Quarterly Reviews of
Biophysics

www.cambridge.org/qrb

Review

Cite this article: Depenveiller C, Baud S,
Belloy N, Bochicchio B, Dandurand J, Dauchez
M, Pepe A, Pomés R, Samouillan V, Debelle L
(2024). Structural and physical basis for the
elasticity of elastin. Quarterly Reviews of
Biophysics, 57, €3, 1-23
https://doi.org/10.1017/S0033583524000040

Received: 08 September 2023
Revised: 02 February 2024
Accepted: 15 February 2024

Keywords:
elasticity; elastin; entropy; model; structure;
water

Corresponding author:
Laurent Debelle;
Email: laurent.debelle@univ-reims.fr

© The Author(s), 2024. Published by Cambridge
University Press.

CAMBRIDGE

UNIVERSITY PRESS

Structural and physical basis for the elasticity of
elastin

Camille Depenveiller” ©, Stéphanie Baud" @, Nicolas Belloy" @,

Brigida Bochicchio® @, Jany Dandurand” @, Manuel Dauchez' ©,

Antonietta Pepe’ @, Régis Pomés™°® @, Valérie Samouillan” @ and

Laurent Debelle*

"UMR URCA/CNRS 7369, Matrice Extracellulaire et Dynamique Cellulaire (MEDyC), UFR Sciences Exactes et Naturelles,
SFR CAP Santé, Université de Reims Champagne-Ardenne, Reims, France; *Unité de Génie Enzymatique et Cellulaire
UMR 7025 CNRS, Université de Picardie Jules Verne, Amiens, France; *Laboratory of Bioinspired Materials, Department
of Science, University of Basilicata, Potenza, Italy; *CIRIMAT UMR 5085, Université Paul Sabatier, Université de Toulouse,
Toulouse, France; Molecular Medicine, Hospital for Sick Children, Toronto, ON, Canada and °Department of
Biochemistry, University of Toronto, Toronto, ON, Canada

Abstract

Elastin function is to endow vertebrate tissues with elasticity so that they can adapt to local
mechanical constraints. The hydrophobicity and insolubility of the mature elastin polymer have
hampered studies of its molecular organisation and structure-elasticity relationships. Never-
theless, a growing number of studies from a broad range of disciplines have provided invaluable
insights, and several structural models of elastin have been proposed. However, many questions
remain regarding how the primary sequence of elastin (and the soluble precursor tropoelastin)
governs the molecular structure, its organisation into a polymeric network, and the mechanical
properties of the resulting material. The elasticity of elastin is known to be largely entropic in
origin, a property that is understood to arise from both its disordered molecular structure and its
hydrophobic character. Despite a high degree of hydrophobicity, elastin does not form compact,
water-excluding domains and remains highly disordered. However, elastin contains both stable
and labile secondary structure elements. Current models of elastin structure and function are
drawn from data collected on tropoelastin and on elastin-like peptides (ELPs) but at the tissue
level, elasticity is only achieved after polymerisation of the mature elastin. In tissues, the
reticulation of tropoelastin chains in water defines the polymer elastin that bears elasticity.
Similarly, ELPs require polymerisation to become elastic. There is considerable interest in elastin
especially in the biomaterials and cosmetic fields where ELPs are widely used. This review aims
to provide an up-to-date survey of/perspective on current knowledge about the interplay
between elastin structure, solvation, and entropic elasticity.

Foreword

Since its first traceable report in the literature in the early twentieth century (Engeland, 1925),
elastin has attracted much attention, especially in recent decades.

In the 1950s, the first purification methods were devised to extract elastin from tissues
(Lansing et al., 1952; Partridge et al, 1955). Partridge et al. (1955) observe that elastin absorbs
water and swells in a hydrated medium. At that time, despite a relative lack of information about
its structure, the first theory for elastin elasticity was proposed (Hoeve and Flory, 1958). However,
until 1960, the number of articles containing the term ‘elastin’ as referenced in PubMed (Figure 1)
remained low. From the 1960s through the late 1970s, elastin started to attract more and more
attention. This period, marked by the discovery of elastin cross-links by Partridge et al. (1963),
was dominated by publications on the chemical and biochemical aspects of elastin. Purification
methods were devised to extract and isolate elastin from tissues (reviewed in Mecham, 2008) and
the amino-acid composition of elastin was established (Gotte et al., 1963). Thanks to the efforts of
numerous groups in the chemical and biochemical community, fragments from elastin, mostly
from bovine ligamentum nuchae, were identified and characterised, as was their ability to
coacervate (Partridge et al., 1955; Ledvina and Barto$, 1968; Urry et al, 1969). In parallel, in
the biomedical field, the evidence for a link between structural degradation of elastin and
pathological conditions was increasingly documented, and elastin emerged as a critical com-
pound involved in arterial calcification (Urry, 1974; Sandberg, 1976).

During the 1980s, considerable efforts were also made to understand elastin genetics and gene
regulation. For an excellent overview of elastin knowledge at that time, see (Cunningham, 1987).

In August 1987, the sequence of human tropoelastin was published (Indik et al, 1987).
Although the global organisation of elastin domains was revealed, it was also clear that elastin’s
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Figure 1. Time evolution of the number of elastin-related articles published since 1925. The literature search was performed in PubMed. The term ‘elastin’ was searched in the title,
abstract and keywords. Black vertical arrows delineate important milestones in the field of elastin biology. The grey arrows point out important dates where biophysical methods

were successfully applied to elastin material.

amino acid sequence and organisation were very different from that
of known globular proteins. The structure of elastin remained a
puzzle!

Since that time, the number of publications on elastin has grown
rapidly and elastin biology has become a central aspect of matrix
biology, thanks notably to advances made in molecular biology and
matrix genetics. Renewing elastin and promoting elastogenesis has
become a major challenge. Therefore, elastin-inspired materials
have been developed as they offer promising alternative solutions
to replacing native elastin.

Since 2000, the literature on elastin has considerably widened
and evolved. In particular, important data have been gathered on
elastin and tropoelastin. Elastin-mimics have tackled new problems
and continue to develop in various fields.

Nevertheless, despite significant advances, many questions
about elastin remain. Of central importance to the function of
elastin is the relationship between structure and elasticity. Can
the structure of elastin be captured by a unique or small number
of representative conformations, or is it best described as a large
ensemble of highly degenerate conformations with vanishing pro-
pensities? How do these structural properties change under stress,
how do they evolve in time upon extension, recoil, or stress relax-
ation, and how do they give rise to elasticity?

This review aims to provide a state-of-the-art survey of current
knowledge and emerging paradigms regarding the structural and
physical basis for the elasticity/mechanical properties of elastin,
what is known and what is predicted.

Introduction

The extracellular matrix is a three-dimensional macromolecular
network offering adhesion sites, mechanical protection, and regu-
latory cues to cells (Kyriakopoulou et al., 2023). The reversible
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extensibility of tissues is mostly due to the presence of elastic fibres
in their extracellular matrix (Gosline et al., 2002). These fibrillar
structures are particularly abundant in tissues where resilience is
required. Consequently, elastic fibres are found in mechanically
active organs such as skin, lung, ligaments, and large arteries. Their
presence fulfils a physiological need as they ensure the proper and
continuous functioning of these tissues. Depending on their loca-
tion, elastic fibres can be present in various architectures neverthe-
less, their composition and molecular structure are remarkably
invariant between organs (Heinz, 2021; Schmelzer and Duca, 2022).
In mature tissues, elastic fibres are formed by a central component,
elastin, surrounded by a mantle of microfibrils, mostly composed of
fibrillin-1 and other glycoproteins (Singh et al, 2021). While micro-
fibrils appear to act as a protective scaffold, the central elastin core,
which represents about 90% of the fibre, is responsible for resilience as
well as elastic recoil. The formation of elastic fibres, which includes the
deposition of elastin, is a process referred to as elastogenesis. This
complex process involves the timely expression of various genes
during foetal stages and early infancy (Wagenseil and Mecham,
2007). As describing this process is beyond the scope of this review,
interested readers should consider the following recent reviews
(Heinz, 2021; Keeley, 2021; Schmelzer and Duca, 2022). In this review,
we focus on elastin, an insoluble and hydrophobic protein formed by
cross-linking of its soluble monomeric precursor, tropoelastin.
Elastin appeared late in vertebrates evolution (Keeley, 2013).
This macromolecule is characterised by exceptional mechanical
properties (Gosline et al, 2002) and longevity. With a half-life of
70 years in lung (Shapiro et al., 1991), elastin is one of the most
stable and durable proteins known in humans. It is extremely
resistant to mechanical deformations and is chemically stable.
Indeed, few enzymes can degrade mature elastin (Heinz, 2020).
The exceptional stability of elastin is mostly due to the extreme
hydrophobicity of its chains and its numerous cross-links.
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The function of elastin is to endow biological tissues with elasti-
city. In contrast with Hookean linear elasticity, which is a property
shared by all solids subjected to small deformations (<1%), elastin is
an elastomeric polymer supporting large deformations (~150%) and
characterised by rubber-like elasticity of entropic origin (Urry et al,
2002). These properties are imparted by the cross-linked structure of
the polymer and modulated by solvent conditions: the elasticity of
elastin is achieved only when tropoelastin chains are polymerised
and swollen in water. In fact, dry elastin is brittle.

Despite over 80 years of study (Meyer and Ferri, 1937), neither
the molecular basis for the self-assembly of elastin nor the structure
of the functional, polymerised state are fully understood. Compet-
ing structural models of elastin have been proposed, which span a
range from fully ordered (Venkatachalam and Urry, 1981) to fully
disordered (Hoeve and Flory, 1958, 1974) and emphasise either the
hydrophobic effect (Weis-Fogh and Andersen, 1970; Gray et al.,
1973; Venkatachalam and Urry, 1981; Li et al., 2001a) or conform-
ational entropy (Hoeve and Flory, 1958, 1974; Dorrington et al,
1975) as the dominant contribution to the elastic recoil force.

High conformational entropy is the key feature of the random
network model of elastin (Hoeve and Flory, 1958, 1974). Based on
thermo-elasticity measurements indicating that elastin’s recoil
force is 85% entropic, Hoeve and Flory postulated that elastin’s
structure is an isotropic, rubber-like polymer network consisting of
cross-linked, random chains. In this model, elastic recoil is driven
by the difference in conformational entropy (i.e. disorder) of the
polypeptide chains, which increases upon collapse, relative to the
stretched state, in which conformational entropy approaches zero —
much as the structural disorder of cooked spaghetti differs from
that of its uncooked counterpart.

In contrast to the random coil model, specific secondary struc-
ture preferences and significant burial of non-polar groups are
common features of several other structural models of elastin
(Weis-Fogh and Andersen, 1970; Gray et al., 1973; Venkatachalam
and Urry, 1981; Li et al, 2001a). Elastin’s highly hydrophobic
sequence led several groups to propose that the hydrophobic effect,
rather than conformational entropy, is the major entropic driving
force for elasticity (Weis-Fogh and Andersen, 1970; Gray et al,
1973; Gosline, 1978). In these models, non-polar side chains are
successively exposed to water upon extension of the polypeptide
and buried upon recoil. Several models were proposed in which
non-polar side chains are arranged to exclude water molecules; the
most ordered of these models is the B-spiral, which consists of
repeated B-turns (Venkatachalam and Urry, 1981).

To go beyond these idealised, qualitative, and seemingly contra-
dictory models, it is essential to gain insights into the molecular
basis of elasticity as grounded in high-resolution structural infor-
mation, in which conformational disorder is quantified statistically,
in terms of structural propensities.

Definitions

In the literature, the term ‘elastin’ is sometimes misused. To clarify
the vocabulary devoted to elastin, we provide here a glossary of the
main terms.

