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Natural elastomeric fibres play central structural and functional roles in a variety of tissues produced by many
organisms from diverse Phyla. Most of these fibres feature amorphous structure and their long-range elastic
response is well described within the framework of entropic (rubber-like) elasticity. Recently, it has been
recognized that long-range reversible deformation can also occur in biomacromolecular fibres or networks that
feature significant secondary structure and long-range order. Their elastomeric response is then associated with
conformational changes of the backbone of the constitutive protein-based polymers. Under axially imposed
loads, several groups of proteins whose structure is dominated by a-helical coiled-coil structures can undergo
unfolding transitions and secondary structure transformations, for example from coiled-coil o-helices to B-sheet
strands. In contrast to rubber-like biopolymers, the retractive elastic force in these biomacromolecular materials
is not dominated by a return to a maximum entropic state, but is mostly the result of variations in internal
energy associated with the conformational changes. Here, a review of o-helix based elastomeric materials is
presented that encompasses examples and experimental evidence across multiple length scales, from the
molecular to the macroscopic scale. We begin by summarizing the basic thermodynamic formalism of
thermoelasticity. While this formalism is well established for amorphous (entropically-dominated) fibres under
tensile loading, its extension towards conformational (internal energy-dominated) elasticity is less known.
Recent experimental evidence as well as corroborating computer simulations are then reviewed and discussed
in the light of secondary structure and nano-scale features of these biopolymers. Comparisons are also drawn
Received 31st July 2012 with physiologically important structural fibres that share common characteristics at the molecular and the
nano-scale, including intermediate filament (IF) proteins from the cell cytoskeleton, myosins from motor
proteins, and fibrin from blood clot. We conclude with a discussion on future directions and opportunities for
these materials from a biomimetics engineering perspective.
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1. Introduction

Elastomeric proteinaceous fibres are a class of biomacromole-
cules that play critical structural and functional roles in the
tissues of a wide variety of organisms. Recent comprehensive
reviews on the topic are available."™ A well-established and
common characteristic of these fibres is that their elastic
response is dominated by so-called entropic elasticity. During
stretching, the polymeric chains are forced to adopt lower
conformational entropy. Upon release of the external load, the
system will tend to a state of maximum entropy, corresponding
for the protein chains to the initial, unloaded state. This creates
a nearly instantaneous retractive force driven by maximization of
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conformational entropy (hence the term “entropic elasticity”).
Elastin is a classic example of a protein that exhibits entropic
elasticity and it plays a key role in the biomechanics of many
human tissues. For example it ensures adequate elasticity of
arteries and skin and has perhaps been the most extensively
studied among known elastomeric fibres.””” While there has
been some debate about the origin of the entropic contribution
towards elasticity in elastin,® it is generally accepted that chain-
entropy is the main driving force. Elastomeric proteins that
have been described in other Phyla include hydrated dragline
and viscid silk in spiders,®° resilin from the hinges of insect
wings'®'" as well as abductin from the abductor muscle of
marine bivalves.'® All of these materials maintain specific
mechanical and functional roles, whose description can be
found in the relevant cited literature. Wheat gluten is known
to provide the elasticity of dough and has also been described
in this context, although the elastomeric properties of these are
considered fortuitous."® Table 1 provides a summary of selected

Chem. Soc. Rev., 2013, 42,1973-1995 | 1973


http://dx.doi.org/10.1039/c2cs35294j
http://pubs.rsc.org/en/journals/journal/CS
http://pubs.rsc.org/en/journals/journal/CS?issueid=CS042005

Published on 11 December 2012. Downloaded by Pennsylvania State University on 05/03/2016 10:52:43.

View Article Online

Table 1 Mechanical properties of selected bioelastomeric materials described by rubber-like elasticity. Data from ref. 1, 4, 8, 12, and 159. Hysteresis refers to the
amount of relative elastic energy absorbed by the material during a loading/unloading cycle

Elastomeric materials

Initial modulus [MPa] Reversible strain [%)] Tensile strength [MPa] Hysteresis [%] fi/f (constant pressure) fu/f

Elastin 1-2 150
Resilin 2 190
Dragline silk (hydrated) 10 140
Abductin (compressive elasticity) 2-5 >120
Natural rubber 1-5 800

Poly-dimethylsiloxane (PDMS)  0.4-0.9 400-800

bioelastomeric fibres/materials and their main mechanical
characteristics.

The materials described above do not feature any significant
long-range order of their constitutive proteins in their native
state. That is, although some evidence of localized structural
features exist — such as B-spirals,® B-turns and polyproline(i)
structure' in elastin-like peptides as observed by circular-
dichroism (CD) or Nuclear Magnetic Resonance (NMR) - long-range
structural order detected by X-ray diffraction is virtually non-
existent. Recent molecular modeling of hydrophobic elastin-like
(GVPGV), peptides supports this view, indicating that while these
sequences exhibit nano-second time-scale transient appearance/
disappearance of B-turn and polyproline(u) structures, regular
secondary structure is absent.'® In this case elastin is considered
to fit into the recently defined class of intrinsically disordered
proteins or IDPs. Generally the consensus for rubber-like elasto-
mers is that protein polymer chains are present in a predominantly
amorphous state and that they exhibit significant kinetic freedom
in the aqueous milieu. In contrast, there is a growing recognition
that certain protein-based materials and fibres can be reversibly
deformed to large strains (typically more than 100% of their
original length) and exhibit distinct diffraction patterns under both
wide-angle (WAXS) and small-angle X-ray (SAXS) scattering. These
materials are assembled from a-helical proteins including keratins,

2 10 0.74 0.26
4 8

5-10 — 0.86 0.14
0.5-1 15 1 0
20-30 — 0.83 0.17
4-10 — 0.80 0.20

hagfish thread proteins, snail egg case proteins, myosin and
fibrin, which will be discussed in detail. Representative WAXS
and SAXS patterns clearly demonstrate that they are dominated
by a-helical conformations and that they can also exhibit long-
range order as shown in Fig. 1. For some of these structural
proteins X-ray diffraction data of whole tissues or reconstituted
native materials are often difficult to obtain. However three-
dimensional structures are increasingly being established by
protein crystallography, and single-molecule force spectroscopy
experiments unambiguously indicate large reversible deforma-
tions. The mechanistic origin of their long-range deformation
is the topic of this review.

2. Thermodynamic formalism

In order to provide a distinct comparison between the two
classes of elastomeric fibres considered above, it is useful to recall
the essential thermoelastic formalism of elastomeric fibres under
uniaxial tension. For a more comprehensive description, the
reader is referred to the reference books by Treloar'® and Mark.*
While the analysis is well known for entropically dominated
(amorphous) fibres, its extension to fibres that undergo con-
formational or phase changes has remained mostly unexploited
for reasons explained below.
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(A) (B)

Fig. 1 Representative Wide-Angle X-ray Scattering (WAXS) and Small-Angle X-ray
Scattering (SAXS) patterns of bioelastomers. (A) WAXS pattern of the amorphous
elastomeric material resilin. (B) WAXS pattern of a fibrous proteinaceous egg case
membrane containing structural a-helical coiled-coil domains in the unloaded
state. (C and D) SAXS pattern of the same class of material in the unstretched (C)
and stretched (D) state. (Panel (A) reproduced from ref. 160 with authorization
from Taylor & Francis Group, LLC).

2.1 Entropic elasticity

For a closed system in equilibrium which is subjected to
reversible changes at constant volume, the Helmoltz free energy
function:

A=U-TS 1)

is conveniently employed, where U is the internal energy, T is
the temperature, and S is the entropy.f Using the first and
second laws of thermodynamics, the incremental change in dA
done by the external forces and for a reversible process is:

dA = dw — sdT 2)

where dW is the work done by external forces.® Let us consider
an elastic fibre undergoing a uniaxial force, f, extending the fibre
by a unit length dL. For an uncompressible material (AV = 0), the
total work on the fibre is dW = fdL, such that the increment of
Helmoltz free energy, d4, becomes:

dA = fdL — SdT 3)

T The Helmoltz free energy, 4, is valid for constant-volume systems, which is a
reasonable approximation for elastomeric deformation. For systems at
constant pressure (which is experimentally more convenient), the

Gibbs free energy, G, should be used. A correction factor can be used to link both
factors. Since A has been employed in most past derivations, we are also using
this description here.

This journal is © The Royal Society of Chemistry 2013
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By differentiation of (1) and (2), the tensile force, f, at constant
temperature and volume is:

=@, @), e

Combining (1) with (3) one can write:

Hence, the force fis the sum of two terms, f,,, which is related to
the change in internal energy per length increment, and f;,
which is the change in entropy per unit length increase. Using
Maxwell relationships, eqn (5) is re-expressed to yield the
classic equation for entropic elasticity:

B (U of
resies= (), 76, O

which is more convenient because it provides quantities that
are accessible by experiment, i.e. applied force and tempera-
ture. In amorphous fibres, the force increases with temperature
at a given strain A (Fig. 2A). In other words (9f/0T),,» > 0 and a
classical implication of eqn (6) is the ability to measure the
thermo-elastic coefficient (9f/0T), which is equivalent (as per
Maxwell relation), at constant volume, to the change in entropy
per unit length increase. Experimentally, this is achieved by

(A) A

Temperature ,Ty4

8 increases Ty
IS} T>
-
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>
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Fig. 2 Thermoelastic curves and extracted thermodynamic quantities

from bioelastomers predominantly made of amorphous building blocks.

(A) Stress—strain curves at various temperatures. (B) Re-plot of data in terms of
force vs. temperature at constant elongation. (C) lllustration of the entropic and
internal energy contributions at various strains (constant volume case).
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conducting stress-strain measurements at various temperatures
and by plotting fvs. T curves at constant strains, with the slope of
the curves being equal to (9f/0T) as schematically illustrated in
Fig. 2B. Note also that the left-hand term in eqn (6) is independent
of T. Hence the contribution of the internal energy f, can be
obtained by subtracting, at each strain, the entropic contribution
fs from the total force f (as illustrated in Fig. 2C). This provides
accurate estimates of both entropic internal energy contributions
to the elastic force. Volumetric changes can also occur during
uniaxial extension, which is not uncommon in natural protein-
aceous fibres. Therefore eqn (5)-(6) are not strictly valid and
can lead to significant errors in f, and f;, and these changes
must be accounted for.®'® In such cases, the thermoelastic
coefficient at constant pressure p (typically atmospheric pressure)
is first obtained, from which the internal energy component, f;,
is corrected using the relationship:

- _T(alna(};/T)) T,PJ.+TOCS @)

where o is the coefficient of linear thermal expansion.*"” This
corrects the data to provide the correct f, component under
constant pressure conditions.

