
Molecular structure, hierarchical assembly and stimuli-
responsive mechanics of tropoelastin and elastin biomaterials

by

Anna Tarakanova

B.S., Cornell University, 2011

Submitted to the Department of Civil and Environmental Engineering

in partial fulfillment of the requirements for the degree

of

Doctor of Philosophy

at the

Author

Massachusetts Institute of Technology

June 2017

C 2017 Massachusetts Institute of Technology. All rights reserved.

Signature redacted

Department of Civil and Environmental Engineering
May 19, 2017

Certified by Signature redacted
Markus J. Buehler

Professor of Civil and Environmental Engineering, Department Head
Thesis Supervisor

Accepted by

MASSACHUSES INSTITUT
OF TECHNOLOGY

JUN 14 2017

LIBRARIES
ARCHIVES

/"I A .

Signature redacted
/E Jesse Kroll

Professor of Civil and Environmental Engineering
Chair, Graduate Program Committee



2



Molecular structure, hierarchical assembly and stimuli-
responsive mechanics of tropoelastin and elastin biomaterials

by

Anna Tarakanova

Bachelor of Science in Applied and Engineering Physics, Cornell University, 2011

Submitted to the Department of Civil and Environmental Engineering on May 19, 2017,
in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy in the

Field of Structures and Materials in Civil and Environmental Engineering

ABSTRACT

The elastin polymer, assembled from its molecular precursor tropoelastin, is the dominant
component of elastic fibers, which confer elasticity and structural integrity to skin, lung,

connective and vascular tissue. Historically, elastin's dynamic nature has precluded
traditional approaches such as X-ray crystallography to understand its detailed features.

Solving tropoelastin's atomistic structure is key to characterizing elastin's complex
biological function, disease-related mechanisms associated with mutations therein, and

assembly process, to replicate natural function upon impairment. From the materials

perspective, elastin-based materials display tunable thermal sensitivity, presenting

opportunities to mimic and control these responsive features for biomedical applications.

First, we develop and validate an elastic network model of tropoelastin based on small-

angle X-ray scattering to realize near-equilibrium dynamics. We identify a geometry-

driven lock-and-key mechanism implicated in cell binding and multi-molecular assembly.
We introduce a constitutively quiescent domain to explain the effect of local stiffness

perturbation on dynamics, reconciling the contradictory needs for overall structural

flexibility and the organizational requirement of specific domains towards protein self-

assembly.

Second, we develop an atomistic model of tropoelastin and validate it against

experimental data. We introduce artificial mutations to probe the function of key

molecular regions and cutis laxa-associated mutations to study disease etiology. We

reveal mechanisms behind variation in structure and hierarchical assembly based on

molecular geometry, secondary structure, location and exposure of hydrophobic domains,

and dynamic models, correlating these with experimental results, to build a foundation

for studying elastin mechanics, assembly, and disease.

Third, we characterize the temperature response spectrum of elastin-like peptides to

design synthetic polymers with tunable switching. We resolve the effect of peptide
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chemistry, chain length, and solvent environment on structural transitions, based on local
molecular structure, peptide dynamics and interaction with nearest hydration shells. We
build a model for a chimera silk-elastin-like protein polymer combining silk's strength
with elastin's extensibility and responsive features to study temperature transition effects
on molecular-scale mechanics. Simulating molecular unfolding pathways, we analyze the
associated free-energy landscape with the Bell-Evans model to interpret temperature-
induced phase transitions. We develop a feedback loop between simulation and
experiment for predictive biomaterial design, enabling new applications in drug delivery
and tissue engineering.

Thesis Supervisor: Markus J. Buehler
Title: Professor and Department Head of Civil and Environmental Engineering
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1 Introduction

Parts of the review presented in this chapter have been/will be published in:

A. Tarakanova, G. Yeo, C. Baldock, A.S. Weiss, M.J. Buehler, "Molecular Model of
Human Tropoelastin." In preparation, 2017.

A. Tarakanova, W. Huang, Z. Qin, D. L. Kaplan, M. J. Buehler, "Modeling and
Experiment Reveal Structure and Nanomechanics across the Inverse Temperature
Transition in B. mori Silk-Elastin-like Protein Polymers." ACS Biomaterials Science and
Engineering, In Press, 2017.

A. Tarakanova, W. Huang, A.S. Weiss, D. L. Kaplan, J. Y. Wong, M. J. Buehler,
"Computational Smart Polymer Design based on Elastin Protein Mutability."
Biomaterials, Vol. 127, pp. 49-60, 2017.

G.C. Yeo*, A. Tarakanova*, C. Baldock, S.G. Wise, M.J. Buehler, A.S. Weiss, "Subtle
balance of tropoelastin molecular shape and flexibility regulates dynamics and
hierarchical assembly," Science Advances, Vol. 2, No. 2, 2016. *These authors
contributed equally to this work.

A. Tarakanova, S-W. Chang, M. J. Buehler, Computational Materials Science of
Bionanomaterials: Structure, Mechanical Properties and Applications of Elastin and
Collagen Proteins, (Chapter 28) Springer Handbook for Nanomaterials Properties, 2014.

A. Tarakanova, M.J. Buehler, "Molecular Modeling of Protein Materials: Case Study of
Elastin," Modelling and Simulation in Materials Science and Engineering, Vol. 21, pp.
063001-14, 2013.

1.1 Background

1.1.1 Elastic fibers

Elastin is an extracellular matrix protein that exhibits a highly conserved structure in

mammals and is found in a wide range of tissues in the human body [1, 2]. It is an

essential component of elastic fibers that play an important structural role [3] and confer
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reversible deformability, recoil and resilience to connective and vascular tissue, including

the skin, arteries, heart and the lungs (Figure 1-1) [2, 4].

Figure 1-11 SEM images of elastin fibers derived from a) skin, b) aorta and c) elastic

cartilage. Scale bars: 20 Rm. Reprinted with permission from Christian Schmelzer

(personal communication).

1.1.2 The tropoelastin monomer

Tropoelastin is the soluble, monomeric building block of the elastin protein. The structure

of tropoelastin, a large, highly flexible molecule, is difficult to resolve with techniques

such as NMR and crystallography. Native elastin is a durable constitutive material that is

insoluble and extensively cross-linked [2], making it difficult to isolate. As a result,

elastin research has been mainly restricted to recombinant tropoelastin fragments, soluble

elastin and elastin-like peptides [5].

The tropoelastin protein is encoded by a single gene with 34 exons that may generate

multiple isoforms depending on alternative splicing patterns (Figure 1-2) [6]. A mature

molecular structure has the molecular weight of approximately 60 kDa [6]. 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. It is a dynamic, highly disordered

molecule, containing a high content of labile -turns, poly-proline II helix (PPII) and

disordered structure, as well as stable a-helices principally in polyalanine cross-linking
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domains [7, 8]. Tropoelastin interacts with cell-surface receptors, assisting cellular

functions, and stimulates cell responses, including chemotaxis, proliferation and cell

adhesion [9]. Of particular importance for these functions is domain 36, the final capping

domain of the molecule that contains an important cell-interactive RKRK sequence [10,

11].

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 3c

Signal Peptide Domain 26A

Hydrophobic domains KP cross-linking domains

S KA cross-linking domains Domain 36

Figure 1-21 Domain map of human tropoelastin containing all possible exons. Alternative

splicing may produce various tropoelastin isoforms. Exons subject to alternative splicing

are marked in bold outline. Hydrophilic cross-linking domains are rich in either lysine

and proline (KP) or lysine and alanine (KA) regions. Domain 36 is assigned differently

because of its unique structure and function in cell-interactions. Reprinted from [6] with

permission from Elsevier.

In this thesis the tropoelastin structure is predicted from the primary protein structure

corresponding to residues 27-724 of GenBank entry AAC98394. The sequence used here

is 698 residues in length. Table 1-1 shows the sequence composition of each tropoelastin

domain.
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N-terminus

Coil region

Bridge
5 nm

Foot -
Hinge

C-terminus

Figure 1-31 Tropoelastin model based on small-angle X-ray and neutron scattering data.

Key molecular regions are labeled: N-terminus, coil region, bridge, hinge, foot and

capping C-terminus. Scale bar: 5 nm. Adapted from [12].

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 [12, 13]. Recent small-angle X-ray and neutron scattering studies captured the

distinguishable global shape of tropoelastin (Figure 1-3) [12]. 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 [12].
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Domain Sequence
2 GGVPGAIPGGVPGGVFYP
3 GAGLGALGG
4 GALGPGGKPLKP
5 VPGGLAGAGLGA
6 GLGAFPAVTFPGALVPGGVADAAAAYKAAKA
7 GAGLGGVPGVGGLGVS
8 AGAVVPQPGAGVKPGKVP
9 GVGLPGVYPGGVLPGA
10 RFPGVGVLPGVPTGAGVKPKAP
11 GVGGAFAGIP
12 GVGPFGGPQPGVPLGYPIKAPKLP
13 GGYGLPYTTGKLPY
14 GYGPGGVAGAAGKAGYPTGT
15 GVGPQAAAAAAAKAAAKF
16 GAGAAGVLPGVGGAGVPGVPGAIPGIGGIA
17 GVGTPAAAAAAAAAAKAAKY
18 GAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGA

AVP
19 GVVSPEAAAKAAAKAAKY
20 GARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVPGV

GGVPGVGIS
21 PEAQAAAAAKAAKY
23 GVGTPAAAAAKAAAKAAQF
24 GLVPGVGVAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGVGV

APGI
25 GPGGVAAAAKSAAKVAAKAQL
26 RAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPGFGA
27 VPGALAAAKAAKY
28 GAAVPGVLGGLGALGGVGIPGGVV
29 GAGPAAAAAAAKAAAKAAQF
30 GLVGAAGLGGLGVGGLGVPGVGGLG
31 GIPPAAAAKAAKY
32 GAAGLGGVLGGAGQFPLG
33 GVAARPGFGLSPIFP
36 GGACLGKACGRKRK

Table 1-11 Domain number and corresponding amino acid sequence, shown in single

letter amino acid code, of the full length human tropoelastin sequence used in this study.
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1.1.3 Elastogenesis

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,

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 [14].

First, tropoelastin is secreted from elastogenic cells, 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. In vitro coacervation has

been observed, showing a sequential assembly of growing spherical clusters of

tropoelastin (Figure 1-4) [15, 16].

Figure 1-41 Scanning electron micrographs of the stages of in vitro tropoelastin self-

assembly. a) 1-2 pm spherules are formed initially. b) They grow progressively into -6

[m assemblies. c) Assemblies create full-sized coacervates which may display branched

fibrillar structures. d) Coacervates may combine into even larger coalesced species.

Reprinted from [15] with permission from Elsevier.

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.

This process is diagrammed in Figure 1-5.
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Lysyl
Oxidase

Tropoelast

Fibulin-4 an

Integrin

ijn

1/or -5

Cell Surface
Lysyl

Oxidase

Microfibril

Figure 1-51 Model of elastic fiber assembly. (1) Tropoelastin begins to assemble on the

plasma membrane where initial cross-linking by the enzyme lysyl oxidase (LOX) may

take place. Fibulins may facilitate cross-linking. (2) The tropoelastin aggregates enlarge

on the surface of the cell. (3) The aggregates are transferred to microfibrils in the

extracellular space, which bind to the cell surface via integrins. (4) Elastin aggregates

expand on the microfibril scaffold. (5) Further cross-linking occurs on the microfibril

scaffold as the elastin aggregate grows. Reprinted from [14] with permission from John

Wiley and Sons.

1.1.4 Tropoelastin in disease

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

are associated with mutations within or improper function of elastic fibers [17]. Cutis

laxa includes a collection of disorders characterized by loose, wrinkled skin, affecting
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both the appearance and the protective function of tissues in the face, hands, feet, joints

and torso (Figure 1-6) [18, 19]. 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. Table 1-2 describes several known genetic

manifestations of the disease. In addition to loose, inelastic skin, ADCL may include

gastrointestinal diverticula, hernia, and genital prolapsem [19]. Rare manifestations are

pulmonary artery stenosis, aortic aneurysm, bronchiectasis, and emphysema [18, 20]. 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 [21]. Mutant tropoelastin is deficient in fibrillin binding and has

enhanced self-association properties [22]. After mutant tropoelastin is secreted it is

incorporated into elastin fibers, forming elastic structures with reduced stiffness and

increased compliance [23], and yielding observed disease phenotypes.

A major challenge for understanding the mechanisms of operation of cutis laxa is to

determine how the known mutations affect the structure of the tropoelastin molecule,

thereby influencing exposed binding domains, mechanical properties and assembly.

Reference Number of Unique Mutations Mutant form description
(Mutant Tropoelastin Forms)

Zhang et. al. [24] 2 ELN 2012AG, ELN
2039AC

Tassabehji et. al. 1 Replacement of 37 C
[25] terminal amino acids by a

novel 62 amino acid
sequence

Urban et. al. [26] 1 Tandem duplication of
domains 9-33

Szabo et. al. [27] 6 Truncated tropoelastin due
to frame shift 2159delC or
2114-2138del; Extended
tropoelastin due to frame
shift 2159delC or 2114-
2138del; Exon skipping in
tropoelastin exon 30 del or
exon 30/32 del

Siefring et. al. [28] 1 ELN 2184delT
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Table 1-21 A series of mutations in the ELN gene associated with autosomal dominant

cutis laxa based on literature.

a) b) C)

JA

d) e)

e

Figure 1-61 a) Photograph of patient aged 13 with autosomal dominant cutis laxa

(ADCL). b) Hart elastin stain of skin sections from healthy donor and c) patient with

ADCL. CL skin has underdeveloped elastin deposits in the reticular dermis. d) Electron

microscopic analysis of elastic fibers from healthy donor and e) patient with ADCL.

Microfibrils (mf) are closely associated with elastin (e) in the healthy donor compared to

the CL patient. Reprinted from [29] with permission from Elsevier.
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1.1.5 Elastin as a biomaterial

The majority of elastin used by the body is produced in the fetal stages and early years of

life, after which elastin production drops swiftly [30]. Consequently, any damage or

injury incurred to elastic tissue is difficult to replace. Moreover, various diseases,

including emphysema, cutis laxa and supravalvular aortic stenosis are associated with

mutations within or improper function of elastic fibers, as discussed previously [17]. As a

result, elastin-based tissue replacements are in high demand as elastin's low

thrombogenicity, capacity for favorable cell interactions, and blood compatibility make it

an ideal candidate for dermal and vascular substitutes for tissue regeneration [31].

Beyond its functional, physiological importance, elastin is a uniquely well-suited protein

to be used as a template for biomaterial design. In addition to physiological compatibility,

elastin-like peptides exhibit exceptional material properties that can be exploited to create

smarter biomedical applications. In particular, elastin-like peptides can be molded to

create a diverse array of structures, including hydrogels, fibers and scaffolds (Figure 1-

7).

Figure 1-71 a) Synthetic elastin electrospun fibers, b) synthetic elastin hydrogel, and c) an

electrospun conduit (right) next to a human artery (left). Adapted from [32] with

permission from the Royal Society of Chemistry.

Most significant for such biomedical applications may be elastin's ability to extend

beyond several times its resting length and reversibly return to its original state, at a

capacity to undergo a human lifetime of extension and compression cycles, with minimal

degradation. In fact, elastin is one of the most durable human proteins, with a
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demonstrated half-life of ~74 years [33], implying an impressive ability to withstand

mechanical failure despite over two billion aortic expansion and contraction cyclic

loading events. A molecular level understanding of this superb functionality holds great

promise for tissue engineering applications and development of new, nature-inspired

biomaterials even surpassing material properties of elastin. A comparison of elastin's

elasticity with other naturally occurring polymers is shown in Figure 1-8.
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Figure 1-81 Stress-strain behavior for different biomaterials with exceptional mechanical

properties. Reprinted from [34] by permission of the Royal Society.

In addition to its celebrated mechanical elasticity, elastin and artificial elastin-like

peptides (ELPs) have been shown to possess an inverse temperature transition (ITT), a

property that allows elastin and ELPs to aggregate upon increasing temperature [35-41].

There is a propensity for elastin to undergo a phase change from a less ordered to a more

ordered state upon an increase in temperature, whereas generally the reverse effect is

observed in protein materials [42, 43]. The temperature at which this transition occurs is

23



termed the inverse transition temperature (Ti) and it is highly dependent on the chemistry

and environment of the system. ELPs aggregate in response to triggers in a similar way to

the natural coacervation process of tropoelastin during elastic fiber assembly [15]. At the

molecular scale, this transition appears as a molecular collapse, as diagramed in Figure

1-9. Experimentally, the transition may be associated with a heat absorbance curve.

Figure 1-91 Diagram of the inverse temperature transition process. As temperature is

increased, the molecular structure collapses beyond a specific transition temperature (Ti).

Early on, a number of studies observed filament formation in aqueous solution upon

increasing temperature in elastin fragments and in elastin-like polymers [44, 45]. Elastin-

like sequences have been even shown to crystallize upon rising temperature [46, 47].

Unlike most polymers, the soluble and insoluble phases of elastin are inverted such that

solubility is increasingly observed at lower temperatures. As a result, various groups have

described the possibility of making temperature modulated switches and switches based

on other physical and chemical factors, such as pH, side chain identity, and ions [48-53].
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The combination of stimuli-responsiveness, biocompatibility and biodegradability of

ELPs makes them good candidates for biomedical applications. In fact, ELPs have been

studied in applications from drug delivery [54-56] to tissue engineering [57]. Some

examples of such applications include elastin-based nanoparticles with cell-penetrating

peptide motifs for controlled cellular uptake; tumor targeting with local hyperthermia;

cancer therapy; and sustained release drug delivery systems to treat type 2 diabetes [58-

62].

Other studies have revealed an important new direction in material design, by combining

different natural proteins together with elastin. For example, the combination of elastin

and silk has recently been achieved, resulting in exceptionally strong and elastic

"switchable" chimeras (Figure 1-10). These properties open wide possibilities for

material manipulation and material design with specific sensing capabilities.

84 silk block
%r elastin block -

AT .

Step 2

Step21,

Figure 1-101 Silk-elastin-like block copolymers assemble into micellar-like particles,

with the ability to form reversible coacervates, controlled by temperature, or irreversible

gel states. Reprinted with permission from [63]. Copyright 2011 American Chemical

Society.
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1.1.6 Mechanisms of elasticity and inverse temperature

transition

The entropic origins behind the elasticity of elastin have been explored for the past

several decades by a number of experimental research groups, and more recently, starting

in the late 1980s, the first computational models of elastin-like polymers were created.

Three primary mechanisms for the source of elasticity have been discussed in the

literature. Hoeve and Flory first addressed the elasticity of elastin, proposing a

perspective in line with the classical theory of rubber elasticity, where the protein is

modeled as a collection of chains with a randomly distributed chain length, such that any

displacement from this highest entropy state is responsible for the elastic restoring force

[64, 65]. Gosline suggested that the hydrophobic effect guiding protein-water interactions

initiates the observed phenomenon [66]. Finally, Urry alternatively proposed a librational

elasticity mechanism, suggesting that the elastic restoring force originates from a

reduction in available configuration space upon extension as the peptide segments are

stretched [67].

Before any dynamic simulation was attempted, the prevalent perspective was to attribute

elastin's superb elasticity to the classical theory of rubber elasticity, first proposed for the

macromolecule by Hoeve and Flory [64]. This model assumed that elastin was a single-

phase system with randomly configured polymeric chains, which assume the highest

entropy at lowest end-to-end extension. Although this description was in line with certain

experimental evidence, other observations surfaced, disputing this hypothesis. For

instance, this model did not describe why, unlike for rubber, water was required for

elastin's elasticity [68] and why a decrease in florescence was observed with the addition

of an elastin-binding dye upon elongation, suggesting hydrophobic collapse [69]. The

first molecular dynamics (MD) simulations of elastin-like peptides addressed the

mechanisms of elastin's elasticity, shifting away from the rubber elasticity viewpoint, as

dynamics of the molecules could be observed in real time.
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The first MD study to address elastin's elasticity was conducted by Chang and Urry in

1988 on the elastomeric polypentapeptide (VPGVG)7 [70], starting from an initial spiral

configuration of interconnected 1-turns, as initially proposed by Urry [71]. The

simulations of relaxed and extended structures, with 50 ps production runs, were done in

vacuum, and were thus insufficient to capture water effects for full characterization.

However, the particular strength of the study lay in the fact that full-atomistic resolution

was used through a multi-term CHARMm potential implementation, which included

contribution from energy terms of bond lengths, bond angles, torsional contributions,

weak VdW and electrostatic interactions, to deduce molecular mechanisms contributing

to elastin's entropic elasticity. The study observed that when VdW interactions are

neglected, the change in internal energy between the relaxed and extended states is

insignificant, as expected for a dominantly entropic elastomer [70]. The full-atomistic

resolution of the model allowed a direct comparison of the backbone librational processes

between relaxed and extended states. They found a damping of libration upon extension,

suggesting another valid mechanism for elastin's elasticity. Nevertheless, the authors

admit that longer production runs and the presence of explicit water would be needed to

confirm these findings. In studies of the inverse temperature transition of elastin,

librational motion has been similarly implicated in stabilizing folded structures upon

increasing temperatures. Further references to this effect can be found within [72, 73].

An alternative proposal suggested a mechanism where the entropic mechanisms in elastin

were attributed to a decreased solvent entropy associated with a changing size of the

exposed surface area as the protein is stretched, forcing more order upon solvent

molecules adjacent to the protein. The first MD studies, conducted in explicit solvent,

rather than in vacuum as had been done by Chang and Urry two years prior, considered

the elastin-like polypeptide (VPGVG)18, starting from the same n-spiral starting

configuration as used by Chang and Urry [74]. The AMBER program with the united

atom force field model that included only hydrogen atoms that can participate in

hydrogen bonds was used with a TIP3P potential [75] for water molecules. In this work,

Wasserman studied solvent-accessible surface area as the polymer is stretched, testing

Gosline's proposal, based on experimental observations [66], which suggested that
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extended forms of elastin with greater hydrophobic surface area will have reduced

solvent entropy, as water surrounding exposed hydrophobic side chains is rotationally

and translationally ordered relative to bulk water. The addition of explicit water allowed

the authors to accurately track the solvent-exposed surface area of the protein, concluding

that protein-solvent interactions contribute to entropic elasticity mechanisms at low

extensions. Tracking time evolution of torsional angle pair correlations, the authors found

higher correlation in the collapsed form of the polymer compared to the extended state,

suggesting that librational mechanisms are more significant at longer extensions [74], and

confirming Chang and Urry's results now in explicit water. Analogous hydrophobic

hydration effects in the ITT are addressed in [72, 73, 76].

Li et al. carried out full-atomistic MD simulations in explicit water for the same elastin-

like polypeptide (VPGVG)18 at two different temperatures, 10C and 42'C but with

nanosecond trajectory lengths comparable to experimentally determined relaxation times

of elastin (Figure 1-11) [77]. By considering experimentally relevant time-scales, the

authors assert that solvent-based entropic effects are predominant factors for entropic

elasticity of elastin, suggesting additional solvent-based entropic mechanisms, beyond

those proposed by Wasserman. In addition to confirming the role of reduced orientational

entropy of water molecules adjacent to protein at high extensions, they find that hydration

waters form hydrogen bonds with main chain atoms, unlike in most globular proteins,

which results in a fully dynamic system in both relaxed and extended states. Additionally

they observe expulsion of water molecules from non-polar surfaces, as a result of

hydrophobic collapse. These results are consistent with Gosline's observation that

hydration is critical for elasticity, in particular that a 10% decrease in hydration has a

substantial effect on the elastic modulus of elastin [78]. Analogous studies for ITT can be

found in [76, 79-81] and summarized in Figure 1-12.
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starting from an initial $-spiral configuration. Radius of gyration is included in

parentheses. b) Radius of gyration for the system at 42*C for two pull and release cycles.

Reprinted with permission from [77]. Copyright 2001 American Chemical Society.

29

C

0
U

hld-ng

pull 2

- A -

eingge senvls 2



a)

100 C, 6 ns MD

Idealized P-spiral (VPGVG),e

420 C, 6 ns MD
Expelled waters in magenta

" < # Waters Expelled>

cc2 -- < pSrfcAr>
100 -

o.00-
.3W.

-400

-700

_M0O <A np Surface Area> *
Temperature (*C)

Figure 1-121 a) Hydrophobic collapse of an elastin-like peptide and expulsion of water

molecules accompany the inverse temperature transition of elastin, from 100C to 420C.

Elastin chain is shown in red, and water molecules are shown in blue. Water molecules

that are expelled upon collapse are shown in magenta. b) The transition is accompanied

by a change in non-polar solvent-accessible surface area and an increase in the number of

expelled water molecules in the first two hydration shells over a 3-6 ns period. Reprinted

from [81] with permission from Elsevier.

Further evidence for the role of hydrophobic hydration in elastin's elasticity can be seen

in a recent study focused on understanding diverging mechanisms in the function of

elastin-like and amyloid-like materials [82]. In contrasting the two types of materials,

proline and glycine were found to be the two main sequence determinants for elastin-like

materials. MD analysis of a series of sequences suggested that both amino acids are key

for the hydrophobic hydration in elastin-like materials: prolines, because they are too stiff
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to form secondary structure, while glycines are too flexible, in the presence of water. The

difference between the highly-ordered amyloids and the relatively disordered, highly

elastic elastin-like materials seems to be a result of the polypeptide's inability to form a

fully compact, water-excluding core [82].

We have outlined a series of studies that employ various MD models of elastin-like

segments to study entropic elasticity or ITT mechanisms that govern these fundamental

properties of elastin. The evolution of models addressing this topic presents a useful

overview of significant aspects in molecular modeling. In particular, we have considered

topics such as the choice of force field, water model implications for the system

considered and time-scale limitations. We note that these studies have found

complementary experimental support, in many cases serving as evidence for proposals

derived based on experimental data. In this thesis, we build on existing literature to

further explore the structure and properties of tropoelastin and elastin-like peptide

materials, always with an emphasis on experimental support.
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1.2 Research questions and approach

In this thesis, we use molecular modeling and simulation at different length scales to

study structure, dynamics, material mutability and mechanics of elastin-based materials:

including tropoelastin, the building block molecule of the elastin protein, elastin-like

protein polymers and silk-elastin-like protein polymers. This research is comprised of

four parts:

I. Elastic network model of tropoelastin implicating bridge region in assembly

and cell-binding.

We develop a new method of using small angle X-ray and neutron scattering data

with an elastic network model (ENM) to understand global domain motions of

molecules about an equilibrium configuration. We implement this model for the

wild type (WT) tropoelastin molecule to create a dynamic molecular model,

finding a distinctive scissor-like motion in the lower region of the molecule

separated by the hinge, and a twist in the upper domain of the molecule,

indicating a likely lock-and-key mechanism that may account for multi-molecular

assembly and cell binding. We compare the WT to a mutant tropoelastin molecule

WT+22, where a quiescent domain 22 is expressed, to explain differences in fiber

formation and assembly. We consider local changes to the native shape of

tropoelastin, manifested by a perturbed hinge region, showing that these have a

substantial impact on global molecular motion and function, including its

assembly into larger-scale structures. These findings indicate a close

interconnection between hierarchies of structure and dynamics and their

functional realization in tropoelastin. This study illustrates the benefits of utilizing

a complementary and integrated computational-experimental cross-feedback

strategy to gain valuable insights into a complex system as exemplified by the

molecular structure and dynamics factors underpinning tropoelastin assembly.

Our findings reveal a compatible contradiction where the duality of disordered
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regions and a defined overall solution shape helps to fulfill competing structural

requirements for elasticity and assembly in an elastomeric protein.

II. Molecular model of human tropoelastin and associated mechanisms linked to

mutations.