Elastic fibres— These elastic structures are large fibres located in
the extracellular matrix of tissues requiring extensibility with resili-
ency (Kozel et al., 2011). They can have various 3D organisations
depending on the tissue and its local mechanical constraints. For
instance, they form a loose fibrillar network in skin and nested
tubular structures in the arterial wall.
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Elastin— This macromolecule is made of assembled tropoelastin
molecules bound covalently together upon the formation of specific
cross-links (Partridge et al., 1963). The molecular weight of elastin
can be considered as infinite as it forms a very large and extensive
network. For instance, arterial elastin forms a continuous network
encompassing the elastic lamellae of all arterial conducts (as they
are interconnected). The term ‘elastic network’ is sometimes used
for elastin.

Tropoelastin— This molecule is the expression product of the eln
gene. It is the monomer that will give rise to elastin once poly-
merised. The eln gene can encode various tropoelastin isoforms due
to alternative splicing (Indik et al., 1987). This process is regulated
in time and space (Boyd et al., 1993). Therefore, elastin is made of
various tropoelastin building blocks. Full-length human tropoelas-
tin (UniProt accession number P15502-3) comprises 786 residues
and has an apparent molecular weight of 70 kDa. Post-translational
modifications of tropoelastin include the cleavage of its signal
peptide and the hydroxylation of selected prolyl sites (Schmelzer
et al, 2016). Importantly, these modifications are absent in tropoe-
lastins recombinantly expressed in bacteria (Jensen et al., 2000).
The overall organisation of full-length human tropoelastin is
depicted in Figure 2.

Cross-links— This term refers to the covalent cross-links formed
between tropoelastin molecules during elastogenesis. Those cross-
links are formed following the action of lysyl oxidases on exposed
lysyl residues to form allysyl moieties that spontaneously conden-
sate with modified or un-modified lysyl residues resulting in cova-
lent bi-, tri- or tetrafunctional cross-links. The typical cross-links of
elastin are desmosine and isodesmosine. Allysine aldol and lyso-
norleucine are also found. Importantly, recent experimental find-
ings establish that elastin cross-links are formed randomly both
inside and between tropoelastin chains (Schrider et al, 2018;
Hedtke et al., 2019).

In the biomaterial field, numerous studies report the presence of
cross-linked elastin chains. In these cases, cross-linking is artificial
and can be achieved by chemical, physical, thermal, or enzymatic
processes.

Assembly— The assembly of elastin designates both the process
occurring during elastogenesis when tropoelastin molecules organ-
ise in 3D before being cross-linked to form elastin, and the final 3D
organisation of tropoelastin molecules.

Elastin domains— These domains are numbered. They are not
domains (in the 3D acceptance of the term) like those found in
globular or modular proteins. They correspond to the sequences
encoded by the exon with matching number in the eln gene. For
instance, domain 24 is the domain encoded by exon 24. This
denomination is made possible because of the cassette-like organ-
isation of the gene, where each exon encodes for a hydrophobic or
hydrophilic domain. It is important to note here that this number-
ing refers to the structure of bovine eln gene (36 exons), since exons
34 and 35 are absent from the genomic sequence of human tro-
poelastin.

Hydrophobic/hydrophilic domains— These domains, that alter-
nate in the sequence of tropoelastin, correspond to tropoelastin
sequence domains mostly made of G, P, A, V, and L residues for the
first one, while the second are characterised by the presence of the
lysyl residues that are used for cross-linking. The latter can also be
termed cross-linking domains (see below). The hydrophilic quali-
fication of these domains must be explained. In general, whilst the
entire sequence of tropoelastin is extremely hydrophobic, several
segments appear less hydrophobic due to the local presence of
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#d [ Encoded Sequence / Elastin domains ] Pattern

1 MAGLTAAAPRPGVLLLLLSILHPSRPG

2 GVPGAIPGGVPGGVFYP N-terminal

3 * GAGLGALGG Gly-rich hydrophobic

4 fr GALGPGGKPLKPV @- KP crossdinking

5 PGGLAGAGLGA W\ KA cross-linking

6 W\ GLGAFPAVTFPGALVPGGVADAAAAYKAAKA ) ‘

7 GAGLGGVPGVGGLGVSA iy Pro-rich hydrophobic XGGZG

8 rr GAVVPQPGAGVKPGKVP ) Human specific

9 rr GVGLPGVYPGGVLPGA @ Charged C-terminal

10 nr * RFPGVGVLPGVPTGAGVKPKAP S dematively asiced st

1 * GVGGAFAGIP

12 rr GVGPFGGPQPGVPLGYPIKAPKLP

13 rr * GGYGLPYTTGKLPY

14 GYGPGGVAGAAGKAGYPTGT

15 W\ GVGPQAAAAAAAKAAAKF

16 L GAGAAGVLPGVGGAGVPGVPGAIPGIGGIA

17 N\ GVGTPAAAAAAAAAAKAAKY

18 e GAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGAAVP XGXXPG, XPGXG
19 (V4% GVVSPEAAAKAAAKAAKY
20 L GARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVPGVGGVPGVGIS XGXXPG, XPGXG
21 LVAY PEAQAAAAAKAAKY
22 r * GAAGAGVYLGGLYPGPQAAVPGVPGTGGVP
23 (VA * GVGTPAAAAAKAAAKAAQF
24 i GLVPGVGVAPGVGVAPGVYGVAPGVGLAPGVGVAPGVYGVAPGVGVAPGI XGXXPG, XPGXG
25 LAY GPGGVAAAAKSAAKVAAKAQL
26 rr RAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPGFGA XGXPGXGXG
26A @ * GADEGVRRSLSPELREGDPSSSQHLPSTPSSPR
27 LA VPGALAAAKAAKY
28 GAAVPGVLGGLGALGGVGIPGGVV XGGZG
29 (VA" GAGPAAAAAAAKAAAKAAQF
30 GLVGAAGLGGLGVGGLGVPGVGGLG XGGZG
31 W\ GIPPAAAAKAAKY
32 * GAAGLGGVLGGAGQFPLG
33 * GVAARPGFGLSPIFP
36 &) GGACLGKACGRKRK

Figure 2. Overall organisation of full-length human tropoelastin. #d, number of the domain. This number is the number of the exon encoding the sequence. Exon numbering follows
the structure of the bovine eln gene. The symbols on the left of this number indicate the type of domain (see inset). The sequence of each domain is reported as well as the typical
patterns found inside. The sequence in grey in domain 1 corresponds to the signal peptide. The protein sequence of the human-specific domain 26A is highly uncharacteristic of

elastins. It is rarely expressed, and may be artefactual (Bisaccia et al., 1998).

charged residues, that is, lysyl residues. These regions are con-
sidered as hydrophilic as compared to the rest of the sequence. In
elastin, lysyl residues engage in cross-links and lose their charges
making of these initially ‘hydrophilic’ cross-linking domains more
hydrophobic ones in the mature elastin molecule.

Elastic domains— In contrast with the cross-linking domains, the
elastic domains are thought to confer elasticity. It is generally
accepted that these domains are hydrophobic (Rauscher et al,
2006). Nevertheless, it must be stressed that elasticity is only
achieved after proper cross-linking of tropoelastin chains. There-
fore, sequences in the cross-linking domains must also somehow
affect elastic properties.

Mini-elastin— A mini-elastin is a protein model of elastin created
by genetic engineering. The building block of a mini-elastin is a
protein sequence containing alternating hydrophobic and cross-
linking domains of elastin, thereby mimicking the sequence organ-
isation of tropoelastin. These building blocks are polymerised to
form a 3D network. The domains within mini-elastin are often
simplified versions of the natural domains, that is, they are regular
repeats of a given sequence motif. Despite being a synthetic and
simplified versions of elastin, the mini-elastins are excellent models
for studying elastin-related processes (Keeley et al, 2002; Belling-
ham et al., 2003; Vidal Ceballos et al., 2022).
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Soluble elastin— Purified elastin is totally insoluble in water.
Consequently, methods were devised to make it soluble. The term
‘soluble elastin’ designates the product resulting from the solubil-
isation of purified elastin. Depending on the hydrolysis agent,
usually oxalic acid or KOH, the resulting soluble elastin is named
a-elastin (Partridge et al., 1955) or k-elastin (Jacob and Hornebeck,
1985), respectively. Soluble elastins are mixtures of cleaved elastin
peptides or chains of various lengths.

Elastin peptides— These peptides are the degradation/fragmen-
tation products of mature elastin. They are sometimes called
elastin-derived peptides (EDP) because they truly originate from
elastin. These peptides can have various lengths and some of them
exhibit biological activities. For a review of these aspects, see
(Schmelzer and Duca, 2022). The term ‘elastin peptides’ also des-
ignates synthetic peptides exhibiting typical elastin sequences. In
this case, those are commonly produced by organic synthesis. By
extension, any peptide harbouring a sequence resembling an actual
elastin sequence, or repeats of such sequence, is termed elastin-like
peptide (ELP). The development of ELP has led to elastin-inspired
technologies.

Coacervation— The coacervation process is a reversible phase
separation in which the peptides in solution form ‘liquid droplets’
that eventually merge to form a hydrogel, the coacervate (Partridge
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et al., 1955). Tropoelastin, soluble elastin, elastin peptides, mini-
elastin and ELP exhibit this behaviour. The coacervation process
occurs at a fixed temperature, which depends on the nature of the
solute. When this critical temperature is reached, coacervation
occurs if the solute is sufficiently concentrated. Coacervation is
influenced by the pH and ionic strength of the medium and is one of
the key processes driving elastin assembly (Yeo et al, 2011). The
hydrophobic domains of elastin are responsible for this self-
assembly (Rauscher et al., 2006).

Aggregation— This term designates the formation of irreversible
interactions between peptide chains. This behaviour is typical of
amyloidogenic sequences present in elastin, notably in domain
30 (Kozel et al., 2003; Tamburro et al., 2005). In older papers, when
the amyloidogenic behaviour of elastin was unknown, the term
‘aggregation’ was used instead of ‘coacervation’ (Bressan et al,
1986).

Elastin structure

Since elastin elasticity has an entropic origin, it was initially thought
that, as for typical elastomers, elastin must be mostly disordered
(Hoeve and Flory, 1974). However, elastin elasticity requires that
the hydrophobic chains are cross-linked and hydrated. Thus, even if
conformational entropy is a key feature contributing largely to
elastin entropy (and function), it is not sufficient to explain it.
As a disordered protein, tropoelastin/elastin challenges Anfinsen’s
dogma of protein structure (Anfinsen, 1972), the so-called ‘thermo-
dynamic hypothesis’. In this postulate, Anfinsen states that a pro-
tein folds in a unique configuration, corresponding to its local free
energy minimum, that is solely defined by the sequence of the
protein itself. This could be summarised by the following logical
chain of events:

sequence — folding — set of stable conformations — function.

As we will underline, elastin follows another path:

sequence — partial folding — no stable conformation — function.

In fact, elastin is characterised by its inability to pack its secondary
structure elements into a stable tertiary structure, making of it a
prototypical member of the intrinsically disorder proteins group
(Muiznieks et al., 2018).

Elastin organisation

The elastic network is a 3D object endowing tissues with rubber-like
elasticity. In this network, the 3D arrangement of polymerised tropoe-
lastin explains and sustains this function. Consequently, most struc-
tural models of elastin have been devised to explain both its assembly
and elastic behaviour in keeping with what was known at the time.