Dorrington and McCrum'” and Gosline® first employed the
rubber-like elasticity formalism to describe elastin. The analysis
has also been used to describe (among other systems) octopus
aorta,'® hydrated dragline and viscid spider silks,*° resilin,'® and
scallop abductin."® In all of these cases, while experimental design
was adapted to the constraints brought upon by each material
(geometry, amount, extractability), the fundamental idea behind
the thermo-elastic experiments remained identical and provided
valuable insight into the functional mechanics of these materials.
A summary of the entropic and internal-energy components for
these materials is given in Table 1.

Is

2.2 Elasticity of fibres with phase-transitions

We now consider the case of a crystalline or semi-crystalline
fibre that exhibits a solid-solid phase transition upon axial
loading. From a thermodynamics standpoint, this is similar to
strain-induced crystallization of fibres, where an amorphous
fibre crystallizes under the application of an external force,>
whose description was introduced more than fifty years ago by
P. Flory.”* However, perhaps because for a long time no natural
materials had been found to undergo large and reversible
macroscopic deformations associated with phase transitions
in the solid-state, this theoretical framework has received little
attention (at least in comparison to other theoretical treat-
ments from the large body of work by Flory). Some important
differences also exist for solid-solid transformations between
synthetic and natural materials. Hence it is useful to revisit
some of the details of this formalism. To account for phase
transitions under isobaric conditions, we use the Gibbs free
energy, G, to define equilibrium in the system. For a fibre
subject to a uniform tensile force f, the incremental change in G
per increase in unit length is (similar to eqn (1)—(3)):

dG = fdL + VdP — SdT (8)

1976 | Chem. Soc. Rev., 2013, 42,1973-1995
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Since the fibre can take at least two different polymorphic phases
(o and B) as a function of applied stress, we can introduce /,, the
fraction of fibre in the a-phase, and Ag = 1 — 4, the fraction
of the phase in the B-phase. At equilibrium, where both phases
co-exist, the total Gibbs free energy must be minimal with
respect to composition, hence:

BG) <8G)
(&) —o (9)
(‘%u PT,L 04 PT,L

For a solid material under uniaxial tension, it is useful to
employ another thermodynamic function, (G — fL), such that
P, T, and f can be chosen as independent variables. With this
definition, we have:

d(G — fI) = dG — fdL — Ldf = — (ST + Ldf) + vdP
(10)

The equilibrium condition at constant P, 7, and f for both
phases to co-exist requires that:

7). an

We can also assume that the total free energy of the system, G,
at a given stress and temperature is the weighted sum of the
free energy of each phase. In other words, assuming an ideal
law of mixture we have:

G(Tfsha) = 2Gu(Tf) + (1 — 25)Gp(TH) (12)

where G, and Gy are the Gibbs free energies of the a-phase and
the B-phase at a given temperature and force, respectively.
Similarly, the relative length of the material when totally in
the o or in the B phase, respectively, can be defined as L, and Lg,
such that the total length of the fibre may be expressed as:

L=JuLy + (1 — ALy (13)

Schematically, the equilibrium can be depicted according to a
Gibbs free energy vs. temperature diagram (Fig. 3). In the
absence of external forces (Fig. 3A), the fibre will be in the

(A)

P | I

Fig. 3 Schematic of the Gibbs free energy (G) in a polymorphic protein fibre as a
function of (A) temperature (unloaded state) and (B) temperature and stress.
Fibres adopt the phase having the lowest Gibbs free energy. At the
transformation stress, Ty, both phases co-exist. In (A) Ty is uniquely defined and
corresponds to the melting temperature. In (B), T; is a function of both the
temperature and the applied external stress, and corresponds to the intersection
of the two free energy planes, G,(T,0) and Gg(T,c). Representation of free
energies G as planar functions are chosen arbitrarily in order to better visualize
the dependence of G on both temperature and stress. In reality, more complex
G functions are expected.
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phase with the minimum G. At the transition temperature, Tt, the
fibre transforms from phase o into phase B. For single-phase
fibres, this would simply correspond to the melting temperature,
Tm. It is also possible for T; to be higher than T,; in such cases the
phase-transition can only occur when an external force is applied
to the fibre. This case is illustrated in Fig. 3B. Here, because the
Gibbs free energy now depends on both temperature (7) and
stress (o), the transition temperature can be depicted as the
intersection of Gibbs planes, G,(T,0) and G(T,0). The projection
of this line onto the (7, ¢) plane is the transition curve, along
which both phases can co-exist. Thus the transition temperature
depends on the external force (or stress).

Combining eqn (11) and (12), this equilibrium can be
re-written as:

d(7oGy + (1 — 2,)Gp)  d(fL)
dz, T, =0 (14)

Using eqn (13), we obtain:
(Go — fL) = (Gp — fLp) (15a)
or
(Gy — Gg) — fll, — L) =AG — fAL=10 (15b)

where AG and AL are the changes in entropy and length,
respectively, associated with the phase transition of the entire
fibre. From the experimental standpoint, a convenient variable is
the change in retractive force fwith temperature (9f/07). Under
equilibrium conditions when both phases co-exist, and using the
condition stated by eqn (15), (3f/0T) can be expressed as:

(7)., (), (57, (257),

(16)
By using eqn (10) in order to evaluate the derivatives, one finds:
of AS
=L R — 1
(8]" ) Eq. AL (17)

where AS and AL are the changes in entropy and length
associated with the phase transition of the entire fibre at a
given temperature and force. For a reversible process, the
entropy change of phase transition is related to the heat Q
absorbed during the process according to:

Q AU+PAV—fAL AH—fAL

AS =7 = 7 (18)

where AU is the change in internal energy and AH is the change
in enthalpy associated with the reversible phase transition. By
substitution of eqn (18) into eqn (17), one finally finds:

o\ _f AH
(ﬁ) T TAL (19)
Or in a more compact form:
of/T)\ AH
(5u7m) =t 20)

This journal is © The Royal Society of Chemistry 2013

View Article Online

Eqn (20) can also be expressed in terms of stress and strain as:

(a(at /T)) _AH
P

B & Vo

o(1/T) @

where ¢, is the equilibrium stress at which the transition can take
place, & is the total strain required to fully transform a fibre from
phase o to B phase (which in a first approximation is assumed to be
independent of T and f), and V; is the initial volume of the fibre.
Hence, by plotting (f/T) or (o/T) vs. the inverse of the temperature
T™', one can get a direct estimation of the enthalpy of phase
transition from the slope of the plot (with AL or ¢, obtained from
tensile experiments). Whether the force increases or decreases with
T is then directly dependent on the sign of AL (or &), itself
intimately associated with the internal structure of the fibre.
Eqn (20) is the direct analog to the Clausius-Clapeyron relationship
describing the equilibrium of a liquid and its vapor in a closed
system, with force replacing pressure and length replacing volume.
In an ideal case, the stress-strain curve will then follow the
schematic representation in Fig. 4A. Regime one corresponds to
the initial linear elastic deformation of solid phase a. At g, regime
two begins, during which the phase transformation occurs under

@ A

(2}
g &>50 % f/{
Oy ks i -;'_'_; ----- >
4
- >
Strain
® A
[}
£ ::::;";3’ . 7/
ct'--%‘E- ;";F """" ZJAEB
/ : -+ --Or
/ >

Strain

(€) A
ﬁ Martensitic
phase
8 Initiation of martensitic
o transformation 3)
@ &~ 5-8%

Eq~20-70 GPa
E,~70-110GPa

>

Parent ),
phase

Fig. 4 Predicted stress—strain tensile curves for elastomeric materials with phase
transformation-induced elasticity. (A) No internal dissipation. (B) With internal
elastic energy dissipation during solid-solid transition (shaded area), which is
believed to be associated with hydrogen bond breakage and re-formation, and/
or internal friction between the nano-scale domains. (C) Comparison with the
stress—strain curve of a shape-memory alloy material (such as Ni-Ti) exhibiting the
so-called "'superelastic’” behavior, induced by stress-induced martensitic phase
transition. While the stresses are orders of magnitude larger than in a fibrous
protein fibre, the general shape is similar and can be described by a parallel
thermodynamic formalism.

Strain
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equilibrium conditions. Ideally, this should happen at constant
force, i.e. when reaching the transformation stress, an infinitesimal
increment of force would lead to a full transformation with
associated AL increment. Once all regions in the element have
transformed, the third regime corresponds to the deformation of
phase B, which would usually exhibit a different stiffness than the
a-phase. Upon unloading, the trace goes back along the same path
in an ideal system. In reality, dissipative mechanisms are likely to
occur, such that reverse transformation will occur at a lower
stress, oy, resulting in the overall elastic absorption capability of
the material illustrated in Fig. 4B. We discuss this phenomenon
in more detail in Sections 3 and 4 of this review.

It is also interesting to note that eqn (20) has been employed in
the Materials Science community to describe the thermoelastic
behavior of a very specific class of materials, the so-called shape-
memory effect or superelasticity of shape-memory materials,*>?*
which share similarities with the conformational change-induced
elasticity of a-helical bioelastomers. In superelastic alloys such as
nickel-titanium (NiTi) alloys, a phase-transition - the martensitic
transformation - occurs under uniaxial loading and is associated
with a relatively large elastic deformation of the alloy. The phase
transition is reversible upon unloading, which is made possible
through a diffusion-free process that does not involve irreversible
deformation processes traditionally involved with metal deforma-
tion, ie. dislocation movement. Instead, a so-called twinning
occurs in which both phases share common crystallographic
planes.”” As a comparison, the stress-strain curve of a NiTi shape
memory alloy is depicted in Fig. 4C. Clearly the elastomeric
mechanical properties of a-helical based materials share parallel
features of stress—strain behaviour with superelastic materials:
(1) an initial linear section; (2) a plateau region during which
phase-transformation occurs under no or moderate stress
increment; (3) a second linear region with a different modulus
from region (1); and (4) a hysteresis upon unloading to the
initial length. Hence many of the available theoretical refine-
ments and experiments done on shape-memory alloys may find
interesting applications for protein fibres that undergo solid-
solid phase transformation induced elasticity.

2.3 Amorphous vs. crystalline fibres

We now examine what differentiates the elasticity governed by
elongation of amorphous rubber-like materials and the elasticity
resulting from a solid-solid phase transition. This question has
implications for our understanding of structure-property relation-
ships, for experimental data interpretation, and for the de novo
design of novel elastomeric fibres (see Section 4.4). Consider the
length-temperature coefficient (0L/0T)ps or the more-commonly
measured force-temperature coefficient (9f/0T)p, at constant
pressure and length. For a biphasic system, Flory showed that
(OL/dT)p s at constant force and pressure is given by:

L
8_ & Jy Loty + (1 — Ao)Lpor g + NapyAs (22)
T ) p, ’

where o, and o g are the coefficient of thermal expansion of
phases o and B; respectively, As is the conformation entropy
change per unit length of fibre, N the total number of

1978 | Chem. Soc. Rev., 2013, 42,1973-1995
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monomeric units along one protein chain, ¢ the initial number
of chains per cross-section, and p,, the fraction of fibres undergoing
the o—p phase transition at a given force and temperature.*!

