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ABSTRACT

INVESTIGATIONS OF ELASTIN RECOIL ON MOLECULAR AND
MACROSCOPIC LEVELS

Nour Mohammad Jamhawi

April 30, 2021

Elastin is one of the most hydrophobic proteins, and it is extremely flexible when
hydrated. The driving force for recoil is the decrease in entropy of the protein and/or the
hydrating solvent. This dissertation is a study of both mechanisms. Following an
introduction (Chapter 1), Chapters 2 and 3 investigate the recoil mechanism on the
molecular level in the hydrating solvent and in the protein, respectively. Chapter 4
examines macroscopic properties of recoil by thermomechanics. Conclusions are discussed

in Chapter 5.

Using double quantum NMR, the deuterated water ordering at the elastin surface
was studied guantitatively as a function of stretch and in the presence of solutes known to
modulate the hydrophobic effect: polyethylene glycol (PEG), sulfate ion, a kosmotrope,
and perchlorate ion, a chaotrope. When the purified elastin is stretched, a nearly one order
of magnitude increase in the ordering of water is observed, and this is due to the increase
in water exposed to the hydrophobic surface. When PEG and sulfate ions are added to the
solvent, ordering of the water is significantly decreased due to a more compact protein with

reduced solvent exposed surface area. At concentrations below 0.3 mol/kg perchlorate ion,
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only minor changes in the magnitude of the ordered water signal are observed because
perchlorate interacts with peptide bonds and does not decrease exposed hydrophobic

surface area.

Ordering of elastin was studied using static 3C NMR to assess the amplitude of
backbone motions in the mature elastic material. It was found that the residual shielding
anisotropy is small, 1 — 3 ppm and within the experimental resolution of this experiment,
no stretch induced ordering was observed. Thus, cross-linked elastin is dynamically

disordered much like soluble minielastins.

The thermomechanical experiments show that elastin is stiffer in the presence of
PEG, sulfate and high perchlorate concentrations. These solutes do not interact with the
protein and decrease the volume and the length of the fiber, confirming the increase in
compaction. Also, they decrease the heat liberated, the change in entropy and the internal

energy with stretch. Thus, the hydrophobic effect is the major player in elastin recoil.
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CHAPTER 1 INTRODUCTION

1.1  Elastin

Elastin, an extracellular matrix protein, is crucial for elasticity in many vertebrate
tissues including arteries, lungs, skin and elastic cartilage. It is a fibrous protein and, in
terms of evolution, is a relatively new protein. It provides essential energy storage for the
closed circulatory system found in all vertebrates.! Unlike rubbers, elastin requires a
solvent to recoil. Dry elastin is an insoluble fragile polymer and gains elasticity only when

swollen in water.

Tropoelastin is the natural soluble precursor of elastin. It was first isolated in 1969
from copper deficient porcine aorta.? It is 60 — 70 kDa in molecular weight and composed
of alternating hydrophobic modules (25 — 40 amino acids) and smaller cross-linking
modules.>* The hydrophobic modules are highly repetitive sequences rich in proline (P),
alanine (A), valine (V), leucine (L), isoleucine (1) and glycine (G). Typical cross-linking
domains have pairs of lysyl residues separated by two or three alanyl residues embedded

within P- or A- rich regions.*

Elastogenesis is the formation of a mature elastic matrix. It is a complex process,
and involves the coordination of intracellular transcription, translation and processing of
tropoelastin precursor protein. Following synthesis, tropoelastin is secreted into the

extracellular space for microfibrillar assembly.



In addition to other proteins, assembly requires a unique inverse phase transition known as
coacervation. Finally, intra- and intermolecular cross-linking results from the action of
lysyl oxidase to produce mature insoluble elastin matrix.® Lysyl oxidase converts e-amino
groups into aldehyde groups that combine with e-amino groups to produce ultimately four
lysyl side-chains in a pyridyl ring structure known as desmosine or isodesmosine.® This

crosslinking process is random and results in an unordered network.®

1.1.1 Elastic Mechanisms of Elastin

The recoil force behind the elasticity of elastin is believed to be entropic.”° Stretch
decreases the entropy of the system and recoil is spontaneous to restore the lost entropy.
Two main structure-function groups of models have been proposed to explain the recoil

mechanism. 2 But, the precise mechanism has not been elucidated.

Structure-based models are divided into two main groups. The first, introduced by
Hoeve and Flory, describes elastin as a network of free, randomly moving chains with high
entropy that is reduced by stretch.® The fibrillar model relies on the presence of B-turn
repeat structures that are less disordered upon stretching.* 1* The latter model is widely
accepted; however, direct experimental evidence of stable B-turn structures in natural

elastin has not been reported.

Function-based models are also divided into two main groups. In “rubber-like”
models, the entropy decreases upon stretch due to backbone ordering. This group of models
describes elastin as either a network of random chains® or a protein with secondary
structures; more specifically p-turns.* 1 In the second group, entropy decrease upon stretch
is from polymer and solvent ordering. The first model of this group, the liquid drop model,

was introduced in 1970 by Weis-Fogh and Anderson. In this model, tropoelastin molecules

2



are hydrophobic globular monomers cross-linked to form the aggregates of elastin. Stretch
deforms the globules thereby increasing their surface area and decreasing solvent entropy
due to the hydrophobic effect.® The oil coiled model is similar to the liquid drop model in
regard to decreased entropy of the exposed solvent but considers tropoelastin fibrillar

instead of gloubular.'?

It is widely assumed that recoil in elastin is the same as in rubber, i.e., recoil is
driven by an increase in polymer entropy. However, this assumption does not account for
two important features of elastin: it is not elastic when water is absent, and elastin has
evolved into one of the most hydrophobic proteins known. In this research, both theories
were investigated with the focus on the hydrophobic effect model. This was achieved
through combining three different approaches. First, water ordering was directly observed
using novel Double Quantum Nuclear Magnetic Resonance (2Q NMR) experiments as a
function of both stretch and in the presence of Hofmeister ions, polyethylene glycol (PEG)
and deuterated solvent that systematically modulate the hydrophobic effect. These are the
first experiments in which stretch induced water ordering has been directly observed at the
molecular level. Second, the effect of stretch on the amplitude and timescale of the protein
dynamics was studied using static solid state natural abundance *C NMR of backbone
carbonyl groups. Third to complement the NMR measurements, the entropy changes from
stretching natural elastin were measured in a newly designed and homebuilt apparatus in
the presence of Hofmeister ions and PEG. All experiments were performed on highly
purified bovine elastin.

Elastin has inspired the design of wide variety of proteins with different functions,

including protein purification, matrices for tissue engineering and drug delivery. The



significance of this research is to understand elastin recoil, which is fundamental to the

systematic approach of developing and designing new protein-based elastomers.

1.1.2 Elastin Fibers Purification

2Q NMR experiments were performed first on bovine elastin fibers obtained from
Elastin Products Company (Owensville, MO). These fibers were prepared by the neutral
extraction method.'® Reproducibility and consistency problems plagued these samples, so
elastin fibers from freshly obtained bovine neck ligaments were purified using a recently
described protocol optimized by Van Kuppevelt et al. that included several organic and
aqueous extraction steps coupled with a short trypsin digestion to ensure intact smooth and

uniform pure elastin fibers, (Figure 1.1). 14

This protocol starts by washing the fibers with sodium chloride solutions over three
nights to remove water soluble proteins. Washes with ethanol, chloroform, methanol,
acetone and ethyl ether follow to remove lipid-containing molecules. Afterwards, the fibers
are treated with cyanogen bromide to cleave proteins at methionine residues, which are
present in almost all proteins but are absent in elastin. The fibers are next treated with urea
and B-mercaptoethanol. Because trypsin cuts after basic residues and the predominant basic
residue in mature elastin are cross-linked lysyl groups, elastin is digested slowly, and
digestion with trypsin (4 h at 37 °C) removes remaining microfibrillar components leaving
the remaining elastin fibers intact. The fibers were dried using a vacuum desiccator and

were stored at —80 °C.
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Figure 1.1. Schematic representation of elastin purification procedure from freshly
obtained bovine ligamentum nuchae.

The purified elastin fibers were examined using scanning electron microscope (SEM)
at the Conn Center for Renewable Energy Research in the University of Louisville with
the gracious help of Dr. Jacek B. Jasinski and his coworkers. Dry elastin fibers were
sputtered with an ultrathin layer of gold and examined with VEGA3 TESCAN SEM
instrument operating at 10 kV. The elastin fibers were pure and intact in agreement with
the purification protocol used, (Figure 1.2).1* Young’s modulus was about 0.6 MPa for two
different batches of elastin fibers purified using this protocol indicating consistency in the

mechanical properties.
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Figure 1.2. SEM micrographs of bovine ligamentum nuchae elastin fiber (a) before
purification and (b) after purification.