Microscopic observations

The first insight into elastin assembly came from histological
observations. As elastin possesses few charged residues, its affinity
for common dyes was low and specific dyes were developed to
detect it in tissues (Dempsey and Lansing, 1954). Unfortunately,
their use did not permit to assess the fine structures of the imaged
elastic fibres. However, they underlined the regular and cylindrical
shape of elastic fibres, and the possibility of fibrillar elements, at
least in ligamentum nuchae. Further, histological analysis clearly
demonstrated that the 3D organisation of the elastic network was
tissue-dependent (Partridge, 1963).
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The application of electron microscopy to the study of elastic
fibres was not possible until thin section preparation was possible.
In 1986, the group of Dino Volpin in Padova (Italy) demonstrated
that, above 40 °C, tropoelastin assembled into thin 5 nm-thick
filaments that could, in turn, merge to form an elastin fibre adopt-
ing a rope-like appearance (Bressan et al, 1986). Elastin was
conventionally described as unstructured and amorphous based
on transmission electronic microscopy observations where the
elastic fibres appeared devoid of any internal order/organisation.
This discrepancy is explained by the fact that most reports used
conventional sample preparation techniques. However, a possible
internal organisation of elastin had been proposed earlier using
quick freeze deep etch methods to observe elastic fibres ultrastruc-
ture (Pasquali Ronchetti et al., 1979). The fact that elastin sample
preparation greatly influences its appearance is now accepted
(Kozel and Mecham, 2019), as is the rope-like organisation of
elastin within the fibre.

Historical models

The random chain network (Hoeve and Flory, 1958) was the first
model proposed for elastin. It describes elastin as an ideal rubber
and explains its mechanical behaviour with reference to the classical
theory of rubber elasticity. In this model, elastin is described as a
collection of long, unordered, cross-linked hydrophobic chains
swollen in water.

In 1970, an alternative model was proposed to explain elastin
structure and elasticity (Weis-Fogh and Andersen, 1970). In the
liquid drop model, tropoelastin molecules are assembled in a regular
3D arrangement creating intramolecular spaces filled by bulk water.
According to this model, upon extension, the individual tropoelas-
tin units change shape and expose their hydrophobic side chains to
bulk water resulting in the formation of low-entropy water of
hydrophobic hydration. This model therefore proposes that hydro-
phobic hydration would be the driving mechanism for entropic
elasticity and hence that water is a critical actor in mediating elastin
elasticity. This model was supported by the experimental finding
that elastin contains ‘water spaces’ (Partridge, 1967). However,
Hoeve and Flory (1974) contested this view by stating that ‘polymer
backbone, not solvent, must bear the force’.

The oiled coil model proposed in 1973 (Gray et al., 1973) was
devised following extensive analysis of partial sequences derived
from elastin. This model describes elastin as a network where the
cross-linking domains are rigid a-helices while the hydrophobic
domains are organised in a spring-like structure explaining elasti-
city. In this coil structure, glycyl residues are in external positions
where they can interact with the solvent, while the more hydro-
phobic residues are buried. In this configuration, the backbone is
fully hydrated. This model suggests that in a static state, elastin
chains are organised in a particular way that would be lost upon
extension but that this organisation could be fully recovered after
stretching. In this context, both the chains and water seem to be
important for elasticity.

After considerable work performed on the VPGVG sequence,
which is tandemly repeated in bovine elastin, Urry proposed the
p-spiral model in 1977 (Urry and Long, 1977). In this model,
repeated motifs form consecutive S-turns that organise in a helix-
like structure, which would be expected to manifest as a filamentous
organisation at the supramolecular level. In the folded f-spiral,
water surrounds S-turn chains that are free to rotate about their
backbone bonds. These moieties are expected to rock or ‘librate’.
According to Urry’s model, the entropic nature of elastin originates
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from these librational motions that decrease when the polymer is
stretched.

When the full sequence of tropoelastin became available, it
became clear that the sequences that gave rise to the oiled coil
and f-spiral model only represented a small portion of the sequence
and could not fully explain elastin 3D structure. While the oiled
drop model was rapidly abandoned by the community, the S-spiral
was still discussed because numerous experimental data suggested
that the S-turn would be an important secondary structure in
elastin.

After extensive conformational analysis of synthetic elastin-
derived sequences, Tamburro’s sliding turn model was proposed
(Tamburro, 1990). As Urry’s, this model mainly focuses on the
conformational behaviour of the hydrophobic domains. But while
Urry proposed regular arrangement of turns, the sliding turn
model states that these regions are characterised by the presence
of labile and rapidly exchanging secondary structure features,
including turns, distorted B-stands or poly-proline II elements
(Tamburro, 2009). This dynamical interchange is amplified by
hydration and makes turns ‘slide’ along the chains in a perpetual
movement (Tamburro et al., 1990; Lelj et al., 1992). For Tam-
burro, while the cross-linking domains are rather stable and rigid,
the elastic domains of elastin are dominated by these sliding
structures, which explains the high conformational entropy
required for elasticity.

Based on small-angle X-ray and neutron scattering experiments,
Weiss and colleagues (Baldock et al., 2011) described the shape of
hydrated tropoelastin. Further, they analysed the elastic behaviour
of the isolated monomer using the worm-like chain model of
polymer elasticity (Lapidus et al., 2002) and concluded that elastin
elasticity is explained by the mechanical properties of its monomer.
In this model, elastin is described as an ‘oiled coiled coil” in which
tropoelastin molecules are arranged head to tail to form intertwined
microfibers. Different from other models, this model is not directly
linked to a specific explanation for the elastin entropic behaviour as
it does not provide data about the conformational behaviour of
structural ensembles found within the tropoelastin shape. Because
this model consists of a single conformation that resembles the
shape derived from SAXS data, it is not readily reconcilable with the
concept of structural disorder and statistical mechanics prevailing
for elastin structure and function. Consequently, Weiss model for
elastin should be better described as a model for tropoelastin
assembly.

Cross-links formation

Since their first identification (Partridge et al., 1963), considerable
effort has been made to understand the processes leading to the
formation of mature elastin via cross-linking of tropoelastin. To
date, this process is not fully understood but important advances
have been made. The identification of cross-links joining domains
10, 19, and 25 was a key step (Brown-Augsburger et al., 1995).
Indeed, this finding suggested that, at least in the initial steps of
polymerisation, a regular organisation of tropoelastin molecules
would be required to assemble elastin. However, more recently,
extensive mass spectrometry analyses performed by Schmelzer’s
group convincingly established that the formation of elastin cross-
links was mainly a random process (Schrider et al., 2018; Hedtke
et al., 2019). Therefore, it seems reasonable to propose that, despite
some level of ordered structures, cross-link formation is a random
process that would enhance the overall entropic nature of the
polymer.
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Fractality

The supramolecular organisation of bovine ligamentum nuchae
elastin and a-elastin either as coacervate or as a lyophilised powder
has been studied by scanning and transmission microscopy
(Tamburro et al,, 1995). Importantly, these experiments evidenced
filaments, fibrils, fibres, networks and dendritic, leaf-like forms,
that could be rationalised in terms of fractal geometry.

Fractal geometry describes natural occurring objects with non-
integer dimensions, including complex chemical systems
(Borman, 1991) and large aggregates (Family, 1993). The most
important property of a fractal is its self-similarity. A piece of a
fractal object looks like the whole, namely it has no characteristic
length scale. When a fractal is observed at increasing resolution, it
shows increasingly higher level of detail and the following power
law (Sander et al., 1994) holds: N =cs~C, where N is the smallest
number of boxes of linear dimension s that can cover the object. D
is the fractal dimension and c is a constant. For elastin, the fractal
dimension D was determined by using the box-counting method
and was in the range between 1.4 and 1.9 (Tamburro et al, 1995).
Comparable fractal characteristics were calculated for some
aggregates from recombinant elastin-inspired partially ordered
polypeptides. A two-stage aggregation process was suggested and
predicted by coarse-grained simulations for these peptides
depending on temperature: when it is raised beyond the transition
temperature (T;) the mesoscopic nuclei rapidly link, forming
fractal networks (Roberts et al., 2018). This type of coacervation
is mirrored in tropoelastin which undergoes a multistage process
(Yeo et al., 2011).

Structural insights

Mature, cross-linked elastin does not crystallise thereby prevent-
ing structural analysis by X-ray diffraction. In 2002, elastin
extracted from bovine nuchal ligament was characterised in the
hydrated and lyophilised form by solid-state nuclear magnetic
resonance (NMR) (Perry et al, 2002; Kumashiro et al., 2003).
Given the difficulty in crystallising elastin and elastin-derived
sequences, hydrolysis products, such as a- and x-elastin, have
been used for spectroscopic studies in solution (Tamburro et al.,
1978; Debelle et al., 1995). Later, the availability of soluble human
recombinant tropoelastin, allowed researchers to study the pro-
tein with a high purification degree and to use it for potential
applications as a biomaterial (Vrhovski et al, 1997). Whilst
recombinant tropoelastin represents a breakthrough in biomater-
ials applied science, the use of tropoelastin in conformational
studies presents some drawbacks. First, the repetition of identical
amino acid residues such as glycine, alanine, and valine along the
primary structure impedes the conformational investigation of
the protein in solution by NMR given the severe degeneracy of
signals. Consequently, the data gathered experimentally for elas-
tin and tropoelastin structures are limited. However, circular
dichroism (CD) (Vrhovski et al, 1997) and Raman (Debelle
et al., 1995) spectra underline the presence of a-helical conform-
ations, B-turns and B-strands in both elastin and tropoelastin.
Therefore, the intrinsically disordered elastin polymer possesses
at least some degree of ordered structures. As we will illustrate
below, this apparent discrepancy is explained by the fact that these
spectroscopic techniques provide an average static description of
elastin structures at a given observation time. A key feature of
elastin structures is their dynamic behaviour: they are mostly
transient, labile, and rapidly changing between states.
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The sequence of tropoelastin displays a low complexity, notably
in its hydrophobic domains (Figure 2). About 80% of the residues
found in tropoelastin sequence are P, V, G, L, I, or A. The hydro-
phobic domains are rich in G, V, P, and L, while K and A are mainly
found in the hydrophilic cross-linking domains. In the hydrophobic
domains, non-polar residues are often found in tandem repeat and
pseudo-repeat sequences (Keeley, 2013). In these regions, character-
istic 2-mer and 3-mer motifs can be found, such as GX, PX, GGX,
and PGX, where X corresponds to a G, A, V, L, or I (Debelle and
Tamburro, 1999; Shewry et al, 2003). The GV, GGV, or VPG motifs
are common in these domains (Muiznieks and Keeley, 2017).

The study of these typical elastin repeats is of particular interest
when it comes to understanding tropoelastin through its charac-
teristic elements. For instance, VPG motifs have been suggested to
form transient B-turn structures which are necessary to maintain
conformational flexibility (Reichheld et al., 2021).

Reductionist approach

The fractal nature of assembled elastin and hence self-similarity
means that even very short elastin sequences should show molecular
and supramolecular features which are similar to those of the whole
elastomer. As a consequence, past studies performed on short syn-
thetic peptides corresponding to repeating sequences (Long et al,
1980; Tamburro et al,, 1990, 1992) or to recombinant polypeptides
spanning regions encoded by exons 20 to 24 (Miao et al, 2005;
Reichheld et al,, 2014) may be highly informative regarding larger-
scale elastin assembly. However, the choice of specific sequences
within elastin chains may mean that such studies are not represen-
tative of all exons within the monomer.

To fill this gap, Tamburro and colleagues took advantage of the
cassette-like organisation of the eln gene, where exons encoding
hydrophobic sequences alternate regularly with lysine-rich
domains containing of those rich in alanine (KA domains) and
those containing proline (KP domains), and undertook the exon-
by-exon synthesis of human tropoelastin domains (Tamburro et al,
2003, 2006; Pepe et al., 2008). The working hypothesis of their
‘reductionist approach’ (Salvi et al., 2013) was that each domain
would adopt a specific and independent conformation in the poly-
mer, and possibly play a specific function.