We may then consider three limiting cases that will provide
distinct responses: (a) phase o is amorphous and does not
undergo phase transformation (hence g = 0 at all stresses); (b)
phase o is amorphous and transforms into a crystalline phase
B under uniaxial stress (strain-induced crystallization); (c)
phase a is crystalline and transforms into another crystalline
phase B under stress. Case (a) corresponds to classic rubber
elasticity. In this situation, Ag = 0, whereas the first term in
eqn (22) is negative because the coefficient of linear thermal
expansion of amorphous fibres is negative. Hence (with the
exception of very low strains) (OL/0T)ps is always negative,f
which is also a corollary of eqn (6). In case (b), the length-
temperature coefficient depends on the internal state of the
fibre, which itself depends on the applied strain. At low to
moderate strains, the fibres are mostly in the amorphous state
(Ao = 1, g = 0) and the length-temperature coefficient will be
negative because ar, < 0. As strain increases and becomes
large enough to align the polymers and induce crystallization,
the coefficient will approach zero because of the competition
between oy, and o7,3. When g becomes dominant, the length-
temperature coefficient will eventually become positive. Case
(c) pertains to fibres that contain a well-defined secondary
structure, which can phase-transform in the solid state. Here,
both phases have positive (OL/0T)p, values because of the
crystalline nature of the individual phase. Hence, in this case
the length-temperature slope is most likely always positive. The
third term in eqn (22) may be slightly negative but is highly
unlikely to overcome the first two terms.

Alternatively, the force-temperature coefficient (9f/0T)p
(graphically illustrated in Fig. 2) can be expressed as:

@), ), ),

Since (3f/OL)p,r is always positive, (Of/0T)p,, has a sign opposite to that
of (OL/0T)p Hence the three cases listed above can be described as
follows. For (a) (amorphous phase with no phase transition), the
fibre displays normal rubber-like elasticity with increase in force
with temperature. For case (b) the force will initially increase with
temperature at low strain, but the inverse behavior will be observed
at high strain. For case (c) (elasticity associated with a crystalline-to-
crystalline phase transition), the force-temperature coefficient
will be negative, i.e. the force will decrease with temperature.

3. Experimental data and modeling

The main focus of this review is fibrous proteins and protein-
based networks that are crystalline or semi-crystalline and that
exhibit significant elasticity. References to amorphous natural

¥ This is the commonly-observed behavior of rubber elasticity: at fixed imposed
strains (>20 pct), the stress increases with temperature because of the negative
coefficient (0f/0T)p; which itself is related to the change in conformational
entropy for amorphous fibres.

This journal is © The Royal Society of Chemistry 2013
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elastomers (such as elastin, resilin, or abductin) are only briefly
described for comparative purposes as they have been covered
extensively in previous reviews, see for instance.”**'* In this
section, an overview of mechanical testing data at the macro-
scopic scale is first presented. Structural information combined
with in situ mechanical testing data is then reviewed, with
an emphasis on common principles between the various
phase transformable biological materials. These materials
include those assembled from (i) IFs, which are a broad class
of nano-filamentous structures ranging in diameter between
~7 and 12 nm, and which are assembled from o-helical
proteins that are expressed in a wide range of cell types;***’
(ii) egg case proteins which are produced in the nidamental
gland of marine snails; (iii) myosins, which play an important
role in muscle contraction; and (iv) fibrin which is involved
in blot clotting. The links between mechanical data, primary
sequence and structure are then discussed. We conclude
this section by summarizing force spectroscopy data obtained
at the single-molecular level, as well as computer simulation
efforts.

3.1 Macroscopic elasticity and phase transition

3.1.1 Keratins. Macroscopic tensile experiments on
a-helical protein-based materials were first conducted on
“hard” keratin fibres that are found in hair, hooves, and
mammalian claws.”® These materials maintain a hierarchical
structure composed on the so-called microfilaments, which are
built from a combination of keratin-protein-based IFs
embedded in an amorphous matrix. Although their reversible
extensibility remains relatively low (around 50 pct. in the
hydrated state) compared to elastomeric materials, it is asso-
ciated with a solid-solid state phase transition and hence
provides an important example of phase-transition induced
elasticity. A characteristic stress-strain curve of macroscopic
keratin fibres (usually from wool or human hair) in hydrated
conditions is shown in Fig. 5C. Salient features include the
following: an initial linear elastic response with an elastic
modulus of ~1.2 GPa referred to as region (i) in Fig. 5C. At
3-5 pct. strain, yielding occurs, during which the fibres elon-
gate under low or no stress increase (region (ii)). The yield
stress at which this process occurs is temperature-dependant.
This stress is referred as the transition stress, o, and decreases
with increasing temperature.”” Hence, the stress-temperature
relationship is opposite to that observed in entropically-
dominated fibres, where the flow stress increases with temperature
(see Fig. 2A). At high enough temperature, the distinction
between regions (i) and (ii) vanishes, which is consistent with
eqn (21) of a phase transition that depends on temperature and
stress. It has also been noted that the plateau region is more
flat for uniform fibres.>® When keratin fibres are unloaded
from the plateau region, the unloading path does not follow the
loading path, showing instead a hysteresis upon unloading
to the initial state (regions (iii) and (iv)). The maximum strain
at which fibres can be extended before irreversible deforma-
tion occurs is about 30 pct. Moreover, the full recovery at
lower strains is time-dependant, a characteristic owing to
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the viscoelastic nature of keratin fibres. At 30-40 pct. strain,
stiffening occurs (region (v)) until final breakage, typically in
the range of 200-400 MPa. For additional details on keratin
mechanical properties, the reader is referred to Feughelman®®*°
and Hearle.>

In hard keratins, such as those found in wool and hair, the
solid-solid transition of o-helical keratin proteins is compli-
cated by the presence of the amorphous matrix that likely
contributes to the stress-strain curve and the elastomeric
recovery.®” Information derived from direct measurements on
pure IF preparations has recently become available and these
data are of particular interest to the cell biology community,
which aims to understand the mechanical roles of pure IFs in
cells. The combinations of nano-scale measurements of IFs,
including desmin, keratin, vimentin and neurofilaments
(which will be addressed in Section 3.2) and the use hagfish
threads, which are macroscopic bundles of highly pure 1Fs**~®
provide additional information on mechanical properties of
keratins and IFs.

3.1.2 Hagfish threads. Hagfish threads provide connectiv-
ity and reinforcement of the animal’s slime, which is used as a
defence against predators.®® The threads are macroscopic
fibres 1-3 um in diameter and several centimeters long that
are assembled from axially aligned bundles of IFs that are
themselves assembled from keratin-like a-helical proteins.**3¢
In contrast to IFs that provide structural integrity to eukaryotic
cells, hagfish IF bundles function in an extra-cellular context.
Upon uniaxial loading, the threads exhibit multiple regimes of
deformation and their stress-strain response is strongly depen-
dant on the deformation history.*>** When hydrated in sea-
water and initially strained, they feature low initial modulus of
~6.4 MPa and yield around 3 MPa. The yielding is reversible
only up to 20% strain, as evidenced by unloading cycles,
Fig. 5E. After the small plateau region, the stress-strain curve
strongly deviates from that of elastomeric fibres, and strain-
hardening occurs, with ultimate strength of 180 MPa and
maximum elongations of 220 pct. This behavior is depicted
in Fig. 5F. A noteworthy characteristic of these threads is that
the stress-strain behavior is intimately related to imposed
drawing conditions.*! The threads can be draw-processed prior
to static tensile testing and their stress-strain behavior drama-
tically altered. Draw processing promotes the o-f transition,
creating a polymer that is stabilized by B-sheets that show
minimal elastic recovery over extended time frames. With
optimized conditions of draw, annealing and subsequent
chemical cross-linking, fibres with mechanical properties
that rival native spider silks, including high initial modulus
(~8 GPa), ultimate tensile strength (~800 Mpa) and strain
energies (200 MJ m ) were reported.*"

3.1.3 Marine snail egg cases. Rapoport and Shadwick*?
first reported the mechanical characteristics of marine
snail egg cases, which are secreted in the open ocean by the
animal and used as a protective membrane for developing
embryos. This material features reversible extension in the
range 150-180 pct. In at least two snail species the egg case
material exhibited four distinct regions during uniaxial
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Fig. 5 Characteristic macroscopic stress—strain curves of various proteinaceous fibres, membranes, or gel networks. (A) Fibrin network. (B) Human elastin in which the
building blocks are amorphous (containing mostly random-coils). (C—F) Building blocks containing extensive secondary-structure motifs. (C) a-Keratin (wool hair). (D)
Marine snail egg case membrane. (E, F) Hagfish threads at low strain and high strains, respectively. Note that in the latter, the strain is reversible only up to ~20%.
Beyond this value the hagfish threads do not recover their initial length, but are able to strain-harden. If subsequently tested under dry conditions, their strength can
attain values close to 1 Gpa.*' The characteristic stress and strain levels indicated in each plot are approximate and serve as a comparative purpose. (Panels (E) and (F)

modified from ref. 40 with authorization from Elsevier).

loading/unloading cycles, which resembles the behaviour of
keratin described above: (i) an initial nearly-linear elastic
domain with a Young’s modulus in the range 30-40 MPa; (ii)
this is followed by yielding and a plateau during which large
extension occurs at very small force increments; (iii) a
re-stiffening or strain hardening phase during which the stress
rapidly increases with strain; and (iv) upon unloading to zero
stress, the material returns to its initial length, with the plateau
region occurring at lower stress values than during the loading
cycle, thus resulting in significant hysteresis and energy

1980 | Chem. Soc. Rev., 2013, 42,1973-1995

absorption, as shown in Fig. 5D. These authors*® also observed
that the stress range and hysteresis was dependant on pH and
solvent. Testing the capsules in a strong hydrogen bond dis-
rupter, the load capability of the egg case material was reduced
by nearly 80%. The overall shape of the cycling curve was
confirmed by Miserez et al.** who showed that the flow stress
decreases with temperature, which can be interpreted in terms
of internal-energy dominated elasticity as opposed to rubber-
like elasticity. The characteristic stress-strain curve shown in
Fig. 5D also includes partial unloading/reloading cycles that
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can be used to monitor the instantaneous elastic modulus, Ej;,
with strain.§ This mechanical behavior seems to be conserved
among the egg cases produced by many species of marine
snails.”” As described in the next section clear evidence was
obtained that the plateau domain corresponds to a reversible
phase transition. Hence eqn (19) was used to estimate the
enthalpy change of the phase transition, AH, which provided
a value comparable to calorimetric experiments used to quan-
tify the o—p transition of poly-lysine.*®

3.1.4 Fibrin. Fibrin fibres and gels have been investigated
on the macroscopic level for many decades,*”*® with the goal of
elucidating their mechanical characteristics, determining how they
act to stem blood flow, and understanding how they provide
adequate elasticity to blood clots. Fibrin assembles from fibrinogen
precursor proteins following cleavage by thrombin®*” and is later
cross-linked by transglutaminase factor XIIla, which catalyzes the
formation of isopeptide bonds between fibrin cleavage fragments.
The fibrinogen monomer consists of globular domains on each
terminus and in the middle of the protein, and these are connected
by a-helical coiled-coil domains, as illustrated in Fig. 6B. The
presence of these two distinct structural domains has important
implications for the stress—strain response of fibrin fibres and gels,
as discussed in Section 3.2. Fibrin is known to self-assemble into a
half-staggered packing arrangement with a 22 nm repeat that can
be observed by transmission electron microscopy’® or by SAXS.*
Macroscopically, fibrin gels exhibit strain hardening behavior
and a high extensibility up to 300 pct (see also Fig. 5A).*” While
cross-linking with FXIIIa stiffens the fibres significantly and
allows them to sustain higher loads, the overall shape of
the stress-strain curve remains similar to that observed for
other a-helical coiled-coil proteins. It is mainly composed of
two distinct regions, where a linear increase is first observed
with strain up to 120 pct. strain, followed by a hardening phase
with a steeper stress-strain slope.