1.2 Hofmeister ions

In 1888, Franz Hofmeister was the first scientist systematically to study the effect
of a series of ions on proteins. He ranked separately the anions and the cations based on
their ability to precipitate proteins. 1> %6 This series of ions is known as the Hofmeister ions

series, and their effect on proteins is called the Hofmeister effect or the ion-specific effect.

Hofmeister ions fall into two classes: ions that salt-out macromolecules and ions

that salt-in macromolecules, (Figure 1.3).%



SCN- C|04' I NOB‘ Br Cl F- 3042- 0032-
Saltingin
CaZ+ M92+ Li+ Na+ K+ Rb+ Cs+ NH4+

Figure 1.3. Ranking of Hofmeister anions and cations. lons on the left are referred
to as chaotropes and the ones on the right are kosmotropes.

Anions have a more profound effect than cations due to their larger size,
polarizability and hydration features. 8 1 Thus, anions rather than cations were chosen to
vary in this research. Hofmeister ions used in this research were sodium salts to unify the
cation effect and because the sodium ion is considered the border line between kosmotropes

and chaotropes in the cation series.

The Hofmeister effect was primarily explained based on ions interaction with water
molecules and their effect on the H-bonding network of water, i.e., the ions water affinity
and the hydration characteristics. lons were classified in two groups, kosmotropes (order-
making) and chaotrops (disorder-making). Kosmotropes, like sulfate (SO4%) which is a
well-known protein precipitant, are small ions with high surface charge density that interact
strongly with water molecules. Chaotropes are larger ions with lower charge density and
interact with water to a lesser extent. However, a reverse Hofmeister effect was observed

with some macromolecules.

The simplified approach did not take into consideration the possibility of the
macromolecule interacting with the Hoffmeister ion at its exposed surface. Studies with
different surfaces, hydrophilic and hydrophobic or charged and uncharged, confirm the role

of ion-surface interaction as either repulsive or attractive to establish the direct Hofmeister



effect or the reverse. 2% 2! Several mechanisms were proposed to describe this ion-specific

effect in polymer solutions. ??

Cremer et al. studied the specific ion effect on different polymers such as poly(N-
isopropylacrylamide) (PINPAM), elastin-like polypeptides and others. They proposed

three primary mechanisms, (Figure 1.4).23%7

(a) X (b) W"
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Figure 1.4. Cremer et al. three mechanisms. (a) polarizing water molecule H-
bonded to the amide group. (b) modulating the hydrophobic interactions by surface
tension effects. (c) direct binding of the anion with the amide group.

In the first mechanism, strongly hydrated anions are suggested to be responsible for
polarizing the water molecules that are hydrogen-bonded to the amide groups in the
polymer, leading to dehydrating the polymer backbone and eventually salting it out,
(Figure 1.4(a)) In the second mechanism, kosmostropic anions interrupt the hydration of
the hydrophobic residues of the polymer by increasing the surface tension. This makes it
difficult to create the cavity needed to surround those residues causing shrinkage of
hydrophobic surface and eventually salting them out, (Figure 1.4 (b)). In the third
mechanism, weakly hydrated anions interact directly with the backbone of the polymer,
resulting in a salting in effect, (Figure 1.4 (c)). This salting in effect often reaches a turnover

point at a certain concentration, after which salting out can be observed. Cremer et al.



hypothesized that this is the result of saturation of the binding sites at the polymer backbone
and the salting out effect is due to increased surface tension. The first two mechanisms are
based on the anion effect on the hydration of the polymer, whereas the third mechanism is
based on the direct interaction between the anion and the polymer. In this context, anions
were only discussed rather than salts (anion and shell cation) because only sodium salts

were investigated.

Pegram and Record investigated the effect of Hofmeister salts and other
nonelectrolyte osmolytes on air-water surface tension, solubility of nonpolar solutes and
biopolymer stability in water as a function of salt concentrations. These effects were
interpreted using the Solute Partitioning Model (SPM).%31 SPM analyzes the interaction
between ions and the biopolymer surface in terms of the hydration characteristics of the
surface and the partition coefficient of the ions. It assumes two possible thermodynamic
states of the surface in the presence of the ions: the unfolded state and the native state.??
The effect of salts on the conformational change between the two states, as well as any
other aqueous process that comes with changes in exposed surface area to water was
quantified using an “m-value”. The m-value is the first derivative of the standard free
energy of transition between the two states with respect to the salt concentration. It is
assumed that the changes in free energy are linear and directly related to the changes in the
accessible surface area of the biopolymer (AASA) through a constant o, which links the
surface hydration term as the number of water molecules per surface area and the ion
portioning term as the partition coefficient of the salt concentration between the surface

and the bulk solution (Kp). The m-values, (AASA) and K, were determined experimentally



and then K, was used to quantify the accumulation or exclusion of the ions from

surface, (Figure 1.5).%
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Figure 1.5. Partition coefficients of anions and cations at different model surfaces
obtained from SPM.

the

Poorly hydrated anions accumulate at the air-water surface, whereas strongly hydrated

anions are excluded from the surface and almost all cations are excluded. The effect of salts

on hydrocarbon model solutes agreed with the ones observed on the air-water surface. This

means that weakly hydrated anions have a strong affinity towards the hydrophobic surfaces

and accumulate at them. In case of polar amide surfaces, anions are excluded but cations

accumulate at the surface. This means that the salt effect is a result of both a cation effect

and an anion effect. Pegram and Record concluded that the ordering of the anions is defined



by whether the anions are accumulated or repelled from the nonpolar regions in the
biopolymer.

The most recent model, the thermodynamic model, was introduced by Dzubiella
and Heyda. It is similar to the SPM and is derived from basic thermodynamic principles.
In this approach, two possible thermodynamic states are also assumed, but correction
parameters to account for the nonlinear behavior of the weakly hydrated anions
(chaotropes) are added.®® At sufficiently low salt concentration where the linear behavior
of the free energy is observed, their model is reduced to the SPM model. Dzubiella et al.
were able to fit the experimental data for PNIPAM reported by Cremer et al. to their model
and then calculate the thermodynamic parameters. Based on the obtained thermodynamic
data, they proposed two different mechanisms to explain the specific ion effects. The first
mechanism, the excluded-volume mechanism, is used to explain the linear free energy
behavior. Strongly hydrated salts are excluded from the polymer surface and consequently
produce depletion volumes around the surface in a manner independent of temperature and
concentration. This explains the linear salting out behavior of kosmotropes. The second
mechanism is used to interpret the nonlinear behavior of weakly hydrated chaotropes that
salt in at low concentration and turnover to salting out at high concentrations. This required
second-order corrections to the changes in free energy and entropy that are due to the direct
interaction between the salt and the polymer surface. The turnover observed with
chaotropes originates from the preferential adsorption of the salt to the globular state
(folded) over the coiled state (unfolded) with increasing concentration.®® Dzubiella and
Heyda reported that the nonlinear behavior of added sodium perchlorate (NaClO4) was

significant compared to other weakly hydrated salts, so these investigators used molecular

11



dynamics (MD) simulations to study the swelling and collapse behavior of a model
polymer with respect to NaClO4.3* Dzubiella and Heyda concluded from this study that
polymer swelling is maximal if both monomer-monomer and monomer-cosolute are
weakly attractive, leading to cosolute density inside the coil that is bulk-like and
homogenous. However, the highly attractive polymer-cosolute interactions from added
NaClOs induce the collapsed conformation and display an enhanced density of the cosolute
in the globule. Although the collapsed states are similar to the ones observed with
kosmotropes, they are a result of a very different mechanism. Dzubiella and Heyda
hypothesized that NaClO4 accumulates within the polymer coil and the collapse is driven

by “cross-linking-like bridging effects”.3*

1.3 Polyethylene Glycol (PEG)

PEG is a synthetic hydrophilic polymer of repeating units of ethylene glycol
(HO—CH2—CH2>—OH). Unlike Hoffmeister ions, PEG is uncharged and is a macromolecule
with a molecular weight that can be systematically varied. With increasing molecular
weight and concentration, PEG increases the viscosity of water.%® PEG increases solution
density with increased concentration, no relation between solution density and PEG molar
mass was observed.>® PEG has a wide spectrum of functions from industry to medicine.
One specific function important in biochemistry and related to my research; its ability to
precipitate proteins. PEG is an important precipitating agent widely used to improve

crystallization of proteins for x-ray diffraction analysis. %

The PEG precipitation mechanism has been explained based on volume exclusion,
i.e., the impossibility of both the polymer and the protein, both with high molecular

weights, to coexist in the same volume at the same time. So, the polymer is excluded from
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the protein surface creating a gradient of osmotic pressure surrounding the protein. When
protein molecules get closer to each other, their depletion areas overlap. This increases the
protein concentration and its chemical potential resulting in higher attractions between the

protein molecules and eventually phase separation (- Figure 1.7).%’

.
*®
-

- W @ L
Figure 1.6. Schematic representation of depletion interaction induced by neutral

polymers like PEG. Grey spheres are the protein molecules, black coils are the
polymer molecules, and the depletion areas are the light grey areas.