We propose a full-atomistic model of the tropoelastin molecule, using a multi-

stage replica exchange molecular dynamics simulation paradigm. The molecular

structure is validated by its agreement with small-angle X-ray and neutron

scattering studies defining the general geometric features of the molecule as well

as through a comparison with secondary structure data via Circular Dichroism

experiments. We then consider two artificial tropoelastin mutations within key

regions of the molecule, R515A and D72A, in comparison to wild type. We

propose mechanisms to explain structural differences and variation in hierarchical

assembly based on molecular geometry, secondary structure, and location and

exposure of hydrophobic domains. We further develop an elastic network model

based on the full-atomistic structure to predict the molecule's dynamics and

explain differences in assembly between WT and the two mutants. We also

consider the changes in ENM dynamics based on local variation in mechanical

properties, using domain 26, a domain uniquely positioned to act as a movable

joint in guiding the dynamics of the molecule, as a case study to evaluate the role

of isolated domains. Finally, we introduce two mutations associated with cutis

laxa to make predictions of the structural and dynamic changes the molecule

undergoes. This model serves as a template for studying elastin mechanics,

assembly, and disease, yielding critical insight into molecular mechanisms behind

these processes.

III. Computational smart polymer design based on elastin protein mutability.

Soluble elastin-like peptides (ELPs) can be engineered into a range of physical

forms, from hydrogels and scaffolds to fibers and artificial tissues, finding
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numerous applications in medicine and engineering as "smart polymers". Elastin-

like peptides are attractive candidates as a platform for novel biomaterial design

because they exhibit a highly tunable response spectrum, with reversible phase

transition capabilities. Here, we design a virtual library of elastin-like protein

models using methods for enhanced sampling to study the effect of peptide

chemistry, chain length, and salt concentration on the structural transitions of

ELPs, exposing associated molecular mechanisms. We describe the behavior of

the local molecular structure under increasing temperatures and the effect of

peptide interactions with nearest hydration shell water molecules on peptide

mobility and propensity to exhibit structural transitions. Shifts in the magnitude of

structural transitions at the single-molecule scale are explained from the

perspective of peptide-ion-water interactions in a library of four unique elastin-

like peptide systems. Predictions of structural transitions are subsequently

validated in experiment. This library is a valuable resource for recombinant

protein design and synthesis as it elucidates mechanisms at the single-molecule

level, paving a feedback path between simulation and experiment for smart

material designs, with applications in biomedicine and diagnostic devices.

IV. Modeling and experiment revealing structure and nanomechanics across the

inverse temperature transition in B. mori silk-elastin-like protein polymers.

Silk-elastin-like protein polymers (SELPs), which combine repeating B. mori silk-

like and elastin-like blocks, have been introduced as biologically-inspired

materials that combine the distinctive properties of the component parts to

achieve strong and extensible, tunable biomaterials. In this thesis we consider a

single SELP sequence to examine temperature transition effects at the molecular

scale. A molecular collapse of the SELP molecule is observed with increased

temperature in both molecular simulation and experiment. Temperature-specific

differences are observed in the mechanical properties and the unfolding pathways

of the polypeptide. Using the Bell-Evans model, we analyze the free energy

landscape associated with molecular unfolding at temperatures below and above
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the transition temperature range (T) of the polypeptide. We find that at

physiological pulling rates, the energy barrier to unfold SELPs is

counterintuitively higher above T,. Our findings offer a foundational perspective

on the molecular-scale mechanisms of temperature-induced phase transition in

SELPs, and suggest a novel approach to combine simulation and experiment to

study materials for multifunctional biomimetic applications.
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1.3 Organization of the thesis

Chapter 1 provides an introduction to the biology of the elastin protein, including its

hierarchical structure, with tropoelastin as its building block molecule; elastic fiber

assembly processes; implications of tropoelastin mutations in disease; mutable elastin-

like and silk-elastin-like protein polymers and associated mechanisms of elasticity and

inverse temperature transition. Chapter 2 provides an overview of methods used in this

thesis, covering the multi-scale modeling paradigm; formulation of classical molecular

dynamics and accelerated sampling algorithms; and coarse-graining approaches with an

emphasis on elastic network models. Chapter 3 introduces the elastic network model of

tropoelastin and associated mutants, with a particular focus on local structural

modification and effect on dynamics and assembly. Chapter 4 describes the development

and validation of the molecular model of human tropoelastin and the model's application

to associated mutations. Chapter 5 explores a series of elastin-like peptide sequences to

build a virtual library of mutable ELP materials and describes related molecular

mechanisms. Chapter 6 considers a silk-elastin-like protein polymer model with an

emphasis on temperature transition effects on mechanical properties for advanced

material design. Chapter 7 provides a summary of the key findings and offers suggestions

for future areas of research.
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2 Methodology

Parts of the review presented in this chapter have been/will be published in:

A. Tarakanova, G. Yeo, C. Baldock, A.S. Weiss, M.J. Buehler, "Molecular Model of
Human Tropoelastin." In preparation, 2017.

A. Tarakanova, W. Huang, Z. Qin, D. L. Kaplan, M. J. Buehler, "Modeling and
Experiment Reveal Structure and Nanomechanics across the Inverse Temperature
Transition in B. mori Silk-Elastin-like Protein Polymers." ACS Biomaterials Science and
Engineering, In Press, 2017.

G.C. Yeo*, A. Tarakanova*, C. Baldock, S.G. Wise, M.J. Buehler, A.S. Weiss, "Subtle
balance of tropoelastin molecular shape and flexibility regulates dynamics and
hierarchical assembly," Science Advances, Vol. 2, No. 2, 2016. *These authors
contributed equally to this work.

A. Tarakanova, M.J. Buehler, "Molecular Modeling of Protein Materials: Case Study of
Elastin," Modelling and Simulation in Materials Science and Engineering, Vol. 21, pp.
063001-14, 2013.

2.1 Multiscale modeling methodology

The application of computational modeling to the study of protein molecules and protein-

based materials has experienced an exponential boom in the last few decades, in parallel

with the growth of ultrafast computers capable of capturing appropriate time and length

scales, and in conjunction with the development of simulation techniques and theoretical

models to describe, up to a suitable degree of accuracy, the physics within such complex

materials. Even so, these factors persist as key limitations in the application of modeling

techniques. Our goal here is to provide a brief history and general overview of molecular

modeling methods, and outline the advantages of applying such methods to protein

materials to enhance the understanding of key physical properties of biomaterials.
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Figure 2-11 Material examples at different length scales. Time scales represent simulation

times feasible for given material size, while force scales corresponds to relevant forces

applied in experiment and simulation to study biomechanics of materials at given length

scales. Computational methods span scales from Quantum Mechanics accuracy to

Continuum methods. Experimental methods are divided into imaging and biomechanics

methods. Imaging techniques include: X-ray diffraction, nuclear magnetic resonance

(NMR), transmission electron microscopy (TEM), atomic force microscopy (AFM),

scanning electron microscopy (SEM), fluorescence microscopy, optical microscopy and

micro-tomography (micro-CT). Biomechnical testing methods include: AFM, atomic

force spectroscopy, optical traps, laser tweezers, nano-indentation, micro-pipetting, and

microelectromechanical systems (MEMS) [1-6]. Reprinted from [7].
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Multiscale modeling relies on elegant system simplification, where model parameter

inputs for abstracted models are obtained from accurate, descriptive models that are

generally more computationally intensive to solve. Although first principles methods

such as density functional theory are most accurate, they are limited to short length and

time scales. Empirical potentials, deduced from first principles calculations, are used in

atomistic simulations through a molecular dynamics (MD) paradigm. They reduce the

computational time and can handle bigger system sizes. Coarse-grained models, which

further simplify the atomic-level system description, are used to bridge atomistic and

continuum scales. Classical continuum methods are used for studying materials at larger

length scales - although they lack appropriate discretization to capture atomic-level

phenomena. Figure 2-1 shows widely used modeling techniques for studying materials,

with corresponding attainable length and time scales. Complementary experimental

methods are included in Figure 2-1, outlining both imaging and biomechanical testing

techniques which probe varying material length scales, and can be used to validate

simulation predictions.

2.2 Formulation of classical molecular dynamics

Molecular modeling requires two main components: a system description and a

simulation scheme that performs the calculation. The system description includes the

specifications of the geometry and the intra- and intermolecular interactions. In atomistic

simulations, the aim is to predict the motion trajectories of all atoms within a system,

where each atom is considered to be a classical particle that obeys Newtonian mechanics.

A system of atoms can be described by their positions in space r (t), their velocities

vi (t), and their accelerations a, (t) (Figure 2-2).
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N particles

mass mi@

ai(t)

Figure 2-21 A representation of the system description in atomistic simulation. Atoms are

modeled as N classical Newtonian particles with mass mi, position ri (t), velocity vi (t),

and acceleration ai(t) in space. Reprinted from [8] with permission from Springer.

All particles i = 1 ... N have a specific mass mi. The total energy of the system is

described by the Hamiltonian, which includes the empirical potential formulation

together with a kinetic energy term. It is the sum of the potential and kinetic energy of

each particle:

N N

E = U + K =Ui(r) + 1Mivi2
1 1=2

(2-1)

The full system is described by a set of second-order nonlinear partial differential

equations, corresponding to an N-body system. The dynamics of the system are governed

by Newton's law, F = mia i, or:

d2ri dU(r)
I dt2 dri

where the right-hand side is the gradient of the potential energy of the system, equivalent

to the force. Equation 2-2 represents a system of coupled nonlinear differential equations
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of the coupled N-body problem, which can be solved numerically as will be described in

subsequent sections.

2.3 Force fields for biomaterials

To accurately describe the physics of polymers, organic substances and proteins, more

complicated multi-body potentials - orforcefields - have been developed in the last

three decades [8, 9]. These empirical potentials explicitly describe a full set of chemical

bonds, including ionic, covalent and Van der Waals interactions, through a combination

of energy terms, capturing the complexity at the atomic length scale, where the atoms are

modeled as finite-mass particles.

Energy U r

1/r12 (or exponential)

repulsion

Radius r
(distance
between
atoms)

e ........ ... ..
attraction

Figure 2-31 Schematic of the characteristics of a chemical bond. At small distances below

the equilibrium separation ro atoms repel one another, while at larger distances they
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experience attractive forces, generating a unique description of the energy landscape.

Reprinted from [8] with permission from Springer.

These potential descriptions are fit to reproduce the energy landscape for small systems

derived from quantum-mechanics-based methods, such as first principle density

functional theory [10]. Fundamentally, potential descriptions are able to capture the

interactions of atoms, which are governed by laws of quantum chemistry. Figure 2-3

illustrates the typical characteristics of a chemical bond that is captured in empirical

potential formulations.

Typically, contributions from terms including bond stretching, angle bending and torsion

are used to define intermolecular interactions, while electrostatic interactions and Van der

Waals (VdW) terms account for intramolecular forces (Figure 2-4). The mathematical

formulation for the empirical energy function, such as found in the CHARMM force field

model [11], for example, includes terms capturing both intra- and intermolecular

interactions:

Usystem = Ubond + Uangle + Utorsion + Ucoulomb + Uvan der waals+ ... (2-3)

Ubond, capturing the stretching behavior of a bond, is usually expressed as:

Ubond = kbonld(bi - bo)2 (2-4)
pairs

where kbond is the force constant for a given bond, bi is the bond length between the pair

of atoms, and bo is the equilibrium bond length. Similarly, for bond bending between

three atoms, the energy term is
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Ubend = kbend(Oi - 00)2 (2-5)
triplets

where kbend is the bending stiffness, 0; is the angle between three given atoms, and 0o is

the equilibrium angle. The torsional energy term is

Utorsion = ktorsion(1 - COS (01))2 (2-6)
quadruplets

where ktorsion is the spring constant describing the resistance to torsion for a group of

four atoms. The electrostatic energy is described as

UCoulomb = qjqj (2-7)
pairs

where qi and qj are partial charges of atoms, rij is the distance between them, and E, is

the effective dielectric constant. The van der Waals energy term for non-bonded

interactions is usually expressed as the Lennard-Jones potential:

UvdW = [)6 (2-8)
pairsj

where E0 is the depth of the potential well, o is the finite distance at which the

interaprticle potential is zero, and rij is the pair distance. All parameters in the potential

terms are bond-specific in the force field. Other force fields with similar interatomic force

descriptions include the AMBER force field [12] and the DREIDING model [13].
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Figure 2-41 Schematic of contributions of different terms in the potential equation

(Equation 2-3), including bond stretching, angle bending, bond rotation, electrostatic

interactions and vdW interactions. Reprinted from [8] with permission from Springer.

2.4 Numerical implementation

Given an initial system description, molecular modeling involves an expensive

calculation, using a scheme to minimize the potential or free energy, or methods such as

molecular dynamics (MD) or Monte Carlo (MC). MD is a deterministic method that

allows for prediction of atomic positions based on intra- and intermolecular interactions

for a collection of atoms yielding a trajectory that can be treated as an ensemble to derive

time-averaged properties. Successive configurations are calculated by numerically

integrating Newton's laws. By contrast, MC methods are not deterministic, as the set of

conformations defining the ensemble is generated randomly, based on the Boltzmann

probability [8, 14, 15]. Although both MC and MD methods are widely used to perform

molecular scale system calculations, there are several fundamental differences between

the methods, which render them appropriate for different applications. Most significantly,
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MC methods provide no insights into the temporal relationships between configurations,

unlike MD methods that capture the dynamics of non-equilibrium systems.

In classical Newtonian dynamics, the equations of motion are integrated numerically,

using the Verlet integration scheme for example [16], to solve for the positions and

velocities of the atoms (Figure 2-5). Traditional molecular dynamics is performed in the

microcanonical (NVE) ensemble. However, it is common to shift to other thermodynamic

ensembles to better represent experimental controls.

Figure 2-51 Schematic of the numerical implementation scheme used in molecular

dynamics simulations. Reprinted from [8] with permission from Springer.

Because in experiment it is more common for the temperature of the system to be

controlled instead of energy, various methods have been developed to modify equations

of motion such that dynamics are simulated in a canonical (NVT) ensemble. For instance,

a method proposed by Nose [17] and extended by Hoover [18] reduces the external heat

reservoir into another internal degree of freedom, effectively simulating a temperature

bath via an additional term in the Hamiltonian. Langevin dynamics is another approach to

implement a canonical ensemble, where an additional solvent friction term and a random

force term accounting for perturbations due to high velocity collisions are added to the

equations of motions. In addition to approximating the canonical ensemble, Langevin
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dynamics can capture solvent viscosity effects. Other methods obtain a canonical

ensemble by rescaling atomic velocities so that the temperature approaches a desired

value [19, 20].

Once all system and simulation parameters are set, computational capacity is limited by

the integration time-step, which must be small enough to accurately model vibrations of

atomic bonds, on the order of one femtosecond. Algorithms such as SHAKE [21] can

increase the time-step two- or three-fold by fixing the vibrations of the fastest atoms (the

hydrogen atoms) into place.

Beyond the time-step, system size, naturally, is directly related to computational

efficiency. Proteins and other biological materials must generally be simulated in solution

to capture solvent effects, and water molecules may compose over 90% of the total

system size. Multiple models exist for describing water effects. Models where water

molecules are explicitly represented range from simple rigid models where the potential

is a combination of Coulombic and Lennard-Jones terms to more computationally

expensive models that can capture molecular flexibility and polarization effects [22].

With larger system sizes, modeling water explicitly can be too computationally

expensive. Implicit solvent models rely on representing solvent as a continuous medium,

a description that can provide insights into various solvation phenomena [23]. However,

implicit solvation models have limited ability to capture certain entropic effects resulting

from solute-solvent interactions, for example. Therefore, in choosing a solvation model,

the scope and capacity of the model to capture specific effects must be carefully weighed.

2.5 Replica exchange molecular dynamics

In addition to model optimization, the development of high-performance computing, with

faster computers and more efficient parallelization schemes, has exponentially increased

time-scales accessible to molecular dynamics simulation. However because time cannot

be easily parallelized, reaching long time-scales still poses significant challenges [8].
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Dynamics are governed by the free energy of the system, which can be trapped in local

free energy minima that are difficult to overcome (Figure 2-6a). Various accelerated

sampling methods have been introduced to address this. Certain methods rely on thermal

activation [24, 25] while others are based on the idea that the free energy surface can be

flattened to improve dynamics by including a bias potential [26, 27].

In this thesis we use Replica Exchange Molecular Dynamics (REMD) simulations [25] to

describe large molecular systems with improved accuracy (Figure 2-6b). REMD is a

protein structure prediction method to improve conformational space sampling by

combining molecular dynamics with the Monte Carlo method. Starting configuration

structures are assigned to different temperature replicas in a range. High temperature

replicas ensure a wide conformational sampling while the ensemble of low temperature

replicas is considered for structural prediction. Exchanges are made between neighboring

replicas based on the Metropolis criterion, to allow for thermal stimulation of lower

temperature replicas that may otherwise be trapped in a local free energy minimum state

[25]. The potential energy distribution for neighboring replicas overlap, allowing for

exchanges to take place (Figure 2-6c). The exchange probability p between two replicas

i and j, with temperatures T and T, and energies Ei and Ej, respectively, is [25]:

(1 forA 0(
1exp(-A)for A >0' (29)

where

= -)(E; -Ej). (2-10)
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Figure 2-61 a) Representation of the energy landscape with local and global energy

minima. In the protein-folding problem, a structure must overcome local energy barriers

to find the global energy minimum. b) Schematic representation of the Replica Exchange

Molecular Dynamics paradigm. Exchanges between neighboring replicas may be

accepted or rejected, based on the Metropolis criterion. In this way, low temperature
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replicas may travel up the temperature range and back, to ensure efficient conformational

sampling. c) Temperature replicas must be spaced closely enough for the potential energy

distributions of neighboring replicas to overlap, allowing for exchanges to take place.

After a sufficient number of exchanges, we consider an ensemble of structures at the

lowest temperature for representative structure prediction. This method allows for larger

conformational space sampling and enhances structure prediction compared to classical

molecular dynamics simulations.

2.6 Steered molecular dynamics

To study the mechanical response of protein molecules, we use the steered molecular

dynamics (SMD) method. SMD is a non-equilibrium technique used to deform systems

along a particular direction coordinate, mimicking the effect of an atomic force

microscopy (AFM) probe in experiment for extending single molecules. In SMD

simulations, a moving harmonic spring is attached to the center of mass of a particle or a

group of particles to pull that group in a prescribed direction.

The SMD harmonic spring adds another term to the potential formulation of the system:

1
USMD = 1k(vt - (r - r ) (2-il)2

where k is the spring constant of the SMD spring, v is the pulling velocity, n is the

pulling direction, r is the position of the group to which the spring is attached and ro is

the initial position of that group. The resulting force applied to the group can be

monitored throughout the simulation to provide a force-displacement response. A

schematic of the SMD method and corresponding AFM method is shown in Figure 2-7.
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Figure 2-71 Schematic illustrating a) an AFM experiment, b) corresponding SMD

simulation and c) a resultant force-displacement curve. Reprinted from [8] with

permission from Springer.

2.7 Elastic network models and normal mode

analysis

An alternative reduction in computational complexity can be achieved by coarse-graining

(CG), or reduced representation methods (Figure 2-8). Implicit representation methods

for water, discussed above, can be thought of as a way of coarse-graining the system.

Additional methods exist to reduce the number of degrees of freedom, including both

structural and interaction information, of both solute and solvent. These methods allow

for simulations across biologically relevant time and length scales by lowering model

resolution based on parameters rigorously derived from higher resolution models.

Coarse-graining is a very broad, quickly growing focus in the field of computational

biomaterial modeling (an extensive overview can be found in [28]).
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In this thesis we develop a series of elastic network models (ENMs) to study dynamic

motions of molecules (Figure 2-9) [29]. Such approaches have been instrumental in

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

found in [29]). ENMs simplify a structure by modeling it as a network of masses

interacting through a simple harmonic potential, creating a coupled bead-spring system

[29]. Normal mode analysis (NMA) of the ENMs is conducted using the anisotropic

network model module in ProDy [29] for all models. Nodes correspond to C" atoms when

based on full-atomistic structures (in Chapter 4), or equidistant points on a grid fit to

small-angle scattering-derived geometries (in Chapter 3).

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 qj0 are coordinates in

the equilibrium configuration. The potential energy near equilibrium is approximated as:

V (q) = - a) (qj - qo)(qj - q9). (2-12)

I,'

The terms (2' ) are components of the Hessian matrix. In the model of tropoelastin
(aqiaqj)

in Chapter 3, the starting equilibrium configuration is derived from an average of small-

angle X-ray scattering data. The interaction sites, or nodes, describe the topology of the

native structure. The inter-nodal potential is defined by:

= e (rap - r0) 2 (2-13)
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The Hessian matrix is real and symmetric, such that upon diagonalization its eigenvectors

form an orthonormal basis over the full space of molecular motion. Six of the eigenvalues

are zero, indicative of rigid body rotations and translations of the molecule, having no

effect on the internal potential energy of the system. Considering the molecule as a

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

d 2Aq + HAq = 0
dt

2 (2-14)

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

matrix. The equation of motion can be written as:

Huk = (OJMUk, (2-15)

assuming a solution of the form

Uk(t) = ak exp(-iwkt). (2-16)
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Figure 2-81 Molecular motions at different scales may be accessible through various

modeling approaches. While MD simulation is most suited to study bond vibrations and

side-chain motions, coarse-graining approaches, such as elastin network models (ENMs),

are most useful to capture global domain motions (of loops and subdomains), as these

phenomena occur at longer time scales and larger length scales inaccessible to MD. Also

shown are corresponding experimental techniques for structure identification: NMR

spectroscopy is mainly restricted to smaller structures and X-ray crystallography may

span structures of several hundreds of Angstroms in size. Reprinted with permission from

[29]. Copyright 2010 American Chemical Society.

59

bond
vibration

W_ A



This is a generalized eigenvalue problem, where the solution set Uk, with 1 k < 3N,

and squared frequencies W2 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 given mode can be written as

1 W2

V(u)=-u Huk= - . (2-17)

The energy of a mode is directly proportional to the eigenvalue, or the squared frequency

of motion, Ak = Wk. Thus, low-frequency modes are most accessible and least

energetically expensive. Because the vibrational energy is equally distributed among the

modes, the amplitude of oscillation for a given mode is inversely proportional tow

making low-frequency modes most dominant within naturally occurring global molecular

motion. A limitation to using SAXS-derived structures for an equilibrium configuration

of an elastic network model is an undefined mass distribution across the volume of the

molecule. As a result, the model is simplified to a set of beads with equally partitioned

mass.
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Figure 2-91 The energy profile for the native state of the biological pigment rhodopsin

modeled at different resolutions. The coarse-grained representation N denotes the native

state of the molecule, showing a single energy minimum, corresponding to a harmonic

potential representation. Substates SI and S2 represent two modal directions sampled

near the native state. Finally, the microstates mI, m2 and m3 represent an ensemble of

conformers sampled by small fluctuations in the neighborhood of each substate.

Reprinted with permission from [29]. Copyright 2010 American Chemical Society.
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3 Elastic network model of

tropoelastin implicates bridge

region in assembly and cell-binding

The research and review presented in this chapter have been published in:

G.C. Yeo*, A. Tarakanova*, C. Baldock, S.G. Wise, M.J. Buehler, A.S. Weiss, "Subtle
balance of tropoelastin molecular shape and flexibility regulates dynamics and
hierarchical assembly," Science Advances, Vol. 2, No. 2, 2016. *These authors
contributed equally to this work.

3.1 Introduction

Tropoelastin is the soluble molecular precursor to the elastin polymer, a key structural

component of elastic fibers, which confer elasticity and recoil to various tissues in the

human body, including the lungs, arteries and skin [1-3]. Elastic fibers provide the

structural integrity and elasticity required for mechanical stretching of these tissues [4].

In recent years, numerous studies have focused on the structure and assembly of

tropoelastin into elastic fibers [5-9]. Elastogenesis, the assembly of the tropoelastin

monomer into elastic fibers, is an essential process in the proper functioning of elastic

tissue [10]. On the other hand, faulty elastic fiber assembly, often a consequence of

mutations in the tropoelastin gene, leads to various diseases, such as cutis laxa,

supervalvular aortic stenosis and emphezyma [10]. Beyond its role in the function of

elastic tissues and dysfunction in disease, elastin self-assembly holds interest for

synthetic elastin-based materials for biomedical applications, which have received

considerable attention as a result of elastin's excellent tensile mechanical properties and

very good tissue compatibility [2, 11, 12].
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Tropoelastin has a defined shape in solution [13], and frequent conserved sequence

elements across mammalian species suggest specific structural functionality in different

regions of the molecule [14-16]. At the same time, tropoelastin displays a large

percentage of flexible, disordered regions needed for molecular elasticity [17, 18] and a

tertiary structure defined by an ensemble of elastic conformers [13, 19]. The elastic fiber

assembly process hinges on understanding the behavior of the monomer, and its ability

and propensity to interact within its environment. In this chapter, we discuss elastin's

dual need for flexibility and structure, in the context of assembly. Elastic fiber formation

occurs in a stepwise process involving tropoelastin association, massive molecular

deposition and cross-linking [20]. However, there has not been a reconciliation of the

apparently contradictory dual needs for structural flexibility and the organizational

requirement for cooperative contributions of regions towards protein self-assembly into

elastic fibers. It is also an open question whether tropoelastin's conformational

flexibility may be required within the assembly process. In this chapter, we explore the

structure-dynamics-function interplay, consider the duality of molecular order and

disorder, and identify equally significant functional contributions by local and global

molecular structure.

We delve into single-molecule kinetics of tropoelastin to identify mechanistic details

and mechanisms driving multi-molecular assembly and cell binding. Tropoelastin, as

other proteins, can be thought of as a polymer chain that can sample an ensemble of

conformations under physiological conditions. This ensemble of microstates defines a

dynamic equilibrium that exists within a native fold of the protein.

Recent studies suggest that such thermal fluctuations may be responsible for collective

domain movements that drive essential functions such as ion channel gating and protein

binding and interaction [21-26]. Effectively, random fluctuations are composed of

highly concerted motions. These collective motions are intrinsically accessible to the

molecule and are governed by the equilibrium configuration - the energy-minimum

state, or the representative native fold, illustrating a powerful structure-function

correspondence.
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To study these motions, several different principle component analyses have been

proposed. Here, we focus on normal mode analysis, which falls into the category of

principle component analysis of biological systems, and has been used increasingly to

study collective dynamics of proteins near an equilibrium state. The most cooperative

motions occur at low frequencies, engaging large subunits within the structure and

correspond to intrinsically accessible motions that arise exclusively from the protein's

geometry.

Physically, these motions represent deformations that are least energetically costly, on a

multi-dimensional energy landscape, where mode frequency represents the curvature of

the energy landscape, such that lower frequency modes describe the most cooperative,

more easily accessible motions. Because these motions are intrinsically tied to the

overall structure of the molecule rather than specific interatomic interactions, it has been

shown that a simple, single-parameter harmonic force field results in global modes that

are nearly identical to those obtained from more complicated force fields and

experimental data [27, 28]. Consequently, elastic network models (ENM) have been

widely used to simplify protein dynamics analysis. In these models, the molecule is

represented as a collection of nodes interacting via elastic springs in a network.

Effectively, they represent analytic solutions to dynamics problems, inaccessible to full-

atomistic molecular dynamics due to time-scale limitations.

Tirion [27] first used a single-parameter potential to study low-frequency vibrational

modes, showing high correlation with crystallographic data. Hinsen [28] further

simplified the model by showing that a coarser representation, with a resolution of only

the alpha-carbon backbone, was sufficient together with the network model to accurately

predict low-frequency modes. Later studies [29, 30] developed methods to fit even

coarser resolution structures derived from cryo-EM data to elastic network models to

study near-equilibrium dynamics.

Recently, the full nanostructure of tropoelastin has been solved based on small-angle X-

ray (SAXS) and neutron scattering (SANS) [13]. In this chapter, we use the results of

SAXS and SANS analysis to create an elastic network model (ENM) of the tropoelastin
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molecule, to analyze near-equilibrium dynamics through normal mode analysis, via the

lens of elastin fiber assembly. We compare the normal mode analysis results of this 29

amino acid segment of tropoelastin, based on a full-atomistic model with the multi-term

CHARMM force field and an ENM model with a SAXS-resolution structure, finding

that the geometrically accurate, low resolution SAXS-derived structure yields results

robustly compatible with the full atomistic analysis. Post validation, we create an ENM

model based on SAXS structure of the complete wild type tropoelastin molecule,

identifying a geometry-driven lock-and-key multi-molecular assembly mechanism.

