cartoons) after 

cluster analyses of the equilibration trajectory for (a) hydrophobic and (b) polar mutations 

with the wild-type segment (blue cartoons). For greater clarity in the structural changes for 

the p.ARG156LEU and p.ARG156GLY mutations, green arrows denote regions that are 

highly perturbed after the hydrophobic mutations and equilibration.
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Figure 6. 
Standard single-letter amino acid sequences for the first eleven residues of segment 1A and 

last eleven residues of segment 2B of wild-type K1/K10. Blue highlights describe whether 

the amino acids are positively-charged (+), negatively-charged (−), polar (P), or hydrophobic 

(H). Stippled line shows the amino acids overlapping with the mutated ARG156 in K10.
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Table 1.

RMSD after equilibration and number of α-helical residues averaged over the last 10 ns of the equilibration 

run together with their corresponding standard deviations. Further comparisons with the wild-type keratin 

were made by calculating the RMSD after backbone alignments with the mutated keratin structures from 

cluster analyses of the equilibration trajectories, which is given in the second column. Final two columns are 

the average total interaction energy and the corresponding percentage decrease after mutations from CGMD 

simulations. These are also averaged over the last 10ns of the simulations.

RMSD after Cluster 
Analysis and Alignment 
(nm) Number of α-Helical Residues

Average Total 
Interaction Energy (kJ/
mol)

Percentage Decrease in 
Total Interaction Energy 
(%)

Wild-Type ----- 61 ± 1 −5,427 -----

p.ARG156PRO 0.36 56 ± 3 −4,873 10.2

p.ARG156LEU 0.23 58 ± 2 −4,874 10.2

p.ARG156GLY 0.16 58 ± 2 −4,227 22.1

p.ARG156CYS 0.08 60 ± 2 −5,397 0.6

p.ARG156HIS 0.07 60 ± 2 −5,086 6.3

p.ARG156SER 0.06 61 ± 2 −4,255 21.6
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