This theory was developed by many groups starting from Oosawa and coworkers.
They derived an attractive force between particles and molecules known not to have any
direct interaction. The magnitude of this force is related to the osmotic pressure of the
solution and was hypothesized to be responsible for the macroscopic aggregations of
suspended particles.® Ogston et al. used simple thermodynamic expressions; like osmotic
pressures to describe the precipitation that is taking place in uncharged binary and ternary

polymer solutions using aqueous solutions of PEG and dextran as models.3®

Ingham and Atha studied the solubility of various proteins in the presence of
different sizes and concentrations of PEG and established the linear dependence of log S

(S is the solubility in g/L) with PEG concentration in all studied proteins. Although no
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relation between solution density and PEG molar mass was observed,® the slope of the
solubility curves decreases as the molecular weight of PEG decreases, whereas no changes
were observed with temperature and pH. This observation coupled with the failure of
concentrated PEG solutions up to 30% (w/v) to have any detectable effect on the melting
temperature of ribonuclease A (RNase A) support the theory for no direct interaction
between the polymer and the investigated proteins. This agrees with the exclusion model.

Ingham and Atha referred to this model as the steric exclusion model.*

Lee and Lee investigated the preferential solvent interaction with different proteins
as a function of PEG concentration and PEG molecular weight at different pH values by
measuring solution density. Their analysis was based on multicomponent
thermodynamics.***® They concluded that phase separation of the studied proteins in the
presence of PEG is due to an unfavorable thermodynamic interaction between the protein
and PEG, partially due to the unfavorable interaction between PEG and the charged
residues at the protein surface. These effects result in preferential hydration of the protein
and an increase in its chemical potential.*> *® In agreement with the steric exclusion model,
Timasheff et al. reported an increase in B-lactoglobulin® and other investigated proteins®
preferential hydration with increasing PEG molecular weight and showed that the
exclusion is independent of PEG concentrations. Timasheff and co-workers confirmed the
theory of Lee and Lee that the exclusion of PEG from proteins surfaces is primarily steric.
However, Timasheff et al. opposed the part of the theory that states it is partially due to
unfavorable interaction between PEG and the charged residues at the protein surface.
Instead, they showed favorable interactions between hydrophobic proteins and PEG that

compete with the exclusion.*" * This point is of importance in the present study because
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elastin is one of the most hydrophobic proteins found in nature. Also, in PEG-lysozyme
mixtures the addition of low molecular weight PEGs were reported to stabilize the mixture,
whereas high molecular weight PEGs were destabilizing, and opposing the depletion

theory expectations, PEG induces repulsion among the lysozyme molecules.*®

In summary, the excluded volume, recently called depletion theory, cannot alone
quantitatively explain all PEG proteins interactions, and an attractive interaction between
PEG and hydrophobic residues at the protein’s surfaces should be taken into

consideration.*+48

1.4  Deuterated Water versus Protonated Water (?H.0 versus *H,0)

Deuterated water (2H20) and protonated water (*H20) are different in both chemical
and physical properties. 2H20 has a higher freezing point, boiling point, density, viscosity
and ionization constant pKy.*> % Moreover, 2H2O is a more structured liquid*® °*; the 2H
— O —bond is shorter by 3% than the *H — O bond resulting in hydrogen bond shorter by
4% in H,0.%! Thus, the solvent isotope effect plays an important role on the physical and

chemical properties of proteins in solutions.

Kresheck et al. predicted that the hydrophobic bonds between the amino acids side
chains are stronger in 2H,0 than in *H,0O through studying the energetics of the solubility
of propane, butane and several amino acids in *H20 and ?H,0.52 Also, a recent study
concluded that more nonpolar amino acid (leucine) is adsorbed onto a polystyrene surface
with 2H,0 rather than *H,0 as the solvent.>® This means less hydrophobic surface area is

exposed in 2H,0 than in H20.
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Many proteins were found to be more stable in their folded state in 2H20O than *H,0.
Examples include RNase A (pancreatic enzyme that catalyzes the cleavage of single-
stranded ribonucleic acid RNA),>* *ubiquitin,>* domain 1 of rat CD2 (an immunoglobulin
G , 1gG protein)®® and azurin ( a bacterial enzyme that plays role in single-electron
transfer).>” RNase A showed a stronger hydration and an increase in compactness in
2H,0.%* Additionally, in the case of domain 1 of rat CD2, Parker and Clarke hypothesized
that the observed higher stability of the folded protein in 2H,O is due to enhancement in
the hydrophobic interactions, which is a result of stronger solvent-solvent interactions
(stronger hydrogen-bonding in 2H,0).% Also, an increase in protein aggregates is observed

in 2H,0 for proteins where hydrophobic forces drive aggregation.®

Cremer et al. measured the lower critical solution temperature (LCST) for elastin-
like poly peptides (ELPs) to be lower in 2H20 in comparison with *H,O in all the studied
circumstances.*® They hypothesized this is due to hydrogen-bonding stabilization between
H,0 and what they believed are secondary structures with B-turns present in elastin like
peptides (ELPs). Although this hypothesis disagrees with the more recent finding that there
is no stable secondary structure in ELPs,° it still indicates that ELPs are more compact in

2H,0 than 1H-0.

It is worth noting that the Hofmeister effect was found to vary between *H,O and
2H,0. Tt is believed that this is due to differences on the polymer’s accessible area as well

as a difference in the ion hydration by *H-0 and ?H,0.%!

1.5  Goals and Methods
Elastin is one of the most abundant elastomers in nature. It is essential for many

organs and tissues that require elasticity and reversible coil to function. The recoil force is
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believed to be entropically driven, and the exact mechanism has not been revealed. This
research investigated the physicochemical and mechanical properties of elastin responsible
for its elasticity in both microscopic and macroscopic aspects using the following

approaches.

1.5.1 Double Quantum Nuclear Magnetic Resonance (2Q NMR)

The change in water ordering as a function of stretching an elastin fiber was
measured and this is discussed in detail in Chapter 2. It is hypothesized that stretching
elastin fibers decreases the entropy (increase ordering) of the solvent due to an increase in
water exposed hydrophobic surface area. This hypothesis was examined using solid state
NMR coupled with Multiple Quantum Filtered (MQF) spectroscopy through a novel
double quantum (2Q) pulse sequence that has been previously developed and validated by
the Wittebort group to study solvent ordering at the surface of elastin.®? The ordering of
the water at the surface of elastin fiber was measured quantitatively as a function of stretch
and in the presence and absence of Hofmeister ions and polyethylene glycol (PEG) that are

known to modulate the hydrophobic effect systematically.

152 BCNMR

The change in backbone ordering of elastin fiber was measured as a function of
stretch. If the configurational entropy is responsible for recoil, as in rubber, then changes
in backbone ordering with stretch should be observed. This work is discussed in Chapter
3. The time scales and the order parameter, S, for chain motions were determined by
measuring 3C NMR relaxation times, T1 and T, and the residual shielding anisotropy of

the 13C carbonyl groups in the elastin polypeptide backbone.
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1.5.3 Thermomechanical experiments

Elastin recoil is entropy driven. Stretching the fiber decreases the solvent and/or the
polymer entropy which, in turn, makes recoil spontaneous. This was measured quantitively
as described in Chapter 4. The macroscopic mechanical properties of elastin fibers were
studied using thermomechanical methods. Stretch and temperature induced changes in the
free energy, entropy, enthalpy and heat capacity were quantitatively measured using a
homebuilt apparatus. Experiments were performed in the presence and absence of
Hofmeister ions and polyethylene glycol (PEG) that are known to perturb the hydrophobic

effect.
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CHAPTER 2 2Q NMR STUDY OF SURFACE ?H,0 ON ELASTIN FIBERS

2.1 Introduction

Multiple quantum filtered nuclear magnetic resonance (MQF NMR) Spectroscopy
is an established approach for characterization and quantification of the anisotropic motion,
the motion that results from nuclear spins ordering. The basic principle of this approach is
to filter out the large isotropic signal that masks the smaller anisotropic signal in most
biological systems, such as elastin. In general, isotropic molecular motion averages out the
dipolar and quadrupolar interactions resulting in a high-resolution spectrum. Alternatively,
anisotropic molecular motion results in non-zero residual dipolar and quadrupolar
interactions that cause the splitting of the lines in the spectrum.