To validate this method, we consider a segment of tropoelastin, encoded by domains 21

and 23 of the tropoelastin gene (Figure 3-1a), thought to be involved in cross-linking

and found in the bridge region of the molecule. The predicted full-atomistic molecular

model matches closely to the SAXS-derived molecular geometry (Figure 3-1b). We

compare the normal mode analysis results of this 29 amino acid segment of tropoelastin,

based on a full-atomistic model with the multi-term CHARMM force field and an ENM

model with a SAXS-resolution structure. Elastic normal modes are compared between

atomic resolution structures with a complex potential based on the CHARMM force

field model, and a low-resolution SAXS elastic network model with a distance-

dependent spring constant (Figure 3-1c). We compare lowest mode frequencies and

eigenmotions between the two models to establish the efficacy of the SAXS-based

elastin network model to predict global molecular motions. We find that the

geometrically accurate, low-resolution SAXS-derived structure yields results robustly

compatible with the full atomistic analysis.

Based on this comparison, we extend the elastic network model to a SAXS-resolution

structure of the full-length tropoelastin molecule, to examine near-equilibrium motions

of the molecule and the relation to cell binding and multi-molecular assembly. We

identify a geometry-driven lock-and-key multi-molecular assembly mechanism.

Further, we compare the wild type molecule with a mutant form of the protein by

perturbing a key hinge region of tropoelastin.
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Figure 3-11 a) Domains representing the tropoelastin gene. Domains 21 and 23 used in

this study are highlighted in the yellow box. Domain 22, quiescent in mammalian

tropoelastin, is inserted between domains 21 and 23 in the WT+22 mutant molecule.

Sequence of domains 21/22/23 is shown, with domain 22 highlighted in red. b) Elastic

network model of tropoelastin molecule. Inset shows small-angle X-ray scattering-

derived hinge structure of 29 amino acid sequence of domain 21/23. d) Overlay of

SAXS-based elastic network model of hinge region (in light pink) with full-atomistic

prediction from Replica Exchange Molecular Dynamics (in cartoon representation).

Adapted from [31].

Natural tropoelastin undergoes alternative splicing during the transcription process at

well-conserved splice junctions [16, 32]. There are 34 exons in the human tropoelastin

transcript, out of which several exons including exons 22, 23, 24, 26A, 32 and 33 are

variably spliced [33]. Alternative splicing provides a channel to produce functionally

diverse tropoelastin isoforms from a single gene sequence, accommodating the different

functional and structural requirements of the elastic fiber network in various tissues [34].

Exon 22 is unique among exons subject to alternative splicing. Despite its persistence in

human DNA, it is universally spliced out in human tropoelastin transcripts [14, 35].

Exclusion of domain 22 interrupts the highly-conserved structure of alternating

hydrophobic and hydrophilic domains in tropoelastin and enables the adjacent
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hydrophilic domains 21/23 to form a flexible hinge region [36] believed to be necessary

for elastic fiber assembly. In this chapter, we introduce the 29-residue hydrophobic

sequence, a tropoelastin variant with domain 22, that comprises <4% of the entire

sequence, between domains 21 and 23, to consider its affect on dynamics and

implications for assembly.

We quantify the difference in mechanical signature of the molecules, indicating the

important role the flexibility of the bridge plays in molecular assembly, confirmed by

experimental findings.

The simulations results are validated with experimental data whereby a key hinge region

is perturbed by expressing an exon universally spliced out in human tropoelastin. We

find a herniated nanostructure with a displaced C-terminus, and explain by molecular

modeling that flexible helices are replaced with substantial beta sheet. We see atypical

higher-order cross-linking, and inefficient assembly into discontinuous, thick elastic

fibers. We explain this dysfunction by correlating local and global structural effects with

changes in the molecule's assembly dynamics. This work has general implications for

our understanding of elastomeric proteins, which balance disordered regions with

defined structural modules at multiple scales for functional assembly.

This chapter explores the structural and functional consequences of locally perturbing

the sequence of wild-type human tropoelastin (WT) using an integrative approach that

combines both experimental and modeling techniques. We identify important local sub-

molecular structural differences between WT and the constructed mutant WT+22,

showing that, surprisingly, this small change to the molecule leads to global changes in

its nanostructure and dynamics. These ostensibly minor molecular-scale changes yield

profoundly deleterious effects on elastogenic assembly in experiment. By comparing

WT and WT+22 tropoelastin in terms of sub-molecular structure, molecular shape and

dynamics, and macromolecular assembly, we explore the structure-dynamics-function

relationship in tropoelastin, illustrating the fragile balance between elastic flexibility and

shape definition required for the normal assembly of an elastomeric protein. This work

70



furthers the understanding of elastogenesis and tropoelastin assembly into biomaterials,

and builds a framework to study effects of elastin mutations in disease.

3.2 Methods

3.2.1 Molecular modeling of domains 21/23 and

21/22/23

Replica Exchange Molecular Dynamics (REMD) [37] was used to create an ensemble of

free energy minimized models from initially extended helical single-chain

conformations of domains encoded by exons 21/23

(QAAAAAKAAKY/GVGTPAAAAAKAAAKAAQ) and domains encoded by exons

21/22/23

(QAAAAAKAAKY/GAAGAGVLGGLVPGAPGAVPGVPGTGGVP/GVGTPAAAAA

KAAAKAAQ) (Figure 3-2). The helical extended chain is created with the CHARMM

simulation software [38] and defined by the dihedral angles P = -58*, V/ = -47'. We

use a starting structure of an extended alpha-helical conformation based on a homology

comparison method with the SCATCH Protein Predictor [39] that found discrete helical

patterns in the systems. 24 replicas in the temperature range 300-900 K were created for

each sequence. Exchanges were attempted every 2 ps to allow for relaxation of the

system, for a total of 20,000 exchanges, or 40 ns per replica. The total simulation time

for all replicas was 960 ns. Exchange acceptance rate between replicas exceeded 40%,

which ensured computational efficiency. An ensemble of structures from the last 1000

exchanges at the lowest temperature replica was analyzed. Clusters based on mutual

similarity by root mean square deviation (<1 A) were created with the K-means

clustering algorithm in the MMTSB toolset [40]. Lowest energy representative

structures in the top four clusters were selected. Simulations were carried out with the

CHARMM19 [38] all-atom energy function with the EEFJ force field with a Gaussian

effective solvent energy function [38,41]. The REMD method was set up with the
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MMTSB toolset [40]. Visualization of protein structures and secondary structure content

calculation using the STRIDE algorithm was done in Visual Molecular Dynamics

(VMD) [42].

2. Homology Model
'AAAAAKAAKYGVGTPAAAAAKAAAKAAC

1. Sequence - - + - - 3. Input structure

H H HHHHHHHHHH HTCCHHHH H HHHH H H H

S. Ensemble of -4. Replica
6. Clustering Algorithm Structures Exchange (in
(k-means clustering) implicit solvent)

L 7. Representative Structures

Figure 3-21 Replica Exchange Molecular Dynamics procedure shown for sequence from

domains 21/23. The amino acid sequence is used as input. Based on a homology

comparison, (H represents helix, T is turn, C is coil) a starting structure in the form of an

alpha helix is used for the simulation, to produce an ensemble of structures. K-means

clustering is used to determine clusters containing structurally similar samples. Lowest

energy structures out of the most significant clusters are chosen as representative

structures.

3.2.2 Elastic network model and normal mode analysis

To characterize representative motions of WT and WT+22 tropoelastin, elastic network

models were constructed from three-dimensional geometries of the molecules based on

averaged small-angle X-ray scattering data. Molecular geometries were discretized into

a network of beads of uniform mass connected via springs with a distance-dependent

spring constant similar to that used by Hinsen et. al. [28]. Normal mode analysis with
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the elastic network model was conducted using the anisotropic network model module in

ProDy [43].

Wild type tropoelastin network models with modified hinge region stiffness were

created by varying the cut-off distances of the interacting springs. Wild type tropoelastin

was modeled using a cut-off that included interactions up to the second nearest neighbor.

In the stiffened hinge, a cut-off up to the third nearest neighbor was implemented. The

softer hinge was modeled by a reduced cut-off distance covering up to the first nearest

neighbor.

A limitation to using SAXS-derived structures for an equilibrium configuration of an

elastic network model is an undefined mass distribution across the volume of the

molecule. As a result, the model is simplified to a set of beads with equally partitioned

mass, where beads are equal to alpha carbon masses.

3.3 Results

3.3.1 WT+22 shows altered local structure in full

atomic resolution model of the hinge region

To assess whether local conformational differences occur within the domain 21/23

tropoelastin hinge region with the insertion of an intervening hydrophobic domain 22,

we created molecular models based on the amino acid sequences of domain 21/23 and

domain 21/22/23. We used Replica Exchange Molecular Dynamics [37], an accelerated

structure prediction algorithm, to create an ensemble of conformations from which

representative structures were determined (Figure 3-3a).
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Figure 3-31 a) Representative structures of the WT and WT+22 hinge region.

Percentages indicate significance of cluster from which the lowest free energy

representative conformation is extracted. b) Secondary structure content [helix, beta

strand (BS), coil, turn] compared for molecular models of the hinge regions of WT and

WT+22 constructs. Adapted from [31].

Secondary structure analysis displayed a high presence of helices in the WT hinge

region, while a high presence of beta sheet content was observed for the WT+22

construct, with significantly reduced helical content (Figure 3-3b). Coil and turn

composition did not vary significantly between the constructs. Representative structures

of the WT+22 construct displayed a high propensity for double beta strand formation,
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which may be essential in stabilizing the hinge region. There was no discernible

difference in the overall secondary structure composition of the WT and WT+22

constructs for the full-length protein [31].

3.3.2 Validation of the tropoelastin elastic network

model

To validate the implementation of normal mode analysis with the elastic network model

using SAXS-derived structures for WT and WT+22 tropoelastin, we compared the

predictive efficacy of normal mode analysis for the 29-residue hinge region, between a

SAXS-derived network model and a full-atomistic model with a complex potential

function. The 29-residue sequence used is encoded by domains 21/23 of the tropoelastin

gene, corresponding to the distinctive hinge region identified with small-angle X-ray

scattering [44] (Figure 3-1b). The full-atomistic representative structure was identified

with Replica Exchange Molecular Dynamics, implemented using the CHARMM

c35blrl software package [45,46] with the MMTSB toolset [47] (Figure 3-1c).

Replica Exchange generates an ensemble of likely conformations from a starting

configuration, from which representative structures are chosen based on statistical

significance and lowest energy in clusters generated by K-means clustering. The lowest

energy structure in the most statistically significant cluster is chosen as the

representative equilibrium structure to conduct normal mode analysis. The CHARMM19

force field is used together with the eef 1 implicit solvent model [48] to generate lowest-

frequency eigenmodes and corresponding eigenvectors with the VIBRAN facility in the

CHARMM implementation [46]. An analogous elastic network model is created using

volume-defining spatial coordinates from SAXS data [44]. Nodal masses are equal

throughout the structure, set to alpha carbons, for simplicity. Modification of the mass

matrix would lead to a linear scaling of eigenfrequencies and eigenmotions, and because

we are interested in the relative frequencies and motion patterns, this is a valid
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assumption. A distance-dependent spring constant is used to mitigate the influence of

cut-off distance on modes, similar to that used in Hinsen et. al. [28]:

k = Cie 2/ (3-1)

Here, ro is the equilibrium inter-bead distance and r is the inter-bead distance. A scaling

factor C1 is set to 1 as it only scales the magnitude of the eigenfrequencies and

eigenvectors while here we are only concerned with the relative motions and associated

frequencies accessible to the molecule. Normal mode analysis with the elastic network

model is conducted using the anisotropic network model module in ProDy [49].

We note that the SAXS resolution is higher for the segment encoded by domains 21/23

than for the full-length tropoelastin molecule. We use a higher discretization (number of

nodes) for the hinge segment than for the full-length molecule, as our aim is to outline

essential domains within the bulk volume.

Because the vibrational energy is equally distributed among the modes on average [21],

the amplitude of oscillation for each mode scales as the inverse of the frequency. We

found a good correlation between modal displacement patterns of the full-atomistic and

elastic network models independent of SAXS discretization. Snapshots of the first six

modes are illustrated for each structure in Figure 3-4.

We consider the effect of SAXS-derived structure discretization, comparing the

normalized mode amplitudes for the first twenty modes in the full-atomistic model and

three SAXS-derived structures (Figure 3-5a). We find a high correlation independent of

SAXS discretization. In particular, the highest amplitude modes (equivalent to the

lowest frequency modes), which correspond to the most naturally accessible molecular

domain motions, match most closely. The divergence for lower amplitude motions is

less significant as these modes are more energetically expensive and contribute less to

the comprehensive vibrational molecular motion. In addition to considering nodal

discretization throughout the molecular volume, we compared the elastic network model
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for a range of long-distance cutoff values defining the potential and found no significant

difference with the full-atomistic complex potential model (Figure 3-5b).

a) b) C)

KA K

Figure 3-41 Domain motions of the first six lowest frequency modes for the hinge

region, shown for the full-atomistic model in cartoon representation (top) and the

SAXS-derived elastic network model (bottom). Adapted from [31].

Based on the normal mode analysis correlation between a SAXS-based network model

and a full-atomistic resolution structure of the hinge region, we created a SAXS-based

network model for the full tropoelastin molecule. Using a uniform space discretization

derived from scattering data, we found a set of nodal coordinates to describe the

volumetric shape of the molecule, as was done for the hinge region. Nodes represented

by beads of uniform mass were connected by springs with a distance-dependent spring

constant, as in Equation 3-1. Normal mode analysis was conducted with the anisotropic

network model function in ProDy simulation software [43].
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Figure 3-51 a) Normalized mode amplitudes for the first 20 modes for SAXS-derived

structures of domain 21/23 in the hinge of WT tropoelastin (with 100, 201 and 374

beads representing the molecular volume) compared with the full-atomistic model. b)

Normalized mode amplitudes for the first twenty modes in the 374-bead structure of

domain 21/23 in the hinge of WT tropoelastin with variations in cut-off distance

compared with the full-atomistic model. Adapted from [31].

Previous studies [27-30] have shown that simplified potential models and coarser

domain representations are able to capture the essential dynamics accessible to

molecular systems. These observations result from the idea that the most biologically

relevant, low frequency motions generally involve global subdomain displacements.

Because small-angle X-ray scattering is an ideal tool to outline and capture the shape of

such globular subdomains, it is not surprising that normal mode analysis with a SAXS-

derived structure has a high correlation with a full-atomistic normal mode analysis.
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3.3.3 Structural differences in WT+22 nanostructure

revealed through small-angle X-ray scattering and

changes in antibody detection

The small-angle X-ray scattering structures were determined according to the

experimental procedure described in Yeo et. al. Both WT and WT+22 structures

displayed a familiar combination of regions: a long elastic coil region that spans from

the N-terminus region to domain 18, a fork at the hinge region spanned by domain

21/23, a bridge at region 25/26 and a C-terminal foot region. The WT+22 structures

displayed a denser hinge region, where domain 22 would be expected to reside, as well

as a displaced C-terminal region. WT, WT+22 and aligned structures are shown in

Figure 3-6.

Antibody experiments to detect surface-bound molecules were conducted using

antibodies against tropoelastin domains 6, 24,and 36 (Figure 3-7). These experiments

helped to confirm the structural differences between WT and WT+22. The antibody

against domain 6 detected equivalent levels of the epitope on both WT and WT+22,

indicating similar exposure of the N-terminal segment of both constructs. However, the

BA4 antibody, which recognizes the hydrophobic hexapeptide VGVAPG predominantly

in tropoelastin domain 24 [50], bound ~-15% less to WT+22 than to WT. We note that

this domain is downstream of the inserted domain 22 and so this difference is likely due

to changes in the local arrangement of domains around the inserted domain 22. This is

also demonstrated through the molecular models of the hinge region as well as the

SAXS-derived solution structures. Additionally, the antibody against the tropoelastin C-

terminus detected ~30% fewer epitopes in WT+22 than WT. This result similarly

implies the shift and resultant inaccessibility of the C-terminus in response to the

conformational change following the insertion of domain 22.
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Figure 3-61 Small-angle X-ray scattering analysis of WT and WT+22 solution

structures. a) WT (green) structure; b) WT+22 (magenta) structure; c) merged structures

rotated around the long axis of the molecule. The tropoelastin N-terminus (N), bridge

region (BR) and C-terminus (C) are indicated. The shape of the WT control is

comparable to published findings [13]. Adapted from [31].
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Figure 3-71 Enzyme-linked immunosorbent assay of WT and WT+22 tropoelastin. The

primary antibody used was targeted against a) domain 6, b) domain 24, or c) domain 36.

Adapted from [31].
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3.3.4 WT and WT+22 tropoelastin display markedly

different characteristic molecular motions

The inherent flexibility of tropoelastin suggests that its assembly into macromolecular

structures most likely does not proceed via a static interlocking of monomers. To model

collective domain movements that may contribute to intermolecular assembly, we

adapted the WT and WT+22 shapes derived from small-angle X-ray scattering data [13]

into elastic network models.

The kinetics of tropoelastin can be described as an ensemble of conformational

microstates that are intrinsically accessible to the molecule under physiological

conditions. Here, we examined the most cooperative motions, or modes, between the

main structural regions of tropoelastin. Physically, these modes represent deformations

that are least energetically costly on a multi-dimensional energy landscape, where mode

frequency represents the curvature of the free energy landscape. Importantly, these

motions are tied to the overall tropoelastin SAXS-derived solution shape rather than

specific interatomic interactions. On this basis, we can model the molecule's dynamics

with a simple, single-parameter harmonic force field applied to a network of

interconnected nodes, with results nearly identical to those obtained from more complex

force fields and experimental data [27]. This approach demonstrates an analytic solution

to dynamics problems that are inaccessible to full-atomistic molecular dynamics due to

time-scale limitations.

To validate this method, we considered the flexible hinge region of tropoelastin encoded

by domains 21/23. The shape of the predicted full-atomistic model closely matched the

approximate SAXS-derived molecular geometry (Figure 3-1c) [51]. Elastic normal

modes were compared between atomic resolution structures with a complex potential

based on the CHARMM force field model, and a low-resolution SAXS elastic network

model with a distance-dependent spring constant. For the first six lowest frequency

modes, there is a strong correspondence between the full atomistic and SAXS-based

elastic network models (Figure 3-4). As described above, higher frequency modes
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become more energetically expensive, therefore, we present a linear combination scaled

by modal amplitude to describe the accessible dynamics of the molecule. Including

additional higher modes had minimal effect on motion trajectory (Figure 3-8).

30

-20
0

<10

0
0 10 20 30 40 50 60

# modes of lowest frequency in linear combination

Figure 3-81 Change in the angle 0 between the legs of the WT tropoelastin molecule,

representative of dynamics created by including a varied number of lowest frequency

modes in linear combination scaled by amplitude. A linear combination of six or more

modes results in nearly identical dynamics. Adapted from [31].

Based on this analysis, we extended the elastin network model to SAXS-resolution

structures of the full-length WT and WT+22 tropoelastin to examine near-equilibrium

dynamics of the molecules. Using a uniform space discretization derived from scattering

data, we find a set of nodal coordinates to describe the volumetric shape of the molecule,

as for the hinge region. Nodes are connected by springs with a distance-dependent

spring constant, as in Equation 3-1 (Figure 3-9a, Figure 3-10a). Nodes are modeled as

uniform masses, equivalent to single alpha carbon atoms. Normal mode analysis is

conducted with the anisotropic network model function in ProDy simulation software

[49]. In these elastic network models, we combined the first six modes, scaled by their

amplitudes, into a representative molecular motion. Higher modes were excluded as

their addition shows negligible variation in dynamics.
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The WT elastic network model shows a characteristic scissors-like motion between the

hinge and foot regions, as well as a twisting motion in the N-terminal coil region, in

which the N-terminus experiences highest displacement (Figure 3-9b, Figure 3-10b).

We identify a lock-and-key mechanism in the motion of the molecule, suggesting that

the intrinsically accessible motion predisposes a chain-like assembly pattern of single

tropoelastin molecules into higher order structures, illustrated in Figure 3-9b.

The molecule-to-molecule binding effectively reinforces the weakest region of the

molecule, as the hinge region with the highest stress concentration is clamped in place

during cross-linking, signifying a natural biological propensity to strengthen weak

molecular segments in hierarchical assembly. The top and bottom molecular motions are

complementary, ensuring higher space sampling such that interfacing regions efficiently

come into contact. Thus, intrinsically accessible molecular motion may play a large part

in improved kinetics and yield of intra-molecular assembly. Representative conformers

from which the average WT shape was obtained qualitatively support the dynamics

proposed above (Figure 3-10c). These results support and redefine the role played by

the C-terminal and the hinge region of tropoelastin in cellular and intra-molecular

binding [13].
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a) b)

Figure 3-91 a) Elastic network bead-spring model of wild type tropoelastin. Springs are

represented as connections between beads. b) Representative dynamics of the combined

6 lowest-frequency modes showing a twist in the N-terminal region and a scissor-like

motion in the legs of the molecule. Suggested head-to-tail assembly scheme is

illustrated.

In contrast, the mutant WT+22 displays dynamics that significantly diverge from the

WT. The hinge and foot regions of the WT+22 molecule move in parallel, while its coil

region bends along a perpendicular axis (Figure 3-10d). These molecular motions

potentially shield intermolecular regions of contact and reduce the likelihood of head-to-

tail assembly.
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3.3.5 Local and global molecular structures both

contribute to tropoelastin dynamics

To confirm the mechanistic correlation between local secondary structure and molecular

dynamics, we incorporate the observed alpha-helix to beta-sheet transition in the WT+22

hinge region into the tropoelastin elastic network model. The formation of beta-sheets in

the hinge region effectively stiffens and reduces the flexibility of the WT+22 molecule.

To capture this change in the global dynamics model, we incorporated a variable

stiffness into the elastic network model. We compare four models: 1) a WT tropoelastin

elastic network model with a softened hinge region; 2) the original WT tropoelastin

elastic network model; 3) a WT tropoelastin elastic network model with a stiffened

hinge region to represent the alpha-helix to beta-sheet transition based on the full atomic

resolution models; and 4) the original WT+22 mutant tropoelastin elastic network model

(Figure 3-10e).

The stiffness of different molecular regions is defined by the inter-bead potential cutoff

distance, where an increased cutoff represents a stiffer region. The differences are

quantified by the change in two angles, theta and phi. Theta represents the bending angle

of the scissors-like motion between the legs of the molecule, as in WT, while phi

describes the angle associated with the molecular bend along the axis perpendicular to

its body, as observed in the mutant WT+22. The scissors-like motion of WT corresponds

to a large change in theta (AO), which is replaced by a parallel motion of the legs in

WT+22.

In contrast, the WT+22 dynamics is represented by a large change in phi (Amp) indicative

of a strong bend perpendicular to the body of the molecule, which is replaced by a twist

along the molecule's body in WT. The addition of a stiffer hinge region in WT

transforms the dynamics as defined by AO and Ap to approach the behavior of WT+22.

Conversely, the inclusion of a softer hinge region reinforces WT-like dynamics,

characterized by a more prominent bend in the legs and an extended twist in the body.
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Figure 3-101 Dynamics of the tropoelastin molecule. a) Elastic network model of a

SAXS-based structure of tropoelastin. b) Tropoelastin domain motion from the linear

combination of the first six lowest frequency modes of motion, depicting the twist of the

N-terminal coil region and the scissors-like flexion of the hinge and foot regions. c)

Representative solution shapes of WT tropoelastin showing conformations consistent

with the range of molecular motions defined by the elastic network model. d) Domain

motion of WT+22 tropoelastin, characterized by the N-terminal bend along the
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perpendicular axis of the body and the parallel motion between the hinge and foot

regions. e) Change in representative angles theta (between the legs of the molecule;

measured enface) and phi (at the bend of the body of the molecule; measured in profile)

characterizes the molecule's dynamics for four models: wild type tropoelastin (WT),

mutant tropoelastin (WT+22), wild type tropoelastin with stiffened hinge region

representative of alpha-helix to beta-sheet transition based on the full atomic resolution

models (WT with stiff hinge), and wild type tropoelastin with a softened hinge region as

an alternate control (WT with soft hinge). Corresponding model representations are

shown. The color bar indicates relative stiffness in the structure. Adapted from [31].

These results strongly suggest that local stiffness changes in the hinge region affect not

only the global structure of tropoelastin, but also its dynamics. We propose that both

local and global molecular structure and dynamics influence the macroscale effects

observed in experiments considering fiber and hydrogel formation propensity and final

topology and structure. We propose, therefore, that the mechanisms responsible for the

divergent macromolecular responses of WT and WT+22 tropoelastin described in the

experimental data below are due to both local submolecular structure and global

molecular configuration, geometry and resulting dynamics.

3.3.6 WT+22 tropoelastin forms morphologically

different hydrogels with decreased swelling and

compression properties

Synthesis of higher-order structures, such as hydrogels, presented an opportunity to

observe the differences predicted from the structure and dynamics at the single-molecule

scale. Hydrogels made from WT and WT+22 tropoelastin were synthesized according to

a cross-linking procedure described in full in Yeo et. al. [31]. Micro-computed

tomography imaging revealed dramatic morphological differences between the WT and

WT+22 hydrogels (Figure 3-11). The WT hydrogel contained interwoven fibers
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interspersed with large pores that spanned the surface and cross-section of the sample,

consistent with the filamentous nature of natural elastin [52] (Figure 3-11a). By

contrast, the WT+22 hydrogel appeared as a dense, compact material with no visible

channels (Figure 3-11b). Analysis of the micro-CT images revealed that the porosity of

the WT+22 hydrogels at 69.9 1.2% was less than that of the WT hydrogels at

90.6 0.8%, signifying a difference between WT and WT+22 cross-linking. This is

consistent with the location of domain 22 within the classical cross-link enriched region

bracketed by domains 17 and 27 [53]. Tropoelastin cross-linking is highly dependent on

the exposure and alignment of specific lysine residues [54], and therefore would be

highly sensitive to the changes associated with the introduction of domain 22 into WT

tropoelastin. Any conformational disruption to the WT+22 cross-linking regions due to

the helix-to-sheet transition in the domain 21/23, the deformation in the bridge, as well

as the disorganization of monomers during assembly in response to altered dynamics,

are likely to influence the nature and extent of cross-link formation thereby yielding

atypical hydrogel structures in WT+22 [31].

The morphological differences in the hydrogels naturally precipitated changes in water

uptake capacity and its mechanical properties. At 4, 25 and 37'C, WT+22 hydrogels

were shown to consistently swell less than WT hydrogels, corresponding to their

reduced porosity (Figure 3-11c). Mechanically, the WT+22 hydrogels also displayed a

-23% reduction in compressive deformation compared to WT under increasing loads

(Figure 3-11d), again as a result of their compact structure and lower porosity.

Scanning electron microscopy of the hydrogel surfaces confirmed distinct structural

differences between the WT and WT+22 materials (Figure 3-11e-f). The WT hydrogel

showed a highly porous fibrous network on its top surface and a sheet-like layer on its

bottom surface. In contrast, the WT+22 hydrogel was mainly composed of compact

sheet on both top and bottom surfaces. The edges of the WT and WT+22 hydrogels

clearly demonstrated these compositional differences. The WT edges contained a thick

network of fibers while WT+22 was comprised of stacked, sheet-like structures. These

differences further highlight the impact that a fairly short introduced sequence has on

higher-order assembly.
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Figure 3-111 Analysis of WT and WT+22 hydrogels. Micro-computed tomography

imaging of a) WT and b) WT+22 hydrogels. Each panel shows top (left) and cross-

section (right) views. Scale bar: 0.5 mm. c) Swelling of WT and WT+22 hydrogels in

water at 4, 25 and 37 0C. The amount of water absorbed by each hydrogel was

normalized according to hydrogel mass. d) Compressive strength of WT and WT+22

hydrogels as measured by the extent of hydrogel deformation against increasing

application of force. Scanning electron microscope images of e) WT and f) WT+22

hydrogels. Each panel shows the top, bottom and edge of the hydrogel. Scale bar:

100mm. Adapted from [31].
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3.3.7 WT+22 tropoelastin displays impaired elastic

fiber assembly

Higher-order assembly into fibers also showed stark variations between WT+22 and

WT, consistent with the differences observed at the single-molecule scale. The elastic

fiber assembly process was modeled according to the procedure outlined in Yeo et. al.