CD is a useful and quick tool for assessing the secondary
structure of polypeptides in solution, which, in the context of
the reductionist approach, depends on temperature and solvent.
In particular, temperature is a critical parameter for extended
conformations such as poly-L-proline II (PPII) and folded struc-
tures like turns (Tamburro et al., 2005; Bochicchio and Pepe, 2011).
Therefore, studies as a function of temperature were carried out
both in aqueous solution and 2,2,2-trifluoroethanol (TFE). TFE is a
solvent which is less polar than water and which favours regular
secondary structures such as helices and turns stabilised by intra-
molecular hydrogen bonds. The rationale behind the use of TFE is
to assess the possible conformations adopted by the polypeptides in
a more shielded environment as compared to the real local condi-
tions they experience in hydrated elastin. These in situ conditions
are unknown and more likely intermediate between the two solvent
extremes, water and TFE. Of particular interest, is the finding that
in an aqueous solution the dominant conformation for hydropho-
bic domain peptides is apparently the PPII often in equilibrium
with the so-called ‘unordered’ state. The results are summarised in
Table 1.

The reductionist approach underlined that PPII is a significant
contributor to the conformational ensemble in flexible, unordered
polypeptides (Bochicchio and Pepe, 2011). In fact, recently a new
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picture of unordered conformations emerged from the analysis of
unfolded proteins and unordered peptides that points to more
restricted conformational sampling in the unordered state with a
limited range of accessible conformations.

Many spectroscopic studies and molecular dynamics simula-
tions propose that short stretches of 25 residues in PPII are the
most favoured conformations in solution for unordered and
unfolded peptides (Bochicchio et al, 2015). Furthermore, the
unordered form is constituted not only by PPII-helical stretches
with three or more residues but also by conformers in which
individual residues are in PPII, a-, or B-regions of the Ramachan-
dran map, rapidly interconverting. In TFE, in contrast, folded
conformations, such as type I and type II B-turns are found
together with a-helices in polyalanine sequences and with
unordered conformations in hydrophobic and KP domains
(Tamburro et al., 2006).

In conclusion, because the polarity of the microenvironment
might be intermediate between water and TFE, the reductionist
approach led to the proposal of a conformational equilibrium for
elastin, comprising PPII, B-turns, and unordered conformations, as
illustrated in Figure 3. Each of the three terms at the equilibrium
should comprise, on their own, additional internal fluctuations.
Such is, for example, the case of PPII, where most probably the
trans-conformational transitions involve the entire upper left
region of the Ramachandran map, that is, the region of the
(quasi) extended conformation, including also B-strands. Similarly,
the term ‘B-turns’ refers to fluctuations around the energy min-
imum of isolated B-turns and also equilibria such as type I 2 typeII,
which have been proposed as a common structure in elastin, and
are central to the ‘sliding B-turns’ model proposed by Tamburro as
an explanation for elastin elasticity (Tamburro et al, 1990; Lelj
et al, 1992).

As a native, relaxed state at high entropy is essential for confer-
ring elasticity according to the classical theory of rubber elasticity, a
pivotal role in this context is played by the PPII flexibility. In fact,
the main peculiarity of PPII lies in its high flexibility undoubtedly
due to the absence of intra-chain hydrogen bonds. Accordingly, the
possibility that PPII is involved, as suggested above, in multi-
conformational equilibria such as PPII/unordered/B-turns, should
conceivably increase the entropy of the relaxed state, and therefore
allow the expression of elasticity. In this sense, the reductionist
approach strongly supports the general equilibrium extended 2
folded, proposed by Tamburro model as the source of elastin high
entropy in the relaxed state.

Numerical simulations

Molecular dynamics (MD) simulation is a powerful computational
technique for studying the properties of biological molecules at the
atomic level. A protein is represented as a set of atoms that interact
according to the laws of classical mechanics. By simulating the
motion of these atoms, the conformational changes and dynamic
properties of the protein can be sampled. The result is a trajectory
that describes the positions and velocities of all the atoms in the
molecule over time. Simulations have been used to study a wide
range of biological processes, including protein folding/unfolding,
ligand binding and enzyme catalysis, and have provided valuable
insights into the molecular basis of these phenomena. Despite its
computational cost, MD simulation has become an essential tool
for studying globular proteins, filling the gap between experiment
and theory and shedding new light on the fundamental principles
governing protein structure and function (Bottaro and Lindorff-
Larsen, 2018).
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Table 1. Summary of secondary structure elements presence in elastin domains as evidenced by CD and NMR following the reductionist approach

#d Type Secondary structures #d Type Secondary structures

2 h PPII g1 2 U 19 KA o g1 U
3 h PPII 2 U 20 h PPII g2 U
4 KP p1 U 21 KA o PPII U
5 h PPII 1 2 U 22 h 2 U
6 KA o PPII u 23 KA o PPII T U
7 h g2 U 24 h PPII g2 U
8 KP PPII p1 p2 U 25 KA o PPII T U
9 h PPII p1 2 U 26 h PPII 2 U
10 KP PPII g1 U 26A" 2 U
11 h u 27 KA o PPII p1 U
12 KP PPII p1 p2 U 28 h PPII p1 U
13 KP 28 B2 U 29 KA o PPII U
14 h 2 U 30 h PPII 2 U
15 KA o PPII u 31 KA o PPII u
16 h PPII g2 u 32 h PPII B1 g2 U
17 KA o p1 U 33 h PPII p1 B2 U
18 h PPII B2 U 36 CcT p1 U

#d, domain number. Domain types: h, hydrophobic domain; KP, KP cross-linking domain; KA, KA cross-linking domain; CT, C-terminal. Secondary structures: a, a-helix; PPII, poly-proline Il helix;
B1, type | B-turn; B2, type Il -turn; T, turn; U, unordered. 'Domain 26A s not a distinct domain but rather an extension of domain 26 generated by read-through beyond the normal donor splice site
in the genomic sequence. The protein sequence is highly uncharacteristic of elastins, rarely expressed, and may be artefactual (Bisaccia et al., 1998).

MD simulation is an essential tool for studying poorly struc-
tured or intrinsically disordered proteins (IDPs), that is proteins
lacking a well-defined 3D structure under physiological conditions.
When studying IDP by MD, simulation allows the exploration of
the IDP conformational space and dynamics, generating an ensem-
ble of conformations which can be compared to experimental
observables. Although the conformational flexibility of IDPs makes
their simulation particularly challenging, MD simulations consti-
tute a valuable complement to experimental techniques, notably in
the study of IDPs (Hernandez et al., 2020; Salvi et al., 2022).

MD relies on a force field, a mathematical model describing the
interactions between atoms in a molecular system. It consists of a
set of equations that computes the forces acting on each atom based
on its position and the positions of neighbouring atoms. These
forces, typically derived from experimental or theoretical data,
determine the motion of the atoms and therefore the behaviour
of the whole system. A force field typically includes terms for bond
stretching, angle bending, torsional rotation, non-bonded inter-
actions (such as van der Waals forces and electrostatic interactions),
and other contributions such as solvent effects. Different force
fields can have different levels of accuracy and computational
efficiency, and their selection depends on the specific system being
studied and the research question of interest. The choice of a force
field can have a significant impact on the simulation results, and it is
important to validate the model against experimental data when-
ever possible.

Several force fields have been developed for several decades,
mainly for globular proteins. These force fields have shown their
efficiency for simulating such systems, but have limitations for
simulating IDPs because of their inability to reproduce the
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conformational ensembles explored by disordered systems
(Rauscher et al.,, 2015). Consequently, new sets of parameters have
been developed or adjusted from existing force fields for these
systems. For instance, the CHARMM36m force field (Huang
et al, 2017), developed from CHARMMS36, allows to generate
conformational ensembles for IDPs, the sampling method being
based on the search for interactions between protein and water, to
explore more specifically extended conformations. Currently, con-
venient simulation protocols are still under development.

In the field of elastin research, molecular modelling was used to
investigate the structural organisation, elasticity, or phase transi-
tion of tropoelastin-inspired peptides. Pioneering computations
were initially performed in vacuo (Chang et al., 1989; Lelj et al.,
1992; Villani and Tamburro, 1995), then with one added shell of
water molecules around (VPGVG), (Wasserman and Salemme,
1990), and later on, on a fully hydrated system with explicit water
(Li et al., 2001a).

Whereas all-atom simulations can be performed on characteristic
peptide motifs of tropoelastin, more recent approaches like coarse-
grained modelling do not consider each atom individually, but rather
one particle as a group of several atoms. This approach is difficult to
use with molecules such as tropoelastin and its motifs (Depenveiller
et al, 2023). Coarse-grained simulation approaches have been
applied to ELP, but they require a systematic re-parameterisation
of the potentials of the dihedral angles to prevent the secondary
structures from ‘freezing’ during the simulation.

The dynamical behaviour in vacuo of an elastin-derived peptide,
GLGG, was modelled (Villani et al, 1997) and small amplitude
motions named solitons were observed. In this picture, the molecular
motion is essentially quasiperiodic and of rather lower entropy. In
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Figure 3. Conformational equilibrium characterising the elastic domains of elastin. (a) Elastic domains do not present stable conformations but rather rapidly and constantly
interchanging turns, PPIl and unordered states engaged in a conformational equilibrium sustained by the presence of surrounding water molecules. This process explains elastin
exceptional conformational entropy. Boxes point at turns sliding along the sequence. (b) Illustration of a turn sliding along the sequence. The example sequence is GVGGL. The

H-bond defining the turn shifts from positions G; — G4 to V, — Ls.

dynamical system theory it is well established that, increasing the
amplitude fluctuations of solitons, a transition to chaos of high
entropy is expected (Walker and Ford, 1969). Then, peptide chaotic
motion is suggested to take place in solution or at higher temperature
where large motions should occur. Moreover, considering that the
common characteristic of the proposed elastin elasticity mechanism
is a higher molecular freedom inside either the peptide chains or
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solvent molecules for the relaxed state with respect to the extended
one, a transition to chaos has been proposed as a source of entropy
differences and the driving force for the refolding of stretched elastin
when the external force is removed. This was the starting point for a
theoretical study based on non-linear systems theory (Villani et al,
1997; Villani and Tamburro, 1999). One of the global variables
considered was the trajectory of the end-to-end vector R, defined
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as the difference of position components of the Cartesian coordinate
of the end carbon atoms of acetyl and N-methyl-amide groups. The
perfectly irregular trajectory R.(t) found is considered typical of
fractional Brownian motion (chaos). A typical Brownian motion is
that resulting from the random walk assumed in the classical theory
of elasticity (Flory, 1953) and according to the fractal nature sug-
gested for elastin. The large conformational freedom in solution of
the free chains, either folded or extended, is apparent from the
structural parameter trajectories. The motions are, in all cases, larger
than the corresponding ones in vacuo. Moreover, this picture is in
agreement with proposed plasticiser role of water (Megret et al,
1993). In fact, the flexibility of the peptide backbone is increased by
the interaction with the solvent molecules and by efficient solvation
of peptide units that reduces the intramolecular hydrogen-bonding
interactions.

With increases in computational power, elaborate elastin-
related systems have been simulated in explicit water. The analysis
of the corresponding trajectories evidenced essential features of
hydrated elastin chains dynamics. Based on the reductionist
approach, numerical studies have been performed on peptides
bearing the characteristic sequence patterns of tropoelastin, namely
XPGXG, XGGZG, XGXXPG, XGXPGXGXG (Figure 2).