3.1.5 Comparison with superelastic alloys. Given the resem-
blance of the stress—strain profile of o-helical based conforma-
tional elastomers to the mechanical behavior of superelastic
(shape-memory) alloy materials mentioned in Section 2.2, it is of
interest to compare the mechanical properties of these two
classes of materials. The major difference lies in magnitude of
stresses and strains: typically, a few hundred MPa of stress in
superelastic materials, with reversible phase-transformation

§ There is some confusion in the literature about the definition of the elastic
(Young’s) modulus (E) and its monitoring as a function of applied strain in these
materials. In the initial, linear-elastic regime, E is correctly obtained from the
slope of the stress—strain curve. Once in the pseudo-yield regime, however, it is
no longer correct to use the slope of the stress-strain curve to define the elastic
modulus, which may well remain constant even though a very small force
increment leads to large deformation. As seen in Section 2, this phenomenon is a
result of the phase equilibrium and structural transition. As a simple analogy, a
ductile metallic alloy is characterized by an initial linear-elastic region, followed
by plastic yielding where the slope of the tensile curve is much lower, or even zero
for a perfectly elastic-plastic material. However, E remains roughly constant in
the yielding zone. The elastic modulus in the pseudo-yielding zone can be
obtained by conducting partial unloading/reloading cycles, and by subsequently
measuring the tangent of the unloading curve at the unloading point. These
partial loading cycles are shown in Fig. 5D. See also ref. 44.
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on the order of 5-8 pct. strain (with recent values as much as
12 pet.”® which is extremely high for structural metallic alloys).
In the a-helical proteins described herein, the stress level is in
the range of a few MPa, whereas the strain necessary to induce
full phase-transformation is on the order of 50-75 pct. Never-
theless, as depicted in Fig. 4, elasticity of fibrous proteins
induced by conformational transitions shares similar features
of stress—strain behaviour to that of superelastic materials.

3.2 Structural evidence of solid-solid transitions at the
molecular and nano scale

In order to link stress-strain events with structural changes,
mechanical testing is increasingly being combined with X-ray
scattering and solid-state spectroscopy approaches, often in a
time-resolved manner. Elastic fibres containing structural
domains that give rise to distinct scattering and/or well-defined
spectroscopic peaks are particularly amenable to these studies.

3.2.1 Keratins. Because of its widespread availability from
wool or human hair, keratin was the first fibrous protein to be
characterized by X-ray scattering techniques, with data appearing
as early as the 1930s.>* It is, in fact, worth noting that Pauling first
solved the a-helical structure of proteins by working with keratin
fibres® and that Crick’s elegant elucidation of the coil-coil
structure soon followed.>*>* Bendit later observed that o-keratin
fibres could be transformed into P-sheet crystallites when
extended in a wet environment.”®>” Research in the following
decades was mostly undertaken by the textile industry, and aimed
at providing molecular and micro-mechanical understanding of
the peculiar tensile behavior of keratin fibres. This large body of
work has been reviewed elsewhere.>**" While there is debate over
which model describes the structure-property relationships
most accurately, all experts agree on the central role attributed
to the o-f transition upon extension, and on the fact that
disulfide bonds cross-link and stabilize the dimeric units of
keratin fibres.”® Later, Kreplak et al. undertook a comprehen-
sive X-ray study of the phase transition in o-keratin fibres,*®*>°
which unambiguously showed various deformation regimes
associated with the phase transition at the nano-scale. The
same group later refined the model for the o-f transition of
keratin,®® proposing that an intermediate state may more
accurately represent the transition. Hence, the transition could
be regarded as a local event of melting at ~4 pct. external
strain, followed by a re-crystallization process of B-sheets start-
ing at ~20 pct. strain up to the re-stiffening region, where the
phase transformation was considered to be complete. This
model is consistent with the evolution of the elastic modulus
as measured from unloading cycles. In the final region (corres-
ponding to (v) in Fig. 5C), the acquired pB-sheet structure
correlates with a stiffer material. Other techniques employed
to monitor the relative amount of o3 phases in keratin as a
function of strain include Differential Scanning Calorimetry
(DSC)®* and Raman spectroscopy.®” In particular, Paquin and
Colamban® combined Raman spectroscopy with micro-
mechanical testing to study the phase transition phenomenon
under various conditions and confirmed that the solid-solid
transition started around 4 pct. strain. The authors studied the
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influence of water on the phase transition in more detail and
showed that water lowers the stress at which the phase transi-
tion is initiated. Interestingly, the use of Raman spectroscopy
also allowed the authors to probe the role of disulfide cross-
linking by monitoring the S-S stretching mode, showing that
the disulfide bonds were not stretched in the plateau region.
Once in the post-plateau region, di-sulfide bond breakage
occurred, which likely explains the lack of recovery to resting
length (recoverable extensibility) when the applied strain
exceeds the plateau. When conducting stress-strain experi-
ments above the phase-transition temperature, no distinction
between domains (i) and (ii) in Fig. 5C is observed, consistent
with the melting of coiled-coil domains prior to stretching. It
should also be pointed out that a full high-resolution atomic
structure of keratin intermediate filaments is not yet available,
although crystallographic data of the central coiled-coil domain
have recently been reported®® and provide an important under-
standing of keratin assembly.

3.2.2 Hagfish threads and marine snail egg cases. In hagfish
threads, Fudge et al.*® detected the o-helix to B-sheet phase
transition (¢ — ) using Congo red stain and polarized optical
microscopy. In this case post-yield extensions have been shown
to result in an irreversible o« — P transition. WAXS patterns
indicated that native fibres are dominated by coiled-coil
structure, while extended and draw processed fibres develop
significant B-sheet structure. When combined with tensile

1982 | Chem. Soc. Rev., 2013, 42, 1973-1995

testing, these experiments unambiguously showed that high
stiffness and failure strains are associated with draw processed
fibres locked into a polymeric network stiffened by B-sheets,
with a Young’s modulus as high as 8 GPa (versus the initial
stiffness of coiled-coils of 2 MPa).

Miserez et al.** used WAXS on marine snail egg case with
both laboratory source and synchrotron radiation with time-
resolved capability, and showed that the o-f transition in this
case was reversible and nearly instantaneous upon unloading.
WAXS patterns of the egg case at various strains during a
loading/unloading cycle are shown in Fig. 7A. Harrington
et al.®® expanded these findings using time-resolved SAXS and
Raman spectroscopy measurements. Iz situ Raman provided an
alternate and perhaps faster way to follow the reversible transi-
tion, as depicted in Fig. 7B, whereas SAXS spectra showed the
presence of a staggered arrangement with a 105 nm repeat. A
comprehensive analysis of SAXS diffraction patterns showed
that upon straining across the a-f transition plateau region a
rearrangement of the staggered repeats occurred, with the
appearance of a new 150 nm repeat associated with B-sheet
containing domains. These extended state diffraction peaks
disappeared during unloading, while the initial reflection
peak associated with a shorter repeat re-appeared. Hence, in
addition to the molecular-scale conformational transition,
reversible reordering at the nano-scale appears to play a role
in the phase transition. Additional SAXS data by Guerette et al.

This journal is © The Royal Society of Chemistry 2013
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case. (E) In situ SAXS of egg case at increasing strains (from 0 to 80 pct), with the inset showing the 2D SAXS pattern at zero strain. (Spectroscopic data in (B) courtesy of
Matt Harrington and Admir Masic, Max Planck Institute for Colloids and Biomaterials, Potsdam, Germany. Panel (C) reproduced from ref. 50 with authorization from

the American Association for the Advancement of Science.)

confirmed that the 105 nm repeat is conserved in egg cases
produced by other species*” (Fig. 7E) and may be a universal
structural feature of many egg case membranes among the
gastropods. The stagger pattern obtained from SAXS is consis-
tent with earlier TEM observations,®® and is supported by high-
resolution SEM imaging (Fig. 7D).

3.2.3 Fibrin. Fibrin-based networks have also been investigated
by in situ SAXS by Brown et al.,>® who detected the 22 nm staggered
packing of protofibrils previously observed by TEM (Fig. 7C). Upon
loading, the 22 nm repeat gradually vanished, indicating either

This journal is © The Royal Society of Chemistry 2013

uncoiling or disordering of the stagger. The disordering of the
stagger packing under external strain parallels previous findings
on collagen fibres.**®” However, it does not give information on the
possible re-arrangement of a-helices at the secondary structure level.
Weigandt et al.®®® complemented these findings using in situ
Small-Angle Neutron Scattering (SANS) during straining, allow-
ing them to monitor changes in fibre dimension and alignment
associated with strain-hardening. They noticed clear structural
changes at shear strain above 30%, which was attributed to

fibre alignment and stretching.
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It is also of interest to consider structural fibrous materials
that are predominantly made of coiled-coil domains, but that
do not exhibit high extensibility. For example, the byssal threads
of large clams are assembled from four-stranded coiled-
coil proteins,”® but their reversible extensibility is limited to
15-20 pct. strain. The degree of a-helical oligomerization may
play a role in this limited extensibility, but a better under-
standing of why certain coiled-coil protein fibres are able to
exhibit high elastic strains while others cannot will require the
complete elucidation of their primary amino acid sequence and
of their interhelical cross-linking chemistry and density. Taken
together, these mechanical and structural data provide the
important message that under an external load many fibres and
materials containing coiled-coil proteins have the ability to be
transformed into B-sheet rich materials, and reversibly return to
their initial conformation upon external load release. Alternatively,
as in the case of hagfish threads the polymer chains can be locked
into stiff B-sheet rich fibres that exhibit orders of magnitude higher
elastic modulus than the initial unstrained materials and impressive
failure stresses. The molecular basis for this distinction remains to
be elucidated, but has significant implications for biomimetic
engineering using o-helical coiled-coils as building blocks, as
further discussed in Section 4.4 of this review.