Double quantum filtered (DQF) NMR is the technique used to detect the anisotropic
motion and to resolve the residual couplings in spins with spin number | = 1 such as ?H or
in coupled spins with | =% such as *H — *H coupled spins. In bulk water, molecules reorient
isotropically and this averages the nuclear quadrupole coupling in 2H20 to zero. However,
2H,0 at a hydrophobic surface is weakly ordered leaving a small, residual coupling. With
techniques from multiple quantum NMR, this can be used to filter (remove) the bulk water
signal and detect only the signal from molecules oriented at the hydrophobic surface. This

technique has been used in many biological systems for different purposes.
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It has been used to characterize the different layers of blood vessels and measure their
mechanical strain ®, to differentiate between the various layers of sciatic nerve %, to study
the interactions of water with collagen in tendon % ¢ and the effect of mechanical stress
on these interactions.®” Also, DQF NMR was used to study water ordering at the surface
of elastin as a function of temperature and applied external strain.®® % More recently, a
novel DQF NMR pulse sequence has been developed by the Wittebort group and used to
study the solvent ordering at the surface of elastin.®?

Elastin is one of the most hydrophobic proteins in nature. It is an elastomer that
gains elasticity only when swollen with water and its elasticity is entropy driven. The recoil
is spontaneous to regain the entropy of the system (protein:water) that is lost when elastin
is stretched. It is hypothesized that stretching, in addition to decreasing the entropy of the
polymer, also decreases the solvent entropy due to exposure to an increased hydrophobic
surface area. Primary goal of this dissertation is to deduce the role of hydrophobic
hydration as a driving force in elastin recoil. In this Chapter, solvent entropy is studied as
a function of applied mechanical strain and in different hydrating solutions that are known
to modulate the hydrophobic interaction using the previously developed ?H DQF pulse
sequence by the Wittebort group.®? studying the solvent at the molecular level is in parallel
with the thermomechanical studies in Chapter 4.

2.2 Theory

Nuclear spin number, I, is correlated to the number of subatomic particles in the
atomic nucleus. If the nucleus contains an even number of both neutrons and protons, then
| = 0 and there is no angular momentum associated with this nuclear spin. In other words,

it cannot be detected by NMR. If the nucleus contains an odd number of neutrons or
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protons, then | = %, 3/2, 5/2 and so on. The simplest example is H, | = %, which has an
even distribution of charge over a sphere. In general, the number of possible orientations
for a nuclear spin is equal to 21 + 1, i.e., for *H it is 2 possible orientations, (Figure 2.1 (a)).

Finally, if nucleus contains an odd number of both neutrons and protons, then 1 =1, 2, 3

and so on.
a b C
Isotropic Fluid Solid
A w,average =0 w_average >0
_ 2 w, wy* 112 w,
= No Field .-
5 | —— ——-e
& : —
\\\ wo (.uo- 1/2 U)q
spin=1/2 spin = spin =1

Applied Magnetic
Field

Figure 2.1. Energy levels of (a) spin-1/2, (b) spin-1 in isotropic fluid and (c) spin-
1 in solid. wo is the Larmor frequency and wq is the quadrupolar coupling.

The nucleus of concern in this Chapter is ?H. It has a spin number | = 1, and
subsequently, there are 3 possible orientations (spin states) with different energies, (Figure
2.1 (b-c)). The energies are different because the spin possesses an electrical quadrupolar
moment (like any spin with | > %2) that interacts with the electric field gradient created by
the asymmetric distribution of the electron clouds around the nucleus.”® 7*

The quadrupolar coupling (®q) depends on the nuclear quadrupolar moment

(nuclear property), the electric field gradient (molecular property), the phase of matter and
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the molecular orientation.”* In isotropic fluids, mq is averaged to zero whereas in
anisotropic fluids/solids it is greater than zero.

The elastic fibers of elastin are hydrated; about half of the hydrated fiber weight is
water. Some fraction of this water reorients isotropically as in bulk water, and the
remaining fraction is in rapid exchange with water ordered on the solvent accessible surface
of the fiber. When the elastin is hydrated in ?H,0, the quadrupolar coupling, wg, of 2H is
averaged to zero in the bulk water and is nonzero (wq > 0) for water on the surface of the
fiber. To observe only the water at the protein surface, the NMR signal from bulk water is
eliminated through double quantum filtration, (Figure 2.2),which was achieved with a
novel pulse sequence developed by Wittebort and co-workers.®? The residual coupling is
used to generate double quantum (2Q) coherence and then measured indirectly after
filtering (eliminating) the bulk water signal through the designed pulse sequence with a 64
steps of phase cycling incorporated in the pulse sequence.

The new pulse sequence consists of four main steps, (Figure 2.3). The first step is
the preparation of the 2Q coherence through two 90° pulses that partially convert I,
magnetization into 1Q and 2Q coherence. The magnitudes of the 1Q and 2Q coherences
depend on the coupling, wg. The 180° pulse between the two 90° pulses refocuses the offset
so it does not contribute to evolution of the spin system during the first indirect time, t;.
The second step is evolution, in which the 2Q coherence evolves at twice the Larmor
frequency, 2mo, While the 1Q coherence evolves at the Larmor frequency. So, at constant
evolution time (t2), the 2Q and 1Q are separated in phase. Since 2Q coherence cannot be
detected directly, it is converted back into I, by the next two 90° pulses in the same way it

is generated from I, in the preparation step.
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Figure 2.2. Schematic representation of double quantum filtration (DQF) to obtain
the 2Q signal.

In the last step, the NMR signal is detected following a 90° pulse which converts 1, into
observable magnetization. This is repeated with 64 steps of phase cycling so that only the
1Q signal resulting from 2Q coherence is detected as a function of incrementing the
preparation/conversion time, t1. The underlying principle of the phase cycle is that shifting
transmitter pulses by, for example, 180° inverts the 1Q coherence and leaves the 2Q
coherence unchanged.

Two types of experiments were employed: the evolution experiment with fixed t;
and the preparation experiment with fixed to. After double Fourier transformation of the
evolution data table, S(t1,t2), peaks from the 1Q and 2Q signals are separated in the indirect
dimension, f>. Peaks at fos and 2 fos are the 1Q and 2Q signals, respectively, where fos is the
offset frequency. Only the 2Q peak is observed if the phase cycle is properly implemented.
In the 2Q buildup curve, Sxq(t1), the intensity of the 2Q peak as a function of ty, is obtained

by Fourier transformation of the preparation experiment and analyzed using Eq. 2.1.
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Figure 2.3. The 2Q NMR pulse sequence developed by Wittebort and co-workers.

Saq(ty) = —AZQ exp( %) [1—u"[C(w) cos wqty + S(u)sinwgt,]] Eq. 2.1

with u = (qutl)l/z , C(uw) = fou cosx?dx and S(u) = fou sinx? dx

where Ayq is the proportionality constant for the number of spins with wq > 0, t1 is the
preparation/conversion time, T2 is the transverse relaxation time of spins that contribute
to the 2Q signal, wq is the quadrupolar coupling and 6 represents the possible orientations
which are averaged for the unoriented samples used in these experiments. Eq. 2.1 accounts
for both coherent evolution of the spin system resulting from the quadrupolar coupling and

spin relaxation that occurs in the course of the pulse sequence.

The transverse relaxation time, T2 is determined in a separate experiment to
reduce the number of the parameters in the fit in Sxg(t1) to two parameters, Axq and ®q.
This is achieved by adding a Hahn Echo sequence at the end of the 2Q pulse sequence.®?
2 Also, the Hahn Echo sequence is used directly in a third experiment to determine the

transverse relaxation time of the spins in the bulk, T-*" and the signal intensity of 1Q
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coherence (A1g). Ultimately, an important parameter, the fraction of ordered deuterated

water within the time of the experiment (f = %) Is measured, (Figure 2.4).
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Figure 2.4. (a) A1q, the peak intensity of the 1Q signal evaluated from the first point
of T.”Uk experiment. (b) Azq, peak intensities are plotted as a function of preparation
time t1 (ms).

2.3 Materials and Methods

2.3.1 Elastin Fibers purification Protocol

The extensive details of the purification protocol adapted from Van Kuppevelt et al*4
that was used to prepare all the samples in this Work is reported here. About 100 g of
freshly obtained bovine nuchal ligaments (Animal Technologies, Tyler, TX) were freed
carefully from adhering fatty tissue and membranes, and cut using electric food slicer
(Model 610, EdgeCraft Corporation, Avondale, PA) to thin uniform strips (~3 mm x ~5

mmx ~ 10 mm).