Domain 18 of bovine elastin contains 11 VPGVG tandem
repeats (Raju and Anwar, 1987). Similar VPGXG motifs are used
to design intrinsically disordered biomaterials (Roberts et al., 2015).
The XPGXG motifs originating from tropoelastin sequence have
been extensively studied, both experimentally by different meth-
odologies, and in simulations, VPGVG being the consensus motif
classically described (Muiznieks and Keeley, 2017). The VPGEG
and VPGKG forms are also found and widely used in biomedical
applications and biomaterials (Rodriguez-Cabello et al, 2016;
Wang et al., 2017; Rodriguez-Cabello et al., 2021).

Most simulations performed on these peptides have been run on
structural models of elastin. From such data, Urry proposed a
model where the repeating (VPGVG),, sequence would form a
B-spiral (Venkatachalam and Urry, 1981). However, such an organ-
isation implies restricted conformations, which is incompatible
with the high degree of conformational flexibility of elastin
(Rauscher and Pomeés, 2012). Further, this B-spiral structure has
been shown to be unstable during simulations (Li and Daggett,
2002).

The XGGZG type motifs, with X and Z being mainly permuta-
tions of L or V residues, are also important motifs of tropoelastin.
They are found in domains 7, 28, and 30 (Figure 2). These
sequences play a major role in aggregation and elastic fibre forma-
tion (Bochicchio et al, 2004). A variant of a natural sequence,
VGGVG, is often used in biomaterial studies. Numerical simula-
tions performed on these patterns (Bochicchio et al, 2015) show
that, in solution, these peptides mostly adopt a type I B-turn rapidly
exchanging with type II B-turns and irregular B-stands.

The VGVAPG is the archetypical XGXXPG-type motif. It is
found six times in domain 24 of human tropoelastin (Indik
et al., 1987) where it is tandemly repeated three times, followed
by VGLAPG and then again tandemly repeated three times. The
VGVAPG motif has deserved considerable attention because it
presents numerous biological activities (Le Page et al., 2019).
Assuch, VGVAPG belongs to the group of matrikines and more
specifically to the group of elastokines, bioactive peptides
derived from elastin sequences (Maurice ef al., 2013). Numer-
ical simulations performed on XGXXPG peptides show that
this pattern adopts a mixture of extended PPII and folded turn-
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like conformations in equilibrium (Floquet et al, 2004;
Rauscher et al., 2006). This description supports the sliding
turns model (Tamburro et al., 2003, 2005). The canonical
B-turn classification defines 8 types of B-turns (Wilmot and
Thornton, 1988). Strikingly, within the VGVAPG peptide, the
type VIII B-turn is very frequently encountered. This propen-
sity of VGVAPG (and XGXXPG peptides) to adopt a type VIII
B-turn conformation correlates with their biological activity
(Floquet et al., 2004; Moroy et al., 2005; Fuchs et al., 2006;
Blanchevoye et al., 2013).

The XGXPGXGXG sequence motif found in domain 26 of
human tropoelastin defines a class of elastokines distinct from
the XGXXPG (Long et al., 1988; Maeda et al, 2007). Numerical
and experimental analyses have been used to address their con-
formational behaviour (Herndndez et al, 2020). As with other
elastin-related sequences, these peptides are extremely dynamic
when hydrated. Nevertheless, it appears that their intrinsic con-
formational changes favour type II f-turn conformation suggesting
a possible role in their biological activities.

Overall, independently of the considered sequence motif,
numerical simulations strongly support a conformational equilib-
rium in hydrated elastin peptides (Figure 3) as suggested by the
reductionist approach. In agreement with spectroscopic studies, the
structure of the hydrophobic domains of elastin therefore consists
of sparse, transient, and local secondary structure elements which
can be described in a statistical way.

Following the description of the molecular shape of tropoelastin
derived from the SAXS/SANS envelope of a recombinant tropoe-
lastin and some of its fragments, namely domains 2-18 and 2-25
(Baldock et al, 2011), the first molecular model of a 698-residue
long tropoelastin was obtained by folding an extended monomer
combining implicit and explicit replica exchange molecular
dynamics simulations (Tarakanova et al, 2018). Although these
results are remarkable, the proposed model only represents one
possible conformation. Further, given the demonstrated highly
flexible and mobile nature of elastin chains, one can wonder about
the generation of a unique model, lacking publicly available
coordinates.

The tropoelastin model presents several convincing features, but
itis incompatible with the established concept of structural disorder
and the notion of conformational equilibrium that rule elastin
function. Therefore, we feel that this model should be cautiously
considered as it is misleading to represent a highly disordered
protein by a single conformation.

The elastin/water system

Native elastin, which reaches the top of hydrophobic proteins, also
has a hydrophilic character when classified as a polymer. Water
molecules play a considerable role in governing the structure,
stability, dynamics, and function of biomolecules in general and
notably of elastin. Changes in the thermodynamic and motional
properties of water at different hydration levels of elastin and
associated polypeptides indicate the existence of different fractions
of water which vary in structures and properties and presumably
play different biological roles. Moreover, the insolubility of elastin
forbids the use of proven techniques dedicated to the determination
of the structure and dynamics of globular proteins in solution.
Consequently, techniques from material science have been adapted
to elastin characterisation and shed new light on the peculiar role of
water on elastin structure and dynamics.
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The different types of water in the elastin-water system

The functional properties of natural polymers can be defined when
they coexist with water molecules (Kaatze, 1997; Sun and Boutis,
2010; Cametti et al., 2011). Biopolymers in their native, in vivo state,
typically contain a considerable amount of water, and it is necessary
to evaluate the water combined with the polymers to elucidate
characteristic features of polymer-water systems. Different types
of techniques have been used to investigate the structure and
properties of ab/adsorbed water on hydrophilic polymers
(Hatakeyama et al., 1988; Kaatze et al, 2002; Sun and Boutis,
2010; Cametti et al, 2011): sorption isotherm, thermal analysis,
nuclear magnetic resonance spectroscopy, dielectric measure-
ments, viscoelastic measurements, revealing the great structural
complexity of water in biological systems.

The elastin-water system has been analysed via these different
techniques, giving both qualitative and quantitative information of
these different types of water. In the following section, hydration h
is defined as the weight of water per weight of dry protein while the
water content x,, is defined as the weight of water per weight of
hydrated protein.

Monolayer, multilayer, and bulk water

Water equilibrium sorption—desorption isotherms of initially dry
elastin revealed critical water contents for the gradual formation
and completion of the protein hydration (Panagopoulou et al,
2013). The S-shaped sorption isotherm satisfactory fits the well-
known Guggenheim-Anderson-de Boer equation (Timmermann,
1989), allowing to define monolayer, multilayer, and bulk water.
A first critical value x,, = 6.5% (h = 0.07) is found for the filling of the
first sorption layer, corresponding to 0.3 molecules of water by
residue of elastin. A second critical value x,, = 11.5% (h = 0.13) is
found as the onset of water clustering (filling of multilayers); a third
critical value of x,, = 18% (h = 0.15) must be reached for the
organisation of water in the protein hydration shell, which roughly
corresponds to 0.7 molecules of water per residue and could be
related to the beginning of swelling. Finally, a maximum water
uptake of 23% (h = 0.3) is determined from vapour sorption
experiments leading to significant bulk water, which roughly cor-
responds to 1.4 molecules of water per residue. It must be noted that
usually about 0.3-0.7 g of water remains associated per gram of ‘dry’
protein (Nandi ef al.,, 2000). In the case of elastin, the low value of
0.3 ranks elastin in the category of natural hydrophobic proteins,
but in comparison with synthetic polymers it also allows to classify
elastin as a hydrophilic polymer.

Freezable and unfreezable water

Differential scanning calorimetry (DSC), that measures the vari-
ation of the heat capacity during a temperature program, is a well-
suited technique to determine phase transitions in any kind of
sample. In calorimetric experiments of polymers, water molecules
are categorised into two types according to their behaviour during
freezing and thawing. Freezable water gives crystallisation endo-
therms during cooling and melting endotherms during heating. In
contrast, unfreezable water cannot freeze and does not generate
transitions.

The term ‘freezable water’ should be preferred to the term ‘free’
water, reserved to vibrational or relaxational techniques (Rault
et al., 1995; Tang et al, 2017). In the same way, care should be
taken when associating unfreezable water with ‘bound” water, since
hydrogen bonding is not the ‘exclusive’ factor influencing water
crystallisation. Indeed, nanocavities in the polymer can be also an
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important reason for the formation of unfrozen water (Liu and Yao,
2001).

The first DSC experiments performed on native, purified and
soluble elastin (Ceccorulli et al, 1977) evidenced a maximal
amount of unfreezable water at x,, = 25% (h = 0.33) in the elastin-
water system, leading to a molar ratio of unfreezable water per
residue close to 1.5. This value was consistent with the hypothesis of
a direct solvation of the main chain and interpreted according to a
model previously proposed for polyamides, with three water mol-
ecules for two residues: the first strongly bound to two carbonyl
groups of elastin, the others weakly bound, and inserted between
pre-existing hydrogen bonds between carbonyl and amine groups.

As shown in Figure 4, calorimetric experiments on hydrated
elastin evidenced the appearance of freezable water for water
amounts above x,, = 22%, that is, # = 0.3 (Samouillan et al.,, 2004,
2011; Panagopoulou et al., 2013), in accordance with equilibrium
sorption—desorption isotherm experiments. Cross-links and con-
formational changes can explain the slight decrease of the maximal
molar ratio of unfreezable water per elastin residue (1.4) when
compared to soluble elastin (1.5).

Interestingly, solid-state '>’C NMR spectra on differentially
hydrated elastins exhibit a clear evolution above h = 0.3, supporting
the existence of a localised water phase under this peculiar hydra-
tion (Perry et al., 2002). As water is added, one plausible model
might include an extensive hydrogen-bonding network from pep-
tide backbone to water molecules in the first, second and subse-
quent hydration layers.

The endothermic peak corresponding to the melting of freezable
water is widely used to quantify freezable water in proteins and
tissues, by dividing the area of the peak by 0.334 J.kg™", correspond-
ing to the melting enthalpy of pure ice at 0 °C (Heys et al., 2008;
Panagopoulou et al, 2013). Total hydration can be reached by
thermogravimetric analysis and the amount of unfreezable water
by a simple difference (Tang et al., 2017). The broadness of the
endotherm or presence of shoulders can be due to the subdivision of
freezable water into different categories as reported for various
biopolymers/water systems: (1) bulk water in excess, which can
form its classical four H-bonds with neighbouring water molecules
and freezes/melts at the wusual freezing point of water,
(2) intermediate water (Liu and Yao, 2001), which freezes/melts
at a lower temperature and can be associated with water in meso-
pores (Hay and Laity, 2000; Tang et al, 2017), (3) freezable ‘bound’
water, less closely bound and immobilised (Hatakeyama et al,
1988). Another kind of water, often named ‘hydrophobic hydra-
tion’, corresponds to clathrate-like structures of water around
hydrophobic solutes (Teeter, 1984). In water/hydrophobic com-
pounds mixtures, clathrate-like structures of water generally dis-
sociate in the 273 K region (Nguyen et al., 2021) or at slightly higher
temperature (Lopez-Bueno et al, 2021) due to the specific arrange-
ment of water around the hydrophobic solute, arising from a steric
effect (Rezus and Bakker, 2007).