[31]. WT and WT+22 tropoelastin was added to cultured human dermal fibroblasts with

an established microfibrillar network (Figure 3-12). At both low and high tropoelastin

concentrations (20 mg/mL and 200 mg/mL, respectively), WT formed spherules in the

first day and well-defined fibers by the fourth day, persisting through the tenth day. By

contrast, WT+22 remained as spherules at low concentrations through the tenth day and

formed fibers only at high concentrations. This observation suggests selectivity against

the non-native WT+22 isoform, a behavior that is very similar to the reduced

incorporation of an abnormal cutis laxa-associated tropoelastin mutant into vascular

elastic fibers [31, 35]. Beyond elastic fiber formation efficacy, WT+22 fibers did not

have the continuous structure of WT fibers.

The increased concentration of tropoelastin only partially mitigated the incorporation of

WT+22 into fibers, as evidenced by the lower elastic fiber density of WT+22 fibers

compared to WT fibers (Figure 3-13a). The differential packing of WT+22 is further

supported by the decreased immunofluorescence of WT+22 fibers (Figure 3-13b).

However, WT+22 fiber autofluorescence was similar to WT (Figure 3-13c), implying

that WT+22 fibers undergo a similar maturation process over time as do WT fibers, as

elastin autofluorescence is attributed to its maturation into a cross-linked structure [55].

It was confirmed that these differences were not due to differences in cell number

(Figure 3-13d).
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Figure 3-121 Confocal microscope images of WT and WT+22 elastic fibers with human

dermal fibroblasts. Samples were fixed at a) 1, b) 4, c) 7 and d) 10 days after addition of

20 or 200 mg/mL tropoelastin. e) Controls (from left to right): sample with no

tropoelastin added, but stained with anti-elastin mouse antibody and FITC-conjugated

anti-mouse antibody; unstained sample with 200 mg/mL WT; sample with 200 mg/mL

WT and stained with FITC-conjugated anti-mouse antibody only; sample with 200

mg/mL WT and stained with non-specific mouse IgG and FITC-conjugated anti-mouse

antibody. All controls show the absence of visible elastic fibers, indicating the

specificity of immunostaining for elastic fibers assembled from exogenous tropoelastin.

Adapted from [31].
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Figure 3-131 Properties of WT and WT+22 elastic fibers formed from tropoelastin (200

pg/ml) with human dermal fibroblasts. Relative a) abundance, b) immunofluorescence,

and c) autofluorescence of WT and WT+22 elastic fibers. d) The total number of cell

nuclei are comparable between WT, WT+22, and no tropoelastin samples. Adapted from

[31].

3.4 Conclusions

We outline a new method of using small-angle X-ray and neutron scattering data with an

elastic network model to understand global domain motions of molecules about an

equilibrium configuration. We base this approach upon a comparison of normal mode

data between a SAXS-derived elastic network model of the hinge region of the

tropoelastin molecule with full-atomistic normal mode analysis, finding a good
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correlation. Implementing this model with the full tropoelastin molecule, we consider

the lowest frequency normal modes as representative dynamic trajectories that

tropoelastin can undergo freely, finding a distinctive scissor-like motion in the lower

region of the molecule separated by the hinge, and a twist in the upper region of the

molecule, indicating a likely lock-and-key mechanism that may account for multi-

molecular assembly and cell binding. The dynamics not only describe and predict the

compatibility of multi-molecular assembly, but also suggest that the geometry of the

molecule driving the dynamics improves kinetics and molecular surface-area sampling,

which ensures effective fiber formation, compared to a mutant tropoelastin molecule

WT+22, where a quiescent domain 22 is expressed. We propose that normal mode

analysis may be used with SAXS and SANS-derived structures to probe geometry

driven dynamics for materials beyond elastin.

Our findings demonstrate that despite the intrinsic flexibility of tropoelastin as a

supposedly disordered elastomeric protein [56], local changes to its native shape,

manifested by a perturbed hinge region in human tropoelastin, can have a substantial

impact on global molecular motion and function, including its assembly into larger-scale

structures. To investigate the structure-dynamics-function relationship in tropoelastin,

we perturbed the domain 21/23 hinge by restoring a constitutively quiescent domain 22

sequence within this identified region of high local flexibility [57]. Though no changes

were detected in the secondary structure of the whole tropoelastin molecule using

traditional circular dichroism techniques, atomistic modeling of the mutant hinge region

predicted substantial stabilizing beta-sheet transitions that account for the changes in

WT+22 nanostructure observed via SAXS and differences in assembly and cell

interactions.

These SAXS-derived nanostructures set the basis for elastic network models that predict

molecular motion. We describe here for the first time the intrinsically accessible domain

movements of WT tropoelastin, characterized by an N-terminal twisting motion and a

scissors-like motion between the hinge and foot regions. The altered WT+22

nanostructure is associated with distinctly different molecular movements, defined by an

N-terminal bend and a parallel motion between the hinge and foot regions. Notably, by
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increasing the stiffness of the hinge region in the WT elastic network model, we

demonstrate a shift in the WT dynamics to that of WT+22. This finding directly

confirms that the beta-sheet transition in the WT+22 hinge is closely tied to

manifestations of the molecule's differing dynamics, and illustrates that both local sub-

molecular and global tertiary structure contributes to tropoelastin molecular motions.

We further postulate that these dynamics are important to the functional interactions of

tropoelastin molecules during elastin assembly, as the N-terminal twist and C-terminal

scissors-like motions appear complementary and suggest compatibility for head-to-tail

assembly, as previously proposed [13]. Therefore, the differences in dynamics between

WT and WT+22 may suggest a mechanism for the divergent macromolecular assembly

processes observed experimentally, as they impair the efficacy of normal intermolecular

tropoelastin contacts. These findings are confirmed in experimental observations that

show WT+22 forming irregular structures, including dense hydrogels and thick elastic

fibers. A summary of the interplay between simulation and experiment is illustrated in

Figure 3-14. These findings indicate a close interconnection between hierarchies of

structure and dynamics and their functional realization in tropoelastin. This study

illustrates the benefits of utilizing a complementary and integrated computational-

experimental cross-feedback strategy to gain valuable insights into a complex system as

exemplified by the molecular structure and dynamic factors underpinning tropoelastin

assembly. Our findings reveal a compatible contradiction where the duality of

disordered regions and a defined overall solution shape helps to fulfill competing

structural requirements for elasticity and assembly in an elastomeric protein.
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Figure 3-141 This approach helps to elucidate the relationship between local and global

structure, dynamics, and functional assembly in tropoelastin. Sub-molecular secondary

structural changes due to a small sequence insertion are predicted with full-atomistic

modeling of the local region, which provides a mechanistic explanation for the global

nanostructure observed in small-angle X-ray scattering and antibody experiments. The

solution shape, in turn, becomes the basis for an elastic network model that defines the

molecular motions intrinsic to the protein. This, in addition to the tertiary structure,

contributes to the success and efficiency of intermolecular interactions during assembly

into higher-order structures. Adapted from [31].
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4 Molecular model of human

tropoelastin

The research and review presented in this chapter will be published in:

A. Tarakanova, G. Yeo, C. Baldock, A.S. Weiss, M.J. Buehler, "Molecular Model of
Human Tropoelastin." In preparation, 2017.

4.1 Introduction

Tropoelastin is the precursor molecule of the elastin protein, which, together with

microfibrils, forms elastic fibers, an essential component of the extracellular matrix.

Elastic fibers provide elasticity and resilience to vertebrate tissues, in particular the skin,

lungs, connective and vascular tissue [1, 2]. Tropoelastin is the most elastic and

distensible monomer protein known, extending to eight times its length. This extension

of the molecule amounts to approximately its fully unraveled length, after which it may

recoil without hysteresis [3, 4]. Its elasticity, though reduced upon cross-linking and

assembly, is propagated within elastic fibers that can withstand a lifetime of extension

and relaxation cycles [1]. Beyond its remarkable mechanical properties, tropoelastin and

elastin degradation products interact with cell-surface receptors and stimulate cell

responses, including chemotaxis, adhesion and proliferation [5]. Elastin's

biocompatibility, coupled with its responsiveness to external triggers [6], has inspired its

use in biomedical applications, such as drug delivery [7-9] and tissue engineering [10].

On the other hand, mutations in the elastin gene (ELN) are associated with debilitating,

heritable diseases such as cutis laxa (CL) and supravalvular aortic stenosis [11].

The tropoelastin protein is encoded by a single gene with 34 exons, giving rise to a

mature molecular structure with the molecular weight of approximately 60 kDa [2].

Within the tropoelastin sequence, hydrophobic domains rich in repetitive motifs of
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glycine, valine and proline residues are arranged between hydrophilic, cross-linking

domains rich in lysine and alanine or proline residues. The structure of tropoelastin has

been the subject of decades of research, constrained by the difficulty of isolating the

monomer due to extensive cross-links [2]. As a result, many studies focused instead on

recombinant tropoelastin fragments, soluble elastin and elastin-like peptides [12].

Investigations into the secondary structure of elastin reveal a high content of labile -

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

principally in polyalanine cross-linking domains [13, 14].

The expression of recombinant human full-length tropoelastin allowed probing of its

complete molecular structure [4, 15]. Small-angle X-ray (SAXS) scattering studies

reveal 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 region

to the cell-interactive C-terminal foot region [4]. Experiments on supramolecular

tropoelastin-based structures and dynamic molecular models reveal a requirement for a

subtle balance between structure and flexibility within the molecule, and support a

model of head-to-tail assembly, where the bridge region is implicated in multi-molecular

cross-linking [4, 16].

Here we present the full-atomistic molecular structure of human tropoelastin, based on

computationally-intensive, extensive molecular dynamics simulations. We validate the

structure against available experimental molecular data. We then consider two artificial

alanine-substitution mutations, R515A and D72A, within key regions of the molecule.

Arginine (R) 515 is a highly-conserved residue that stabilizes the tropoelastin bridge

[17]. Aspartate (D) 72 is the sole negatively-charged residue in the first half of

tropoelastin and functions to stabilize the N-terminal region [18]. Mutations at either site

are associated with global conformational changes and impaired functional assembly.

We consider the molecular geometry, secondary structure, and the location and exposure

of hydrophobic domains to explain observed differences in structure and hierarchical

assembly. We create an elastic network model (ENM) based on the full-atomistic

structure of the molecule to predict the essential dynamics and explain differences in

assembly. We propose the network model as a predictive tool to study isolated
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molecular regions by considering the effects of altering the mechanical properties of

domain 26. We introduce two mutations associated with CL to study the associated

structural and dynamic changes. We submit this model as a foundation for gaining

further insights into elastin mechanics, assembly, and disease, by understanding

molecular mechanisms behind these processes.

4.2 Methods

4.2.1 Molecular simulation setup

The tropoelastin structure is predicted from the primary protein structure of mature,

wild-type human tropoelastin (WT) corresponding to residues 27-724 of GenBank entry

AAC98394. The sequence used here is 698 residues in length. Table 4-1 shows the

sequence composition of each tropoelastin domain. An extended, linear chain based on

this sequence is built using CHARMM version 35b 1 [19]. Tropoelastin provides the

unusual opportunity to commence modeling from an initial linear structure, because it is

known experimentally that the protein recovers elastically without hysteresis. The initial

linear structure was minimized to ensure no steric clashes using the steepest descent

algorithm. This structure was used as input into the Replica Exchange Molecular

Dynamics (REMD) simulation setup in implicit solvent.

4.2.2 Replica exchange molecular dynamics in implicit

solvent

The key challenge in modeling the tropoelastin molecule was its tremendous size. In the

protein-folding problem, conventional methods are insufficient to fold a system of such

size. Typically, classical molecular dynamics can address the folding of short peptide

chains. To overcome this, Replica Exchange Molecular Dynamics [20] simulations in
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the canonical ensemble were carried out. REMD integrates Monte Carlo exchanges into

a classical molecular dynamics simulation scheme to overcome local energy minima and

ensure sufficient sampling to determine a global minima state. High temperatures permit

wide conformational space sampling and frequent exchanges ensure broad sampling

across the temperature range.

The exchange probability p between two replicas i and j, with temperatures T and T,

and energies Ej and Ej, respectively, is [20]:

(1 forA 0
i exp(-A) for A >0 (4-1)

where

1 1
TT(- (E - E) (4-2)

I J

Twenty-four temperature replicas were exponentially distributed in the temperature

range 280 to 480 K. Exchanges were attempted every 0.5 ps to allow for system

relaxation, for a total of 192,000 exchanges. Each replica was simulated for 9 ns, for a

total simulation time of 2.3 ps. The time step of 2 fs was used. The exchange acceptance

rate was 11-13%, sufficient for adequate sampling to take place. An ensemble of

structures from the last 1000 exchanges at 300 K was analyzed. Clusters based on

mutual similarity by root mean square deviation were created with the K-means

clustering algorithm in the MMTSB tool set [21]. We identified the most populated

cluster with 19% of the structures falling into its set. The lowest-energy representative

structure from this cluster was selected as input for REMD simulations in explicit

solvent for structural refinement. Simulations were carried out using the CHARMM19

all-atom energy function with the EEF1 force field with a Gaussian effective solvent

energy function [19, 22].
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Domai Sequence
n
2 GGVPGAIPGGVPGGVFYP
3 GAGLGALGG
4 GALGPGGKPLKP
5 VPGGLAGAGLGA
6 GLGAFPAVTFPGALVPGGVADAAAAYKAAKA
7 GAGLGGVPGVGGLGVS
8 AGAVVPQPGAGVKPGKVP
9 GVGLPGVYPGGVLPGA
10 RFPGVGVLPGVPTGAGVKPKAP
11 GVGGAFAGIP
12 GVGPFGGPQPGVPLGYPIKAPKLP
13 GGYGLPYTTGKLPY
14 GYGPGGVAGAAGKAGYPTGT
15 GVGPQAAAAAAAKAAAKF
16 GAGAAGVLPGVGGAGVPGVPGAIPGIGGIA
17 GVGTPAAAAAAAAAAKAAKY
18 GAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIP

GAAVP
19 GVVSPEAAAKAAAKAAKY
20 GARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVP

GVGGVPGVGIS
21 PEAQAAAAAKAAKY
23 GVGTPAAAAAKAAAKAAQF
24 GLVPGVGVAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGV

GVAPGI
25 GPGGVAAAAKSAAKVAAKAQL
26 RAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPGFGA
27 VPGALAAAKAAKY
28 GAAVPGVLGGLGALGGVGIPGGVV
29 GAGPAAAAAAAKAAAKAAQF
30 GLVGAAGLGGLGVGGLGVPGVGGLG
31 GIPPAAAAKAAKY
32 GAAGLGGVLGGAGQFPLG
33 GVAARPGFGLSPIFP
36 GGACLGKACGRKRK

Table 4-11 Domain number and corresponding amino acid sequence, shown in single

letter amino acid code, of the full length human tropoelastin sequence used in this study.
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4.2.3 Replica exchange molecular dynamics in explicit

solvent

The second REMD run was intended for structural refinement. Initial simulation in

implicit solvent improved the computational efficiency to give a first approximation of

the structure. Explicit solvent was used to correct for local structural approximations, as

it is widely accepted that elastin exhibits its unique properties chiefly in the presence of

water, making explicit solvent essential to this study.

All subsequent simulations were carried out using GROMACS version 5.01 [23]. The

molecule was placed into a rectangular water box with periodic boundary conditions.

The protein and water system contained approximately 320,000 atoms. The

CHARMM27 force field was used, including CHARMM22 and CMAP for proteins

[24]. The structure was minimized through the steepest descent algorithm, followed by

an initialization run for 1000 ps at 300 K in the canonical ensemble. The final structure

was inputted into REMD simulations [20]. The Berendsen thermostat [25] was used for

temperature coupling and the Parrinello-Rahman barostat [26] was used for pressure

coupling. The LINCS [27] algorithm was used to constrain covalent bonds with

hydrogen atoms. The short range electrostatic interactions and Lennard-Jones

interactions were evaluated with a cutoff of 10 A. Particle-mesh Ewald summation [28]

was used to calculate long range electrostatic interactions with a grid spacing of 1.6 A
and a fourth order interpolation.

358 temperature replicas were used, exponentially distributed from 280 K to 500 K.

Each replica was simulated for 12 ns, for a total simulation time of 4.3 ps across all

temperatures. A time step of 2 fs was used. Exchanges were attempted every 2 ps.

Exchange acceptance ratios were between 30-50%, indicating sufficient sampling.

Representative structures were determined by analyzing the ensemble of structures in

the final 2 ns. K-means clustering was used to group structures into clusters. Lowest-

energy structures from most populated clusters were picked as representative structures.
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Analysis of representative structures was carried out using the MMTSB script package

[21].

4.2.4 Molecular dynamics studies

The representative structure of WT tropoelastin from explicit solvent REMD was

equilibrated for an additional 100 ns post-REMD in explicit solvent. R515A, D72A and

CL point mutations were introduced into WT tropoelastin using VMD [29].

Subsequently, long molecular dynamics (MD) production runs were conducted until

structures were equilibrated. Productions runs of 100, 200 and 360 ns were performed

for R515A, D72A and CL mutations, respectively. Root mean square deviation (RMSD)

showed that structures had converged (Figure 4-1). Final configurations of each

production run are shown in all figures. Statistics were collected from the structure

ensemble in the last two nanoseconds of each run.

4.2.5 Analysis of molecular structures

Molecular dimensions of WT tropoelastin and all C-terminal extension measurements

were computed using in-house tcl scripts. All statistics were collected from the structure

ensemble in the last two nanoseconds of each run. Salt bridges were determined using

in-house tcl scripts, based on the criterion that a salt bridge exists between two charged

residue pairs when the nitrogen and oxygen atoms are separated by a distance of no

more than 4 A [30]. Protein secondary structure was computed using the DSSP

algorithm [31, 32]. Ramachandran maps of dihedral angle pairs (4D,W) and histograms

of their respective distributions were developed using in-house tcl and Matlab scripts.

Solvent accessible surface area was computed using the double cubic lattice method

[33]. Secondary structure and solvent accessible surface area analysis was done using

Gromacs analysis tools [23] and in-house scripts. Visualization of molecular models was

performed using VMD 1.9.1 [29] and in-house scripts.
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4.2.6 Elastic network model and normal mode analysis

ENMs were created based on full-atomistic structures to characterize representative

motions of WT and mutant tropoelastin. ENMs model the potential energy of a protein

as a network of masses coupled by springs [34]. Here, normal mode analysis (NMA) of

the ENMs were conducted using the anisotropic network model module in ProDy [35],

where every node corresponded to a C" atom and edges were modeled by springs. The

network topology was defined by the full-atomistic structure, where edges existed

between nodes that lay within a cutoff distance of 15 A [36].

Molecular NMA 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. The eigenvectors of the mass-weighted Hessian matrix form an orthonormal basis

set defining the normal modes of the molecule. The energy of a given mode can be

written as

1 (2
V(uk) = -u2Hu= - (4-..3)

Here H is the Hessian matrix, whose eigenvectors upon diagonalization form an

orthonormal basis over the full space of molecular motion. Uk is the solution set of the

equations of motion, and (Ok are the corresponding frequencies.
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Figure 4-11 Root mean square deviation (RMSD) for a) wild type (WT) tropoelastin,

after 100 ns of equilibration following REMD in explicit solvent. b) RMSD for R515A

after 100 ns, c) RMSD for D72A after 200 ns, and d) RMSD for CL after 360 ns,

following equilibration upon the insertion of the mutation(s) into the WT tropoelastin

structure.

111



The energy of a mode is directly proportional to the eigenvalue, or the squared

frequency of motion, Ak = wOk. Low-frequency modes are therefore most accessible and

least energetically expensive. Because the vibrational energy is equally distributed

among the modes, the amplitude of oscillation for a given mode is inversely proportional

to w0, making low-frequency modes most dominant within naturally occurring global

molecular motion.

Representative dynamics were presented as a linear combination of the first six lowest

frequency modes, scaled by modal amplitude. Including additional higher modes,

corresponding to more energetically expensive motions, had minimal effect on

dynamics. Root mean square fluctuation per residue was computed based on these

representative dynamics.

Local softening of domain 26 was achieved by reducing the cutoff distance to 5 A in
domain 26, compared to 15 A in the remainder of the structure.

4.2.7 Structure and assembly of tropoelastin

The small-angle X-ray scattering solution structures, antibody-detected domain

exposure, coacervation profiles, and particle size distribution of WT, R515A and D72A

tropoelastin are obtained from previous studies [17,18].

4.3 Results

4.3.1 Full-atomistic structure prediction of tropoelastin

molecule

The full-atomistic molecular structure of tropoelastin was predicted using a series of

Replica Exchange Molecular Dynamics simulations. Long-time REMD simulations
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were essential to effectively sample a structure of the size of the tropoelastin molecule.

The need to conduct ergodic sampling of the energy landscape stemmed from the

observation that the landscape for a system of the size and complexity of tropoelastin

would present local energy minima and encounter energy barriers that would be difficult

to cross at ambient temperatures within a reasonable simulation time.
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Figure 4-21 a) Distinct overlap is seen in the probability distributions of potential energy

in the explicit solvent REMD simulations. Here, the first 20 of 358 replicas are shown

for clarity. b) The potential energy, shown here for the replica at 300 K, plateaus after

192,000 exchange steps, corresponding to 96 ns per replica, and a total simulation time

of 2.3 ps for 24 replicas. c) Five representative structures of WT tropoelastin extracted
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from REMD simulation in implicit solvent. The first structure is used as input for

REMD in explicit solvent.

REMD resolved this problem by having a series of discrete, independent replicas in

varied temperature ensembles, where coordinates of the replica structures were

periodically exchanged between ensembles. High-temperature replicas provided a means

to effectively cross energy barriers, while ambient temperature replicas presented an

ensemble from which sampling is desired. In each temperature ensemble, there was a

distribution of structures with associated potential energies. Probability distributions of

potential energy are normally distributed. Adjacent temperature ensembles were chosen

so that there was sufficient overlap in the probability distributions, implying that a

particular structure could exist in both (Figure 4-2a).

Metropolis-style Monte Carlo moves were constructed whereby coordinates of adjacent

replicas could exchange based on the probability of them being observed in both

ensembles. Improved ergodicity was achieved by ensuring the following key

considerations: 1) sufficient overlap, so that exchanges produce valid ensembles; 2)

adequately high temperatures to establish exhaustive ensemble space sampling; and 3)

high probability of successful exchange attempts. In the first simulation stage, the initial

input structure was an extended linear chain built based on the amino acid sequence of

the tropoelastin molecule. Figure 4-3a illustrates structures at 300 K at 0, 40, 60 and 96

ns on the REMD time scale. The protein folded progressively from a linearly extended

initial conformation to a compact final structure. A plateau in root mean square

deviation (Figure 4-3b) and energy (Figure 4-2b) indicated convergence of the final

structure from the initial extended chain. An ensemble of 1000 structures was extracted

from the final phase of REMD where the energy plateaus (Figure 4-2b). A

representative structure was chosen from this ensemble based on lowest free energy

from the most populated cluster obtained using k-means clustering (Figure 4-2c).
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Figure 4-31 a) Protein folding from a straight extended chain, through 96 ns of implicit

solvent REMD simulation. Representative snapshots shown at 0, 40, 60 and 96 ns on an

REMD time scale. b) Root mean square deviation (RMSD) from initial extended

conformation to folded structure in implicit solvent through REMD. c) Root mean

square deviation from implicit REMD input to folded structure in explicit solvent

REMD.

This representative structure was used as input for the second stage of REMD simulation

in explicit solvent. The role of water has been widely discussed for its contributions to

the unique mechanical properties and inverse temperature transition capabilities of the
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elastin protein [37-40]. Therefore, using an explicit solvent model was essential for local

structure refinement of the tropoelastin molecular model. RMSD showed good structural

convergence (Figure 4-3c). Representative structures were chosen from the most

populated clusters based on lowest free energy, as in the first REMD phase analysis.

Five representative structures from the most populated clusters are illustrated in Figure

4-4a-d from four different angles. They are arranged from the most significant to the

least significant, by cluster population, of the top five structure, from left to right. The

averaged small-angle X-ray scattering structure from [4] is shown overlaid on the first

and most significant full-atomistic model in Figure 4-4ab.

We noted a wide conformational diversity in the presented structures, where both sub-

molecular regions and secondary protein structure were fluid, consistent with a model

where tropoelastin is a highly flexible, dynamic molecule. Variation among the

individual models was expected; while there was no single defined structure, there was a

consistent global shape. The models displayed common features, characterized by a long

molecular torso with two diverging branches toward the molecule's bottom, with the N-

and C-termini located in their expected positions. The full-atomistic structures exhibited

similar geometric conformations with SAXS structures obtained in [4] and presented in

Figure 4-4e.
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Figure 4-41 a) Front (x-y plane) view of five representative structures of tropoelastin.

Left-most structure shows overlay of small-angle X-ray scattering geometry from [4]. b)

Back (x-y plane) view of five representative structures of tropoelastin. Left-most

structure shows overlay of small-angle X-ray scattering geometry. c) Right side (y-z

plane) view of five representative structures of tropoelastin. d) Left side (y-z plane) view

of five representative structures of tropoelastin. e) Five (i-v) representative structures

from small-angle X-ray scattering structure of tropoelastin based on [4]. f) Narrowest

length (i), widest length (ii), and end-to-end length (iii) of tropoelastin compared

between the predicted model structure and small-angle X-ray scattering data from [4].

Molecular dimensions correlated closely between the atomistic model and the averaged

SAXS structure (Figure 4-4f), with no significant differences seen in the (i) narrowest,

(ii) widest and (iii) end-to-end length of the molecule, with a preserved general envelope

of the molecule.

4.3.2 Survey of essential domains

Here we present the location of each domain or collection of domains within the

tropoelastin molecule and discuss the significance of their placement and structure in the

context of previous work. Figure 4-5 illustrates the location of specific domains,

highlighted in red, within the tropoelastin molecule. Figure 4-5a presents a snapshot of

tropoelastin showing the secondary structure of all domains for reference.

Ramachandran maps of dihedral angle pairs (FD,W), histograms of dihedral angle

distributions and secondary structure content predicted through the DSSP algorithm for

each domain are presented in Figure 4-6 to Figure 4-16. Table 4-2 shows the dihedral

angles corresponding to common secondary structures. Clusters in Ramachandran maps

around these values indicate a likely presence of such structures in a given domain.
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Figure 4-51 Cartoon representation of tropoelastin domains: a-helix in purple, 3 10-helix

in blue, n-helix in red, extended P structure in yellow, P-bridge in tan, turn in cyan and

coil in white. Highlighted domain(s) shown in red. a) All domains shown. Highlighted

domain(s) b) 2, c) 2-5, d) 6, e) 7-9, f) 10, g) 11-14, h) 15, i) 16, j) 17, k) 18,1) 19, m) 20,

n) 21, o) 23, p) 24, q) 25, r) 26, s) 27-33, t) 36.
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We noticed that domain 2 (Figure 4-5b) and domain 36 (Figure 4-5t), the first and last

domains in the mature form of human tropoelastin, maintained their expected locations

at the head of the N-terminal region and at the tip of the C-terminal foot region,

respectively. This was consistent with earlier studies that estimated these locations

through structural comparisons of full-length and truncated tropoelastin constructs using

small-angle x-ray and neutron scattering experiments [4]. CD spectra predict domain 2

to exhibit a dynamic equilibrium between unordered structure and poly-proline II helix

[13]. The model's results are consistent with these findings. DSSP analysis found a

combination of unordered coil and bend structures in domain 2 (Figure 4-6d). The

Ramachandran plot and associated histograms of angle distributions in domain 2

additionally suggest the presence of poly-proline II helix, based on a concentration of

dihedral angle pairs in the vicinity of the (<D,) angle pair (-750, 1500) (Figure 4-6a-c).