The thin strips were placed in 3 L Erlenmeyer flask, and the aqueous extraction was

performed by addingl L of cold 1.0 M NaCl (sodium chloride, Sigma-Aldrich, St. Louis,
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MO) that contains 0.02% (w/v) NaN3 (sodium azide 99%, Alfa Aesar, Haverhill, MA) with
constant stirring at 4 °C overnight. This extraction procedure was repeated three times to
remove aqueous soluble proteins. Afterwards, the thin strips were recovered by paper
funnel filtration and the organic extractions were initiated by suspending the strips in 1 L
of ethanol (Ethyl Alcohol Denatured 95%, Aldon Corporation, Avon, NY) with constant
stirring for 90 min at room temperature. The series of organic extractions were done using
the following solvents: (i) 1 L of chloroform-methanol (2:1) (both Chloroform and
methanol are ACS, Pharmaco, Brookfield, CT) for 90 min at room temperature (ii)1 L of
acetone (Acetone ACS, VWR International, Radnor, PA) for 30 min, and (iii) 1 L of diethyl
ether (Deiethy ether ACS, Sigma-Aldrich, St. Louis, MD). The strips were recovered and
left to dry in a desiccator overnight. These organic extractions were intended to remove

lipid-containing molecules.

The dried strips were incubated in 1.5 L 97% formic acid (Alfa Aesar, Haverhill, MA),
and cyanogen bromide (Alfa Aesar, Haverhill, MA) was added to a final concentration of
1%, and left to react for 24 h under non-oxidizing conditions at room temperature. The
mixture was then diluted with deionized water twice its volume, filtered, and washed with
deionized water 50 times. This step of the purification protocol ensures the hydrolysis of
most proteins because cyanogen bromide cleaves proteins at methionine residues present
in most proteins, but not in elastin.

After the last washing step, the strips were suspended in 1 L of Tris buffer (8.02 pH)
that contains 0.5% (v/v) B-mercaptoethanol (> 98% pure 2-mercaptoethanol, Bio-Rad
Hercules, CA), 6.0 M urea (Urea 99.5%, Acros Organics, Fair Lawn, NJ) and 0.02% (w/v)

NaNs.”® The suspension was stirred overnight at room temperature. In the next day, the
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strips were recovered and washed with deionized water ten times, and then were
resuspended in 0.1 M ammonium hydrogen carbonate (99.0%, Alfa Aesar, Ward Hill, MA)
solution (pH 8.2) that contains 0.02% (w/v) NaN3 and 10,000 U of trypsin for 4 h at 37 °C.
This short trypsin digestion was optimal to remove the remaining microfibrillar
components and leaving the elastin fibers intact as most of the lysyl groups, the target of
trypsin hydrolysis, are cross-linked in mature elastin.

In the last step of the purification protocol, elastin strips were washed with deionized
water and extracted over three nights in solutions of cold 1.0 M NaCl that contains 0.02%
(w/v) NaNz at 4 °C. Finally, the purified strips of elastin were washed with deionized water,

dried using a vacuum desiccator overnight and stored at —80 °C.

2.3.2 Sample Setup

About 20 mg dried and purified elastin fiber, ~Imm x 12 mm, was glued with
cyanoacrylate gel (Super Glue) to a ~15mm 1/16-inch diameter G10 rod. The fiber was
equilibrated overnight against a particular solvent/hydration solution to a known mass and
inserted into a 3 mm NMR tube (length ~3 cm). Then, the NMR tube was glued on one
side and sealed with parafilm on the other. The fiber was stretched to a measured length by

moving the rod and fixed in place with parafilm, (Figure 2.5).
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Figure 2.5. The hydrated elastin fiber in the 3mm NMR tube. The parafilm is
removed to stretch the sample and replaced to maintain the sample length.

The effect of different solutes: 200 PEG (polyethylene glycol 200, Alfa Aesar,
Ward Hill, MA), 20 kDa PEG (Polyethylene glycol 20,000, Alfa Aesar, Ward Hill, MA),
sodium sulfate (Na2SOs ACS, Fisher Chemical, Fair Lawn, NJ) and sodium perchlorate
(NaClO4 ACS 98.0-102.0%, Beantown Chemical Corporation, Hudson, NH) on the
deuterated water (99.9% D, Cambridge Isotope Laboratories, Andover, MA) ordering at
the surface of elastin was studied, (Table 2.1),at four different stretch percentages when

possible: 0% (relaxed fiber), ~ 15%, ~30% and ~ 40%, Eq. 2.2.

Stretched length—Relaxed length
Relaxed length

Stretching % = X 100% Eqg. 2.2
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Table 2.1. The masses of all elastin fibers used in this Chapter experiments, and the masses
of 2H,0 once hydrated in the different hydration solutions.

Elastin dry 2H,0 mass in hydrated

Elastin sample Hydration solution
mass (mg) elastin (mg)

10% 200 PEG 21.6 20.3
10% 20 kDa PEG 21.6 24.4

Fiber 1
High purity 2H.0 21.6 24.5
50% *H20 21.6 10.5
10% 200 PEG 25.9 28.3
Fiber 2 5% 200 PEG 25.9 31.6
High purity 2H,0 25.9 30.6
10% 20 kDa PEG 17.7 15.8
Fiber 3 5% 20 kDa PEG 17.7 18.7

High purity 2H,0 17.7 ND (Not Determined)

1 mol/kg NaClO4 19.8 374
Fiber 4 0.5 mol/kg NaClO4 19.8 31.9
High purity 2H,0 19.8 25.2
0.1 mol/kg Na2SO4 15.8 18.4

Fiber 5
0.5 mol/kg Na2SO4 15.8 18.8
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2.3.3 NMR Experiments and Spectrometer Instrumentation

Five experiments were conducted to determine the fraction of ordered water (f) and
the residual quadrupole coupling (wq). The first experiment, a simple Bloch decay, was
used to determine the 90° pulse width. The second experiment was an inversion recovery
and used to determine the longitudinal or spin- lattice relaxation time (T1). This was used
to set the recycle time, typically set to 5 times T1. The third experiment, a Hahn Echo’,
was used to measure transverse or spin- spin relaxation time (T2°"') and to determine the
signal intensity, Aio, which is proportional to the total 2H2O in the sample. The fourth
experiment was the 2Q buildup curve with the pulse sequence described in the theory
section.52 72 Finally, spin- spin relaxation time (T2*""" ) was measured by inserting a Hahn
Echo sequence at the end of the 2Q pulse sequence with t; set to the delay with the highest

2Q signal. %> 72

2H NMR spectra were obtained on an 11.7 T (500 MHz) instrument with a Libra
data system (Tecmag, Houston TX,) and homebuilt probes and RF electronics. The probe
is based on a design previously described.” The 90° pulse width was ~ 4.5 ps with 62 watts

RF power at the 2H frequency (76.05 MHz).

2.4 Results and Discussion

Both the effect of the mechanical strain and the hydration solution on the

quadrupolar coupling (v, = ﬂ) and the fraction of ordered water (f) of the elastin fiber

2

were studied.

The “static” water residual coupling in crystals of 2H2O ice, 200 kHz,’® is large

compared to the measured residual coupling (vq) of 2H20 in hydrated elastin, 15 — 95 Hz
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and is found here to vary with stretch, the addition of a solute to the solvent (water) and
changing the isotope from *H0 to ?H,0. The transverse relaxation time (T2) of 2H.O
which is 243 + 14 ms in pure solvent "2 is reduced significantly to 6 — 22 ms and 6 — 17 ms,
when measured with and without 2Q filtration in hydrated elastin fiber, respectively. The
shorter relaxation times indicate that the rate of water reorientation in elastin is slow
compared to pure water and that this slows with stretch. Without added solute, a nearly
tenfold increase in the 2Q signal is observed when the sample length is stretched by ~ 30%.
This is due to an increase in the fraction of the water that has access to the predominantly
hydrophobic surface of elastin on the timescale of the 2H NMR experiment. Changes in the
residual coupling (vq) are observed when changing the hydration solutions. More
significant changes take place in the fraction of the water that is weakly ordered (f).
Stretching this highly hydrophobic protein increases the surface area exposed to the water
resulting in an increase in the ordered water which is measured here at the microscopic

level.