Even if hydrophobic hydration is hardly detectable by calorimet-
ric measurements in hydrated cross-linked elastin because it overlaps
with frozen water melting, this type of hydration is crucial to explain
the thermal behaviour of aqueous solutions of elastin polypeptide
analogues (Luan et al., 1992; Urry, 2004; Ribeiro et al.,, 2009). It was
shown to be intricately linked with the hydrophobic effect, that plays
a major role in the coacervation phenomenon leading to fibrillogen-
esis of elastin. The hydrophobic effect can be described as the
tendency of apolar groups to associate in an aqueous solution,
minimising the total hydrophobic surface exposed to water (Urry,
2004; Rezus and Bakker, 2007) — and thereby the hydrophobic
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min) of elastin-water systems evidencing the detection of endothermic melting of ice
(i.e. detection of freezable water) for h = 0.28 (x,, = 22%) and intensification of the
endotherm for higher hydration. Reprinted (adapted) with permission from Samouillan
et al. (2011). © 2011 Elsevier.

hydration — when the temperature is raised, leading to a phase
separation. During this phase separation, the decrease in order of
structured water surrounding hydrophobic groups that becomes
bulk water exceeds the ordering of the protein or polypeptide,
implying that the entropy of the whole system (water and protein)
increases. This transition referred as an inverse temperature transi-
tion (ITT) in proteins or lower critical solution temperature (LCST)
in polymers, has been evidenced by classic calorimetric measure-
ments to be dominated by the endothermic process of the clathrate-
like water melting occurring in the 2040 °C range (Urry et al., 1991;
Rodriguez-Cabello et al., 2004; Ribeiro ef al., 2009).

Modulated differential scanning calorimetry (M-DSC) is
required to detect the minor exothermic part due to Van der Waals
cohesive interactions of the polypeptide chains accompanying the
association (Rodriguez-Cabello et al, 1999; Urry, 2004). Calori-
metric experiments on specific domains from elastin have shown
that the temperature for the formation of clathrate-like water,
which depends on sequence, was closely connected to the coacer-
vation temperature (Dandurand et al., 2015) and could be used to
tune the coacervation of polypeptides. The dependence of
ITT/LCST on the amino acid sequence points out that the water
structures in elastin present a heterogeneous distribution (Ribeiro
et al., 2009).

Free, bound, and hydrophobic water
Interfacial water is considered as a part of the structures of macro-
molecules. The mobility of these water molecules is very different
from that of pure bulk or ‘free’ water. Dynamically oriented and
exhibiting restricted motions, these ‘bound” water molecules are
identified by a slowing down of their dynamics as shown by NMR
spectroscopy, quasi-elastic neutron-scattering spectroscopy and
dielectric relaxation techniques (Gniadecka and Jemec, 1998;
Kaatze et al, 2002; Sun and Boutis, 2010; Cametti et al., 2011;
Reuhl and Vogel, 2022).

With the emergence of 2D NMR spectroscopies, magnetic
relaxation methods have played a leading role in the study of
protein hydration dynamics (Halle, 2004). The dynamics
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properties of water are probed by the correlation time between
the proton spin-lattice (longitudinal) relaxation time T1 and the
proton spin—spin (transverse) relaxation time T2. Complementing
the earlier work of Ellis and Packer (1976), four reservoirs of water
could be discriminated by their mobilities in the elastin-water
system (for an hydration h = 1) at 25 °C using deuterium 2D
T1-T2 NMR (Sun et al, 2011; Sun and Boutis, 2011; Silverstein
et al., 2015). Correlation times ranged from 5 ps, for the free water
outside the fibres, to 112 ns for the more restrained water, closer to
the protein (Figure 5). Interestingly, with increasing strain on the
polymer, experimental '>C NMR data evidenced an increase of the
frequency of the protein backbone motion associated with an
entropy decrease, as commonly described for the rubber elasticity
of elastomers.

Surprisingly, an increase of the random tumbling of localised
water is also observed in this water-elastin system. This fact can be
interpreted by an increase of the orientational entropy of water
molecules. This could appear in contradiction with the short-time
dynamics simulations performed on (VPGVG);5 (Li and Daggett,
2002) suggesting a decrease of water orientational entropy near
hydrophobic groups during the elongation process. Nevertheless, it
agrees with the simulations of (VPGVG); which show that the
lifetime of peptide-water H-bonds decreases with increasing strain,
while the peptide entropy decreases (1.63-1.46 kJ/mol.K).

Dielectric relaxational spectroscopy (DRS), which consists of
measuring the complex dielectric permittivity of a sample as a
function of frequency and temperature, has been widely used to
investigate the arrangement of water in hydrated biopolymers or
aqueous solutions of proteins (Bone and Pethig, 1985; Nandi et al,
2000). Indeed this technique provides information on the orienta-
tional dynamics of molecular dipoles and covers all kinds of
polarisation fluctuations in the ms to ps time scales (Cametti et al.,
2011). To extract reliable information about protein hydration
dynamics from DRS, which gives average information, relatively
high protein concentrations are required since only water molecules
in the vicinity of protein surface are perturbed (Halle, 2004).

At temperatures above 0 °C, several relaxation processes are
detected in the dielectric spectra of hydrated biomacromolecules or
aqueous protein solutions. They are assigned to molecular mechan-
isms involving motion of the protein backbone, of side groups in the
protein conformation, and of various layers of strongly and/or
weakly bound water and free water. In order of increasing relaxation
frequency, the three main relaxations are generally associated with
protein tumbling (frequency f < 10 MHz, relaxation time 7 > 15 ns), to
hydration water in the interfacial region surrounding the biomol-
ecule (zin the 20 ps—10 ns range) and to the orientational polarisation
of the free water molecules (f > 10 GHz, 7 < 15 ps), respectively)
(Kaatze, 1997; Cametti et al, 2011). Dielectric studies on concen-
trated solutions of polypentapeptide analogues of elastin (Buchet
etal., 1988; Urry et al,, 1997), an elastin coacervate (Urry et al., 1985),
or fibrous elastin (Bone and Pethig, 1985; Urry et al, 2002) high-
lighted both the low-frequency dielectric dispersion due to a libra-
tional mode of the protein/polypeptide and the high-frequency
dispersion due to water. This latter dispersion was found to be a
composite dispersion (Urry et al,, 1997) due to at least three kinds of
water: free water, water hydrogen bonded to the polar groups of the
polypeptide backbone and clathrate-like water associated with
the hydrophobic side chains. In the case of elastin-like polypeptides,
the magnitude of water relaxation, depending on the hydrophobicity,
decreased with increasing temperature between 0 and 60 °C, while
the magnitude of the librational mode increased showing an ITT to a
more ordered structure. These results corroborate calorimetric


https://doi.org/10.1017/S0033583524000040

Quarterly Reviews of Biophysics

0
10

10
)
R
10
-3
10 g
10 10
Ty [s]

Figure 5. Four types of water in hydrated elastin are identified by their distinct
dynamics. 2H T1-T2 NMR relaxation times of water in hydrated elastin from bovine
ligament (h = 1) at 25 °C. Component a; corresponds to free water external to elastin
fibres, component «;, to free water between the elastin fibres, component 8 to mobile
water within the elastin fibres moving along tortuous channels and component y to
more restricted water. Reprinted (adapted) with permission from Sun et al. (2011). ©
2011 American Chemical Society.

studies and demonstrate the temperature dependence of the water-
polypeptide system, highlighting the role of hydrophobicity in the
structure formation of these bioelastomers.

Complementary dielectric measurements on hydrated elastin
were also performed at low temperature, in a zone where the
relaxation time of the hydration water orientation drastically slows
down and can be examined in detail. These experiments evidenced
three relaxation modes for the complex formed by elastin and its
hydration shell (Figure 6). This first one is a rapid process, known as
the universal relaxation in deeply super-cooled confined water due
to the reorientation of water molecules in the external layer of the
hydration shell of elastin (secondary hydration shell), with an
associated energy corresponding to the breaking of two hydrogen
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bonds (Gainaru et al., 2009; Sudo and Yagihara, 2009). This process
is also detected by *H NMR spin-lattice relaxation (Lusceac et al.,
2010). The second is an intermediate process associated with the
dynamics of the internal layer of the hydration shell directly linked
to the protein (primary hydration shell). This third is a slower,
highly cooperative process, involving large motions and mainly due
to protein dynamics.

The direct power law found between the relaxation time of the
two fastest processes demonstrates that the fast dynamics of water
in the secondary hydration shell drive the slower dynamics of the
complex protein-strongly confined/bound water. As shown for
hydrated globular proteins (Fenimore et al, 2004; Frauenfelder
et al, 2009), internal proteins motions are conditioned by the
fluctuations of their hydration shells.

It must be pointed out that even for a low hydration level
(h = 0.1), the dynamics of the complex protein/primary hydration
shell are detectable, and like those observed for higher hydration
levels. As formerly demonstrated for hydrated elastin (Bone and
Pethig, 1985), in contrast to what is observed for globular proteins,
bound water exhibits some freedom of motion, even at very low
hydration (Samouillan et al, 2011), correlated to the onset of
flexibility of the protein (Nandi et al., 2000).

It was recently shown by DRS/NMR/DSC that the dynamics of
hydrated elastin are exactly the same as those of highly asymmetric
mixtures of glass formers (Reuhl and Vogel, 2022). This finding
strongly supports the fact that water is a crucial and indissociable
partner of elastin. Water does play an essential role in the structure
and dynamics of hydrated elastin, such as in an extensive hydrogen-
bonding network, where water molecules cannot be considered just
as a discrete phase (Perry et al., 2002).

Evolution of the physical properties of elastin with hydration

The first DSC measurements performed on purified elastin
(Kakivaya and Hoeve, 1975) evidenced no intrinsic first-order
phase transition, indicating an absence of long-range order for this
protein. The only intrinsic transition detected for both dry and
hydrated elastin is the classical step of the specific heat, character-
istic of a glass transition phenomenon as widely observed in
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Figure 6. Dynamics of elastin and its hydration shell. A. Dielectric relaxation map of hydrated elastin (h = 0.25) as a function of frequency and temperature, showing the fastest (B,),
intermediate (B,) and slowest (p1) relaxation modes. Reprinted (adapted) with permission from Samouillan et al. (2011). © 2011 Elsevier. B. Relation between the relaxation time of
the two fastest B of hydrated elastin indicating that the motions of the protein/water complex are controlled by the fast motions of water in the secondary hydration shell.
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Evolution of the glass transition temperature of elastin with the water content.

amorphous polymers. Corresponding to the reversible transition
from a glassy to a rubbery state as the temperature increases, this
transition dependent on hydration is accompanied by deep changes
in the mechanical properties of elastin (Lillie and Gosline, 1990,
2002; Gosline et al., 2002).

Further, DSC and M-DSC measurements in a wider hydration
range confirm the drastic evolution of the glass transition of elastin
with hydration (Samouillan et al, 2004) (Figure 7). The glass
transition temperature (Tg), which is at about 200 °C in the freeze-
dried state, falls to room temperature at 24% hydration, demon-
strating that the water-elastin system works as a rubber at body
temperature and physiological conditions of hydration.

Strain—stress curves of elastin under various regimes of time,
temperature and hydration levels illustrate well this drastic evolu-
tion of the mechanical behaviour (Lillie and Gosline, 2002). When
strained at low hydration (or low temperature, or with high strain
rate), elastin behaves as a glassy and brittle material (tensile modu-
lus reaching some tens of MPa, breaking at a strain <10%). When
strained at high hydration (or high temperature or with low strain
rate), elastin behaves as a rubber (tensile modulus ~0.2 MPa, break-
ing strain >100%).

The evolution of T, value of the elastin-water system was found
to follow the classical Fox-Flory law up to the apparition of free
water. This plasticisation phenomenon by water, commonly
observed for synthetic polymers like polyamides (Jaffe et al,
1997), is much more marked in the case of elastin. The drastic drop
of the glass transition temperature of elastin with hydration (up to
the full the filling of its hydration shell) highlights the essential role
of water for the viscoelastic properties of elastin, confirming the
coupled dynamics of water and elastin.