The DSSP model showed domain 36 to similarly exhibit a large amount of unordered

structure, including coils, bends and turns (Figure 4-16h) and type I P turns, via clusters

about the dihedral pairs (-60' ,-30) and (-90 ,00) in Figure 4-16e-g, in line with CD

spectra results [13].

Structure Residue 4) (degrees) W (degrees)
oL-helix i -600 -450

310-helix i -490 -260
a-helix i -550 -700

Polyproline II helix i -750 1500
Parallel n-sheet i -1200 1150

Anti-parallel n-sheet i -1400 1350
Type I P turn i+1 -600 -30*

i+2 -900 00
Type II P turn i+J -600 1200

i+2 800 00

Table 4-21 Common protein secondary structures correspond to specific regions centered

about dihedral angle pairs (CD,') for residues within the defined structure.
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Inspecting the molecule sequentially, domains 3,4 and 5, adjacent to domain 2, prop up

this domain with two highly transient short a-helices and 3 10-helices (Figure 4-5c,

Figure 4-6hI, Figure 4-7d). The transience of the helices is determined by large

associated error bars (Figure 4-6h,, Figure 4-7d). All three domains form mostly

disordered structure, as expected from CD spectra [13], composed of coils, bends, and

turns (Figure 4-6h,, Figure 4-7d) with low partial helical content. Domains 3 and 5

contain poly-proline II helix based on the clusters of dihedral pairs around (-75', 1500)

(Figure 4-6e-g, Figure 4-7a-c), also consistent with CD data [13, 41].
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Figure 4-61 a) Ramachandran map of dihedral angle pairs (1, I), b) histogram of ID

values, c) histogram of W values, d) secondary structure based on the DSSP algorithm

for domain 2. e) Ramachandran map of dihedral angle pairs (4), IF), f) histogram of 4)

values, g) histogram of T values, h) secondary structure based on the DSSP algorithm

for domain 3. i) Ramachandran map of dihedral angle pairs (4), W), j) histogram of D

values, k) histogram of T values, 1) secondary structure based on the DSSP algorithm

for domain 4.

Domain 6, which contains D72, the only negatively charged residue in the N-terminal

section of the molecule, partially forms a stable a-helix, that is locked in place by a salt

bridge between D72 and three neighboring lysine residues (Figure 4-5d, Figure 4-7h).

The majority of the domain appeared disordered and poly-proline II helix was identified

from the Ramachandran map by a concentration of dihedral angle pairs in the vicinity of

(-75', 1500) (Figure 4-7e-g), consistent with CD spectra [42]. We review the

implications of this salt bridge within the discussion of the D72A mutation below.

Domains 7, 8 and 9 were composed of mostly low-order coil, bend and turn structures

(Figure 4-5e, Figure 4-71, Figure 4-8dh), compatible with a chain-like model of

tropoelastin elasticity that is based on a high degree of disorder [43]. Ramachandran

maps showed a presence of poly-proline II helix in these domains (Figure 4-7i-k,

Figure 4-8a-ce-g), corresponding to CD spectra [13, 41].
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Figure 4-71 a) Ramachandran map of dihedral angle pairs ((D, W), b) histogram of (

values, c) histogram of T values, d) secondary structure based on the DSSP algorithm

for domain 5. e) Ramachandran map of dihedral angle pairs ((D, T), f) histogram of F

values, g) histogram of W values, h) secondary structure based on the DSSP algorithm

for domain 6. i) Ramachandran map of dihedral angle pairs (0, I), j) histogram of 1

values, k) histogram of I values, 1) secondary structure based on the DSSP algorithm

for domain 7.

The next region downstream in the molecule is domain 10 (Figure 4-5f). Domain 10

plays an important functional role in intermolecular assembly. It associates with

domains 19 (Figure 4-51) and 25 (Figure 4-5q) of another tropoelastin molecule, which

are themselves linked via a desmosine cross-link, and bridges these two domains by

lysinonorleucine cross-links [44]. These interactions suggest that the three domains are

central to the aggregation and polymerization process in elastic fiber formation. The

location of the domains suggests a feasible synergy between the three domains. While

domain 10 is located toward the top of the molecule, domains 19 and 25 wrap along the

body of the molecule on either side. Considering the placement of domains 10, 19 and

25 in the full-atomistic model, the head-to-tail model for multi-molecular assembly first

proposed by Baldock et. al. [4] is compatible with the domains' observed locations.

Domain 10 fits neatly into a pocket spanned by domains 19 and 25. Domain 10 was

composed primarily of coils and bends (Figure 4-81), as well as the relatively open

polyproline II helix, observed via a high density around the dihedral angle pair (-75',

150') (Figure 4-8i-k). Its flexible structure may be adaptable to link the more rigid

domains 19 and 25 which exhibit a high content of a-helix (Figure 4-111, Figure 4-

13h), corresponding to CD spectra [13, 42].
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Figure 4-81 a) Ramachandran map of dihedral angle pairs (4D, W), b) histogram of 4D

values, c) histogram of W values, d) secondary structure based on the DSSP algorithm

for domain 8. e) Ramachandran map of dihedral angle pairs (4), '1), f) histogram of 4D

values, g) histogram of W values, h) secondary structure based on the DSSP algorithm

for domain 9. i) Ramachandran map of dihedral angle pairs (4), W), j) histogram of 4)

values, k) histogram of 'P values, 1) secondary structure based on the DSSP algorithm

for domain 10.

The solvent accessible surface area of different domains can be an indication of the

exposure and interactive potential with the surrounding environment. We find that when

mutations are introduced that inhibit coacervation and assembly of tropoelastin, the

exposure of domain 10 is reduced in these mutants, as discussed later in the article. This

structural modification may contribute to a reduced propensity of the molecule to

aggregate.

Domains 11 to 14 contain a high content of unordered, flexible coil, bend and turn

structures (Figure 4-5g, Figure 4-9d,h,1, Figure 4-10d), consistent with the hypothesis

that this region of the molecule contributes to tropoelastin's remarkable extensibility.

Ramachandran maps and histograms of dihedral angle distributions also show flexible

polyproline II helix in domains 12 (Figure 4-9e-g). Secondary structure distributions in

these domains were again consistent with CD spectra findings [13, 42]. The helix

content (-20% a-helix) in domain 14 (Figure 4-10d) is likely reinforced by the

adjoining helical domain 15 (-80% a-helix) (Figure 4-10h).
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Figure 4-91 a) Ramachandran map of dihedral angle pairs (ID, T), b) histogram of (D

values, c) histogram of T values, d) secondary structure based on the DSSP algorithm

for domain 11. e) Ramachandran map of dihedral angle pairs (D, '1), f) histogram of <D

values, g) histogram of T values, h) secondary structure based on the DSSP algorithm

for domain 12. i) Ramachandran map of dihedral angle pairs ((D, T), j) histogram of 4D

values, k) histogram of T values, 1) secondary structure based on the DSSP algorithm

for domain 13.
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Figure 4-101 a) Ramachandran map of dihedral angle pairs (0, W), b) histogram of (D

values, c) histogram of T values, d) secondary structure based on the DSSP algorithm

for domain 14. e) Ramachandran map of dihedral angle pairs (0, W), f) histogram of (D

values, g) histogram of W values, h) secondary structure based on the DSSP algorithm

for domain 15. i) Ramachandran map of dihedral angle pairs (0, W), j) histogram of (F

values, k) histogram of T values, 1) secondary structure based on the DSSP algorithm

for domain 16.

The location of domain 15 may help to stabilize the substructure in the top region of the

molecule (Figure 4-5h). Domain 17 is another helical domain (Figure 4-5j, Figure 4-

11d) downstream in the molecule. Its helical content is in line with CD spectra [42].

Together, domains 15 and 17 buttress domain 16 (Figure 4-5i), presenting it to the

outside environment, which may facilitate interactions of domain 16 with cells. The

highly disordered domains 18 and 20 are composed mostly of coil, turn and bend

structures (Figure 4-5k,m, Figure 4-11h, Figure 4-12d), as well as dihedral angle

distributions indicative of polyproline II helix (Figure 4-1le-g, Figure 4-12a-c). They

may function as elastic springs, similar to domains 7-9 and 11-14 upstream in the

molecule.
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Figure 4-111 a) Ramachandran map of dihedral angle pairs ((D, W), b) histogram of (D

values, c) histogram of W values, d) secondary structure based on the DSSP algorithm

for domain 17. e) Ramachandran map of dihedral angle pairs ((D, W), f) histogram of (D

values, g) histogram of W values, h) secondary structure based on the DSSP algorithm

for domain 18. i) Ramachandran map of dihedral angle pairs (0, W), j) histogram of (D

values, k) histogram of W values, 1) secondary structure based on the DSSP algorithm

for domain 19.

Domains 21 and 23 are located in the hinge region of the molecule (Figure 4-5no) as

predicted by small-angle X-ray scattering [4, 16]. The molecular model presented in this

work shows that the domains contain large, stable a-helices, with domain 21 containing

over 80% helical structure and domain 23 containing approximately 60% (Figure 4-

12hI). The structure prediction for these domains was consistent with previous

molecular dynamics simulations that predicted two linked helices spanning the 21/23

structure [16, 45] and NMR studies showing the presence of helices in these domains

[46]. The disordered coil structure in domain 23 acts a flexible link connecting helical

regions in domains 21 and 23. A distinct bend visible in small-angle X-ray scattering

data of the region [47] was also consistent with the location and structure of these

domains.
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Figure 4-121 a) Ramachandran map of dihedral angle pairs ((D, W), b) histogram of (D

values, c) histogram of W values, d) secondary structure based on the DSSP algorithm

for domain 20. e) Ramachandran map of dihedral angle pairs ((D, W), f) histogram of (D

values, g) histogram of T values, h) secondary structure based on the DSSP algorithm

for domain 21. i) Ramachandran map of dihedral angle pairs (0, T), j) histogram of (D

values, k) histogram of W values, 1) secondary structure based on the DSSP algorithm

for domain 23.

Domain 24, another highly disordered domain (Figure 4-5p, Figure 4-13d), flanks the

long molecular body, providing further leverage to the elastic core of the molecule. The

Ramachandran map shows a propensity to form the flexible polyproline II helix (Figure

4-13a-c), consistent with CD spectra [13]. Sitting just above domain 24, the

predominantly a-helical domain 25 participates in the domain 10- 19-25 crosslinks as

discussed earlier.

Domain 26 stands out in the lower half of the molecule (Figure 4-5r) as a junction

between the long upper region of the molecule, and the bridge connecting the hinge and

C-terminal segments in the lower region of the molecule. Its strategic location

establishes its role as a flexible spring facilitating the dynamics of tropoelastin. It is a

flexible domain, composed mostly of turn, coil and bend secondary structures (Figure 4-

131), consistent with CD spectra findings of unordered structure in this domain at 25'C

[13], which permit it to adjust as the molecule pivots. We discuss the role of domain 26

and implications for its mechanical function subsequently.
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Figure 4-131 a) Ramachandran map of dihedral angle pairs ((D, W), b) histogram of 4)

values, c) histogram of V values, d) secondary structure based on the DSSP algorithm

for domain 24. e) Ramachandran map of dihedral angle pairs ((D, W), f) histogram of (D

values, g) histogram of 'P values, h) secondary structure based on the DSSP algorithm

for domain 25. i) Ramachandran map of dihedral angle pairs (0, '1), j) histogram of (D

values, k) histogram of W values, 1) secondary structure based on the DSSP algorithm

for domain 26.

Domains 27 to 33 make up the extended foot region (Figure 4-5s) connected to the

molecular body via domain 26, and bordered at the edge by domain 36 (Figure 4-5t).

The alternating hydrophobic-hydrophilic domain pattern persists in this region, where

alanine and lysine-rich domains 27, 29 and 31 are prone to assume an c-helical or

polyproline II conformation (Figure 4-14a-d,i-1, Figure 4-15e-h), consistent with CD

spectra in water [42], while domains 28, 30, 32 and 33 assume primarily coil, bend and

turn structures (Figure 4-14h, Figure 4-15d,, Figure 4-16d) with some polyproline II

helix based on the Ramachandran maps (Figure 4-14e-g, Figure 4-15a-c,i-k, Figure 4-

16a-c), again consistent with experimental CD results [13, 41, 42].
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Figure 4-141 a) Ramachandran map of dihedral angle pairs (D, W), b) histogram of (D

values, c) histogram of T values, d) secondary structure based on the DSSP algorithm

for domain 27. e) Ramachandran map of dihedral angle pairs ((D, W), f) histogram of (D

values, g) histogram of W values, h) secondary structure based on the DSSP algorithm

for domain 28. i) Ramachandran map of dihedral angle pairs (41, IF), j) histogram of D

values, k) histogram of T values, 1) secondary structure based on the DSSP algorithm

for domain 29.
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Figure 4-151 a) Ramachandran map of dihedral angle pairs ((D, W), b) histogram of (D

values, c) histogram of W values, d) secondary structure based on the DSSP algorithm

for domain 30. e) Ramachandran map of dihedral angle pairs ((D, W), f) histogram of (D

values, g) histogram of IF values, h) secondary structure based on the DSSP algorithm

for domain 31. i) Ramachandran map of dihedral angle pairs (4D, W), j) histogram of CD

values, k) histogram of T values, 1) secondary structure based on the DSSP algorithm

for domain 32.
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Figure 4-161 a) Ramachandran map of dihedral angle pairs (0, '), b) histogram of 4)

values, c) histogram of ' values, d) secondary structure based on the DSSP algorithm

for domain 33. e) Ramachandran map of dihedral angle pairs (D, I), f) histogram of (D

values, g) histogram of T values, h) secondary structure based on the DSSP algorithm

for domain 36.

The extension of the foot region is capped by domain 36, an important cell-interactive

domain [48, 49]. Predictions of secondary structure of this domain in the model match

CD spectra results, as described earlier. Domain 36 appeared to be the most mobile of
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all tropoelastin domains based on root mean square fluctuation (Figure 4-17), consistent

with its role in interacting with cells [48, 49] and other elastic fibers proteins [50].

0.3

0.25

C: 0.2
UI

0.15 Q

01 '
0.05 0

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Domain

Figure 4-171 Root mean square fluctuation (RMSF) for each domain. Domain 36 shows

the highest degree of fluctuation.

4.3.3 Molecular mechanisms of the R515A mutation in

tropoelastin

Tropoelastin's conserved shape can be coarsely divided into three main regions of

interest: the elastic N-terminal region; the cell-interactive C-terminal region; and the

bridge region linking them, which has been shown to play a key role in modulating fiber

assembly [17]. Yeo et. al. identify less efficient coacervation, reduced elastic fiber and

hydrogel formation, and decreased fibroblast attachment upon mutation of the bridge

region. In particular, an alanine substitution in the highly conserved arginine 515 site

results in dramatic structural shifts and elastogenic impairment. Here we aimed to

understand the molecular details associated with this mutation that trigger a structural

change capable of bringing about significant macroscale differences in assembly.

This alanine substitution was inserted into the WT molecule (Figure 4-18a(i)) and the

structure was equilibrated to convergence (Figure 4-1). The mutant structure is shown in

Figure 4-18a(ii). The R515A mutant retained the overall shape of the WT molecule,
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with the exception of a noticeable shift in the C-terminal region, which displayed

reduced extension and increased confinement to the body of the molecule. Figure 4-18b

shows corresponding WT and mutant molecular structures generated from SAXS data,

from [17]. The analogous dislocation of the mutant C-terminal region is visible in the

SAXS structures. Indeed, we estimated a 9% decrease in C-terminal region extension,

from 7.26 to 6.60 nm, in the atomistic model (Figure 4-18c).
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Figure 4-181 a) (i) Wild type (WT) tropoelastin structure with arginine 515 indicated in

red, circled. (ii) R515A mutant structure. b) WT (i) and R515A (ii) representative

structures derived from small-angle X-ray scattering analysis based on [17]. The elastic

N-terminal coil region (NC), bridge region (BR), and cell-interactive C-terminal foot

region (CF) are indicated. Scale bar: 5 nm. c) C-terminal extension for WT and R515A.

d) C-terminal exposure of WT and R515A. Data modified from [17]. e) Secondary

structure composition of WT and R515A in domains 26 through 36 shows significant

structural changes downstream of the mutation in domain 26, especially in a-helix, coil

and n-sheet content. f) Extent of WT and R515A coacervation observed at different

temperatures. Data modified from [17]. g) Particle size distribution of WT and R515A

solutions at 35*C. Data modified from [17]. h) Solvent accessible surface area (SASA)

of hydrophobic domains in WT and R515A over 2000 ps. i) Hydrophobic SASA in WT

tropoelastin shown as a red envelope around cyan molecular structure.

Experimentally, the exposure of the R515A C-terminus, as detected by an antibody

specific for this region, was lower compared to WT [17, 51], consistent with the

structural change observed in the molecular models (Figure 4-18d). The C-terminal

shift in the mutant may be explained by a change in secondary structure that propagates

into domains 26-36 below the junction where residue 515 is located. Local secondary

structures in these domains transition to increased a-helical content, increased @-sheet
content and decreased coil content between WT and mutant (Figure 4-18e). A

transformation to more ordered secondary structure suggests that local secondary

structure changes in the bridge region may influence the flexibility of the C-terminal

region, resulting in a more compact shape.

The R515A mutation is also associated with impaired tropoelastin self-assembly [17].

Coacervation is the first stage in this process. While both WT and R515A tropoelastin

display temperature-dependent coacervation, WT tropoelastin fully coacervates at 35*C,

compared to 40'C for R515A (Figure 4-18f). This difference is further validated by the

contrast between the particle sizes of WT assemblies and R515A monomers at 35*C

(Figure 4-18g). WT displays a higher propensity for self-assembly, and can aggregate

into larger 2 to 6.4 jim droplets compared to 1 to 2 Rm droplets by R515A [17].
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The coacervation process is widely believed to be driven by interactions among

hydrophobic residues on the surface of the molecule. To understand these effects at the

molecular scale, we measured the solvent accessible surface area (SASA) of

hydrophobic residues in WT and R515A (Figure 4-18h,i). WT exhibited on average 7%

more exposed hydrophobic SASA than R515A (Figure 4-18h) as a consequence of

structural shifts in the molecule arising from the residue substitution, which may help

explain the difference in coacervation patterns observed in experiment.

4.3.4 Molecular mechanisms of the D72A mutation in

tropoelastin

Positively-charged residues within tropoelastin are recognized to play an important role

in mediating tropoelastin assembly and sustaining the molecule's structure. Negatively

charged residues within tropoelastin are rare, and only occur at three sites within the

molecule. We examine the role of D72, the only negatively-charged residue found in the

N-terminal region of the molecule, and which has been described to stabilize this region

[18]. Here, we examine the molecular details associated with this mutation to understand

earlier observations.

An alanine substitution was inserted into the WT molecule (Figure 4-19a(i)) and the

structure was equilibrated to convergence, as for R515A (Figure 4-1c). The D72A

mutant structure is shown in Figure 4-19a(ii). The D72A mutant, like R515A,

maintained the global molecular shape of WT tropoelastin, including an extended N-

terminal body, C-terminal foot region and a prominent bridge region connecting them.

In both the molecular models and the corresponding SAXS shapes (Figure 4-19b), there

is a downward shift in the C-terminal region and a twist in the upper N-terminal region

of the molecule in the mutant, as illustrated by arrows in Figure 4-19ab.
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Figure 4-191 a) (i) Wild type (WT) tropoelastin structure with aspartate 72 indicated in

red, circled. (ii) D72A mutant structure. Arrows indicate significant domain shifts. b)

WT (i) and D72A (ii) representative structures derived from small-angle X-ray

scattering analysis based on [18]. Arrows indicate significant domain shifts. c) WT

tropoelastin with lysines 78, 81 and 114 indicated in blue and aspartate 72 indicated in

red, located in the N-terminal region of the molecule. All three lysines are capable of

forming salt bridges with aspartate 72. d) Close-up of lysine and aspartate residues that

may be involved in salt bridges to stabilize the N-terminal region. e) Secondary structure

composition of WT and D72A in domains 1 through 6 shows significant structural

changes upstream of the mutation in domain 6, especially in c-helix, coil and bend

content. f) Extent of WT and D72A coacervation observed at different temperatures.

Data modified from [18]. g) Particle size distribution of WT and D72A solutions at

40'C. Data modified from [18]. i) Solvent accessible surface area (SASA) of

hydrophobic domains in WT and D72A over 2000 ps. j) Hydrophobic SASA in WT

tropoelastin shown as a red envelope around cyan molecular structure.

We confirmed the role of D72 in stabilizing the N-terminal region of the molecule, as it

is capable of forming salt bridges with adjacent lysine residues. In particular, D72 can

interact with K78 and K81 in domain 6, as well as K 114 in domain 8 (Figure 4-19cd).

A salt bridge develops between D72 and K78 or K81, 21% and 30% of the time,

respectively, while that between D72A and K 114 occurs less frequently, 2% of the time.

Overall, D72 is involved in a salt bridge over 50% of the time, which would contribute

significantly to the stability of the N-terminal region. The absence of a prominent salt

bridge with the substitution of alanine at this site leaves the region to rotate freely. With

a D72A mutation, the polyalanine region in domain 6 increases from four to six

consecutive alanines, resulting in an increase in a-helix content and a reduction in the

amount of bend structure in domains 1 to 6 (Figure 4-19e). Increased helical content

may help the more flexible N-terminal region, which is no longer held in place through a

salt bridge, to lock into place. The importance of D72 in stabilizing the molecule is

further emphasized in the observation that the conformational changes associated with

D72A propagates down the body of the molecule, inducing a prominent C-terminal
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region displacement. The position of domains 15 and 16, spanned by a long helical

region below domain 6 (Figure 4-5h4) seems to be determined by steric exclusion.

Based on this observation, a shift in domain 6 may trigger global shape changes simply

by providing space for other regions to occupy.

Similar to the R515A mutant, D72A tropoelastin also exhibits a reduced capacity for

self-association [18]. While WT coacervates fully at 35*C, D72A only coacervates fully

at 40*C (Figure 4-19f). Particle size analysis confirms the presence of larger particle

sizes in WT compared to D72A even at 40'C (Figure 4-19g). WT aggregates into 2.3

pm droplets compared to 0.5 pm droplets in D72A [18]. Experimental findings are

supported by SASA measurements of hydrophobic residues in the WT and D72A

models (Figure 4-19h,i). WT exhibited on average 4% more exposed hydrophobic

SASA than D72A, which may shed some light on the difference in coacervation patterns

observed in experiment.

4.3.5 Implications for assembly based on location of

tropoelastin domains

Interactions between domains 10, 19 and 25 are thought to be central to the aggregation

and polymerization of tropoelastin [44]. Earlier, we discussed the good structural

correlation between the composition of the domains within the model with experimental

data. We also found that the positioning of domains 10, 19 and 25 in WT tropoelastin

enables head-to-tail assembly of tropoelastin molecules (Figure 4-20a), as proposed by

Baldock et. al. [4]. The synergy between these three domains in WT may be interrupted

in the R515A and D72A mutants, due to a repositioning of the domains. Domains 10, 19

and 25 are shown for WT (Figure 4-20b), R515A (Figure 4-20c) and D72A (Figure 4-

20d). Moreover, domain 10 in WT has 8% larger solvent accessible surface area

compared to R515A and D72A (Figure 4-21), while domains 19 and 25 are similarly

exposed in WT, R515A and D72A. Because these domains are jointly implicated in

elastin multi-molecular assembly, we propose that the reduced exposure of domain 10 in
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the mutant molecules and the repositioning of the domains on the exposed surface of the

molecule play an inhibiting role in mutant tropoelastin assembly. This is supported by

observations of reduced coacervation and impaired fiber assembly of mutant tropoelastin

in experiment [17, 18].

a)

Domain
Domain
Domain
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19
25

b)

10

19
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c) d)

10

19

25

10
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25

Figure 4-201 a) Schematic for proposed multi-molecular assembly based on locations of

domain 10, 19 and 25 in WT tropoelastin. Mutations induce structural changes, shifting

the locations of these three key domains for intermolecular crosslinking. Domains 10, 19

and 25 are shown in red for b) WT tropoelastin, c) R515A and d) D72A. Domain 10 is

most exposed in WT tropoelastin (Figure 4-21).
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Figure 4-211 Solvent accessible surface area (SASA) of domain 10 in WT, R515A and

D72A mutants, sampled over 1000 ps. SASA is highest for WT, indicating that domain

10 in WT is most exposed.

4.3.6 Tropoelastin dynamics from elastic network

model

We next consider the expected dynamics of collective domains in the tropoelastin

molecule based on its predicted full-atomistic structure. This study extends our work in

Chapter 3 where a similar analysis is presented based on the small-angle X-ray

scattering structure of tropoelastin [16].

The model relies on the observation that tropoelastin exists in a dynamic equilibrium of

microstates, defined by minor oscillations of atoms that preserve the secondary structure

and the general molecular shape at the global energy minimum. These thermal

fluctuations are also responsible for driving collective domain motions. The fluctuations

are a combination of cooperative motions, or modes, that can be understood through a

principal component analysis. The most concerted motions, where large structural

subunits move with respect to other subunits, are the low frequency modes that are

intrinsically accessible to the molecule [34]. These modes are most energetically

favorable on the multidimensional energy landscape. Here, we used NMA to study the
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range of the molecule's dynamics. The observed motions of WT and mutant forms of

the molecule suggest that single molecule dynamics may fundamentally contribute to the

coacervation, assembly and cell-interaction behavior of tropoelastin.

a)

e)

Figure 4-221 Representation of lowest-frequency normal mode dynamics for WT

tropoelastin. a) Mode 1, an in-plane bending mode; b) Mode 2, a twisting mode; c)

Mode 3, an out-of-plane bending mode; d) Mode 4, e) Mode 5, f) Mode 6 are less

dynamically concerted modes.

The full-atomistic models of WT and mutant tropoelastin were used as the basis for a

simplified ENM, with a-carbons interconnected by uniform springs. The structures were

153

C)



solved analytically to build dynamic models that represented the normal modes of

motion accessible to the molecule. A linear combination of the first six lowest frequency

modes, illustrated in Figure 4-22, scaled by the modal amplitude, was chosen to

describe the expected molecular motion dominating the molecule, as described

previously [16].

The current model supports our earlier description of WT tropoelastin dynamics [16],

represented by a characteristic twist in the N-terminal region of the molecule and a

scissor-like motion about the bridge region, between the legs of the molecule (Figure 4-

23a). The consistency between the current model and the earlier dynamic model based

on the small-angle scattering structure is instructive as it shows the strong dependency

of normal modes on the global molecular structure, with the consideration that the

atomistic structure captures very closely the overall fold determined in experiment.