2.4.1 Hydration of Elastin Fiber in *H20 versus 2H,O

Three batches of elastin fibers were purified using the purification procedure
described previously. To confirm the reproducibility and the consistency in physical and
mechanical properties of these fibers, three 2 Q build up curves of a representative fiber

from each batch hydrated in 2H0 are reported, (Figure 2.6).
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Figure 2.6. 2Q signal intensity as a function of time at different stretches of
hydrated elastin fibers in 2H,O from the three different purified batches of elastin.

The solutes (PEG, Na2SO4 and NaClO4) used in the studies in this Chapter are also
used in the thermomechanical experiments described in Chapter 4. To investigate the
difference between 2H,O and 'H,0, NMR experiments were carried out in 2H20 and in
50.3% (w/w) 2H20/*H.0 as the hydrating solvents of the elastin fiber. The results of NMR
experiments in both relaxed and ~30% stretched fiber are compared in Figure 2.7 and Table

2.2.

32



5
50.3% 2H,0in 'H,0
4 4
2 °
X X3 e Relaxed fiber, — Fit
= o ® ~ 30% Stretch, — Fit
5 5
E E 24
~ 14
1 1 0 _I 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
T (ms)
5 —
50.3% 2H,0in 'H,0
2 > 4
< *
2 2 37 ® Relaxed fiber, — Fit
4 2 ® ~30% Stretch, — Fit
2 2
£ £ 2 -
T T
~ N
o —
0 10 20 30 40 50
T (ms) T (ms)
12 12
10} ?H,0 | 10} 50.3% 2H,0in 'H,0
. 8T 1. 8 o Relaxed fiber, — fit
e e o ~30% Stretch, — fit
- % 6 F | | -
3
o Ll
0 s m 0 i
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t, (ms) t, (ms)

Figure 2.7. T2" T, and 2Q signal intensities as a function of time in 0%
(relaxed) and ~ 30% stretched elastin fiber (Fiber 1) hydrated in 2H2O versus in
50% 2H,0 in 'H,0.
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Table 2.2. The experimental Ty, T.” and T,%U" values and the results of the least linear
square fit of the 2Q experiments in Figure 2.6 using Eq. 2.1 in both the relaxed (0%) and
30% stretched fiber hydrated in 2H,0 and in 50% 2H0 in *H,0.

Hydration Tobulk TSurf _
Stretch %  T1 (Ms) Tt (ms) vq(Hz) f
solution (ms) (ms)

675+ 18.3 + 134 +

0% 18.7 55 0.01
0.7 0.4 0.8
’H,0
66.0 = 148 £ 105+
29 % 10.7 15 0.72
0.6 0.2 0.2
79.7 £ 210+ 16.8 £
50.3% 0% 21.1 38 0.01
0.8 0.3 0.5
(W/w)?H20/
77.6 = 159+ 111+
49.70 *H,0 30 % 15.9 21 0.36

0.6 0.3 0.3

TS (measured with 2Q filtration) and T2 (measured without 2Q filtration)
directly describe the reorientational rates of water in elastin. Decreases in T2 values indicate
longer solvent reorientation rates. Thus, reducing the solvent deuteration from 100% 2H,0
to 50% H.0, (Table 2.2), leads to increased values of both T,S“" (measured with 2Q
filtration) and T-B (measured without 2Q filtration). This is due to the weaker H-bonding
and reduced viscosity in *H,0. The quadrupolar couplings (vg) are small and range from
15 -55 Hz. In both solutions, the fraction of ordered solvent (f) increases dramatically with
stretch and this is accompanied by a small decrease in T values, both of which indicate

increased interaction at the solvent protein interface.
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Hydrophobic interactions are observed to be stronger in ?H,O compared to *H,0.
This results in increased compaction of hydrophobic proteins and, subsequently, a decrease
in the exposed hydrophobic surface area to the solvent.>> 53 %6 %8. 77 Consequently, it is
expected for a hydrophobic protein like elastin to have smaller surface area exposed to
hydration by 2H,0 compared to *H0. In this experiment, 50% (w/w) 2H20/*H,0 was used,
this means less available 2H,O for NMR detection by half (2Q signal declines), but more
hydrophobic surface area is exposed to the available 2H20 (2Q signal increases). The two
effects counterbalance each other and results in a similar 2Q buildup curve with almost
same signal intensity in both relaxed (0% stretch) and 30% stretched fiber, (Figure 2.7). In
both solutions, stretching the fiber increases the 2Q intensity by about an order of
magnitude. This is an anticipated result due to the increase in the hydrophobic surface

exposed to the solvent with stretch which results in more ordered water at the surface.

2.4.2 Hydration of Elastin Fiber in PEG Solutions

Two elastin fibers were hydrated separately in solutions of 200 Da PEG and 20 kDa
PEG in 2H,0, (Fiber 2 and Fiber 3 respectively), to study the effect of PEG on water
ordering at the protein surface. Furthermore, the effect of the mechanical stretch on Ty,
TP T3 and 2Q buildup was investigated in each solution at three concentrations: 0,
5% and 10% (w/w) and four stretches: 0 %, ~15 %, ~30 % and ~ 40 % when possible. The

results from both fibers are shown in Figures 2.8 — 2.10 and Tables 2.3 — 2.4.

The trends observed in the previous section for both T2 and T2*“' are maintained
in both samples, i.e., T is smaller than T,*k and both decrease with the increase in
stretch and the increase in PEG concentration, (Figure 2.7 and Figure 2.8). T1 on the other

hand varies slightly with no obvious trend, (Table 2.3 and Table 2.4). The quadrupolar
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coupling (vg) is small and increases by a small amount with an increase in the PEG
concentrations. The fraction of the ordered solvent (f) significantly increases with sample
stretch. However, f, the fraction of surface accessible solvent, is highly dependent on the
PEG size and concentration. The f values are much smaller in 200 Da PEG than 20 kDa
PEG. Moreover, f increases to a lesser extent with stretch as the PEG concentrations
increase. Finally, the 2Q signal intensity increases dramatically with the increase in stretch,
(Figure 2.9). A roughly ten folds increase in magnitude is observed when the hydrated
elastin fiber in 2H,0 is stretched 40%. Adding PEG slightly decreases the fiber elasticity,
and as its concentration rises from 0% (?H20) to 10 %, the 2Q signal intensity is drastically
reduced. This is seen clearly when the hydrated fiber in 10% (either 200 PEG or 20 k Da

PEGQ) is stretched by 40% and the 2Q intensity only increases 5 folds.
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Figure 2.8. T, and T, intensities as a function of time at different stretch% for hydrated elastin fiber
(Fiber 2) in 200 Da PEG solution.
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Table 2.3. The experimental T1, T-®"% and T, values and the fit results of the 2Q experiments as a function of stretch and concentration

of 200 Da PEG in Fiber 1.

Hydration _
Stretch % T1 (ms) Tk (ms) T3 (ms) T2t (ms) vq (Hz) f
solution

0% 542+04 11.6+0.3 11.0+£0.3 11.9 35 0.02
14 % 58.1+04 11.7+0.2 104 0.1 10.4 35 0.08

0% 200 Da PEG (°H20)
27% 55.6 £0.3 109+0.2 10.3+£0.1 10.3 30 0.17
40 % 573104 9.0+£0.1 75+0.2 9 30 0.51
0% 56.4 £ 0.6 11.9+04 99+04 12.3 55 0.01
15 % 55.1+0.7 11.0+04 9.0+0.2 9 50 0.04

5% (w/w) 200 Da PEG
27% 53.1+04 9.8+0.3 82+0.1 8.2 45 0.10
40 % 53.6+0.4 9.2+0.2 79+0.1 7.95 40 0.21
0% 549+0.7 11.1+0.5 9.9+0.7 11.6 85 0.01
15 % 48.9 £0.7 9.2+04 6.7+0.3 6.7 65 0.03

10% (w/w) 200 Da PEG
27% 49.6 £ 0.6 8.8+0.3 6.5+0.1 6.5 60 0.08
40 % 48.1+0.4 79+0.3 6.1+0.1 6.1 60 0.16




14%

Table 2.4. The experimental T1, T-®"* and T3 values and the fit results of the 2Q experiments as a function of stretch and concentration

of 20 kDa PEG in Fiber 2.