As underlined in Tamburro’s model (Debelle and Tamburro, 1999;
Villani and Tamburro, 1999; Tamburro et al., 2005), water facilitates
the motions of the polypeptide chains, and the hydrated relaxed protein
undergoes mainly chaotic, Brownian-like motions, behaving as a fractal
system of high entropy. Above the full filling of the hydration shell, the
presence of crystallisable water explains that T, value does not fall below
0 °C (Rault et al, 1995; Samouillan et al., 2004).

Dynamical mechanical analysis performed on arterial elastin in
physiological conditions (Lillie and Gosline, 1990) has shown that
arterial elastin had to be essentially water-saturated to remain in the
rubbery portion of its master curve, for example at 37 °C and at
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frequencies between 1 and 10 Hz (cardiac cycles). Additionally, it is
established that the bulk, extracellular intra-fibrillar water plays a
role in the visco-elastic properties of elastin (Weinberg ef al., 1995;
Wang et al., 2018).

Elasticity

Despite the biological importance of elastin and the use of a myriad
of biophysical methods to elucidate its structure—function relation-
ship over several decades, the molecular basis of elastin self-
assembly and the structure of the self-assembled state remain
poorly understood. Nevertheless, several facts are known to be
critical for proper function. First, elastin must be hydrated to be
elastic, for example, the coacervated state of the elastic material is
essential for proper function. Second, this state must be charac-
terised by a high entropy. Indeed, based on thermoelasticity meas-
urements indicating that elastin’s recoil force is almost entirely
entropic, Hoeve and Flory postulated that elastin’s structure is an
isotropic, rubber-like polymer network consisting of cross-linked,
random chains (Hoeve and Flory, 1958, 1974). Therefore, elastin
elasticity must abide to the second law of thermodynamics which
states that ‘the entropy of an isolated system never decreases over
time’, say AS> 0. Thus, the relaxed state should have a high entropy
and the stretched one a lesser level, so that, when the application of
the stretching forces ends, an entropic-driven elastic restoring force
is developed by the system to recover a high entropy.

In keeping with these considerations, structural models of elas-
tin have been proposed, which span a range from highly ordered
(Venkatachalam and Urry, 1981) to maximally disordered (Hoeve
and Flory, 1958, 1974) and emphasise either the hydrophobic effect
(Weis-Fogh and Andersen, 1970; Gray et al., 1973; Venkatachalam
and Urry, 1981) or conformational entropy (Hoeve and Flory, 1958,
1974) as the dominant contribution to the elastic recoil force.

To go beyond these seemingly contradictory models, high-
resolution structural information is required, notably of the
hydrated state of elastin. However, the conformational heterogen-
eity and self-association of this macropolymer have impeded crys-
tallographic and spectroscopic investigations and still present a
significant sampling challenge to molecular simulations. Neverthe-
less, important advances have been made to understand the nature,
structure, and molecular organisation of the elastin coacervate.
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The elastin coacervate

The coacervation process is a liquid-liquid phase separation result-
ing in the formation of a dense protein-rich phase, the coacervate
(Johnson and Wang, 2014). For elastin, the coacervate corresponds
to a functional hydrated state and its water content is in the range of
40-60% (Rauscher and Pomes, 2017; Reichheld et al., 2017). The
peculiar physical properties of coacervated states limit the use of
structural characterisation methods because they exhibit an intrin-
sic disorder (Reichheld et al., 2017). This phenomenon is remark-
ably important when the elastin coacervate is considered as elastin
chains are extremely dynamics. Nevertheless, results obtained on
the molecular basis for phase separation of hydrophobic elastin-like
domains, block copolymer peptides mimicking alternating hydro-
phobic and cross-linking domains, or mini-elastin provide import-
ant insights into the structural and physicochemical basis for the
elasticity of elastin (Rauscher and Pomes, 2017; Reichheld et al,
2017; Vidal Ceballos et al., 2022).

A computational study of self-assembled ELPs led to a detailed
description of a liquid-like, disordered protein state, which may be
called the liquid state of proteins and represents the first atomistic
model of a protein coacervate (Rauscher and Pomeés, 2017). Import-
antly, the detailed comparison of the equilibrium structure of
hydrophobic domains successively in dilute and phase-separated
states provides insight into the molecular basis of elasticity. In both
states, the monomers are characterised by a high degree of con-
formational disorder and by significant propensities for sparse and
local secondary structure. Although secondary structure propen-
sities are essentially conserved upon phase separation, hydrophobic
burial of the side chains increases. As a result, the peptides become
their own solvent and the peptides expand, consistent with polymer
theory and with an increase in conformational disorder. In accord-
ance with the liquid drop model (Weis-Fogh and Andersen, 1970),
peptide aggregation is driven, at least in part, by the hydrophobic
effect, which results in a three-fold increase in burial of non-polar
groups for each polypeptide chain compared to the monomeric
form. In the coacervate, the individual polypeptide chains approach
a state of maximal conformational disorder, as predicted by the
Flory theorem (Flory, 1953) and as expected from a rubber-like
elastomer.

As ELPs derived from the sequence of tropoelastin coacervate as
tropoelastin would, Reichheld et al. (2017) designed such com-
pounds and analysed their dynamic behaviour using NMR spec-
troscopy. Strikingly, their data show that the hydrophobic domains
of their ELPs present highly dynamic and transient -turns within
disordered chains, which is consistent with the sliding turn model
(Tamburro, 1990). However, they also underline that this ‘dis-
ordered’ organisation is retained in the coacervated state and when
the coacervate is cross-linked. The direct observation of the struc-
ture and dynamics of an elastomeric material undergoing a phase
transition shows that, from the structural point of view, individual
sequences compare to the cross-linked polymer, which strongly
support the fractal nature of elastin. Altogether, this experimental
study provides additional evidence for an entropy-driven mechan-
ism of coacervation in which transient intermolecular hydrophobic
contacts are formed by disordered chains, while water is excluded
from the material.

Recently, a mini-elastin mimicking the alternating domain
structure of tropoelastin was used to examine the coacervation
process of elastin in the absence of exogenous cross-links (Vidal
Ceballos et al, 2022). Using differential interference contrast,
fluorescence and  particle-tracking  micro-rheology, the
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transitions occurring in mini-elastin revealed that the liquid
transition presents an intermediate step where randomly distrib-
uted insoluble materials (i.e. nucleation points) exist in the liquid
phase before its general collapse to the coacervated state. Coacer-
vation therefore appears as a spontaneous, random yet hierarch-
ical process.

Molecular basis of elasticity

The biological function of elastin is incompatible with a unique,
ordered structure. In its functional coacervated state, its hydropho-
bic domains form a water-swollen, disordered aggregate charac-
terised by an ensemble of degenerate conformations with
significant backbone hydration and fluctuating local secondary
structure. The combination of two entropic forces, the hydrophobic
effect and polypeptide chain entropy, governs the elastic recoil
central to elastin’s function and these effects are intimately linked
(Figure 8).

The hydrophobic nature of elastin chains sustains the hydro-
phobic effect contributing to elastin entropy. These chains are
synthesised and assembled in water, say in an energetically
unfavourable medium. Consequently, they try to shield their
hydrophobic moieties from water molecules but the high content
of glycine and proline they present prevents them from truly
folding, leading to a considerable conformational entropy.

The link between elastin conformations and elasticity has
proved a difficult puzzle to solve. One of the long-lasting theories
concerning the elasticity mechanism is the B-spiral structure pro-
posed by Urry (Venkatachalam and Urry, 1981) for the repeating
sequence VPGVG. Molecular dynamics simulations (Li et al,
2001b) show that short stretches of B-spiral are possible, but
transiently. Accordingly, the B-spiral model of Urry can be incorp-
orated into the general equilibrium folded 2 extended as one of the
different rapidly interconverting folded structures. In this context,
librational motions contribute to the internal chain dynamics and
constitute an important conformational fluctuation when the
B-turns are isolated (Villani and Tamburro, 1995).

The folded 2 extended equilibrium was modelled by Tamburro
for short, glycine-rich, repeating sequences of elastin in an explicit
aqueous solvent in terms of nonlinear dynamic systems (Villani
et al,, 2000). In the relaxed state, the dynamics of the formation and
breaking of intramolecular hydrogen bonds were found to be
characteristic of a chaotic Brownian-like, intramolecular motion.
When the simulation was performed on a stretched peptide
sequence, a different dynamical behaviour was obtained, indicating
a transition to low entropy, quasiperiodic soliton-like motion. As,
the reductionist approach has demonstrated that folded =2
extended conformations were found in all exons of elastin
(Tamburro et al, 2003, 2006), it can be reasonably inferred that
the same dynamic picture holds for the intact protein in the relaxed
2 stretched state.

In Tamburro’s model, the aqueous solvent functions to facili-
tate the folded 2 extended conformational equilibria, giving rise
to a noticeable internal main chain dynamics. In the model
proposed by Gosline (1978), at low extensions the absorption of
water onto exposed hydrophobic groups causes a large decrease in
entropy, contributing to the restoring elastomeric force. In the
stretched state the hydrophobic groups of polypeptide chains are
exposed to the surrounding water that becomes organised in
clathrate-like structures of low entropy. In this context, it is to
be emphasised that the solvent presence explains the unique
behaviour of elastin, the only elastomer known to require swelling
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Figure 8. Structural basis of entropic elasticity in self-assembled elastomeric proteins. Schematic description of polypeptide main chains (black), non-polar side chains (yellow),
solvating water molecules (blue), and peptide—peptide hydrogen bonds (red) in monomeric (SC, top row) and aggregated (MC, bottom row) states. Globular proteins that unfold or
misfold are prone to aggregation, which leads to highly ordered amyloid fibrils. Both the native (a) and amyloid (d) states of globular proteins are characterised by extensive
secondary structure and a water-excluding hydrophobic core. Despite their hydrophobic character, elastin and other self-assembled elastomers cannot form such compact
structures due to their high content in proline and glycine (Rauscher et al., 2006). Instead, they are hydrated and disordered both in their monomeric (b) and aggregated (e) states, so
that they may readily undergo extension and elastic recoil (e,f). The role of the two dominant types of entropy, the hydrophobic effect (ASp) and chain entropy (ASc), is highlighted.
While the hydrophobic effect favours hydrophobic collapse (c—b, f—e), aggregation (b—e), and, if possible, compact, water-excluding states (b—a, e—d), conformational entropy
favours disordered (b,e) over extended (c,f) and compact (a,d) states. As a result, both entropic effects contribute to elastic recoil. Adapted with permission from Rauscher et al.

(2006). © 2006 Elsevier.

in water for displaying an elastomeric force. Molecular dynamics
simulations (Li et al., 2001b) appear to support this solvent-
entropy mechanism.

In terms of nonlinear dynamic systems theory, the Gosline
mechanism can be incorporated into the dynamical model
theorised by Tamburro. In fact, diffusive (chaotic) motions of bulk
water in the relaxed maximum entropy state would be substituted
by vibrational (quasiperiodic) motions of clathrate water in the
extended state. However, previous measurements (Mistrali et al.,
1971) have clearly demonstrated that elastin behaves as an ideal
rubber even in dimethyl sulfoxide. This means that elastin’s elasti-
city does not specifically depend on the aqueous solvent, but rather
on the presence of a polar solvent, which would act as a plasticiser,
favouring trans-conformational equilibria. Accordingly, internal
main chain dynamics should be, at least in part, at the origin of
the elasticity.

Elastin structure—function relationships defy conventional wis-
dom about protein folding, aggregation, and disorder due to the
following considerations: (1) although the structure of the coacer-
vated peptide chains is nearly maximally disordered, it is not
random but instead contains well-defined and significantly-
populated secondary structure elements in the form of hydrogen-
bonded turns; (2) however, because these turns are at once local,
sparse, and transient, the polypeptide backbone remains highly
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hydrated on average; as a result, (3) the hydrophobic side-chains
cannot form a compact, water-excluding core even though they are
significantly buried.