The R515A and D72A mutants, each differing from the WT sequence by a single

residue, exhibited altered molecular structures. It is no surprise, therefore, that the

dynamics of these mutants varied dramatically from the WT molecule. The R515A

mutant displays a bend across the axis perpendicular to the body of the molecule,

foregoing the scissor-like motion apparent in the WT (Figure 4-23b). This is consistent

with the shift in the C-terminal region of R515A towards the body of the molecule, such

that the motion of the lower part of the molecule is more concerted than in WT

tropoelastin. This was even more strongly emphasized in D72A mutant dynamics, where

the structure is oriented along the body of the molecule and displays a pronounced

bending motion (Figure 4-23c).
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Figure 4-231 Dynamics of a) WT, b) R515A and c) D72A based on the linear

combination of the first 6 lowest frequency modes from normal mode analysis of elastic

network models. WT embodies a scissors-twist motion whereby the bottom two legs

fold via a bending motion, while the N terminal region undergoes a twist, consistent

with behavior observed in [16]. Both R515A and D72A deviate from WT motion,

exhibiting variations of a bending motion. d) Root mean square fluctuation of residues in

WT and R515A and e) in WT and D72A based on the normal mode analysis. Both

mutants experience reduced motion per residue compared to WT across the majority of

the structure.
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We compared the root mean square fluctuation (RMSF) per residue between WT

tropoelastin and the two mutants, R515A (Figure 4-23d) and D72A (Figure 4-23e). The

WT molecule is more dynamic than either mutant throughout. We propose that the

elevated level of mobility in the WT tropoelastin predisposes it more strongly than either

mutant to intermolecular assembly. In experiment, both mutants are observed to exhibit

reduced coacervation and impaired elastic fiber assembly compared to the WT molecule

[17, 18].

4.3.7 Local domain changes predict altered dynamics

The ENMs of tropoelastin and its mutants may be used as a predictive tool to evaluate

the effect on dynamics from changing specific domains. To demonstrate this capacity,

we considered the effect of modifying domain 26 within WT tropoelastin. Domain 26

has a prominent, highly exposed position in the molecule. It fastens the elongated body

of the molecule to the C-terminal region, and functions as a spring-like entity facilitating

the unique dynamic motions that the molecule undergoes. In previous work, protease

mapping led to a model where the domain is in an exposed position on the surface of the

tropoelastin molecule [52]. It has also been shown that the disruption of domain 26

effectively inhibits coacervation[52].

To evaluate the model as a predictive tool, we considered the effect of softening the

interactions within domain 26, to reduce its structural presence and mechanical impact

within the molecule. Such local softening was achieved by reducing the effective cutoff

distance between interacting beads within domain 26 from 15 A, the cutoff throughout

the rest of the molecule, to 5 A. The softening of domain 26 resulted in substantial

differences in the molecule's dynamic behavior. The expected dynamics of the WT

molecule are illustrated from front and side views in Figure 4-24ab. The WT molecule

preserves the scissor-twist movement identified in earlier models (Figure 4-24ab) [16].

Introducing a softened domain 26 eliminates this motion. In its place, we found a

distinct bend in the modified molecule (Figure 4-24cd). The result is similar to the

156



behavior of the R515A and D72A mutant tropoelastin molecules, in particular D72A.

We note that coacervation propensity is reduced in both of these mutant molecules

compared to WT [17, 18]. Previous work has shown that tropoelastin does not

coacervate without this critical domain 26 [52].

It appears that a range of influences may change the behavior and response of the

molecule in a similar way. In considering the D72A and R515A mutations, we see that

local variation in sequence, which leads to changes in local and global molecular

structure, results in changes in the molecule's dynamics, which in turn may help to

explain changes in assembly behavior. By changing the internal connectivity of domain

26, mimicking its removal or mechanical impairment, we observed a similar change in

the molecule's dynamics and corresponding trends in coacervation behavior.
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Figure 4-241 a) Front and b) side view of WT dynamics based on the linear combination

of the first 6 lowest frequency modes from normal mode analysis of elastic network

models. c) Front and d) side view of dynamics for WT with softened domain 26 (marked

in red) based on the linear combination of the first 6 lowest frequency modes from

normal mode analysis of elastic network models. Arrows illustrate approximate motions.

158

b)

d)



4.3.8 Molecular mechanisms of cutis laxa mutation in

tropoelastin

Acquired cutis laxa is a condition characterized by loose, pendulous and wrinkled skin

[53, 54] and may have more serious manifestations, including complications in the

vascular and digestive system [55]. This genetic disorder has been associated with a

number of different mutations in a range of elastin-relevant genes, including ELN, which

encodes the tropoelastin protein [55-59]. In this case study, we consider a tropoelastin

isoform with an alanine-to-valine substitution in position 29, and a glycine-to-aspartate

substitution in position 685, based on the study of Urban et. al. [55]. These substitutions

were made in the WT tropoelastin model, and the CL structure was equilibrated (Figure

4-1d). This molecular model was chosen as a case study for the acquired CL condition

due to its minor divergence from the WT sequence that makes it computationally

feasible to capture.

We found that the general molecular shape is preserved for the mutant molecule (Figure

4-25a). The CL tropoelastin has a bulkier, displaced N-terminal region, and an inwardly

shifted C-terminal region. WT has an elongated C-terminal region, extending up to 7.3

nm, while this extension is reduced to 6.3 nm in CL tropoelastin, corresponding to a

reduction of 1.0 nm i.e. 14% (Figure 4-25b). The reduced extension in the C-terminal

region is reminiscent of the R515A mutant, suggesting that the CL mutant may have a

reduced ability to assembly into higher order structures. Further evidence of this effect

can be seen in the shifted dynamics of the mutant molecule, resembling the distinct

bending motion of D72A, in contrast to the scissors-twist movement of WT tropoelastin

(Figure 4-25c). The bulkier N-terminal and the shifted C-terminal regions create a

dumbbell shape in the CL mutant that moves in a predominantly bending motion, along

the axis perpendicular to the body of the molecule. In a residue-by-residue comparison

of root mean square fluctuation, we found that the majority of residues within the WT

molecule experience a greater fluctuation than CL (Figure 4-25d). We expect this

reduced mobility to decrease coacervation and multi-molecular assembly, analogous to

the R515A and D72A mutations.
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Figure 4-251 a) (i) Wild type (WT) tropoelastin structure with alanine 29 (top) and

glycine 685 (bottom) indicated in red, circled. Mutations in these residues are associated

with cutis laxa[55]. (ii) Cutis laxa mutant structure (CL) that includes both residue

substitutions from (i). b) C-terminal extension for WT and CL. c) Dynamic snapshots of

CL mutant based on the linear combination of the first 6 lowest frequency modes from

normal mode analysis of elastic network model. d) Root mean square fluctuation of

residues in WT and CL based on normal mode analysis. The CL mutant experiences

reduced motion per residue compared to WT across the majority of the structure.
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4.4 Conclusions

In summary, we proposed an atomistic model of full-length human tropoelastin, whose

global conformation and secondary structure appeared to correlate closely with earlier

experimental data, and thus represented a physiologically relevant structure. The model

was presented as a template to evaluate local tropoelastin structure, dynamics and

transformations associated with a series of mutations. Point mutations in essential bridge

(R515A) and N-terminal (D72A) regions of the molecule demonstrated molecular

structural transitions that corresponded to small-angle X-ray scattering predictions.

Structural shifts and variations in the molecule's dynamics in the presence of mutations

may explain differences seen in molecular coacervation and assembly patterns of mutant

tropoelastin. We showed that changes in connectivity of a local domain in tropoelastin

severely affected dynamics and may dictate assembly mechanisms. Finally, we proposed

a molecular model for one form of acquired CL, and discussed mechanisms that may

elucidate the molecular basis of the disease. The model presented here and the

accompanying survey of several artificial and naturally occurring mutations can be

extended to study other mutations in disease, provide a conceptual framework to

examine the functional roles of particular tropoelastin domains, and form a foundation

for understanding the assembly of tropoelastin.
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5 Computational smart polymer

design based on elastin protein

mutability

The research and review presented in this chapter have been published in:

A. Tarakanova, W. Huang, A.S. Weiss, D. L. Kaplan, J. Y. Wong, M. J. Buehler,
"Computational Smart Polymer Design based on Elastin Protein Mutability."
Biomaterials, Vol. 127, pp. 49-60, 2017.

5.1 Introduction

Beyond its impressive mechanical elasticity, elastin and artificial elastin-like peptides

(ELPs) have been demonstrated, through transmission electron microscopy, circular

dichroism and nuclear magnetic resonance [1-5], to exhibit an inverse temperature

transition, a reversible propensity to aggregate upon increasing temperature [2, 6-11].

Above a specific temperature, highly dependent on the chemistry and environment of

the ELP system, the formation of an aggregating coacervate phase takes place. This is

similar to the natural coacervation process of tropoelastin, the precursor molecule to

elastin, in the process of elastic fiber formation [12].

The stimuli-responsive quality confers controllable functionalities to ELPs, and in

conjunction with their biocompatibility and biodegradability, makes them effective

candidates as a platform for biomedical materials. ELPs have been designed into a range

of material forms, including nanoparticle self-assemblies [13, 14] and hydrogels [1, 15,

16]. The tunability of the ELP phase transitions has been used in biomedical applications

from drug delivery [17-19] to tissue engineering [20]. Examples of such applications
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include elastin-based nanoparticles that have been designed to display cell-penetrating

peptide motifs for controlled uptake into cells; thermal targeting of tumors by creation of

a diffusion gradient of a drug into the tumor; tumor targeting with local hyperthermia;

ELP conjugates for cancer therapy; and sustained release delivery systems for controlled

release of peptide drugs to treat type 2 diabetes [21-25].

Underlying the application of ELPs in bioengineering and biomedicine is a need to

understand fundamental design principles and molecular mechanisms yielding the

stimuli-responsive quality to ELPs. In the last half century, a series of pivotal studies

have contributed to the understanding of transition effects in ELPs. Urry's laboratory

conducted extensive studies to understand the effects of sequence modification on

transition temperature by varying guest residue X in VPGXG repeat sequences, coining

the "inverse temperature transition" term [26]. They found a correlation between

hydrophobicity index of guest residues and the transition temperature T, such that

hydrophobic residues reduced T,, while polar and hydrophilic residues increased T, [27].

Structural transitions in elastin have also been discussed in the context of elastin's

elasticity by Tamburro and others, through the reductionist approach, to study short

synthesized glycine-rich peptides representative of elastin. In this description, a shifting

set of sliding (-turns, polyproline II and unordered structures directs conformational

flexibility in the protein, establishing a general equilibrium between folded and extended

structures [28, 29]. Tamburro's team studied the effect of sequence, chain length and

environmental conditions on elastin's propensity to coacervate, suggesting particular

functional roles for different domains based on these findings [29-31].

A number of experimental studies from a biomaterials design perspective have

considered the possibility of developing polymeric ELP materials with introduced

temperature-modulated switches. Stimuli include sequence chemistry modification [32-

35], changes in salt concentration [33], molecular weight [35-37], pH [36, 38], and light

[39]. Beyond this, Chilkoti's team created a series of quantitative models for making

specific predictions based on a set of sequence and solution parameters [10, 38, 40],

with an emphasis on applications for drug delivery system development [41, 42].
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Several experimental groups have also considered the particular role of water and

hydration on ELP transitions [43, 44] and related elasticity [45].

Supplementing experimental work, computational groups have developed ELP models.

Several teams have used classical molecular dynamics to explore the molecular basis of

elasticity and inverse temperature transition in ELPs [46-48]. The question of structure

in ELPs has inspired studies that showed the sequence-dependent propensity of ELPs to

assume amyloidogenic qualities [49, 50]. Yet other studies have instead focused on ELP

modeling to understand peptide receptor interactions and molecular implications in

biological activity [51, 52].

The present work builds on existing literature to expand the understanding of

fundamentals of ELP transitions and to examine the factors that influence this behavior.

Unlike earlier computational work where ELPs systems have been studied primarily

using classical molecular dynamics for a sparsely distributed temperature range, this

study introduces Replica Exchange Molecular Dynamics (REMD) to improve sampling

and identify specific transition regions not previously captured in experiment nor

simulation by considering 60 densely-distributed temperature systems. Using this

method, we examine how varied conditions and triggers influence mechanisms involved

in the presence and absence of transitions for different ELP sequences at the single-

molecule scale.

We focus on intramolecular phenomena in order to understand basic events at the single-

molecule and peptide domain level. A fundamental understanding at the sub-molecular

scale can provide a foundation to extend this work for studying intermolecular events.

The pentapeptide repeat unit VPGVG, and its permutation, GVGVP, are considered

representative ELP polymer building blocks. Here we choose the GVGVP peptapeptide

as proposed by Urry and used since by others as a model ELP [8, 53, 54]. Our work

considers molecular compactness and secondary structure, hydrogen bonding

organization, and distribution and arrangement of water in modulating ELP behavior

based on changes in chemistry, salt concentration, and peptide chain length.

The approach introduced here can be extended to studying other synthetic or protein
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polymers for precise phase transition characterization at the molecular scale. For

example, silk and silk-inspired sequences have shown a propensity to undergo

temperature-induced phase transitions [55, 56] and are popular candidate materials for

biomedical applications [57]. A number of synthetic polymers also show temperature-

dependent phase transition functionality [58] which can be further tuned for precise

behavior and control with a modeling-experimental approach described in this work.

Based on our findings, we propose modeling as a complementary tool to provide fast,

reliable predictions based on core molecular mechanisms, because current methods are

inadequate and do not consider the contributions of fast and slow molecular dynamics

on the one hand; and the balancing of interactions between peptide, ions and water on

the other. Furthermore, understanding single molecule behavior mechanisms is a

necessary prelude to studying intermolecular events such as coacervation. This approach

can be used to quickly screen the sequence space from a library of candidate sequences,

in order to define sequences that might be useful experimentally (Figure 5-1).

170



(GXGVP)n
X = V,K,...
n = 3,6, ...

-a

Molecular
Mechanisms

offl* of Transition

T. Temperature

Instructions for experiment

TmrI

Depwlut reandi Temperature

Experimental measurement

Figure 5-11 Simulation-experiment material design paradigm flow-chart. Sequences of

the form [(GVGVP)(GXGVP)(GVGVP)]. are simulated with extensive Replica

Exchange Molecular Dynamics simulations to identify molecular mechanisms of

structural transitions. This yields a basis for a library of available sequences to instruct

experimental design. Recombinant DNA technology is used to synthesize proteins in

vitro, feeding back into the simulation-experiment design loop. Reprinted from [59] with

permission from Elsevier.
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5.2 Methods

5.2.1 Molecular simulation setup

Input structures for simulation are created based on elastin-like protein polymer (ELP)

sequences of the form [(GVGVP)(GXGVP)(GVGVP)]in single amino acid letter code

(Figure 5-2a). X is an interchangeable amino acid considered for shifting and modifying

transition temperatures and n (equal to 1 or 2) determines sequence length. The systems

considered in this study are described in Table 5-1. X-residue identity, chain length, and

NaCl concentration are considered.

a)

C)

um

Twmperature Temperature
Exchange Exchange

Replica I -- ------
MD

Replica 2 MD
MD

Replica 3

MDReplica 5 ---M

Figure 5-21 a) Starting structures for prototype sequences: i (GVGVP) 3; ii

(GVGVP)(GKGVP)(GVGVP); iii (GVGVP)6. b) Each system is simulated in an explicit

water periodic box. c) Replica Exchange Molecular Dynamics paradigm. Each replica is

simulated at a specific temperature within a range, where temperature exchanges are

permitted or rejected periodically according to the Metropolis criterion, between short

equilibration phases. Reprinted from [59] with permission from Elsevier.

Extended conformations of the sequences are built using CHARMM version 24b1 [60].

The CHARMM force field is widely used for studying proteins [61]. It has been used to
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study other fibrous proteins, such as collagen [62, 63], and has been shown to effectively

capture the inverse temperature transition of elastin [64]. Following sequence

construction, all subsequent system modifications and simulations are carried out using

GROMACS version 5.01 [65]. Each system includes the protein sequence

[(GVGVP)(GXGVP)(GVGVP)], in a rectangular water box in 1 M or 100 mM NaCl,

with periodic boundary conditions (Figure 5-2b). The number of atoms in each system

studied here is indicated in Table 5-1. The CHARMM27 force field is used, which

includes CHARMM22 and CMAP for proteins [61].

System Sequence NaCl Total number of atoms
concentration in the system

(including explicit
water and NaCl)

1 (GVGVP) 3  1 M 24324
2 (GVGVP)(GKGVP)(GV I M 24311

GVP)
3 (GVGVP)6  1 M 70763
4 (GVGVP) 3  100 mM 24864

Table 5-11 Peptide systems considered in this study.

First, the structure is relaxed to ensure no steric clashes using energy minimization

through the steepest descent algorithm. Then, solvent and ions are equilibrated around

the protein, where the protein is fixed, through two equilibration stages, each 100 ps in

length. The first phase is equilibration in an NVT ensemble to stabilize temperature,

followed by a second stage in an NPT ensemble to stabilize system pressure. After the

solvent is equilibrated, the protein restraint is removed and the protein and solvent are

equilibrated in an NPT ensemble for an additional 100 ps. After this stage, final

structures are input into Replica Exchange Molecular Dynamics simulations [66]

(Figure 5-2c). The Berendsen thermostat [67] is used for temperature coupling and the

Parrinello-Rahman barostat [68] is used for pressure coupling. The short range

electrostatic interactions and Lennard-Jones interactions are evaluated with a cutoff of

10 A. Particle-mesh Ewald summation [69] is used to calculate long range electrostatic

interactions with a grid spacing of 1.6 A and a fourth order interpolation.
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5.2.2 Replica exchange molecular dynamics

We build on existing work by using accelerated molecular modeling methods,

specifically Replica Exchange Molecular Dynamics, to introduce better sampling of the

system, identifying smooth-transition temperature regions [46, 48, 70, 71]. Using

REMD enhances the number of temperatures that can be studied simultaneously,

ensuring better ensemble sampling at each temperature. A key challenge in studying

elastin-like sequences lies in accurate characterization of a highly dynamic, multi-state

system. By performing intensive REMD simulations with read-outs for a large number

of temperature data points, we are able to show, for the first time, that the molecular

collapse previously described happens as a gradual transition in a well-defined

temperature region at the single-molecule scale.

The ELP systems are highly dynamic; therefore, effective sampling, ensured by Replica

Exchange simulations, is needed to capture the full range of accessible molecular

structures at each temperature. A large spread is observed in molecular size across all

temperatures, illustrated by the distribution of radii of gyration across temperatures in

Figure 5-3. At high temperatures, the range of accessible structures shrinks by over

15%, with structures more densely concentrated around a smaller radius of gyration,

manifested by a narrower distribution peak.

As a result of a flat energy landscape traversed by the system even at high temperature,

open structures populate the ensemble, though they compose a smaller fraction than at

low temperature, evident in the wide distributions of radii of gyration across

temperatures (Figure 5-3). These tools permit the identification of molecular-level detail

comparisons across sequences and environmental conditions to shed light on the

transition behavior of single-molecule ELP systems, and on ways of enhancing,

reducing and suppressing such transitions.
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-T > 329 K

-293 K < T < 329 K
0 -T < 293 K
z3
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0.5 1 1.5

Radius of gyration (nm)

Figure 5-31 Distribution of radii of gyration with temperature for the sequence

(GVGVP)3 in 1 M NaCl. Green represents transition region; blue represents structures

below transition range; red represents structures above transition range. Reprinted from

[59] with permission from Elsevier.

After initial equilibration, subsequent Replica Exchange Molecular Dynamics

simulations are carried out in the canonical ensemble. REMD improves sampling

compared to classical molecular dynamics (MD) simulations by integrating Monte Carlo

exchanges into a classical MD simulation scheme. High temperatures allow for wide

conformational space sampling, avoiding protein entrapment in local-minima free

energy states via thermal stimulation. Frequent exchanges ensure wide sampling across

temperature replicas.

For each system, 60 temperature replicas are used, exponentially distributed from 280 K

to 400 K [72]. Each replica is simulated for 10 ns, for a total simulation time of 600 ns

across all temperatures. We note that simulation time is scaled with system size, so for

systems of much larger size, longer time-scale simulations would be required to fold the

protein. Beyond system sizes accessible to classical MD or Replica Exchange MD,

coarse graining approaches would be required [73]. Exchanges are attempted after 2 ps

equilibration runs, and are accepted according to the Metropolis criterion. Exchange

acceptance ratios are between 30-40%, signifying sufficient sampling. Representative
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structures are determined by analyzing the ensemble of structures in the final 2 ns of

each replica. K-means clustering is used to group structures into clusters according to

root mean square deviation of 4 A for the low-temperature replica at 280 K and 3.5 A
for the high-temperature replica at 340 K. Representative structures with lowest

potential energy are chosen from most populated clusters, represented by significance

factor p in Figures 5-4 to 5-7. Analysis of representative structures is carried out using

the MMTSB script package [74]. All simulations are completed using the Extreme

Science and Engineering Discovery Environment (XSEDE) [75].

a)

p = 30.3 %

p = 30.3 %
E = -334.6 kcal/mol

b)

p = 16.4 % p = 14.3 % p = 12.4 % p = 11.2 %
E = -300.3 kcal/mol E = -287.5 kcal/mol E = -342.2 kcal/mol E = -294.1 kcal/mol

4 j4

p =10.9 % p =10.4 % p =7.2 % p =6.6 %
E = -311.8 kcal/mol E = -330.5 kcal/mol E = -328.7 kcal/mol E = -292.0 kcal/mol

p = 6.6 %
E = -410.2 kcal/mol

Figure 5-41 a) Representative conformations for the sequence (GVGVP)3 in 1 M NaCl at

a) 280 K [below the transition temperature range] and b) 340 K [above the transition

temperature range]. Significance factors (p) and potential energies (E) for each structure

are shown. Reprinted from [59] with permission from Elsevier.
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a)

0
p = 26.3 % p = 17.7 % p = 17.2 % p = 14.3 % p = 8.0 %
E = -291.2 kcal/mol E = -293.3 kcal/mol E = -331.6 kcal/mol E = -408.8 kcal/mol E = -311.0 kcal/mol

b)

p = 9.0 % p = 8.5 % p = 8.2 % p = 5.7 %
E = -276.5 kcal/mol E = -371.9 kcal/mol E = -365.8 kcal/mol E = -389.8 kcal/mol

p = 5.7 %
E = -423.1 kcal/mol

Figure 5-51 a) Representative conformations for the sequence

(GVGVP)(GKGVP)(GVGVP) in 1 M NaCl at a) 280 K [below the transition

temperature range] and b) 340 K [above the transition temperature range]. Significance

factors (p) and potential energies (E) for each structure are shown. Reprinted from [59]

with permission from Elsevier.
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a)

p = 29.6 % p = 23.3 % p = 17.2 % p = 12.2 % p = 7.3 %
E = -643.2 kcal/mol E = -641.5 kcal/mol E = -655.9 kcal/mol E = -655.6 kcal/mol E = -675.6 kcal/mol

b)

p = 10.9 % p = 10.0 % p = 9.4 % p = 8.9 % p = 6.8 %
E = -656.2 kcal/mol E = -641.7 kcal/mol E = -724.2 kcal/mol E = -599.8 kcal/mol E = -664.7 kcal/mol

Figure 5-61 a) Representative conformations for the sequence (GVGVP)6 in 1 M NaCl at

a) 280 K [below the transition temperature range] and b) 340 K [above the transition

temperature range]. Significance factors (p) and potential energies (E) for each structure

are shown. Reprinted from [59] with permission from Elsevier.
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p =19.3 % p =19.1 % p =12.5 % p = 10.5 %
E = -401.8 kcal/mol E = -325.6 kcal/mol E = -438.2 kcal/mol E = -418.6 kcal/mo

p = 9.6 %
I E = -293.9 kcal/mol

p = 11.4 % p = 10.4 % p = 8.1% p = 7.2 % p = 6.5 %
E = -290.9 kcal/mol E = -400.8 kcal/mol .E = -272.3 kcal/mol E = -285.2 kcal/mol E = -407.3 kcal/mol

Figure 5-71 a) Representative conformations for the sequence (GVGVP)3in 100 mM

NaCI at a) 280 K [below the transition temperature range] and b) 340 K [above the

transition temperature range]. Significance factors (p) and potential energies (E) for each

structure are shown. Reprinted from [59] with permission from Elsevier.

5.2.3 Analysis of molecular structures

We use the last 8 ns of each REMD run to analyze the molecular structures of ELP

sequences. This is done to retain a large structure ensemble while sampling from the

equilibrated system. We identify molecular transitions characterized by changes in

radius of gyration, hydrogen bonding, solvent accessible surface area, secondary

structure and behavior of solvation waters. Radius of gyration gives a measure of the

compactness of the structure, defined as
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Rg (illri1 2mi ) 2 (5-1)

where mi is the mass of atom i and ri is the position of atom i with respect to the center

of mass of the molecule. Protein secondary structure is computed using the DSSP

algorithm [76, 77]. Hydrogen bonds are determined using a geometric definition, with

the donor-hydrogen-acceptor angle of 30 degrees and a cutoff distance of 0.35 nm

between the donor and the acceptor. To measure hydrogen bond distributions within

peptides, we define i, the hydrogen bond scaled occupancy spread as

S= - O(i,]j) X |I(i) - I()I (5-2)
i j

where O(i,j) is the fraction of time a hydrogen bond exists in the ensemble between

donor i and acceptor j, I(i) and I(j) are the donor and acceptor residue indices and b is

the total number of donor-acceptor pairs where a hydrogen bond appears.

Solvent accessible surface area is computed using the double cubic lattice method [78]

implemented in Gromacs [65]. Radius of gyration, secondary structure and solvent

accessible surface area analysis is done using Gromacs analysis tools [65] and in-house

scripts. Hydrogen bond analysis and visualization of molecular models is performed

using VMD 1.9.1 [79] and in-house scripts. Average errors are calculated from 400 ps

block averages.

5.2.4 DSSP algorithm

DSSP [76, 77] calculates hydrogen bond energies based on 3D protein structure, and

assigns the most likely class of secondary structure based on hydrogen bond

distributions, identifying helix, beta sheet, hydrogen-bonded turn, bend and random coil
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structure. Coil structures are defined as regions of low curvature, compared to the high

curvature of at least 700 in bend structures. For the sequences studied here, beta sheet

and helix structure content is less than 1%; bend structure represents 15-30% of the

secondary structure content; coil structure 48-61%; and turn structure 14-22%.

5.3 Results

We compare the effect of temperature for each system by considering the change in

radius of gyration (Figure 5-8a-d). (GVGVP)3 and (GVGVP)6 sequences in I M NaCl

show a distinct, gradual transition to a reduced radius of gyration, indicating a shift from

extended to contracted structures with increasing temperature (Figure 5-8ac). This is

consistent with observations of molecular folding upon increasing temperature,

representative of single-molecule inverse temperature transitions [46, 48, 70] and a

shifting equilibrium between folded and extended structure inherent to elastin [31]. For

the (GVGVP) 3 sequence the structural transition occurs gradually over a 35 degree

temperature range (Figure 5-8a), between 294 K and 329 K, consistent with

experimental studies of similar sequences, where a transition is identified at 24'C (i.e.

297 K) [32].
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Figure 5-81 Radius of gyration change with temperature. Green represents transition

region; blue represents structures below transition range; red represents structures above

transition range. a) (GVGVP) 3 in 1 M NaCl with snapshots at low and high temperature;

b) (GVGVP)(GKGVP)(GVGVP) in 1 M NaCl; c) (GVGVP)6 in 1 M NaCl; d)

(GVGVP)3 in 100 mM NaCl; e) System 1 at 280 K; f) System 1 at 340 K; g) System 3 at

280 K; h) System 3 at 340 K; i) System 1 at 340 K showing peptide, hydrogen-bonded

water molecules and a single sodium ion (in yellow) within a 3 A solvation shell; j)
Expanded image from (i) showing sodium ion (in yellow) interacting with

electronegative atoms of the peptide. The sodium ion interacts with three oxygen atoms

(in red). Reprinted from [59] with permission from Elsevier.

The transition region is defined by the intersection of linear fits to regions below, at, and

above transition temperatures. Peptide structures for System I are shown at 280 K

(Figure 5-8e) and 340 K (Figure 5-8f), and display molecular collapse accompanied by

a reorientation of water molecules and restructuring of hydrogen bond networks.