3.3 Micro- and nanomechanics

Much of our recent knowledge on fibrous protein structure-
property relationships at the molecular scale has come from
single-molecule force spectroscopy investigations.”"’* These studies
are particularly suitable for proteins that provide mechanical
support and integrity of small-scale structures, such as IFs from
the cell cytoskeleton.”® IFs*>>”* are of direct interest in the present
context, because as previously described they are predominantly
made of o-helical coiled-coil domains that play an important role
in cell cytoskeleton elasticity.”* The proteins can also unfold or
transform into B-sheets upon stretching. For materials and fibres
available in large enough quantities to conduct macroscopic
testing, nano-scale studies provide critical insight into linking
the mechanical properties across multiple length-scales. Again,
our attention is focused on fibrous proteins that show evidence of
conformational changes upon loading.

3.3.1 Intermediate filaments. IFs have been investigated at
both the micro- and the nano-scale. At the micro-scale Ma
et al.” investigated keratin filaments by preparing thin films of
human recombinant keratin assemblies, which were tested by
micro-scale rheological measurements. They observed strain-
hardening, a plateau domain, and recovery associated with
hysteresis that is reminiscent of stress-strain curves obtained
from macroscopic fibres. Measurements of the IF vimentin
were also conducted using micro-rheology experiments on
recombinant vimentin networks by Lin et al’* While the IF
network exhibited a large strain stiffening above a critical strain,
evidence for a force plateau prior to stiffening was not reported.
Recombinant desmin and keratin filaments were stretched at
the nano-scale by Kreplak et al,”® who used an AFM and a
nanomanipulator to stretch the IFs in the bending mode.
Although the full force-displacement curves were not measured,
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they observed a 2.5 fold maximum stretch for these filaments,
which was mostly irreversible. Desmin is another type of IF that
showed a similar two-fold stretching response when extended using
the same set-up.”” Additional comprehensive single-molecule force
studies on desmin using AFM were conducted by Kiss et al.”® who
observed various regimes of force-extension: (i) a force-plateau
manifested by relatively large extension with no force increase,
followed by (ii) repetitive sawtooth patterns at higher strains. They
attributed the force-plateau region to a combination of coiled-coil
unfolding and to sliding of dimers past each other.

3.3.2 Myosins. Another class of coiled-coil protein with
important mechanical function are the myosins, which are a
diverse class of proteins that maintain a high degree of struc-
tural and functional diversity.”*®° Vertebrate skeletal myosin II,
depicted in Fig. 6C, is of particular interest to our current
discussion because the tail region of these proteins contains
long o-helical domains that self-assemble into dimeric coiled-
coils. They are believed to direct the bundling of myosin molecules
into thick filaments that occupy the M and Z lines of sarcomeres,
and also play an important role in the mechanical properties of
muscle tissues. Schwaigler et al.®" conducted single-molecule AFM
experiments on myosin II molecules and obtained distinctive
force-extension curves, shown in Fig. 8A. After an initial zero-force
plateau and rapid rise, they observed an elongated plateau region,
which they attributed to unfolding of the coiled-coil. A second
stiffening region occurs where the uncoiled strands are stretched.
Upon unloading, the initial length was fully recovered, imply-
ing a fully reversible refolding. This behavior is distinct from
the commonly observed saw-tooth pattern measured for
instance in titin - which in the latter case is due to the
unfolding of immunoglobulin (Ig) domains - and which was
also reported by single-molecule force spectroscopy experi-
ments on recombinant fibrinogen oligomers (Fig. 8B). The
overall shape of force-elongation curves were confirmed by
Root et al®® who investigated the mechanical behavior of
various sections of the myosin II coiled-coil tail. In this case,
the plateau region was attributed to the unraveling of the
coiled-coil dimers followed by unfolding of the a-helices. These
authors also provided evidence that the elasticity associated
with unfolding was inconsistent with the Worm-Like Chain
(WLC) model at high strains. Further confirmation of the three-
stage force-extension profile of single myosin II filaments
(straightening of the coiled-coil, followed by unfolding, and
finally extension of the unfolded coil) were also obtained by
Taniguchi et al.®* using magnetically-driven oscillation of an
AFM cantilever. The similarity between the force-extension
profile of these experiments - as well as those conducted on
desmin filaments’® - and macroscopic tensile curves from snail
egg cases, which are predominantly made of coiled-coil
domains, Fig. 5D, is evident. The major difference lies in the
smaller relative amount of dissipated energy in the single-
molecule experiments compared to macroscopic experiments.

In a separate study Kreplak et al.® investigated the nano-
mechanics of myosin thick filaments, which in this case were
bundles of myosin molecules isolated from the indirect flight
muscles of the fruit fly Drosophila melanogaster. The data

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 AFM-based single-molecule force spectroscopy provides critical information on the stretching mechanisms at the molecular scale of protein fibres. (A) Coiled-coil
myosins where the unfolding is reversible, a behavior assumed to be the result of an equilibrium process. (B) Stretching of fibrin oligomers, featuring a saw-tooth
pattern of force-induced unfolding reminiscent of unfolding of Ig domains in titin. (C) Stretching of single fibrin molecules in bending for non-cross-linked (left)
and cross-linked (right) fibres. Note the difference in axis scales between left and right panel and the two-stage linear response. The molecular mechanisms that
trigger the switch from the initial elastic region to the plateau domain in (A), and the stiffening in (B) are yet unknown. (Panel (A) reproduced from ref. 81 with
authorization from Nature Publishing Group; panel (B) reproduced from ref. 88 with authorization from Elsevier; panel (C) modified from ref. 86 with

authorization from John Wiley&Sons.)

suggested that myosin molecules have the potential to undergo
large-scale deformation, which results from a combination of
shear between myosin molecules and unfolding of a-helical
domains. The filaments were also observed to undergo strain
hardening, a signature of the o—f transformation also seen in
IFs using similar experimental protocols.

3.3.3 Fibrin. Fibrin also contains long coiled-coil domains
made of distinct trimeric polypeptide chains (o, B, and v),
which are flanked with globular domains of the individual
chains.® Collet et al.®® employed optical tweezers to measure
the elastic behavior or single fibrin fibre and reported elastic
moduli values in the range 1.5 MPa (for non-cross-linked) and
15 MPa (cross-linked). It has been suggested that the high
extensibility of fibrin fibres could be related to the transition of
o-helical coiled-coils of fibrinogen into B-sheets,** or to unfolding
of the coiled-coils domains.’>® Brown et al.®® obtained saw-tooth
patterns when pulling genetically-engineered fibrin oligomers with
AFM, which they attributed to coiled-coil unfolding (Fig. 8B). This
hypothesis was further tested by Houser et al® using single-
molecule AFM experiments and a nano-manipulator to stretch
the fibre over micro-patterned channels in a bending configuration.
They obtained the two-stage linear curve depicted in Fig. 8C, but no
plateau regime was observed. Employing an extended version of the
Worm Like Chain (WLC) model to fit their data, they obtained a
persistence length [,, of ~0.5 nm, consistent with [, values for
random-coil peptides. Hence they proposed that the elasticity was
due to the entropic behavior of the unstructured globular
domains of the a-chains (¢-C domains). In this case, the data
were not consistent with the unfolding of coiled-coil domains.

This journal is © The Royal Society of Chemistry 2013

Piechocka et al.®® performed shearing of fibrin networks at

multiple scales using a combination of rheology and micro-
rheology devices. They concluded that the fibrin gels exhibited
a transition from an entropic network of semi-flexible fibres at
low strains, to a regime dominated by single-fibre stretching at
higher strains. According to these authors, it was unlikely that
coiled-coil unfolding could account for the strain-stiffening
regime. As noted in Section 2.2, an elastic behavior dominated
by phase-transition (coiled-coil unfolding) would be expected to
be associated with a force plateau rather than strain-stiffening.
However, if both fibre stretching (o-C connecting regions) and
coiled-coil unfolding occur simultaneously, it is likely that the
constant stress plateau could be masked by the fibre stretching
regime. Hence comparing micro-theology and AFM data with
the SAXS measurements obtained by Brown et al.>° (shown in
Fig. 7C) seems to imply that different extension mechanisms occur
at various regimes of stress and strains in fibrin, and that both
coiled-coils and globular domains may contribute to fibrin gel
extension depending on the strain state (tensile vs. shearing regime),
length scale probed (single fibrin vs. gel network), and cross-link
density, a possibility that was also suggested by Helms et al.”*
3.3.4 Polysaccharides. Polysaccharides such as Dextran
also feature a conformational transition under stress, which
in such biomacromolecules is related to boat-chair transitions.
The conformational transition translates into a small plateau
when single molecules of polysaccharides are stretched in force
mode with an AFM.?>®> While the plateau region is much
smaller than in coiled-coil proteins (about 10 pct. extension), it
can also be treated as a stress-dependant phase transition
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system, with the equilibrium state obtained by minimization of
Gibbs free energy of the system. Haverkamp et al. have used
this concept™ to fit AFM force-extension curves of various poly-
saccharides such as dextran or alginate. Measuring such curves
over a wide range of temperature, they showed that the transition
is mostly governed by internal energy changes between the two
possible conformational states,”” which is also consistent with the
formalism summarized in Section 2.2. In addition to conforma-
tion changes, internal friction phenomena have also been mea-
sured at the single molecule level in dextran.’®

3.4 Computer and analytical modeling

Computer simulations at various length scales have recently
been performed to obtain a deeper understanding of stress-
extension response of a-helical proteins at the molecular scale.
Qin and Buehler” analyzed randomly selected, double-
stranded coiled-coil proteins of various lengths and conducted
molecular dynamic simulations. They found that the coiled-
coil to B-strand transition occurred for coiled-coil proteins
larger than a critical length of about 40 amino acids. With
these conditions, their simulations predicted a force plateau
during the unwinding of the coils, and a subsequent B-sheet
transition, followed by a steep force increase once newly formed
B-sheets were pulled. Their computations predicted an irrever-
sible transition, such as has been experimentally observed
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numerical results was compared with experimental data
obtained on vimentin filaments by single-molecule AFM,'*°
and Young’s modulus in the range 380-540 MPa was obtained
with both methods. It should be mentioned that these values
are closer to those measured macroscopically on densely cross-
linked IFs such as hard keratin (on the order of 1000-1500
MPa) than those obtained on more extensible egg case mem-
branes (40-50 MPa in the o-helical domain)*****°* (Fig. 5).
Computer simulations have also offered insight into the impor-
tance of primary sequence design of coiled-coil proteins and
the potential origin of the o~ transition under loads.'%” In this
case, vimentin maintains a distinct disruption in the heptad
repeat sequence in the form of a three residue deletion from
the ideal heptad repeat, which results in a “stutter”'**'®* that
slightly disrupts the winding of the coiled-coil.'®® Based on these
simulations it was concluded that these regions of slight disorder
could act to facilitate the unwinding of the coil-coil and B-sheet
transformation.