Hydration _
Stretch % T1 (ms) TPk (ms) T34 (ms) T2t (ms) vq (HZ) f

solution

0% 57.8+0.5 13.1+0.3 124 +0.5 134 35 0.02
0% 20 kDa PEG

15% 59.0+04 12.2+0.2 104 +0.1 10.3 20 0.25

(*H20)
27 % 57.4+0.3 11.3+0.1 9.7+0.2 9.5 15 0.81
0% 520+1.0 11.7+0.4 10.4+£0.3 12.1 45 0.02
5% (w/w) 20 kDa 14 % 50.2+0.6 10.6 £0.3 9.7+0.1 9.7 30 0.11
PEG 26 % 477+ 05 8.8+0.1 79+0.1 8.8 25 0.39
38 % 529+0.3 8.7+0.1 6.8+0.2 8.7 25 0.69
0% 448+ 0.9 9.3+0.3 8.4+0.3 9.5 50 0.02
10% (w/w) 20 kDa 15% 450+ 0.6 89+0.2 7.3+£0.1 7.25 35 0.10
PEG 26 % 451 +0.7 7.7+0.1 6.6 +0.1 6.5 30 0.35
38 % 41.3+0.3 6.6 +£0.1 59+0.1 5.95 30 0.59




In order to eliminate any variations of the results due to the use of two different
elastin fibers, the effect of molecular weight of PEG was investigated on the same elastin
fiber (Fiber 1) by comparing 10% 200 Da PEG hydration solution with 10% 20 kDa PEG

on both relaxed and 30% stretched, (Figure 2.11 and Table 2.5).

The most noteworthy effects of the PEG of two different molecular weights are on
the fraction of the ordered water (f) and the 2Q signal intensity. Stretching the fiber 30%
results in a 5-fold increase in the 2Q signal intensity and an increase from 1% to 10% in
the fraction of ordered water when the fiber hydrated in 10% 200 Da PEG compared to a
10-fold increase in the 2Q signal intensity and an increase from 1% to 30% in the fraction
of ordered water when the fiber hydrated in 10% 200 Da PEG. The more profound effect
observed in the 200 Da PEG Solutions is believed to be due to the interaction of the small
molecular weight PEG with the intrafibrillar water,’® ™ resulting in a more compact fiber

with less exposed surface.

The uncharged crowding agent PEG increases the protein- protein interactions
through the excluded volume mechanism?®’, thus it is expected to increase the compaction
of the elastin fiber. This shall decrease the hydrophobic surface area exposed to the solvent
and, in turn, decrease the water ordering at the surface, which is observed and measured
quantitatively. The effect increases with the concentration and is more profound in the

smaller molecular weight PEG.
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Figure 2.11. T,”Uk T, and 2Q signal intensities as a function of time at 0%
(relaxed) and 30% stretched elastin (Fiber 1) hydrated in 10% (w/w) 200 Da PEG
and in 10% (w/w) 20 kDa PEG.
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Table 2.5. 10% (w/w) 200 Da PEG versus 10% (w/w) 20 kDa PEG experimental and fit results in the relaxed and 30% stretched fiber,

(Fiber 1).
Hydration _
Stretch % T1 (ms) T2 (ms) T2 (ms) T2t (ms) vq (HZ) f
solution

0% 66.0+1.2 149+0.9 120+£1.2 15.8 95 0.01

10% 200 Da PEG
28 % 63.5+1.2 14.4 £ 0.5 8.8+£0.2 8.8 40 0.10
0% 748+14 224 +0.7 11.1+£1.0 23 75 0.01

10% 20 kDa PEG
31% 69.3+1.1 16.6 £0.4 9.5+£0.1 9.5 25 0.31




2.4.3 Hydration of Elastin Fibers in Solutions of NaClO4 versus Na;SO4

The effect of Hofmeister ions on the water ordering at the surface of elastin was
investigated by hydrating two elastin fibers (Fiber 4 and Fiber 5) separately in different
concentrations of NaClO4 and NazSOgs in 2Hp0. T1, T, T,% and 2Q buildup were
measured in 0, 0.5 and 1.0 mol/kg NaClO4 and in 0.1 and 0.5 mol/kg Na2SO4 when the
fiber was relaxed (0% stretched), ~15 %, ~30 — 35% stretched, (Figures 2.12 — 2.14 and

Table 2.6).

The trend observed previously is well-preserved, T2 is smaller than T,*", and
both decrease with the increase in stretch, but unlike in PEG, both parameters increase as
the salt concentration increases, which is believed due to the increase in the surface tension
with higher salt concentrations. Ty, as in the previous studied solutions, varies slightly with
no obvious trend, (Table 2.6). As before, the quadrupolar coupling (vg) is small in these
solutions with not much change with increasing perchlorate concentration, but vq does
increase with the rise in sodium sulfate concentration. The fraction of the ordered solvent
(F) significantly increases with the stretch in all solutions, yet it depends on the perchlorate
and sulfate concentrations. Very high concentration of perchlorate (1.0 mol/kg) is needed

to observe the reduction in f compared to only 0.1 mol/kg in sulfate.
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Figure 2.12. T, and T, intensities as a function of time at different stretch%
of hydrated elastin (Fiber 5) in Na;SO4 solutions.
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Table 2.6. Elastin hydrated in solutions of NaClO (Fiber 4) and Na,SO4 (Fiber 5) experimental T2""' and T,%'" values and the least
square fit results of the 2Q experiments at the studied concentrations and constrains.

Hydration
Stretch % T1 (ms) TPk (ms) T2 (ms) T2t (ms) vq (Hz) f
solution
0% 516+04 11.1+0.2 8.7+£0.2 11.3 56 0.02
2H,0 19% 52.1+04 11.0+04 9.0+£0.1 7 23 0.33
33% 51.7+£0.2 9.2+0.2 75+£0.2 7.8 23 0.83
0% 66.5+0.2 13.1+0.3 10.8+0.3 13.5 52 0.01
0.5 mol/kg NaClO4 20 % 64.1+0.2 12.3+0.3 10.1+0.1 8 16 0.27
36% 64.0+0.1 11.4+0.3 9.0+£0.1 8.8 19 0.65
0% 79.3+04 17.7+04 142 +0.6 18.2 52 0.01
1.0 mol/kg NaClO4 19% 74.1+0.3 158+04 11.9+0.2 11.9 19 0.10
31% 75.6 £0.3 147+0.3 11.3+0.2 11.3 23 0.21
0% 50.0+04 10.6+0.2 94+0.2 10.8 70 0.01
0.1 mol/kg Na2SO4 14 % 51.3+05 10.6+0.3 9.7+£0.2 10.9 75 0.02

28% 54.0+0.4 105+0.3 9.2+0.1 10.8 70 0.04




Kosmotropes like sulfate raise the viscosity and the surface tension when added to
water, making it difficult to create the required cavity to accommodate nonpolar solutes
(cavity model).2% 8! Thus, the addition of sulfate reduces the hydrophobic surface exposed
to water causing elastin fibers compaction. This is the reason the 2Q signal declined
dramatically with the addition of sulfate and was largely eliminated at 0.5 mol/kg, (Figure

2.14).

On the other hand, chaotropes such as perchlorate interact preferentially with the
macromolecule and salt in (solubilize) the peptide group, either through specific or
nonspecific ion interaction.®® 82 8 Thys, the addition of perchlorate increases the
hydrophobic surface exposed to water. This explains why not much difference was
observed upon addition of perchlorate until the concentration 1.0 mol/kg was reached. At
high concentration, chaotropes, in general, start to behave like kosmotropes in what is
called a turnover point. Perchlorate is reported to have significant nonlinear behavior
compared to other chaotropes, and Molecular dynamics (MD) simulations were used to
study its turnover point.2* The hypothesis is that the polymer collapses and the compaction
increases at the turnover point. This effect is similar to that of kosmotropes but due to a
different mechanism and assumed to arise from “cross-linking-like bridging effects”.3
This explains the slight decline in the 2Q signal at high concentrations of sodium

perchlorate, (Figure 2.14).
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CHAPTER 3 3C NMR DYNAMIC STUDY OF ELASTIN BACKBONE

3.1  Introduction

Elastin is an entropic elastomer that gains elasticity only when hydrated. Stretch
decreases the entropy of the system (elastin and water), and recoil is spontaneous to regain
entropy.> 8 8 The source of decreased entropy originates from either the increase in
ordered water at the expanded hydrophobic surface with stretch (hydrophobic effect)® 8 or
the increase in backbone ordering (configurational entropy) of elastin backbone similarly
to rubber.® The source has not been resolved yet. Here, the main focus is on (i) the
configurational entropy and its contribution to elastin recoil mechanism and (ii) the
dynamics of the backbone in the presence and absent of strain.