Doubling the chain length of the peptide almost doubles the change in the radius of

gyration across the transition range (Figure 5-8c,g,h). The temperature transition range

is marginally lower than that of the shorter sequence (Figure 5-8a); between 291 K and

323 K (Figure 5-8c). These findings are consistent with experimental work [33, 40]

where transitions occur at lower temperatures as the chain length increases, and

coacervation propensity is increased with longer chain length [30]. We note that at the

single-molecule scale, the main difference between shorter and longer chain length is the

magnitude of the transition, or the degree of molecular collapse, rather than a significant

shift in the temperature transition region. The change in the radius of gyration for the

longer sequence is approximately two times the change in radius of gyration in the

shorter sequence. Consequently, the slope of the transition region for the longer

sequence indicated by the green line in Figure 5-8c is about two times as steep as that

for the shorter sequence, in Figure 5-8a. A potential discrepancy with experimental

findings where longer chain lengths introduce a pronounced shift to lower transition

temperatures, appreciates that at the single-molecule scale, the molecular collapse occurs

gradually. Thus, we propose that because the magnitude of this transition, defined here
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as the change in the radius of gyration, is more significant for longer chain lengths, this

system reaches a saturated state inducing a macroscale phase transition at a lower

temperature.

In contrast, no significant transition is exhibited by (GVGVP)(GKGVP)(GVGVP) in 1

M NaCl. A single residue substitution from valine (V) to lysine (K) in the seventh

position of the (GVGVP)3 sequence suppresses a structural transition with temperature

(Figure 5-8b). The difference between low- and high- temperature values is not

significant: for 280 K and 340 K (p = 0.642 for a = 5%) and for 280 K and 380 K

(p = 0.930 for a = 5%). The molecular model agrees with experimental findings [32]

where a lysine substitution leads to an upshift in the transition temperature from 24*C to

120'C (297 K to 393 K), albeit beyond the temperature range we consider here. Our

results match predictions that ELPs containing charged residues would have high

transition temperatures inaccessible in aqueous solutions [32, 80].

As sequence modification serves as a trigger for modulating transition temperature, we

next turn to consider the effect of changing salt concentration on the molecule's

structural integrity. On this basis, a reduction in salt concentration from 1 M to 100 mM

NaCl decreases the magnitude of the structural transition of (GVGVP) 3 (Figure 5-8d).

The difference between low- and high-temperatures is not significant: for 280 K and 340

K (p = 0.447 for a = 5%) and for 280 K and 380 K (p = 0.104 for a = 5%). We find

that higher salt concentration results in ion penetration into the protein core, which likely

facilitates the transition observed (Figure 5-8ij). Our results are consistent with

experimental work showing that higher salt concentration can induce transitions by

lowering the transition temperature [33].

To validate our predictions, we conduct a series of experiments and consider the effect

of increasing salt concentration to induce a transition in the lysine-containing sequence.

First, we confirm with UV spectroscopy that a lysine substitution effectively eliminates

a temperature transition (Figure 5-9a). The turbidity profile of 40 mg/ml

(GVGVP)(GKGVP)(GVGVP) in deionized water at 350 nm shows no significant

change in the temperature range from 293 to 353 K, consistent with a model where the
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structural transition is suppressed by inserting a charged residue into the elastin

sequence. To demonstrate the predictive nature of the model system, we increase the

NaCl concentration of (GVGVP)(GKGVP)(GVGVP) from 0.1M NaCl, where no

transition is observed, to 5M NaCl, finding a structural transition at 333 K (Figure 5-

9b).

a) b)

E E21
C ~ 32 K

40 \j 0

LA 0 W L

S* EW NIP33

290 300 310 320 330 340 350 360 370 290 300 310 320 330 340 350 360 370
Temperature (K) Temperature (K)

Figure 5-91 a) Turbidity profiles of (GVGVP)(GVGVP)(GVGVP) (blue dots) and

(GVGVP)(GKGVP)(GVGVP) (red dots) in deionized water, 40 mg/ml, suggesting the

transition temperature can be suppressed by switching V to K, a charged residue. b)

Turbidity profiles of (GVGVP)(GKGVP)(GVGVP) in 0.1M NaCI (red squares) and 5M

NaCl (open red squares), 40 mg/ml, suggesting the transition temperature can be

lowered by increasing the ionic strength. The black arrows represent the onsets of

transition, and red crosses represent the inflection point. Reprinted from [59] with

permission from Elsevier.
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NaCl, d) (GVGVP)3 in 100 mM NaCl; e) Scaled occupancy spread of hydrogen bonds

between donor and acceptor residues as a function of temperature as defined by

Equation 5-2; f) Hydrogen bond occupancy at 280 K, defined as the fraction of time a

hydrogen bond exists in the ensemble between a donor and an acceptor; g) Hydrogen

bond occupancy difference between 340 K and 280 K. Reprinted from [59] with

permission from Elsevier.

Up to now, we have defined the structural transitions based on the change in the radius

of gyration in different sequences. We also consider a number of other parameters to

characterize the nature of the transition at the molecular scale. Differences between low

and high temperature values for all parameters, including radius of gyration, are listed in

Table 5-2. The number of hydrogen bonds (Figure 5-10a-d) formed within the protein

for Systems 1 and 3 increases with temperature, corresponding to the local structural

ordering of the peptides (Figure 5-10a,c). In System 1, the average number of hydrogen

bonds present increases from 0.5 to 1 as temperature is raised (Figure 5-10a). In System

3, this increase is from 2 to 3 hydrogen bonds (Figure 5-10c). The change in the

number of hydrogen bonds is doubled, from 0.5 to 1, from System 1 to System 3. This is

a reasonable result considering that a longer sequence will allow for a greater number of

hydrogen bonds to form (Table 5-2).

This result is also consistent with the radius of gyration data between the two systems.

Peptide-peptide hydrogen bonds (Figure 5-10a,c) in Systems 1 and 3 replace water-

water hydrogen bonds in the nearest solvation shells and peptide-water hydrogen bonds

as the structure collapses (Figure 5-11a,c, Figure 5-12ac). The increased formation of

hydrogen bonds within the peptides at higher temperatures is counterintuitive from a

kinetic standpoint, and drives structural stabilization. This agrees with findings that

suggest the presence of dynamic beta turns that oscillate between disordered and

hydrogen bonded states [28], and with a general absence of ordered secondary structure

identified through nuclear magnetic resonance [81-83]. Earlier studies additionally point

to the joint contributions of glycine (G) and proline (P) to the solvation of the peptide

backbone and resultant disordered nature of the peptide, where glycine adds a high
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degree of chain mobility due to its small size and proline is a rigidity promoter that

prohibits the formation of structure-stabilizing hydrogen bonds [49].

(GVGVP)3, 1 M NaCI

18'
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Figure 5-111 Water-water hydrogen bonds within a 3 A solvation shell change with

temperature for a) (GVGVP) 3in 1 M NaCl; b) (GVGVP)(GKGVP)(GVGVP) in 1 M

NaCl; c) (GVGVP)6in 1 M NaCl; d) (GVGVP)3 in 100 mM NaCl. Reprinted from [59]

with permission from Elsevier.
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Figure 5-121 Hydrogen bonds between protein and water change with temperature for a)

(GVGVP) 3in 1 M NaCl; b) (GVGVP)(GKGVP)(GVGVP) in 1 M NaCl; c) (GVGVP)6
in 1 M NaCl; d) (GVGVP)3 in 100 mM NaCl. Reprinted from [59] with permission from

Elsevier.
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Figure 5-131 Hydrogen bond occupancy for a) (GVGVP)6 in 1 M NaCl; b) (GVGVP)3in

100 mM NaCl; c) (GVGVP)(GKGVP)(GVGVP) in 1 M NaCl. Reprinted from [59] with

permission from Elsevier.

To determine the relative locations of the hydrogen bonds along the length of the

protein, we define ri, or scaled occupancy spread (Equation 5-2). This measure captures

the relative distance between donor and acceptor residues where a hydrogen bond may

exist. The scaled occupancy spread almost doubles, from 1 to 2, across the temperature
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transition range for Systems 1 to 3, indicating that close-neighbor hydrogen bonds are

replaced by hydrogen bonds connecting distant residues as temperature increases

(Figure 5-10e, Figure 5-13a). This is consistent with the observation that the peptide

folds up and is then stabilized by forming a hydrogen bond between opposite ends of the

molecule. Hydrogen bond occupancy at low temperature (280 K) for sequence

(GVGVP) 3 is shown in Figure 5-10f. The occupancy indicates the fraction of time that a

particular hydrogen bond exists between a donor-acceptor pair. The highest occurrence

of hydrogen bonds appears along the diagonal of donor-acceptor residue pairs at low

temperature, implying that the majority of hydrogen bonds that can form are between

nearest neighbor residues. At high temperature (340 K), the distribution of hydrogen

bond occupancy shifts away from the diagonal of donor-acceptor residue pairs, as

illustrated by the difference in occupancy between high and low temperatures in Figure

5-10g. This shift indicates a change in the distribution of the locations of hydrogen

bonds that can form. At higher temperatures, hydrogen bonds tend to form between

residues that are farther apart than nearest neighbors, which is the trend seen at low

temperature. This trend is not observed for Systems 2 and 4 (Figure 5-13bc). The shift

in hydrogen bond position for Systems 1 and 3 may be responsible for stabilizing

structures at higher temperatures. Indeed, we find that the standard deviation of the

radius of gyration is lower at high temperatures for Systems I and 3, and to a lower

extent for System 4, indicating less variance in structure and greater stability at

increased temperatures (Figure 5-14). This counterintuitive result from a kinetics

standpoint highlights the unique inverse nature of ELP temperature transitions.
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permission from Elsevier.
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Figure 5-151 Solvent accessible surface area (SASA) change with temperature for a)

(GVGVP)3 in 1 M NaCl with snapshots at low and high temperature (representation

insets show SASA of extended and folded states of the molecule), b)

(GVGVP)(GKGVP)(GVGVP) in 1 M NaCl, c) (GVGVP)6in 1 M NaCl, d) (GVGVP) 3

in 100 mM NaCl; e) Change with temperature of the number of water molecules within

a 3 A solvation shell for (GVGVP)3 in 1 M NaCl, f) (GVGVP)(GKGVP)(GVGVP) in 1

M NaCl, g) (GVGVP)6 in 1 M NaCl, h) (GVGVP)3 in 100 mM NaCl; i) Coil and turn

secondary structure changes with temperature for (GVGVP) 3in 1 M NaCl, j)
(GVGVP)(GKGVP)(GVGVP) in 1 M NaCl, k) (GVGVP)6 in 1 M NaCl, 1) (GVGVP)3 in

100 mM NaCl. Reprinted from [59] with permission from Elsevier.

Trends in the amount of solvent accessible surface area across the temperature range

(Figure 5-15a-d) are consistent with patterns in radius of gyration: when structural

folding occurs, it is accompanied by a reduced solvent accessible surface area. This is

clearly visible for Systems 1 and 3 (Figure 5-15ac), whereas no shift is detected for

System 2 (Figure 5-15b). For System 4, a mild shift towards a reduced solvent

accessible surface area is observed at a higher temperature than for System 1 (Figure 5-

15d). The patterns observed in solvation water molecules around the protein are

similarly consistent (Figure 5-15e-h). The first hydration shell in each system occurs

approximately within 2.1 A of the protein, indicated by the first local minimum in the

protein-water radial distribution functions (Figure 5-16). After the first local minima, a

mild second local minima is discerned at approximately 3 A. Beyond the first two

hydration shells, water molecules are arranged as in bulk, as indicated by the flattening

of the radial distribution functions, as a result of the small size of the protein that does

not significantly disturb the bulk water. Because there is a constant transfer of molecules

across the boundary of the first solvation shell, we consider a shell of 3 A for solvation

water calculations to capture the behavior of water molecules at the protein's surface.

We observe that the radial distribution function peaks flatten with temperature, most

significantly for Systems 1 and 3 that display transitions, indicating that water molecules

in the local hydration shells are replaced by bulk water as temperature increases. The

intimate link between the orientation and distribution of water molecules facilitating
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elastin transitions is consistent with elastin's high degree of sensitivity to levels of

hydration [44].

The structural collapse and associated reduction in the solvent accessible surface area is

driven by changes in local secondary structure (Figure 5-15i-). These changes are

characterized by a distinct transition from coil to turn structures, defined by the DSSP

(Define Secondary Structure of Proteins) algorithm [76, 77]. In Systems I and 3, with

increasing temperature, coils are replaced by ordered secondary structure, including a

very low percentage (< 1%) of sheet and helix, but primarily hydrogen-bonded turns

(Figure 5-15ik). We note that mild changes in secondary structure are observed for

Systems 2 and 4 (Figure 5-15jj). This observation indicates that at the local level, these

sequences exhibit some structural folding, though a full molecular collapse is not

observed. In System 4, the transition shifts to higher temperatures (Figure 5-151),

consistent with experimental findings in this study and earlier work [33, 84]. Overall,

our findings are compatible with work on other forms of elastin, including other kinds of

ELPs and purified elastin. For example, studies on VGGVG by Tamburro and

coworkers [85, 86] and studies on purified elastin by Samouillan et. al. [87] indicate a

presence of an equilibrium between flexible and ordered zones, exhibiting a variety of

conformational preferences.
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Figure 5-161 Radial distribution functions between protein and water, pointing to two

hydration shells at 2.1 A and ~ 3 A, for ten temperatures between 280 K and 400 K for

a) (GVGVP)3in 1 M NaCl; b) (GVGVP)(GKGVP)(GVGVP) in 1 M NaCl; c)

(GVGVP)6in 1 M NaCl; d) (GVGVP)3in 100 mM NaCl. Reprinted from [59] with

permission from Elsevier.

5.3.1 Salt concentration effects

Based on the preceding discussion, we summarize the main molecular effects on

structural transition in ELPs brought on by changing salt concentration. The evident

transition at higher salt concentration of System 1, in 1 M NaCl, compared to System 4,

in 100 mM NaCl, observed as the change in radius of gyration (Figure 5-8ad), is

attributed to an increased interaction between ions, protein and water molecules in the
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nearest hydration shells. The presence of ions in the first two nearest hydration shells

increases noticeably at higher NaCl concentration in System 1. On average, 1.8 sodium

and chloride ions exist in a 3 A solvation shell around the protein in 1 M NaCl, in

contrast to 0.5 ions in 100 mM NaCl. This is consistent across all temperatures. The ions

that diffuse into the nearest hydration shell of the protein can form strong interactions

with electronegative atoms in the peptide chain, facilitating structural folding (Figure 5-

8ij). Moreover, ions act to disturb the hydrogen-bonded water network surrounding the

protein, promoting the formation of hydrogen bonds within the peptide (Figure 5-10a)

as solvation waters are expelled from the nearest hydration shell (Figure 5-15e).

5.3.2 Chain length effects

Summarizing the effects discussed upon increasing chain length, we find that as the

chain length is increased, the expanded form of the molecule expels an increased

number of solvation waters upon folding. In System 1, the number of water molecules in

a 3 A solvation shell reduces from 68 to 65, with increasing temperature, compared to a

change from 117 to 110 water molecules in System 3 (Figure 5-15e,g). Water-water and

peptide-water hydrogen bonds break, ejecting water molecules trapped at the surface of

the protein out of the solvation shell into the bulk. As the water molecules shift in the

longer-length peptide, it folds over itself, forming turn secondary structure (Figure 5-

15k) stabilized by hydrogen bonds (Figure 5-10c).

5.3.3 Chemistry effects

Amino acid substitutions can substantially shift the transition temperatures of ELPs [32,

33]. At the molecular level, we find that transitions in local hydrogen bonding and

secondary structure, as well as any structural peptide collapse are absent for the lysine-

containing sequence. To evaluate these effects we consider the local environment in a 3

A radius solvation shell around the seventh amino acid in ELP Systems 1 and 2. In
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System 1, the seventh residue is valine, while in System 2 it is replaced by lysine.

Notably, this valine in System 1 contains approximately 6 water molecules in a 3 A
radius solvation shell, compared to approximately 10 water molecules surrounding the

lysine residue in System 2 (Figure 5-17ab). In both Systems 1 and 2 the change in

solvation waters around the seventh residue is minimal - a difference of < 1 solvation

water molecule between high and low temperatures - compared to the raw number of

water molecules surrounding the seventh residue in each system (6 water molecules in

System 1 and 10 molecules in System 2).

We can understand this result by considering the longer side chain of lysine compared to

that of valine, a correspondingly larger exposed surface area to water and exposed

positive charge. At high temperatures, both sequences exhibit a loss in water - water

hydrogen bonds in the 3A radius solvation shell around the seventh residue (Figure 5-

17c,d), as well as a decrease in seventh residue - water hydrogen bonds (Figure 5-

17e,f). We see an overall greater number of water-water and seventh residue-water

hydrogen bonds in the lysine-containing sequence (Figure 5-17d,f) compared to the

valine-containing sequence (Figure 5-17ec). For example, at 280 K, System 2 contains

2.5 water-water hydrogen bonds in the 3 A radius solvation shell around the seventh

lysine (Figure 5-17d) and 3.5 lysine-water hydrogen bonds (Figure 5-17f), compared

to, in System 1, 1.6 water-water hydrogen bonds in the 3 A radius solvation shell around

the seventh valine (Figure 5-17c) and 1.4 valine-water hydrogen bonds (Figure 5-17e).
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molecules and the seventh residue for e) System 1 and f) System 2. Hydrogen bonds

formed between the peptide and the seventh residue of g) System 1 and h) System 2.

199



Hydrogen bonded water molecules around the seventh residue (in yellow) of i) System 1

and j) System 2. Reprinted from [59] with permission from Elsevier.

Indeed, at high temperature, the number of hydrogen bonds involving the seventh lysine

in System 2 exceeds the number of hydrogen bonds involving the seventh valine in

System 1 - even at low temperature. Specifically, at 400 K, there are 2.8 lysine-water

hydrogen bonds in System 2 (Figure 5-17f) compared to 1.4 valine-water hydrogen

bonds in System 1 at 280 K (Figure 5-17e). This suggests that the lysine residue in

System 2 acts as a stiffened hinge that is densely hydrogen-bonded to an interconnected

network of water molecules. The presence of a larger number of interconnected waters

enveloping the center of the peptide chain prevents a structural collapse representative of

the transition in System 1. This is supported by the fact that the number of hydrogen

bonds between the peptide and the seventh valine in System 1 increases modestly, while

no increase is observed for lysine (Figure 5-17gh).

Remarkably, the local effects around the guest residue in the seventh position explain

the temperature-induced collapse of System 1, supported by the formation of hydrogen

bonds between distant residues in the peptide chain (GVGVP) 3.The small, flexible

valine hinge in System 1 allows for structural collapse of the molecule and consequent

system stabilization (Figure 5-17i), in contrast to the lysine-containing System 2

(Figure 5-17j). We recognize two disparate roles for water: it acts as a plasticizer,

enhancing the conformational mobility of the peptide [28]; yet, simultaneously, it

provides an obstacle to structural flexibility based on its interaction with local

components of the peptide.

5.4 Conclusions

In summary, in this study the effects of ionic concentration, chain length, and sequence

chemistry on temperature-induced structural transitions in elastin-like peptides are

presented. We consider these systems at the single-molecule scale finding that structural
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transitions occur as smooth shifts within defined transition regions. The behavior of

water networks around the peptide is a driving factor in structural transitions. In the

presence of higher salt concentration, we find that ions can more easily diffuse into the

nearest hydration shell of the protein, forming strong interactions with electronegative

atoms in the peptide chain, which facilitates structural folding. Ions act to disturb the

hydrogen-bonded water network surrounding the protein, promoting the formation of

hydrogen bonds within the peptide as solvation waters are expelled from the nearest

hydration shell. Longer chain length drives the expulsion of solvation waters as

temperature is increased. As water-water and peptide-water hydrogen bonds brake,

water molecules trapped at the surface of the protein are pushed out of the solvation

shell into the bulk. This introduces the formation of turns stabilized by hydrogen bonds

and an overall shift to compact molecular structure. Finally, sequence chemistry changes

influence the local interactions with water. We compare a lysine-for-valine substitution

and find that the lysine residue stiffens the hinge by hydrogen-bonding to an

interconnected network of water molecules, and so prevents a structural collapse. We

find that water acts as a plasticizer, enhancing the conformational mobility of the peptide

[28] and simultaneously reducing structural flexibility based on its interactions with

local components of the peptide.
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6 Modeling and experiment reveal

structure and nanomechanics

across the inverse temperature

transition in B. mori silk-elastin-

like protein polymers

The research and review presented in this chapter have been published in:

A. Tarakanova, W. Huang, Z. Qin, D. L. Kaplan, M. J. Buehler, "Modeling and
Experiment Reveal Structure and Nanomechanics across the Inverse Temperature
Transition in B. mori Silk-Elastin-like Protein Polymers." ACS Biomaterials Science and
Engineering, In Press, 2017.

6.1 Introduction

Interest in responsive, tunable, nature-inspired biomaterials has seen a tremendous rise

in recent years. In particular, silk-elastin-like protein polymers (SELPs) have gained

attention as bio-inspired composites for their biocompatibility, degradability and stimuli-

responsive tunability [1-5]. In the past two decades, genetically engineered SELPs were

shown to be quite versatile. SELPs can be processed in a variety of ways: as

nanoparticles, films, nanofibers, thin coatings, hydrogels and scaffolds, providing a

diverse set of structures for material applications [3, 4, 6-10]. These applications include

biosensors, tissue engineering, targeted drug delivery release systems, gene therapy and

nanocarriers [11-15], among others.
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SELPs are composed of alternating silk-like and elastin-like domains, combining the

properties of the component parts. Silk-like domains (GAGAGS) mimic the Bombyx

mori silkworm silk sequence. They assemble into tightly packed structures and provide

stability and mechanical resilience. Elastin-like pentapeptide domains (GXGVP) are

representative of the elastin protein sequence and exhibit an inverse temperature

transition, modulated by changing the second X residue of the pentapeptide. SELPs

combine the mechanical strength, resilience and self-assembling properties inherent to

silk together with tunable mechanics derived from the elastin domains, which in

physiological conditions exhibit reversible sensitivity to stimuli, including temperature,

pH, ionic strength, electric fields, and enzymes [5]. By combining silk-like and elastin-

like domains, SELPs achieve useful mechanical properties and discrete tunability.

Though a number of studies have considered the self-assembly, morphological diversity

and biomedical applications of SELPs, a precise understanding of SELP behavior at the

molecular scale is still missing. It is well known that elastin-like peptides (ELPs)

undergo a temperature-modulated reversible phase transition, which is governed by

environmental factors and the chemistry of the elastin sequence, in particular the X

residue [16-27]. Below the transition temperature, ELPs are soluble in aqueous solution.

Above transition temperature, ELPs undergo a structural transition to a contracted,

aggregated state. Several simulation and experimental studies have addressed the

molecular scale transitions of elastin-like peptides [20, 28-33]. Likewise, silk protein has

been scrutinized through a series of molecular models [34-36]. In the present study we

derive inspiration from silk and elastin models to create the first SELP molecular model.

We use the model to identify thermally-stimulated structural transitions and temperature

effects on molecular unfolding pathways and mechanical signatures. We combine

molecular modeling and experiments based on a recombinantly synthesized SELP

sequence to probe the molecular scale temperature transition effects and single-molecule

mechanical responses to thermal stimulation of the sequence

[(GVGVP) 4(GYGVP)(GVGVP) 3(GAGAGS)]14.

In this work we use steered molecular dynamics (SMD) to apply an external force on

SELP molecules at two different temperatures, below and above the transition
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temperature range. Using SMD, we can probe the mechanical functions at the single

molecule scale and observe the unfolding process. We employ the Bell-Evans model to

study the free energy associated with the molecular unfolding pathway at different

temperatures in order to differentiate between thermal effects and temperature-induced

structural changes that cause mechanical variation in SELPs. A mechanism to

understand temperature-dependent mechanics is proposed.

6.2 Methods

6.2.1 Molecular simulation setup

The SELP sequence was constructed from elastin-like and silk-like blocks, where the

elastin block is GXGVP and the silk block is GAGAGS, in single amino acid letter

code. X is an interchangeable amino acid responsible for shifting the transition

temperature of elastin. Elastin has a highly repetitive sequence and the GXGVP

pentapeptide repeat unit is traditionally used as a representative for an elastin-like

polymer. The GAGAGS block is representative of B. mori silk. Eight elastin blocks and

one silk block were used to construct the sequence studied here. The polypeptide is a 14-

mer alternating silk-elastin chain, having the sequence

[(GVGVP) 4(GYGVP)(GVGVP) 3(GAGAGS)] 1 4 . Identical sequences are considered in

simulation and experiment.

Extended straight chain conformations of the sequence were built using CHARMM

version 35b1 [37]. The structure was first relaxed to ensure no steric clashes using

energy minimization through the steepest descent algorithm. This initial structure was

used for input into Replica Exchange Molecular Dynamics (REMD) simulation in

implicit solvent.
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6.2.2 Replica exchange molecular dynamics in implicit

solvent

Following sequence construction, Replica Exchange Molecular Dynamics [38]

simulations were carried out in the canonical ensemble. Replica Exchange integrates

Monte Carlo exchanges into a classical molecular dynamics simulation scheme, thereby

improving sampling. Identical systems were simulated through a range of temperatures.

High temperatures allow for wide conformational space sampling, avoiding local free

energy minima, while frequent exchanges ensure wide sampling across the temperature

range.

The exchange probability p between two replicas i and j, with temperatures T and T,

and energies Ei and E;, respectively, is [38]:

ip1 for A >0 (6-1)
Jexp (-A) for A > 0

where

1 1
A = T-) (E - Ej) (6-2)

Twenty-four temperature replicas were created and exponentially distributed in the

temperature range 280 to 480 K (7 to 207*C). A total of 120,000 exchanges were

attempted every 0.5 ps to allow for system relaxation. The protein structure's full

equilibration is ensured before the end of this long REMD simulation. A 2 fs time step

was used. The 15% exchange acceptance rate between replicas was sufficient for

adequate sampling to take place. An ensemble of structures from the last 1000

exchanges at the lowest temperature replica was analyzed. Clusters based on mutual

similarity by root mean square deviation (3A) were created with the K-means clustering

algorithm in the MMTSB tool set [39]. The lowest-energy representative structure in the
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most populated cluster was selected. Simulations were carried out with the

CHARMM 19 all-atom energy function with the EEF1 force field with a Gaussian

effective solvent energy function [37,40]. Visualization of protein structures was

performed with Visual Molecular Dynamics [41].

6.2.3 Replica exchange molecular dynamics in explicit

solvent

After the first set of implicit solvent REMD simulations, the representative structure was

placed into an explicit water box to continue structural refinement. Simulation in

implicit solvent speeds up the computational time required and serves as an acceptable

first approximation for structural prediction. We conducted further refinement using a

more precise explicit solvent model to correct for local structural approximations. An

accurate description of the solvent is required for consideration of structural transition

effects. It has been shown abundantly in literature that elastin-like peptides and elastin-

containing composite materials undergo structural transitions only in the presence of

water. As such, an explicit solvent model is essential for this study.

All subsequent simulations were carried out using GROMACS version 5.01 [42]. The

molecule was placed into a rectangular water box with periodic boundary conditions.

The protein and water system contains approximately 200,000 atoms. The CHARMM27

force field is used, which includes CHARMM22 and CMAP for proteins [43]. The

structure was then minimized through the steepest descent algorithm. Next, solvent was

equilibrated around the protein, while the protein was fixed, through two equilibration

stages, each 100 ps in length, with a time step of 1 fs. The first phase was equilibration

in an NVT ensemble to stabilize temperature, followed by a second stage in an NPT

ensemble to stabilize system pressure. After the solvent was equilibrated, the protein

restraint was removed and the protein and solvent were equilibrated in an NPT ensemble

for an additional 100 ps. After this stage, final structures were inputted into Replica

Exchange Molecular Dynamics simulations [38]. The Berendsen thermostat [44] was
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used for temperature coupling and the Parrinello-Rahman barostat [45] was used for

pressure coupling. The LINCS [46] algorithm was used to constrain covalent bonds with

hydrogen atoms. The short range electrostatic interactions and Lennard-Jones

interactions were evaluated with a cutoff of 10 A. Particle-mesh Ewald summation [47]

was used to calculate long range electrostatic interactions with a grid spacing of 1.6 A
and a fourth order interpolation.