On the macroscopic scale, continuum constitutive models
have recently been proposed®'°® in order to describe the
macroscopic tensile response of egg case membrane materials.
In one case, the authors assumed that the o—f3 transition can be
described by a single scalar variable x and that the free energy
of the material is given by a simple sum of the partial free
energies of the o-helices and B-sheet phases, respectively:

on the macroscopic scale in hagfish threads. The same set of G = G(e,x) = (1 — k) Gyfe) + k Gp(e) (24)
(A) (B) © °
g
% worm-like chains
- £ Y T
R = o-chains
= =y \
o g 2 -
§ 1;: _.-"+— double-tangent
= ] .
B 5 0 with slope oy
2 5 : : : : .
§ 100 120 140 160 180
£ spacing s (nm)
(=]
&
data [3
gy L ee—— n?ozle[l ] 15
0.0+ g T T ——————— —_
0.0 0.1 0.2 0.3 0.4 0.5 &
Engineering sfrain € \%10 ]
7
&
D
O'Ao
h=— =K(s—%) +——7—
0 e . , .
gAy kT /(1 s\N=2 1 s 0 20 40 60
b= N I 1 (1 - E) 1 + I molecular true strain In D/Do (%)

Fig. 9 Modelling approaches describing the phase-transition induced elasticity of protein fibres and networks. (A) Continuum-based modeling using quadratic laws for
the free energy of each phase. In (B) the biphasic network is modeled as an elastic spring in the a-phase conformation (low strains, s < 5%) and as a WLC model in the
extended state (s > 40%). In the intermediate region, minimization of the energy density function W(s) dictates that both phases co-exist. The equilibrium stress oy
(equivalent to o in Section 2.2) at which the elastic phase-transformation occurs corresponds to the slope of the double tangent construction as depicted in the plot.
(Panel (A) reproduced from ref. 106 with permission from Elsevier; panel (B) reproduced from ref. 64 with authorization from The Royal Society Publishing.)
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which is similar to eqn (12), with the exception that the
temperature-dependence on the free energy is not taken into
account. Assuming a simple quadratic function for the partial
free energies G, and Gy (which would be valid only for linear-
elastic behavior of the individual phases), they computed
macroscopic stress—strain curves that fit experimental data well
(Fig. 9A). Although the assumption of a quadratic function for
G, and G will most likely have to be refined to accurately
describe the internal binding energies of the o and  phases,
such modeling based on the Gibbs free energy of the distinct
phases provides a physically-reasonable description of the
elasticity of these materials. Such an approach was recently
suggested by Harrington et al,** who used distinct elasticity
models for each phase: a standard molecular elastic spring to
describe the initial response of the coiled-coil structure, and a
WLC-like model for the extended phase after the phase transi-
tion that is able to capture the stiffening at higher strains.
Using simple equilibrium considerations, they showed that the
pseudo yield stress g, (corresponding to o, in Fig. 4) can be
obtained by minimization of the total Gibbs free energy of the
two-phase system, and they were able to capture the general
tensile response of the egg case by fitting their model to
experimental strain data measured by SAXS, as depicted in
Fig. 9B. According to their model, the a-phase is thermodyna-
mically stable at small strain values, the extended 3* phase is
stable at high strains, whereas both phases co-exist at inter-
mediate values of extension which is again in agreement with
the formalism described in Section 2.2. It is likely that more
accurate descriptions of the overall stress—strain behavior of a
wider range of phase-transition driven elastic fibres will be
obtained by combining modeling efforts at both the molecular
and the continuum scale.

4. Structure—property relationships
4.1 Structure-thermodynamic links

4.1.1 Non-linear elastic model of protein networks. Corre-
lating the stress-strain behavior of proteinaceous elastic mate-
rials with their structures across various length scales is
important from several points-of-view. From a biological per-
spective, it offers fundamental insight into structure-mechan-
ical function relationships. For tissues with mechanically
related (load bearing) functions, it can provide links between
the physiological function and tissue mechanics associated
with disease. And from a bio-inspired materials engineering
standpoint, which is our main focus in this discussion, the link
between the nano and macro-scales is key for the design of
novel materials with tailor-made mechanical properties that
may find use, for instance, in tissue-engineering applications.
Amorphous fibres and gels where elasticity is governed by
maximization of conformational entropy have been studied
for many decades. A product of this work has been the devel-
opment of various models that describe their non-linear stress—
strain behavior, many of which are derived from statistical
mechanics and WLC type of models. For instance, Dobrynin
and Castillo'” recently developed a two-fitting parameter
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model that adequately describes the nonlinear stress-strain
behavior of a wide range of biological networks and gels.
Previous models have also been developed to describe the
signature response of many soft biological tissues and gels,
i.e. their strain-hardening behavior, and are based on the
straightening of semi-flexible filaments,'”® on gel network
rearrangements,'® or on flexible polymer networks.''® These
models, however, do not adequately describe biopolymeric
networks that feature significant secondary structures and
long-range orders, especially when an external load induces
phase transformation of initially ordered filaments, fibrils or
networks. More precisely, while they might adequately describe
one of the individual phases, they fail to explain the force
plateau regions arising from the phase-transition, since the
significant stiffening observed when amorphous protein gel
networks are aligned is inconsistent with a phase-transition
regime. As discussed by Root et al.,** the WLC model assumes a
structureless material. While it can fit force-displacement
curves of coiled-coils, it does so by imposing physically non-
realistic values of persistence length smaller than atomic bond
lengths. From a thermodynamic standpoint, models that make
a distinction between the low-strain and high-strain phase,
such as those recently proposed by Harrington et al®* and
Kazakeviciute-Makokska and Steeb,'® are physically more
sound to describe the elastic behavior of materials that main-
tain transformable secondary structures.

In the previous section we have described several systems
that appear to fall into this category, in particular coiled-coil
based extracellular materials. Let us now examine common
principles of these materials, and discuss how they can be
related to the formalism described in Section 2. According
to this treatment, long-range deformation associated with a
solid-state phase transition is both temperature- and stress-
dependant. Furthermore, the transition must occur at constant
force (or stress) for a material in which the two solid phases are
in equilibrium. This idealized case is considered first, before
we discuss the departure toward non-ideal systems. In the
idealized case, the tensile properties of this class of materials
can essentially be described in terms of five major character-
istics, depicted in Fig. 4B: (i) the initial elastic modulus; (ii) the
transition stress o, at which the transition occurs; (iii) the
transformation strain, ¢; (iv) the extent of stiffening after
transformation; and finally (v) the amount of energy dissipated
by hysteresis. We discuss how these properties relate to the
structure and to the quantities derived in Section 2.

(i) The initial elastic modulus of phase o depends on the
primary and secondary structure and on inter-helical interac-
tions. In coiled-coil proteins, the elastic response is dictated by
hydrogen bonds, the length of the helical pitch, and by the
binding energy of hydrophobic residues stabilizing the coiled-
coils.’™* Covalent cross-linking also plays a central role in the
linear elastic response, as the modulus is well-known to depend
on the cross-link density.''® For instance o-keratin fibres are
relatively stiff (1000 to 1500 MPa), and these properties result
largely from disulfide cross-links. The degree of hydration is
the third factor that critically affects the elastic modulus. It has
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been established in most biomaterials that water molecules
and hydration layers act as plasticizers."** Although the precise
mechanisms of how water influences the structural behavior of
biological materials are complicated and still not completely
understood, there exists plenty of experimental evidence that
low water content leads to stiffer materials."**'"

(ii) The transition stress o, is directly related to the differ-
ence in internal energy between the coiled-coil and the B-sheet
phases. In addition, o, is expected to decrease with temperature
for crystalline fibres. Hence the thermodynamics of helix
stability must play a central role in the pseudo-yield, and this
is directly correlated to the primary structure of the coiled-coil
proteins.'® For instance, it is well-established that longer
helices are more stable because they maintain a higher number
of inter-chain hydrophobic interactions."”” The specific
residues at the a and d hydrophobic positions of the abcdefy
heptad repeats (schematically illustrated in Fig. 6A) also play a
critical role, because modifications of a and d directly affect the
packing and stability of coiled-coil domains.'*® Additionally,
self-assembly and the degree of oligomerization of the coiled-
coil is also governed by a and d residues.”*"'®'° For instance,
GCN4 leucine zipper can adopt various multimeric conforma-
tions,*?° from dimeric to trimeric to tetrameric'** when switch-
ing a and d residues with various hydrophobic residues. e and g
residues of the heptad repeat provide further stabilization by
ionic interactions and also play an important role in promoting
various degrees of oligomerization."'® All of these factors must
directly affect the enthalpy of phase transition AH, in turn
influencing o¢,. Thus, it would be of interest to quantify AH
values of a range of coiled-coil structures in a systematic
manner, both experimentally and by computer simulation.

(iii) The transformation strain ¢ dictates the extent
of reversible deformation that is reached during loading/
unloading cycles. For the o-f transition considered here, it
is directly linked to the basic geometrical characteristics of
coiled-coils and B-sheets. The axial rise per residue in coiled-
coil is 1.5 A,"®* whereas the axial repeat in individual B strands
is 3.25 and 3.5 A for parallel and anti-parallel B-sheets, respec-
tively."*®> Hence, an ideal coiled-coil protein solely made of
heptad segments would in principle be able to extend up to
116 pct. and 133 pct. when transformed into a parallel or
an anti-parallel B-sheet, respectively. These values should be
considered as rough estimates, which will vary depending on
the chemical and structural characteristics of the amino acids
of the constitutive proteins. In most cases, it will be an upper
bound value, as the full-length protein most likely contains
non-helical motifs/domains in the unstrained state. In these
cases, the maximum elongation should then be governed by the
initial fraction of protein in the coiled-coil conformation. In
snail egg case materials, FT-IR data indicated an initial a-helix
content of approximately 42%, which would translate into
52 pct. extension for parallel strands and 65 pct. elongation
for anti-parallel B-strand elongation.'** These values are in
good agreement with measured macroscopic values for ¢ of
65 pet.** A similar approximation for keratin fibres also offers a
reasonable match with predicted values.”® The cross-link
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density must also affect &, as a higher number of cross-
links will impede the complete transformation of coiled-coils
and lead to lower elongations. Since cross-link density also
influences the elastic modulus, there must exist a functional
trade-off between stiffness and reversible deformation. A com-
parison of keratin fibres with egg case membranes supports
this view. Hydrated keratin, with a relatively high amount of
disulfide bonds, exhibits a plateau domain of 30 pct. vs. 65 pct.
extension for hydrated egg cases (compare Fig. 5C and D).
Furthermore, as described previously, breakage of disulfide
bonds past the yielding plateau is linked with significant
irreversible deformation. On the other hand, the elastic
modulus of keratin is higher, around 1.2 GPa vs. 50-70 MPa
for egg case membranes at room temperature. A high density of
disulfide cross-links was also suggested to be responsible for the
limited extensibility of the tetrameric coiled-coil found in the
byssal thread of giant clams,”® and high cross-link density is also
a limiting factor in the extensibility of collagen fibres.®”'*®

It is important to note that ¢ should be independent of the
temperature and identity of a and d residues of the heptad
repeats. The temperature-independence was confirmed by
Miserez et al.** However, it might be possible to reach higher
extensions if a sufficient fraction of the protein contains
extensible globular domains, as observed in IFs and fibrin fibrils.
This situation however complicates the simple thermodynamic
treatment as both entropic and enthalpic contributions may
operate, making data interpretation more challenging. This topic
is discussed in the next section.