Elastin elasticity must be envisaged globally. The elastic system
comprises elastin chains and its surrounding water. When both
entities are considered simultaneously, the rationale for elastin
elasticity can be summarised as presented in Figure 9.

One of the direct consequences of the elastic scheme presented in
Figure 9 is that any effect altering chain dynamics or hydration of the
coacervate in the relaxed state will modify the ability of the system to
respond to deformation either by changing the amplitude or the
efficiency of elasticity. Such alterations can be triggered by interactions
of elastin with lipids (lipid deposition), with calcium (calcification), its
cleavage, the addition of sugars (glycation), and others. Importantly,
such occurrences are observed in age-related diseases affecting large
elastic arteries (Wagenseil and Mecham, 2012).

Remaining questions

While the structure-elasticity relationships of hydrated elastin
chains are now well understood, it must be reminded that elastin
is made of various tropoelastin isoforms. The role and impact of
alternative splicing in defining an efficient and functional 3D
network is still a matter of debate.
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Figure 9. Structural and energy transitions underlying elasticity of the elastin coacervate. In the relaxed state, the system is highly entropic due to internal chain dynamics and its
important hydration. The coacervate behaves as a fractal system. When a force is applied to the coacervate, the system stretches, conformational entropy is decreased, and water is
drained from the coacervate. The entropy decreases and the system becomes Euclidean. When the stretching force is removed, an elastic force is developed to restore a high
entropic level following the second principle of thermodynamics. A very recent publication (Jamhawi NM, Koder RL and Wittebort RJ (2024) Elastin recoil is driven by the
hydrophobic effect. Proceedings of the National Academy of Sciences of the United States of America 121, €2304009121) provides additional support to this model by showing that

water molecules are increasingly ordered upon stretching.

Elastin deposition is a cell-driven process (Czirok et al, 2006).
However, how cells perceive the mechanical inputs during elastogen-
esis and orient the construction of the elastic network is still unknown.
For instance, in the intervertebral disc, its shape changes according to
the location within the tissue (Tavakoli et al, 2020). Understanding
this relationship between cells and their matrix is a critical element of
tissue engineering that deserves further exploration.

Likewise, the role and importance of prolyl hydroxylation in
elastin must be understood. These post-translational modifications
are not randomly made (Schmelzer et al.,, 2016). Therefore, they
should have a functional role. As explained by the authors, the
occurrence of prolyl-hydroxylation in elastin chains could influ-
ence both elastin stability and modulate local conformational
changes. Now, the local impact of hydroxylation in elastin chains
is still elusive.

Finally, recent synchrotron X-ray microtomography on aorta
has evidenced the presence of dense filamentous structures inside
the elastic lamellae (Ben Zemzem et al, 2021). The regular 3D
organisation of these filaments, and the fact that they are altered
when the arterial wall ages (Ben Zemzem et al.,, 2022), suggest a
mechanical role. But further data are required to address this point
and the molecular composition of these high phase contrast struc-
tures remains unknown.

Elastin-inspired technologies

Since the discovery of the first sequences corresponding to elastin
elastic domains, considerable efforts have been made to understand
their peculiar physicochemical behaviour, notably their coacerva-
tion process. In this aspect, D.W. Urry was a pioneer. In fact, he
studied what would become the first and archetypical ELP building
block, say VPGVG (Urry, 1988). Further, extensive biophysical
analysis of VPGXG pentapeptide sequences led him to propose a
hydrophobicity scale based on the temperature at which the inverse
phase transition of the peptide was observed as a function of the
residue at the X position (Urry, 1992). Undoubtedly, this work
paved the way to the experimental design of tunable thermo-
responsive ELPs, and further, to what we term here elastin-inspired
technologies.

The ELP denomination has now passed to all artificial biopoly-
mers harbouring elastin-inspired repeats. The versatility of ELP is
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acknowledged by protein chemists letting us foresee new achieve-
ments and new applications, notably in regenerative medicine
(Natsume et al., 2022; Goel et al., 2023). This section presents some
achievements in the field.

Protein purification

The inverse transition cycling purification method developed by
Chilkoti’s group (Meyer and Chilkoti, 1999) uses ELPs as a purifica-
tion tag. This method takes advantage of the sharp and reversible
phase transition the ELPs undergo, when the temperature is raised, to
sequestrate the tagged recombinant protein. Indeed, as they retain
their coacervation behaviour when they are fused to a protein, forcing
ELPs to coacervate leads to efficient isolation of the protein. This
purification method has been successfully used to separate proteins
from contaminating Escherichia coli biomolecules by sequential and
repeated steps of coacervation, centrifugation and solubilisation. This
ELP-driven purification does not require chromatography, is easy to
scale up and multiplex (Hassouneh et al., 2010).

Health

Biomaterials

One of the first and direct use of ELPs was their incorporation in the
design of biomaterials, because the cassette-like organisation of the
eln gene facilitated the design and production of biomaterials incorp-
orating elastin sequences (Girotti et al, 2004). These biomaterials are
now commonly considered in tissue engineering strategies as they
present valuable properties (Chilkoti et al.,, 2006). First, they can be
genetically encoded allowing important production. Second, they are
responsive to stimuli (notably temperature) and, finally, they are
biocompatible. Therefore, ELPs are now commonly considered in
tissue engineering strategies as they constitute a new paradigm in
biomaterial design (Rodriguez-Cabello et al,, 2006). Further, ELP can
be incorporated and used as hydrogels (Pepe et al, 2021; Sharma
et al., 2021) or electrospun materials of various shapes (Boland et al,
2004; Laezza et al, 2022). The biomechanical properties of ELP-
based hydrogels can be designed (Muiznieks and Keeley, 2017) and
they are sensitive to the medium, notably to pH (Hollingshead and
Liu, 2020). ELP-based hydrogels have been successfully used for
wound care (Wen et al, 2020) and to repair cartilage (Chen et al,
2021). Nevertheless, their usage is more noticeable in cardiac


https://doi.org/10.1017/S0033583524000040

18

(Gonzalez de Torre I et al, 2020; Hume et al., 2023) and vascular
(Mahara et al, 2017; Natsume et al, 2022) regenerative medicine.
Recently, a bioink containing modified and functionalised ELPs was
successfully used to print scaffolds presenting excellent biocompati-
bility and mechanical properties (Dai et al, 2021), offering new
perspectives in tissue engineering.

Coating

As it is possible to tune and control the behaviour of ELP in solution
(Hassouneh et al, 2015), their controlled deposition as surface
coating has been explored and tested, notably in the vascular
context where the use of uncoated material can result in adverse
effects such as restenosis. ELP coatings have been shown to improve
the blood compatibility of cardiovascular devices as their presence
limits platelets activation (Woodhouse et al., 2004; Gonzalez-Pérez
et al., 2022). Likewise, the deposition of genetically designed ELPs
on the surface of CoCr stents enhanced endothelial cell adhesion
and spreading on the metal surface (Castellanos et al., 2015).

Targeting and delivery

ELP-tag have been shown to be very efficient for delivery and
targeting (Jenkins et al, 2021). In particular, Meyer et al. (2001)
designed an ELP drug carrier that would coacervate at the
temperature found in solid tumours, thereby targeting the drug
preferably to the tumour site. Likewise, when ELP are fused with a
cell-penetrating peptide, they improve the targeting and delivery of
anti-tumour drugs (Walker ef al., 2012). In this context, the nano-
particle behaviour of ELPs and their versatility have found numer-
ous applications. For instance, they have been used for intra-vitreal
delivery to prevent age-related macular degeneration (Sreekumar
et al., 2018) and as vectors for the efficient delivery of cytokines in
various pathological contexts (Gong et al, 2022). Recently, a
machine learning approach has been proposed (Cobb et al,
2021) to control the size of ELP aggregates and their stability to
optimise delivery.

Other applications

Although ELPs have been initially developed for applications in
the health sciences, they have found interesting applications out-
side this field. ELPs have been shown to be excellent linkers for
single-molecule force spectroscopy (Ott et al., 2017). Indeed, their
use improves the data quality and facilitates data analysis and
interpretation because their mechanical behaviour is well-
characterised and can be controlled. ELP-based compounds have
also been considered in the environmental field. For instance,
Sumiyoshi et al. (2022) have conjugated ELPs with metal chelating
agents in order to sequester metal ions in ELP coacervates. As
ELPs can be easily designed and bound to any metal-binding
domain, the authors underline that they represent powerful heavy
metal scavenging agents with potentially low environmental
impacts.

The versatility of ELP has also led to astonishing applications. In
2016, Guo et al. (2016) demonstrated that the presence of His-tagged
ELP could improve the formation and performances of lithium-O,
battery cathodes. This finding is explained by the fact that the
designed ELP form nanoparticles that can guide assembly, thereby
enhancing the electric performance of the cathode. Recently, genet-
ically engineered silk-ELP have been combined with graphene oxide
binding domain (Martin-Moldes et al.,, 2022). When graphene was
bound on these compounds, the authors evidenced that their con-
ductivity could be modulated by changing the temperature. When
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the critical temperature was reached the coacervate forms, graphene
moieties get closer, and conductivity of the material is achieved. In
summary, the presence of ELP allows an ‘on—off’ conductive switch
driven by temperature due to hydrogel formation.

It was evidenced at the local scale, by piezoresponse force
microscopy, that aortic elastin was ferroelectric (Liu et al, 2014),
namely that it exhibits a spontaneous electric polarisation, which
can be switched by an electric field. This property, rather rare in
bio-organic materials (Heredia et al., 2012), is important as it could
pave the way for the development of new bio-inspired molecular
terroelectrics with improved performances, peculiarly sought in the
field of sensors, memory cells and energy storage.

Conclusion

Our understanding of elastin and its elasticity has improved con-
siderably in the last decades. This improvement is due, at least in
part, to the progression of computing power making it possible to
realise calculations that were unachievable some years ago. Another
important consideration is the fact that elastin has been studied by
different scientific communities, namely biologists, chemists, and
physicists. The cumulative insights gathered from various discip-
lines, either from theoretical or experimental data, now allow us to
better understand elastin structure and the physical bases under-
lying its elasticity.

Elastin is a polymer of tropoelastin chains cross-linked to form
beaded filaments that organise into fibres (Bressan et al., 1986). As
such, elastin assembly is consistent with the liquid drop model
(Weis-Fogh and Andersen, 1970). In this context, tropoelastins
(the beads) are organised seemingly individually. Because of their
peculiar hydrophobic nature and the presence of water, tropoelas-
tins do not fold because of their important internal chain dynamics.
The described shape of tropoelastin (Baldock et al, 2011) might
therefore be one of the many possible shapes adopted, or their
average.

As the structures of elastin in water are constantly moving and
shifting, as proposed in the sliding turn model (Tamburro et al,
2005), and because water sustains internal chains dynamics, the
functional elastin/water system (coacervate) exhibits high entropy.
This highly entropic fundamental and resting state is the prerequis-
ite for efficient and reversible elasticity following the second prin-
ciple of thermodynamics.

The last decades have seen the development of a new generation
of ELPs for applications in various fields. Still, the complex behav-
iour of ELPs in water remains a puzzle. Indeed, by controlling their
sequences, we can predict the temperature at which their coacer-
vation will occur, but the structure and behaviour of the ensuing
hydrogel remain a mystery for the moment.

This makes us humbly wonder how cells, so efficiently, manage
and control tropoelastin assembly and deposition to form elastic
fibres in tissues.
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