For each system, 120 temperature replicas were used, exponentially distributed from 280

K to 400 K (7 to 127*C) [48]. Each replica was simulated for 20 ns, for a total

simulation time of 2.4 ps across all temperatures. A 2 fs time step was used. Exchanges

were attempted after 2 ps equilibration runs, and were accepted according to the

Metropolis criterion. Exchange acceptance ratios were between 20-30%, signifying

sufficient sampling. Representative structures were determined by analyzing the

ensemble of structures in the final 2 ns of each replica. K-means clustering was used to

group structures into clusters according to root mean square deviation of 12 A for the

low-temperature replica at 280 K (7*C) and for the high-temperature replica at 330 K

(57*C). Representative structures with lowest potential energy were chosen from most

populated clusters. Analysis of representative structures was carried out using the

MMTSB script package [39].

6.2.4 Steered molecular dynamics simulation

Steered molecular dynamics simulations were conducted at four pulling speeds: 20,

30, 40 and 50 m/s for structures at temperatures 7*C and 57*C. For each simulation, a

single alpha carbon was fixed at the C terminal, as the structure was pulled by a single

alpha carbon of the N terminal, in the direction of the principal axis. A spring constant

of 1000 kJ/mol -nm was used. Force-extension curves were calculated from the forces

applied, and distances were computed from the center of mass of the protein structure.

All analysis was done using in-house TCL and Matlab scripts. All simulations were
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completed using the Extreme Science and Engineering Discovery Environment

(XSEDE) [49].

6.2.5 Analysis of molecular structures

Protein secondary structure was computed using the DSSP algorithm [50, 51]. Hydrogen

bonds were determined using a geometric definition, with the donor-hydrogen-acceptor

angle of 30 degrees and a cutoff distance of 0.35 nm between the donor and the

acceptor. Secondary structure and solvent accessible surface area analysis was done

using Gromacs analysis tools [42] and in-house scripts. Hydrogen bond analysis and

visualization of molecular models was performed using VMD 1.9.1 [41] and in-house

TCL and Matlab scripts.

6.3 Results

6.3.1 Temperature-induced structural contraction in

silk-elastin-like protein polymers across length scales

Silk-elastin-like protein polymers, based on the amino acid sequence

[(GVGVP)4(GYGVP)(GVGVP) 3(GAGAGS)] (Figure 6-1a), were synthesized using

recombinant DNA technology. The turbidity profiles for 1 mg/ml of the SELP aqueous

solution structures displayed a temperature transition range between 28-45*C,

henceforth referred to as T, (Figure 6-1b). To distinguish structures below and above

transition range, we considered two systems: at 7*C and 57*C, well below and above T,.

Below the transition, at 7*C, the SELP solution appears transparent. As the temperature

was raised above the transition for the polymer, to 57*C, the SELP solution becomes

cloudy, indicative of the phase transition taking place (Figure 6-1c).
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Figure 6-11 a) SELP sequences are composed of alternating silk-like (GAGAGS) and

elastin-like (GXGVP) blocks, where X represents the interchangeable residue

responsible for modulating the transition temperature. In this study we consider the

sequence [(GVGVP) 4(GYGVP)(GVGVP) 3(GAGAGS)]14 . b) UV Spectrophotometry

heating and cooling curves show a reversible transition range between 28-45*C. c) SELP

samples at i) low (7*C) and ii) high (57*C) temperature. d) Representative SELP

structures from simulation, at i) 7*C and ii) 57*C. Dotted lines represent end-to-end

molecular distance. e) End-to-end distance of representative SELP structures pictures in

d) at 7*C and 57 0C. f) Hydrodynamic radius from dynamic light scattering of SELP at
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7*C and 57*C. g) SELP hydrogel samples at i) 7*C and ii) 57*C. Reprinted with

permission from [52]. Copyright 2017 American Chemical Society.

To capture this behavior at the nanoscale, SELP molecular structures were predicted

using a series of Replica Exchange Molecular Dynamics simulations (Figure 6-1d,

Figure 6-2). At the single-molecule scale, the transition occurs as a gradual structural

change, manifested by a decreasing radius of gyration with temperature (Figure 6-3).

Both the molecular models and the synthesized polypeptides exhibit up to 90% of

unordered secondary structure with minimal beta sheet and helical content (Figure 6-4),

consistent with the high content of elastin-like sequence within the polymer. A

comparison between representative structures at 7*C and 57*C showed a structural

collapse at high temperature as the structure bent across the principal axis and assumed a

more compact conformation (Figure 6-1d). Measurement of the end-to-end distance

confirmed a reduced molecular size (Figure 6-le).
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Figure 6-21 a) Root mean square deviation (RMSD) for implicit solvent Replica

Exchange simulation. Replica at 27*C. b) RMSD for explicit solvent Replica Exchange

simulation. Replica at 7*C. c) RMSD for explicit solvent Replica Exchange simulation.

Replica at 57*C. Reprinted with permission from [52]. Copyright 2017 American

Chemical Society.
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Figure 6-31 Radius of gyration change with temperature shows a gradual structural

transition. Reprinted with permission from [52]. Copyright 2017 American Chemical

Society.

A similar trend to a compacted structure with increasing temperature was observed in

the synthesized polymer by measuring the hydrodynamic radius (R.) of the SELP free

chain. Rh at temperatures below and above T, was determined by dynamic light

scattering (DLS). DLS measurement at 7*C and 57*C displayed a reduction in the R. of

the free chain from 3.8 0.6 nm to 1.4 0.2 nm (Figure 6-1f). Such drastic reduction in

molecular size suggested that the free chains of the SELP folded at high temperature

above T,, leading to a decrease of the overall size of the SELP free chains.

In this system, elastin-like and silk-like blocks are interspersed in the molecule, with

elastin dominating the molecule for a silk to elastin ratio of 1:8. Though volume was

conserved at the single molecule scale, and solvent accessible surface area was reduced

by a mere 3% at high temperature, there was a 15% increase in the number of hydrogen
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bonds present in the molecule, and a 30% reduction in the end-to-end distance due to the

distinct bend in the molecule at high temperature. We found that a synergistic structural

folding was prompted by the formation of intra-molecular hydrogen bonds.

100 r

80 F

40 1

L-
Unordered

Model
mExperiment

Beta Helix

Figure 6-41 Secondary structure comparison between simulation (derived via the DSSP

algorithm) and experiment (CD Spectra) at 7*C. Ordered structure includes beta

structure and helices. Unordered structure includes bends, turns and coils. Reprinted

with permission from [52]. Copyright 2017 American Chemical Society.

At the macroscale, a corresponding behavior was observed in silk-elastin hydrogels that

were fabricated and tested at different temperatures. A shrinkage of 57% in the hydrogel

radius was measured between 7*C and 57*C (Figure 6-1g). We found that the structural

collapse observed at the single molecule scale was propagated up to the macroscale. We

propose that the packing geometry of SELP molecules in the hydrogel ultimately propels

the shrinking phenomenon, causing structural reorganization at the molecular scale.
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6.3.2 Temperature-dependent molecular unfolding

We considered the unfolding pathway for representative SELP structures below and

above T, at 7*C and 57*C respectively, using steered molecular dynamics simulations.

Molecules were fixed at the C terminal, and loaded in tension at the N terminal (Figure

6-5ab). Force-extension curves for a pulling speed of 50 m/s at the two temperatures are

shown in Figure 6-5c. The evolution of SMD unfolding was examined at slower pulling

speeds (20 m/s, 30 m/s and 40 m/s) to ensure that the unfolding behavior remained

unchanged and was independent of the pulling speed, to avoid artificial results (Figure

6-6). We note that the curves had the same general shape, indicative of a consistent

transition pathway at different pulling speeds. Yet, deformation behavior was drastically

different at low and high temperatures (Figure 6-5c). We examined various deformation

regimes to shed light on the mechanisms driving the divergence in mechanical signature

at different temperatures (boxes i-iv in Figure 6-5).
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Figure 6-51 Steered molecular dynamics set-up for the SELP at a) 70C and b) 570C.

Molecule is fixed at the C terminal end, and pulled at the N terminal end. c) Force-

displacement curves at 7*C and 57*C for pulling speed 50 m/s. Regions i-iv are

discussed subsequently. Reprinted with permission from [52]. Copyright 2017 American

Chemical Society.

At 7*C, the mechanical response included a steep linear regime followed by a plateau,

compared with a gentle linear slope at 57*C (Figure 6-5c). The unraveling of the high

temperature structure revealed a smooth unfolding mechanism (Figure 6-7). The

molecule unraveled from a single cluster, uniformly like a ball of yarn, corresponding to
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a linear deformation regime. By contrast, as the low temperature structure unfolded, a

plateau in the force-displacement appeared at a displacement of about 150 nm (Figure

6-8). A series of smaller clusters detached from the main densely-folded region as the

molecule was pulled. These clusters act to dissipate the force, resisting the pulling, and

produced the plateau that differentiates the low and high temperature deformation

curves.
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Figure 6-61 Force-displacement curves at 7*C and 57*C for pulling speed a) 20 m/s b)

30 m/s and c) 40 m/s. Reprinted with permission from [52]. Copyright 2017 American

Chemical Society.
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Figure 6-71 Unfolding snapshots for region (i) from Figure 6-5c, at 57*C. Structures

correspond to displacements indicated by numbered arrows on the force-displacement

plot. Scale bar: 15 A. Reprinted with permission from [52]. Copyright 2017 American

Chemical Society.
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Figure 6-81 Unfolding snapshots for region (ii) from Figure 6-5c, at 7*C. Structures

correspond to displacements indicated by numbered arrows on the force-displacement

plot, in increasing displacement order. Scale bar: 15 A. Reprinted with permission from

[52]. Copyright 2017 American Chemical Society.

To understand the internal molecular landscape through the unfolding process we

considered the intra-molecular hydrogen bond evolution at high and low temperature

(7*C and 57*C, respectively). Notably, the number of hydrogen bonds that exists within

the SELP molecule was higher by 15% at high temperature and this difference persisted

through two thirds of the unfolding stages (Figure 6-9). This observation is

counterintuitive, as higher temperature is expected to more easily disrupt weak intra-

molecular hydrogen bonds. We attribute this surprising behavior to the presence of

elastin-like segments, which are known to assume a folded, hydrogen-bond-rich

conformation above T,. The enhanced hydrogen bonding at high temperature may help to
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maintain a large, uniform region in the unfolding pathway. Fewer hydrogen bonds at

low temperature create a less compact structure that permits the separation of small,

independent clusters as the molecule experiences a pulling force.
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Figure 6-91 Hydrogen bond evolution at 7*C and 57*C during SMD pulling. Reprinted

with permission from [52]. Copyright 2017 American Chemical Society.

Further evidence of this mechanism lies in the observation that at the displacement of

approximately 130 nm, as the number of hydrogen bonds converges to the same value in

both the high and low temperature structures (Figure 6-9), the force-displacement

curves become parallel (Figure 6-5c). This suggests that the hydrogen bond distribution

within the molecule directly determined the unfolding pathway of the molecule. A

corresponding trend was observed in the secondary structure evolution as the molecule

unfolded, naturally related to the hydrogen bonding patterns in the molecule across

different temperatures (Figure 6-10). Ordered secondary structure content, namely beta

and helical structure, characterized by dense hydrogen bonding, was slightly greater
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through the unfolding pathway for the high temperature molecule (Figure 6-10a).

Consistently, unordered secondary structure, defined as turns and bends, having a single

or no hydrogen bonds, respectively, was lower throughout the deformation for the high

temperature structure (Figure 6-10b). Based on these observations, we propose that the

unique behavior of elastin-like segments can control the molecular deformation regime

that may be tuned to extreme precision. Despite this observation, there is a need to

decouple the effect of elastin structural transition from a temperature effect, which is

addressed later.
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Figure 6-101 Evolution of secondary structure at 70C and 57*C during SMD pulling.

Ordered structure includes beta structure and helices. Unordered structure includes
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bends, turns and coils. Reprinted with permission from [52]. Copyright 2017 American

Chemical Society.

Before addressing the question of decoupling elastin structure and temperature-specific

effects, we considered additional regions in the deformation pathway. There exists a

divergence in the deformation regime at high and low temperature between 25 and 35

nm extension (Figure 6-11,6-12). Up to that point, the molecule unraveled smoothly at

7*C, evocative of the deformation observed in the linear regime at large deformation at

57*C previously discussed, albeit less smooth. The minor kinks observed in the initial

deformation correspond to small, irregular changes in the bulk of the molecule as it

began to unfold. Beyond this, minor plateaus, such as that at 23 nm for the molecule at

7*C, represent small clusters breaking off the molecule's main fold (Figure 6-11). By

contrast, the high temperature molecule began to unravel by unlocking its natural bend

and extending through the principal axis of the molecule (Figure 6-12). Variable kinks

were found in this initial regime. At 23 nm, as the molecule began to divide at its center

into two clusters, there was a softening in the force-displacement curve compared with

the low temperature deformation. At 38 nm, the split between the two halves of the

molecule was apparent and the divergence between low and high temperature

deformation curves increased further, establishing two distinct deformation pathways for

the molecule below and above T,.
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Figure 6-111 Unfolding snapshots for region (iii) from Figure 6-5c, at 70C. Structures

correspond to displacements indicated by numbered arrows on the force-displacement

plot, in increasing displacement order. Scale bar: 15 A. Reprinted with permission from

[52]. Copyright 2017 American Chemical Society.
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Figure 6-121 Unfolding snapshots for region (iii) from Figure 6-5c, at 57 0C. Structures

correspond to displacements indicated by numbered arrows on the force-displacement

plot, in increasing displacement order. Scale bar: 15 A. Reprinted with permission from

[52]. Copyright 2017 American Chemical Society.

Remarkably, the clustering phenomenon during unfolding occurred at both low and high

temperature producing the identical effect of dissipating the tensile force. At 57*C, at

low displacement, the large breakaway cluster that spans almost half of the molecule's

length softened the deformation (Figure 6-12). At 7*C, clustering occurred at higher

extension, because of a reduced network of hydrogen bonds keeping the structure intact

(Figure 6-8). At 57*C, a denser network of hydrogen bonds resisted breakaway clusters

upon extension, creating linear deformation (Figure 6-7). Once both molecules have

unraveled fully, at approximately 230 nm, the stretch of the backbone resulted in

significant stiffening of the force-displacement curve. Similarly, after the large

breakaway cluster at high temperature has unraveled fully, there was a modest stiffening
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of the high temperature curve at 113 nm, indicative of backbone stretching (Figure 6-

13).

1000 00 10 415 A
60 80 100 120 140

Displacement (nm)

Figure 6-131 Unfolding snapshots for region (iv) from Figure 6-5c, at 57*C. Structures

correspond to displacements indicated by numbered arrows on the force-displacement

plot, in increasing displacement order. Scale bar: 15 A. Reprinted with permission from

[52]. Copyright 2017 American Chemical Society.

6.3.3 Theoretical model for protein unfolding

mechanics at different temperatures

We used the Bell-Evans model [53] to compare the free energy landscape associated

with SELP unfolding at high and low temperature. This approach decouples the effect of

temperature and the structure-specific contributions to the unfolding pathway. In the

original Bell-Evans model [53], which was developed to investigate the unfolding force

(or total work) of a protein as a function of many physiological variables that relate to

protein folding and unfolding [54-57], the off-rate is defined as
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X = wo exp(Ek w (6-3)

The off-rate describes how often a bond is broken per unit time. It is a function of the

thermal fluctuation and external work. Here, kT is the Boltzmann constant, T is

ensemble temperature, E is the energy barrier to overcome bond breaking, w is the

external work and wo is the natural vibrational frequency. We incorporated the relation

to the pulling speed by considering the distance, XB, that needs to be overcome for a

bond to break. The pulling speed v = X ' XB, is given as

(E - w\
V = Bexp( kBT) (6-4)

Here, B is the product of the natural frequency too and distance XB . We extended the

application of the Bell-Evans model to investigate the unfolding of the entire folded

protein structure under external force. Through this model we could solve for the energy

barrier that reveals the protein's thermal stability. Our results agreed with experiments

obtained from the thermal denaturation process [55]. We express the energy associated

with structural unfolding as a function of the pulling speed v and temperature T:

E(v, T) = w - kBTIn (V) (6-5)

We can calculate the external work applied on the structure based on simulation results

as

L

w( L) = fL0f -da (6-6)
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by considering that the pulling force f is always in the direction of extension, where LO

is the initial end-to-end length and L is the contour length once the polymer is fully

unfolded, before the strain-stiffening region when the protein backbone begins to

stretch.

We considered the unfolding behavior at four pulling speeds: 20, 30, 40 and 50 m/s and

two temperatures: 7*C and 57*C. We determined the relationship between energy for

different pulling speeds at the same temperature by solving a series of equations (Eq. 6-

7). Energy E(v, T) and work w(v, T) are functions of pulling speed v and temperature T

in the following set of equations:

0,7) - E(20,7) =

0,7) - E(20,7) =

0,7) - E(20,7) =

ng,

E(30,7) - E(20

E(40,7) - E(20

E(50,7) - E(20

w(30,7) - w(20,7) - kBT In 0 - In 2
B B)

w(40,7) - w(20,7) - kB [ (4 0 )

BT [I (5 0 \) - 2n \

w(50,7) - w(20,7) - kBT In (o - in

[ 30
7) = w(30,7) - w(20,7) - kBT [In 20)1

[ (4017) = w(40,7) - w(20,7) - kBT In

[ (250\7) = w(50,7) - w(20,7) - kyT Ini i

From Eq. 6-8, incorporating the numerical values of w(v, T) obtained from simulations,

we get:
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E (50,7) = E(20,7) + 1.0443 10-1s j

E(40,7)= E(20,7) + 7.4255 10-16 6-9)
E(30,7) = E(20,7) + 3.7885 - 10-16 j

E(20,7) = E(20,7)J

Plotting the above energy values and fitting a linear function (Figure 6-14), we found

the associated energy barrier at 70C:

E(v, T = 70C) = 1.138 -10-1i In () + E(v = 20 m/s, T = 7C) (6-10)

Similarly, we can find the relationship for the energy at 57*C:

{ E(50,57) = E(20,57) + 4.8508 - 10-16 j
E(40,57) = E(20,57) + 3.3884 - 10-16 j 6-11)
E(30,57) = E(20,57) + 1.7881 - 10-16 j

E(20,57) = E(20,57)J

After the linear fit (Figure 6-14), the energy barrier function at 570C is:

E(v, T = 57*C) = 5.256 - 10-16 In ) + E(v = 20 m/s, T = 57'C) (6-12)
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Figure 6-141 Energy at 7*C and 570C for pulling speeds 20, 30, 40 and 50 m/s, with

linear fits. Reprinted with permission from [52]. Copyright 2017 American Chemical

Society.

Finally, subtracting Equation 6-10 from 6-12, we have the difference in the energy

barrier between two protein structures folded under different temperatures but unfolded

under the same loading rate v as:

E(v, 57*0C) - E(7*C) = -6.1240 -1016 In ) + E(20,57) - E(20,7). (6-13)

We calculated the difference in energy at pulling speed 20 m/s between 7*C and 57*C by

considering the work to unfold the structure as given by Eq. 6-5. We can neglect the

final terms when we compute the energy difference because kBT is at least four orders

of magnitude smaller than w(v, T). Thus the difference in energy can be simplified as:

E(20,57) - E(20,7) = w(20,57) - w(20,7) (6-14)
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The relationship between energy at high and low temperature becomes

E(570 C) - E(70 C) = -6.1240 - 10-16 In - 6.5324 - 10-16 (6-15)
20

We note that the difference E(570 C) - E(7*C) is positive for all values of v < 6.9 m/s,

which is relevant to physiological loading conditions (Figure 6-15). Therefore, the

energy barrier to unfold the structure at 57*C was greater than the energy barrier at 7*C.

This result is counterintuitive because considering exclusively thermal effects we would

expect the structure to be more easily perturbed at high temperature. However, we show

that due to the presence of elastin-like domains, the molecule's structure assumed a

folded, densely-hydrogen-bonded shape. Hydrogen bonds persisted through the

unfolding of the structure, creating a higher free energy barrier for the protein to unfold.

Moreover, such a result agreed with the worm-like-chain model where the unfolding

force is proportional to the temperature, suggesting that the amorphous structure of

elastin affects the unfolding process to behave as an unraveling of a loose polymer

structure.

The approaches and results identified here reside within single molecule chain

dynamics. As next steps, the goal is to build upon these approaches with inputs of

multiple chains and more complex material outcomes; for example, the assembly and

packing of single molecule SELPs into micellar and hydrogel super-structures and the

formation and dynamics of hydrogel systems. Such material systems will propel the

insights from single molecules towards higher order systems, providing further utility to

predictive outcomes of structure-function for these types of bioengineered protein

materials. This could serve as a foundational tool for materials-by-design approaches

with numerous applications in biomaterials technologies and beyond.
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Figure 6-151 The energy difference between high and low temperature E(570C) -

E(7*C) as a function of pulling speed v. Reprinted with permission from [52].

Copyright 2017 American Chemical Society.

6.4 Conclusions

Silk and elastin are exemplary protein materials that exhibit exceptional material

properties. Silk is uniquely strong, surpassing engineering materials such as Kevlar and

steel, while elastin has exquisite flexibility and can reversibly fold into a more structured

form at high temperatures when many other proteins would unfold and denature. This

inverse temperature transition is a reversible, controllable process that motivates

applications in drug delivery, shape change materials, and biomimetic devices. Using a

combination of experimental, modeling and theoretical methods, we studied the

structure and nanomechanics of SELPs at temperatures below and above the temperature

238



transition range. Our results demonstrated that at the single-molecule scale, temperature

induces a collapse of the SELP structure. A characteristic molecular bend was observed,

accompanied by a dense formation of intra-molecular hydrogen bonds. DLS results

confirmed the model's predictions, showing a distinct reduction in hydrodynamic radius

of the molecule at high temperature. This result was propagated to the hydrogel level,

where temperature induced the hydrogel to shrink. This phenomenon was in agreement

with the behavior of elastin-like peptide systems, where structural molecular folding

characterizes phase transitions. We found, furthermore, that nanomechanics of SELPs

were highly temperature dependent, identifying specific mechanisms through which the

molecule unfolded upon application of external force. At experimentally relevant pulling

speeds, the free energy barrier at high temperature exceeded that at lower temperature.

Our findings offer a foundational perspective on the molecular scale mechanisms of

temperature-induced phase transition in SELPs, and suggest a novel approach to

combine simulation and experiment to study materials for multifunctional biomimetic

applications.
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7 Conclusions

7.1 Summary of key findings

In this thesis we study a series of elastin-associated materials from two broad

perspectives: (1) from a structure prediction perspective to identify molecular

mechanisms linked to mutations and identify structure-function correlations, whereby

functional mechanisms are derived based on structural models of the tropoelastin

molecule and its components and (2) a materials design perspective, where we consider

the structural and mechanical behavior of elastin-like protein polymers and silk-elastin-

like protein polymers in response to temperature, chemical environment, sequence

identity and mechanical force.

We consider the structure-dynamics-function interplay within tropoelastin by examining

the contributions of molecular order and disorder within the molecule. To this end, we

perturb a key hinge region of the molecule by expressing an exon universally spliced out

in human tropoelastin. We identify a secondary structure shift from alpha helices to beta

sheets, which produce a herniated nanostructure with a displaced C-terminus of the

molecule. This structure results in atypical higher-order cross-linking, and inefficient

assembly into discontinuous, thick elastic fibers. We explain this behavior by building

an elastic network model based on small-angle X-ray scattering data. After validating

this approach, we consider the molecule's dynamics to tie together local and global

structural effects as part of the assembly process. We propose that a scissor-twist

dynamic mechanism allows tropoelastin to effectively undergo head-to-tail assembly.

Beyond the specific finding of this study, we illustrate the benefits of utilizing a

complementary and integrated computational-experimental cross-feedback strategy to

gain valuable insights into a complex system, which can be used for other complex

biological materials.
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We then propose an atomistic model of full-length human tropoelastin, confirmed by

comparisons to global conformation and secondary structure in experimental data. The

model gives insights into local tropoelastin structure, dynamics and mechanisms

associated with a series of mutations. Point mutations in essential regions of the

molecule exhibit molecular structural transitions that correspond to small-angle X-ray

scattering predictions. The presence of mutations explains differences seen in molecular

coacervation and assembly patterns of mutant tropoelastin based on structural shifts and

changes in the molecule's dynamics. We probe the changes in connectivity of a local

domain, showing that such local shifts affect dynamics and dictate assembly

mechanisms. We also build a molecular model for one form of acquired cutis laxa to

investigate the disease manifestation.

On the other side, we consider the use of elastin-like peptides (ELPs) as responsive

biomaterials for a range of biomedical applications. We study the effects of ionic

concentration, chain length, and sequence chemistry on temperature-induced structural

transitions in ELPs. We identify that the structural transitions occur within a specific,

broad temperature range at the molecular scale. We explain the behavior of water

networks around the peptide as a driving factor in structural transitions, specifically

considering the evolution of hydration shells around the protein and their interactions

with ions. We define a dual role for water: at once as a plasticizer, enhancing the

conformational mobility of the peptide and as an agent reducing structural flexibility

based on its interactions with local components of the peptide.

Finally, we combine together elastin-like and silk-like sequences to create silk-elastin-

like protein polymers (SELPs) to enhance the mechanical and responsive properties of

the component proteins. We develop a molecular model of SELPs to study structural and

nanomechanical transitions in the sequence in response to temperature. We show that a

temperature-linked structural collapse appears at the molecular level, in simulation and

experiment, and at the hydrogel level. We find that the nanomechanics of SELPs are

highly temperature dependent where at experimentally relevant pulling speeds, the free

energy barrier at high temperature exceeds that at lower temperature.
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7.2 Opportunities for future research

The molecular model of human tropoelastin developed in this thesis holds promise for

further study of the molecule proper, including further investigations into its individual

domains, as well as its role in the elastogenesis process. The current model also paves a

way for studying intermolecular interactions between tropoelastin molecules. It presents

an opportunity for further coarse-graining of the tropoelastin system to probe larger-

scale association mechanisms in the elastic fiber assembly process.

Beyond a purely structural understanding, the present model provides a scaffold to study

disease-associated mutations. A wide variety of mutations in tropoelastin are associated

with cutis laxa. There has not been a unifying theory for how these mutations may be

related in their influence of tropoelastin structure and function, to form an efficient and

predictive model to quantify the effects of all such mutations and develop an

intervention strategy. We hypothesize that the understanding of cutis laxa at the

molecular scale, from a structural and mechanical perspective at the single molecule

level, and later from an assembly perspective into higher order fibrillar and tissue scales,

will enable us develop a structure-function understanding of the disease. A common

question faced by biomedical researchers is how a range of similar yet distinct mutations

may cause a homologous pattern of symptoms. Given a combined set of modeling and

experimental tools, future studies can address such questions, enabling prediction or

early detection of the disease.

In nanoscale design, too, molecular modeling and simulation has gained wide popularity

for its ability to link microscopic details to macroscopic, experimentally observable

properties. The unique ability to capture events at small length scales has elucidated the

importance of hierarchical structure in biological materials, and has opened a new

passageway for biomimetics and material design. In this thesis we develop a series of

computational studies that provide a deeper fundamental understanding of the molecular

mechanisms that dictate the unique engineered functions exhibited by elastin-based

systems. The methods and analysis presented here can be extended to design different
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elastin-based composites or chimera materials, utilizing a modeling-experiment

feedback loop for effective prediction.

The road to innovation and inquiry into the applications of elastin, elastin-like peptides

and composite and chimera elastin materials is a newly emerging focus that includes the

development of new, enhanced biomaterials, functional composites and stimuli-

responsive systems. Computational modeling has already supplemented and enhanced

our understanding of elastin's extraordinary properties and suggested multiple avenues

for implementing applications such as sensitive molecular switch systems. We anticipate

that significant impact of such work lies in several areas of medicine and

bioengineering, where the function and failure of biomaterials such as elastin plays a

critical role.
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