(iv) Stiffening must depend on the total fraction of B-sheets in
the strained material, as B-sheet crystal domains are inherently
stiffer than coiled-coil and random coil domains.”®'*"2°
Although B-sheet nano-crystals have been predicted by molecular
dynamic simulations to be stiffer when the crystal size &
decreases,'’ the strand length L (perpendicular to #) is likely
more relevant as newly-formed B-sheets are loaded along the
strand axis. If B-sheet formation was unimpeded by covalent
cross-links between the initial coiled-coils, then a larger density
of B-sheet crystals could be formed, resulting in extensive stiffen-
ing. This seems to be supported by experiments on hagfish
threads, in which high strain imposed during draw-processing
leads to an impressive fibre strength of ~800 MPa, which
approaches that of spider dragline silk.*' Geometrical considera-
tions of coiled-coils and B-sheets dictate that inter-chain covalent
cross-links must be largely absent for the process to be feasible.
Instead, coiled-coil unwinding and chain alignment likely occurs
during drawing, and these processes may lead to B-sheet trans-
formation. This comes, on the other hand, at the expense of
reverse extensibility. This implies that sequence-specific covalent
cross-links are key attributes of reversible extension, and that their
location along the fibril assembly may be precisely tuned to allow
for optimum registration of helical interactions upon load release.

(v) Shock absorbing ability is an intriguing and central
characteristic of conformation-induced elasticity. Section 2
does not predict anything about this phenomenon, and little
is known about its origin. This is discussed in more detail
in Section 4.3.
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Ideally, one would like to be able to predict the mechanical
behavior of macroscopic fibres and materials built from poly-
mers capable of solid-solid conformational transitions. Using
single-molecule force experiments and eqn (18)—(21), it should
be possible to estimate thermodynamic quantities of the phase
transition, such as the enthalpy AH and entropy AS changes, or
the reversible elongation/molecule, AL, at the single protein
length scales, in the same manner as the experiments con-
ducted on polysaccharides featuring a conformational change
under stress.”””’® Once these quantities are measured for
single-molecules, they can be used to predict the onset of phase
transformation for macroscopic materials made of these build-
ing blocks, i.e. the pseudo-yield stress or the total reversible
strain that could be attained during a loading/unloading cycle.
Hence, future experiments that combine genetic and protein
engineering with single-molecule force spectroscopy could
represent a very useful predictive tool that will allow for the
manipulation of the key thermodynamic parameters described
above and facilitate the engineering of novel materials with a
bottom-up approach. This type of approach is also gaining
increasing attention in amorphous elastomeric materials, in
some cases with the goal of conferring internal energy absorp-
tion."®'?® Furthermore, experimentally derived quantities may
also be incorporated into continuum modeling in order to
correlate the molecular structure with the macroscopic proper-
ties in a more quantitative fashion.

4.1.2 Departure from equilibrium. Eqn (19)-(21) are valid
for ideal systems in equilibrium and imply a constant plateau
stress during transformation, i.e. infinitesimal increment of
force necessary to induce the unfolding such as depicted in
Fig. 4, with o, linearly increasing with (1/7). The transformation
strain, on the other hand, is independent of temperature
and depends solely on the secondary and tertiary structure.
Experimentally, the former assumption is not always strictly
obeyed, and an increase in force during the conformational
transition is observed. This can be explained in terms of departures
from the ideal case, which comes from several sources.

First, the model assumes fibres are oriented along the load
direction. In reality, fibres may have an angular distribution
throughout a macroscopic sample. In Buyscon egg case membranes,
for instance, microfibres are arranged within micro-scale layers and
exhibit a preferred orientation of fibres from layer to layer. Hence the
0 component of the stress tensor (axial direction component)
depends on the loading axis and fibre direction, such that
there is a coexistence of a-helix and B-sheet containing fibres
that occurs over a range of external tensile forces. Using Raman
confocal microscopy Harrington et al.®® recently confirmed
that layers containing proteins oriented perpendicular to the
loading axis do not undergo an a-f transition.

Second, heterogeneity in microfibril diameters is another
source of deviation. This is evident by looking at eqn (21) as
applied to individual microfibrils. At a given applied force,
fibres with a non-homogenous distribution of diameters will be
under different stresses, meaning that the critical stress o, is
attained at various external forces f. Thus, transformation
initiates under a range of external force f. This is consistent
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with early data on keratin fibres,"** where it was shown that
stress increases in the transition region were mainly a result of
the heterogeneity in fibre diameters. AFM stretching experi-
ments on single myosin molecules®® - which have nearly
monotonic fibre diameter distribution - confirm this trend:
in these cases, low fibre diameter dispersity leads to a flatter
plateau region. This prediction was also supported by molecu-
lar dynamics mechanics simulations performed on coiled-coil
myosin domains.*

Third, the treatment summarized in Section 2.2 also assumes a
single-component system. In reality, fibres and protein-based mem-
branes are usually made of multiple components and can display
different packing geometries of coiled-coils and higher order
arrangements thereof. In egg case membranes, at least four proteins
are detected by electrophoresis (although their sequences differ only
slightly from each other) and their precise contribution to the o3
transition remains to be elucidated. Additionally, water is also
present in the system, with possible different relative concentrations
between the o and the § phase. Hence, it is reasonable to assume a
multi-component system. A component i can then be part of either
the o phase or transferred to the p phase during transformation.
When n; number of moles are transferred from one phase to
another, then chemical equilibrium dictates that the chemical
potential x; of component 7 in each phase be equal:

ut=pb (25)
The equilibrium between the two phases is then given by:
d(G — fL) = n; uf — n;p¥ =0 (26)

Using the same approach as employed above to obtain eqn (19)-(21),
Flory’" derived the following relation for the change in force
with temperature for a multi-component system:

af/T) AH
S — 2
(Grm),, =51 7
which is similar to eqn (20), but AH and AL are now given by:
~  OHp _ 0Lg
oay e and o ®

Hence, the changes in enthalpy AH and length AL vary with the
fraction of the second phase (/g) in the system. The key message of
eqn (27)—(28) is that AH and AL are no longer constant: the multi-
component system introduces dilution terms related to the partial
changes in enthalpy and length with fraction of f-phase 4g. Since
AH and AL now vary with the composition, the force at a given
temperature (as per eqn (27)) in the equilibrium state is no longer
constant but varies with the fraction of second phase in the system,
/p, and hence with the elongation.

In summary, there are various structural and chemical factors
that influence the overall thermodynamic equilibrium. In light of
these, it is not surprising that real systems exhibit force increases
with strain during the strain-induced elastic transformation.

4.2 Structural proteins with physiological functions

Phase-transition elasticity also appears to apply to structural
protein fibres that have physiological and mechanical functions,
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such as IFs, myosin, and fibrin. Their mechanical behavior has
been discussed on the basis of their structural differences.®*®
The precise packing arrangement of coiled-coils into higher
order bundles is also likely to play a role in the ultimate
mechanical function of these materials. Because limited
amounts of pure materials are available for macroscopic
mechanical testing in these cases, much of our knowledge
has been gathered from single-molecule force spectroscopy
experiments or from gels prepared from recombinant proteins.

The predominance of coiled-coil domains in egg case mem-
branes is analogous to the molecular design of IFs. A protective,
shock absorbing function for IFs situated in the cell cytoskeleton,
as suggested by single-molecule force experiments,”®”® would be
fully consistent with their coiled-coil nature and their capacity to
undergo a transition into B-sheets, which was also supported by
molecular dynamic simulations.”® Hence there is growing
evidence that IFs contain extensive coiled-coil domains in order
to accommodate large strains of the cell during deformation,
possibly in a reversible fashion.

In myosin coiled-coil (tail) domains, AFM force-displace-
ment data also suggest the occurrence of an o-f transition.
Other than the plateau and stiffening domains reported in these
studies,®~® there does not exist additional experimental evidence
that a transition is indeed happening in vivo, but such investiga-
tions are certainly worth considering. While not observed under
normal physiological conditions of the working muscle, large
muscle strains may lead to the o—f transition, a mechanism that
could prevent muscle damage in extreme cases.®®

Fibrin is a complex case in that the fibrils are dominated by
coiled-coil domains flanked by smaller amorphous globular
domains. SAXS data suggest that uncoiling occurs,*® which
could correspond to a phase-transition case. However, the
decrease in the SAXS signal (shown in Fig. 7C) could also be
related to a loss of order without nucleation and growth of a
new crystalline phase. If a conformational change occurs under
equilibrium conditions, one would expect to observe a plateau
domain in the force-extension curves. However, there is
evidence that a significant fraction of fibril strain is due to
the globular domain extension®°" and fibril stretching at high
strains.®® This behavior would correspond to localized rubber-
like elasticity behaviour and would be consistent with
the absence of a force-plateau in these experiments. Single-
molecule force spectroscopy at various and well-controlled
temperatures may provide critical insight into this debate.
Indeed eqn (22) and (23) provide a convenient way to draw a
distinction between fibres whose elasticity is mediated by the
extension of amorphous (random coil) domains, and fibres
whose elasticity is due to conformational changes of crystalline
domains. It is possible that both types of contributions operate
at various regimes of strain, temperature, solvent conditions
(pH, ionic strength, etc.), and cross-link type and density in
fibrin gels and fibrils. This question may be addressed
by conducting AFM force-extension experiments at different
temperatures and by analyzing the force-temperature coefficient
as a function of extension. The sign of the force-temperature
coefficient (9f/0T)p, obtained would then provide an answer to
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this question, and it may well be that the contribution of
each mechanism depends upon the overall extension. Finally,
measuring the instantaneous modulus during unloading
(re-folding) would also provide useful clues on which structural
domain plays the major role in long-range elasticity.

4.3 Unanswered questions

There remain key unanswered questions that would provide a
better understanding and facilitate the exploitation of the
elasticity induced by conformational changes. Let us now
discuss several fundamental questions that remain.

4.3.1 Reversible vs. irreversible deformation. First, why are
some systems reversible and some not? This question will have
to be answered by thoroughly examining structure-property
relationships down to the molecular scale, i.e. primary sequence
and crystal structure. It is currently unknown whether the
reversibility/irreversibility is related to the identity of hydro-
phobic residues in the heptad repeats, to the tertiary structure
of the proteins, or to the number of helical units in the coiled-
coil complex, which can range from dimeric to hexameric or
even larger oligomeric states."**'*! De novo designed coiled-
coils have been used to investigate amyloid fibril formation,"*?
where an irreversible B-sheet formation was obtained by heat-
ing the coiled-coils, and such studies could provide valuable
insight. It may be that a critical number of helices are necessary
to enable the transition, and that neighbouring coiled-coils
associate into an extended network of B-sheets at high strains.
Furthermore, coiled-coils with a given degree of oligomeriza-
tion and chain orientation (parallel vs. antiparalell) may be
more favourable in returning to coiled-coil conformations upon
load release. It is possible that a combination of all of these
factors plays a role and these will have to be thoroughly
tested. The precise identification of cross-links, including their
location and density is also important in order to predict the
mechanical behaviour of the mature material and must
undoubtedly play a role in the reversibility of the transforma-
tion. The identification of the full sequence of currently
unknown proteins is also critical. Once this has been achieved,
first-principle and molecular dynamic computer simulations
that include sequence information will undoubtedly provide
important clues to test these hypotheses.

4.3.2 Molecular mechanisms of conformational transfor-
mation. Second, there remains a limited understanding of
the mechanisms of strain-induced conformational changes at
the molecular scale. Mechanical and X-ray data suggest the
presence of a transition state consisting of random coils prior
to the nucleation of B-sheets, but more conclusive evidence is
necessary. Additionally, almost nothing is known about the
nucleation sites of B-sheets. Possible options include (i) a
statistically random nucleation at any given residues along
the protein chain, (ii) a site-specific nucleation where B-sheet
formation could be facilitated by the unwinding of relatively
disordered (stutter or stammers) regions along the coiled-coil,
or (iii) the elongation of pre-existing B-sheets in the unstrained
material, which have also been identified by solid-state spectro-
scopy.*” Stutters and stammers are almost universally found in
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coiled-coil proteins,"** are highly conserve and are
believed to play an important role in coiled-coil oligomeriza-
tion."** Their possible role as a nucleus for uncoiling has been
supported by computer simulation.’® Further molecular
dynamic simulations of coiled-coil unwinding by Qin et al.®®
provide additional guidelines, by predicting that a minimum of
40 amino acid residues are necessary to induce the o—f trans-
formation of coiled-coil molecules under applied stress instead
of shearing of the a-helices. However experimental evidence is
still lacking to fully corroborate these simulations. In the near
future, it will be of interest to identify which domains actually
feature the o—f transition, whether some are unable to exhibit
conformational changes, and to subsequently transfer these
designs to de novo peptide design strategies.

4.3.3 Internal mechanical dissipation. Third, the origin of
internal energy dissipation is still not understood. Breakage
and reformation of new hydrogen bonds during unfolding of
coiled-coils and the formation of new B-strands is a possible
explanation. Molecular friction associated with sliding of
neighbouring coils is another option. While in some applica-
tions, such as artificial arteries, perfect elasticity with full
restoration of elastic energy is required by the tissue, in other
cases, energy dissipation with reversible deformation is a desired
property. For instance, encapsulation of damage-prone cells
and tissues requires the elastic energy stored into the protein-
based membrane to be absorbed. Here, the ability to absorb a
large fraction of the elastic energy internally (see Fig. 4B) would
be highly advantageous. Again, combining experimental
mechanical data at both the macroscopic and the nano-scale
together with computer modeling will likely be the key in
answering this question.

Clearly, many fundamental questions remain to be answered,
from the biochemistry to the self-assembly and nano-mechanics of
these intriguing structures. With current advances at the protein
engineering and nano-mechanics levels, as well as increased avail-
ability of computational power, numerous exciting experimental
designs can be envisioned to address these questions.

4.4 Future developments

The class of materials presented in this review opens exciting
avenues in terms of biomimetic materials engineering. They
significantly expand the potential of elastomeric materials
for various load-bearing applications, including in the tissue-
engineering field and as functionalized materials. We conclude
this review by proposing a few possible routes and guidelines
for the biomimetic synthesis of such materials.

De novo biosynthesis of bioelastomeric materials is viewed
as a very versatile tool for biomimetic synthesis through protein
engineering, and is undoubtedly gaining increasing interest in
biotechnology and tissue engineering.’*>"'*® Many biomimetic
insights can be obtained by examining the structure-property
relationships of coiled-coil containing extracellular tissues and
proteins. The coiled-coil design is one of the best-understood
and versatile peptide designs''®'*” and as such, there have
been promising advances in de novo design of nanofibrils
assembled from o-helical coiled-coil peptides.t3*138:139
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For instance nanoscale constructs can be designed to self-
assemble into various oligomerization states from dimeric'*’
to trimeric'*! to hexameric'*? coils, and their assembly can be
controlled by pH or chemical stimuli.'*®*** De novo designed
peptides have also been used to engineer coiled-coils that
undergo an irreversible switch into B-sheet fibrils upon heat-
ing."®” Keratin, marine snail egg case membranes and hagfish
threads all contain coiled-coil motifs as a dominant motif; yet
they exhibit distinct differences in their mechanical response.
From this perspective, obtaining the primary sequence of such
native proteins is a critical step, and carefully examining the
relationships between primary sequence and structure will
likely teach us useful lessons into how the fibrous proteins
should be designed at the molecular scale. Indeed, while much
progress has been made in the past decade to engineer a-helical
coiled-coil assemblies de novo,'*®**! the characterization of
functionally relevant native proteins clearly offers efficient design
criteria. It is easily envisioned that in the near future, native
coiled-coil domains could be incorporated into de novo design
strategies in order to achieve tailored structural properties,
including the ability to exhibit reversible a-to-f transition, and
these molecules can be further functionalized to provide desired
bioactivity for a range of applications. In addition to the applica-
tion of knowledge of the molecular design of the coiled-coil
building blocks, it will also be critical to elucidate the processing
and sclerotization mechanisms by which the final extra-cellular
biological material is stabilized. Indeed living organisms are able
to rapidly process a concentrated liquid polymer into a structural
material within a few seconds or minutes, yet with the exception
of silks'** ™% or mussel byssal threads,'"” very little is known
about such natural processing mechanisms.

The combination of shock absorbing ability with reverse exten-
sibility is truly unique but has not been exploited yet. Once a
comprehensive understanding of the origin of the energy-absorption
has been achieved at both the molecular and nano-scale, further
optimization of energy-absorption should be possible and would
permit potential usage of these materials as semi-permeable and
robust membranes similar to their function in the wild. Currently,
cell encapsulation relies on hydrogel systems such as alginates,
hyaluronic acid***™' or other synthetic systems™>'* but
these often suffer from poor mechanical stability. The modulus of
alginate-based hydrogels is on the order of 2 x 107> to 4 x
102 MPa, and can be increased to 0.15 MPa at most for cross-
linked systems,"**"*® which is two orders of magnitude lower than
the permeable snail egg case membranes. There has been progress
in engineering hydrogels with improved mechanical stability, such
as the development of Double-Networked (DN) gels,'>* in which the
range of mechanical characteristics is a significant improvement,
with elastic moduli and tensile strength in the range 0.1-1.0 MPa
and 1-10 MPa, respectively."”> However, those values remain well
below those obtained in natural egg case bioencapsulants discussed
in Section 3.2. In other words, recombinant egg case or hagfish
filament proteins could be used to engineer materials with at least
one to two orders of magnitude increase in mechanical properties,
together with the ability to resist mechanical shock and a much
higher tolerance to compressive stresses. The manipulation of
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variables described in Section 4.1 will provide many opportunities
for further improvement. Through control of the primary sequence,
for example by site-directed mutagenesis or by modifying the length
and number of heptad repeats as well as the location of cross-links, a
large spectrum of properties should be obtainable. Once an accurate
understanding of the mechanisms associated with conformational
changes at the molecular scale is elucidated, it may be possible to
design libraries of protein fibres with tailored structural properties.
As suggested above, there are at least four mechanical parameters
that one can envisage controlling: (i) the stiffness; (ii) the transfor-
mation stress; (iii) the extent of the reversible elastic strain plateau;
and (iv) the amount of absorbed elastic energy during a loading/
unloading cycle. Cross-linking will also allow for control over the
level of stress sustained by the fibrous network. It is likely that
covalent cross-links are necessary to obtain reversible transition and
pull B-sheets back into coiled-coils. On the other hand, a higher
density of cross-links, while making the fibre stiffer, would impede
the overall extensibility, as observed in Tridacna clam byssal
threads.”® Clearly, there exists a trade-off between these factors,
and these variables will have to be exploited in order to create “on-
demand” properties.

Alternatively, examples from hagfish threads indicate that it
is possible to lock the protein into a given ratio of a-helix/B-
sheet content, hence allowing us to modulate the modulus over
one order of magnitude and dramatically increase failure
stresses. This approach may, in the future, be used to manu-
facture high-performance fibres with environmentally friendly
synthesis strategies that rival the best man-made and natural
polymers. These proteins may also facilitate the circumvention
of a major difficulty encountered with recombinantly engineered
silks - the current benchmark of stiff natural fibres — which is
that they are notoriously difficult to produce in large yields
because of their highly repetitive sequences.'>*">” Applications
as the reinforcement phase in engineering composite materials
would then be envisioned for fibres biosynthesized through
biotechnological routes. The microstructural scale offers an
additional level of flexibility as a way to tailor properties such
as the transition stress. For instance, it may be possible to
prepare layered composites with a well-defined amount of fibres
in the loading direction, allowing for precise control over the
transition stress o; in various directions.

An extension of their use as load-bearing elements will be
the formulation of multi-functional elastomers, with sensing or
cell-recognition capabilities. Such multi-functional approaches
have recently been attempted for elastin'®® and resilin-based
elastomers.'®® We believe they could also be implemented for
this specific class of bioelastomers. The combination of stiff
and extensible properties, together with biological activity such
as cell adhesion or sensing, could find many applications in the
biomedical and tissue engineering fields.

5. Summary and conclusions

Bioelastomeric materials with amorphous-based building
blocks are a well-established class of materials. In the past
decade, there has been growing evidence that bioelastomeric
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properties can also be obtained in systems containing both
short-range and long-range order. In this review, we have
summarized the basic thermodynamic formalism of phase-
transition induced elasticity, which suggests that biomolecular
systems can feature long-range elasticity through the reversible
phase transition of their constitutive building blocks. Data from
multiple length scales provides clear evidence of this behavior.
These observations are particularly relevant for coiled-coil containing
fibrous systems, in which a wide range of properties can be achieved.
Future work in this field will focus towards achieving a better
understanding of the molecular mechanisms of the phase
transition, and on protein engineering approaches in order to
produce materials in large yields and with multi-functional
characteristics. These fibres and networks will have the potential
to feature shock-absorbing capability, mechanical durability,
selective diffusivity, and protection against aggressive chemical
environments, making them attractive as biomimetic materials
in restorative and tissue engineering applications, such as for
the encapsulation of delicate tissues or cells. They could also be
used as eco-friendly functional materials, for instance for packa-
ging applications. This full potential will likely be reached
through close interactions between polymer chemists, protein
engineers and biophysicists.
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