Solid State NMR with magic angle spinning was previously used to study nuchal
bovine elastin when it is dry (rigid) and hydrated (flexible) by Pometun et al.® The dry
elastin spectrum showed separated peaks including the carbonyl peak at about 175 ppm
with side bands typical of a stationary peptide, and these bands completely disappeared
upon hydration. This indicates that the backbone in the hydrated elastin is highly disordered
with large amplitude motions and the carbonyl group order parameter was estimated to be
less than 0.1 (S < 0.1). % The high degree of mobility of the carbonyl backbone in hydrated
elastin was also observed by others measuring only T1,%” or T1 and linewidths which were

analyzed using a single correlation time.® In another study, T1 and T, were measured but
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analyzed using only the dipolar relaxation mechanism and a spectral density function with
a single correlation time.%°

This Chapter presents quantitative studies into backbone mobility. The amplitudes
and time scales of motions in hydrated bovine elastin were investigated in the presence and
absence of mechanical strain using solid state 3C NMR without magic angle spinning. The
hypothesis is that if configurational entropy contributes to the recoil mechanism, as in
rubber, then changes in backbone ordering with stretch should be observed. The backbone
order parameter was obtained from the residual shielding anisotropy of the carbonyl NMR
signal, and the dynamical timescales of the motions were determined by combining the
backbone order parameter with the relaxation rates R1 and R> of the backbone carbonyl (C”)

groups measured at two NMR frequencies.

3.2 Materials and Methods

3.2.1 Sample Setup and Experimentation:
The 3C NMR spectra of both stretched and relaxed elastin without magic angle
spinning (MAS) were obtained on a 500 MHz spectrometer equipped with a homebuilt

probe and a 700 MHz Varian Inova NMR spectrometer.

The elastin fiber sample used in the 500 MHz NMR spectrometer (140 mg dried
and purified and ~ 2 mm x 25 mm) was glued with cyanoacrylate gel (Super Glue) to a
G10 rod and hydrated overnight in 2H20 to a known mass. After insertion into a 5 mm
NMR tube (length ~ 5 cm), the tube was glued on one side and sealed with parafilm on the
other. A relaxed elastin fiber inserted in a 5 mm NMR tube is shown in Figure 3.1Figure

3.1. The hydrated relaxed elastin fiber in the NMR tube.. The NMR tube was inserted into
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the horizontal coil of the homebuilt *H/*C probe ™ of the 11.7 T instrument. The probe

has a 3C 90° pulse width of 5.6 ps.

Figure 3.1. The hydrated relaxed elastin fiber in the NMR tube.

To evaluate the residual shielding anisotropy, stationary **C NMR spectra of the carbonyl
backbone were measured with the elastin fiber relaxed and stretched by ~32 % (to 132%
of its relaxed length). The spin- lattice relaxation time (the longitudinal relaxation time, T1)
and the spin- spin relaxation time (the transverse relaxation time, T») of carbonyl carbon
backbone were measured using the standard inversion recovery and Hahn echo

experiments with relaxation delays of 4s, respectively.’* 8

The inversion recovery experiment starts with a 180° pulse that inverts the
equilibrium longitudinal magnetization from z to — z. Then, it relaxes due to spin- lattice
relaxation during the delay time 1. The equilibrium longitudinal magnetization is fully
recovered as t increases. Finally, the longitudinal magnetization is converted into
transverse magnetization by a 90° pulse for detection. This experiment was run at T values

0f0.2,0.4,0.8,1.5, 2, 3,4.5, 6 and 8 s. T1 was determined by least squares fit of the signal

intensities, S(t), to the equation S(t) = S, + A e /1,
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In the Hahn echo experiment (90° — t/2 — 180° — t/2 — FID), the 90° pulse rotates
the equilibrium longitudinal magnetization into the x-y plane, and this is followed by a
180° pulse that refocuses the dephased magnetization and generates an echo signal, S(t).

The spin coherence, S(t), is lost as t increases, and T, was found by a least square fit to

the equation S(t) = A e /T,

A sample of ~200 mg dried and purified elastin fiber (~ 2 mm x 29 mm) prepared
in a similar manner that described above and analyzed in the 700 MHz spectrometer. The
fiber was equilibrated overnight against 10% 2H,O/ *H,O solution to a known mass,
inserted into a5 mm NMR tube and then inserted into the unmodified cryoprobe. 3C NMR
spectra without magic angle spinning of the relaxed and ~ 122 % stretched elastin fiber
were obtained and the relaxation times, T1 and T> were determined using Carr-Purcell-
Meiboom-Gill (CPMG) echo and inversion recovery pulse sequences with 4 s recycle

89, 90

delays.

3.2.2 The Order Parameter (S) Analysis

Natural elastin is a highly cross-linked proteinaceous material. Because it is highly
cross-linked, macromolecular reorientation of the protein does not take place. Thus, the
order parameter (S) for backbone motion can be estimated directly from the linewidth of
the spectra obtained without magic angle spinning (MAS), and motional averaging of the

residual shielding tensor is due only to the flexibility of the protein backbone.

The 3C NMR carbony! peak of hydrated elastin is well separated from other peaks
with a large static shielding anisotropy (~116 ppm), and most of the carbonyl groups are

from the protein backbone. These factors make the carbonyl peak the optimum *3C signal
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to be used to estimate the order parameter (S) for chain motions. The linewidth of the
carbonyl peak is a sum of three contributing factors: (i) the range of carbonyl isotropic

chemical shifts of the different amino acid residues in elastin, (ii) the contribution of the

spin relaxation time, T, to the linewidth (%) and (iii) the residual shielding anisotropy

(Aores). To account for factor i, the carbonyl isotropic chemical shifts were predicted for
the amino acid sequence of bovine tropoelastin (the monomer of elastin)® using sequence
corrected random coil shifts (https://spin.niddk.nih.gov/bax/nmrserver/Poulsen_rc_CS).
This routine correctly predicted the experimentally obtained 3C carbonyl shifts in a
minielastin studied before.%% °2 To account for factor ii, the experimental spin relaxation
time T. was convoluted with the chemical shifts using a MATLAB script to generate a
simulated carbonyl spectrum that accounts for factors i and ii described above. The
simulated and experimental spectra, (Figure 3.5), are well described by a Lorentzian line

shape with signal intensity, 1(ppm), given by

w

I(ppm) = C Eqg. 3.1

2
1+(Z (ppm—ppmy)
where C is a constant and W is the linewidth.

The residual anisotropy (Aoges) is then the difference between the linewidths of the
experimental and simulated spectra. In turn, the backbone order parameter was calculated
aS S = AORes/ AOsar.2® The static anisotropy (Aog:) is approximately constant for

different polypeptides and was estimated for peptide carbonyls using data compiled by

Duncan, Ao = %(833 — 8is0) = 116 ppm, where &35 is the largest traceless principal
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component of the chemical shift tensor and 6;,, is the average of the three principal

components of the chemical shift tensor.%

3.2.3 Relaxation Rates Analysis

The relaxation rates, R, = Ty land R, = T, 1, of the ©*C carbonyl (}3C") were
measured at two NMR frequencies, 500 and 700 MHz, with the elastin fiber relaxed and
stretched. This data was used to analyze dynamics of the backbone of the natural purified

elastin.

The relaxation rates of *C’ are the result of two relaxation mechanisms that arise
from the dipole-dipole (DD) coupling and the chemical shift anisotropy (CSA), Eq. 3.2 —
3.7.%49 The DD mechanism arises due to the fluctuations in the magnitude and direction
of the magnetic field of the spin as a result of dipole -dipole interaction with a neighboring
nuclear spin, and the CSA relaxation mechanism results from the fluctuations in the
magnitude and direction of the local magnetic field produced by the electron currents of
the molecule due the external magnetic field. The CSA mechanism is dominant in these
experiments due to the high magnetic fields used and the large static shielding anisotropy.

1 The standard expressions for the relaxation rates are given below.

R, = RPD + RESA Eq. 3.2

-
[\
Il

RDD 4+ RSSA Eq. 3.3

[I.loh'YH'YC]Z X [J((UH — wc) + SJ(wc) +6J((,UH + (Uc)] Eq 34

RESA = 262 (1+ “?) V2 BZ [J(we)] Eq. 3.5
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DD _ 2
R = gre. Mo hmvel
X [4J(0) + J(og — o)+ 3 Joc) + 6 Joy)t+ 6 J(og + oc)] Eq. 3.6
csA _ 1 ¢2 1%\ .2 2
R§SA = 2 8% (1+ L) v2 BZ [4J(0) + 3 J(c)] Eq. 3.7

where ry is the distance between the *H and *3C and set to be 1.69 A, p, is the permeability
of vacuum (1.256637 x 10 H/m), / is Planck’s constant (6.626 x 10°* Js), v, is the
gyromagnetic ratio of 'H (2.67522 x 10° rad s T), y,. is the gyromagpnetic ratio of *C
(6.7283 x 10" rad st T1), oy and wc are the Larmor frequencies of *H and 3C (
respectively), 6,/ is the largest traceless principal component (— 77 ppm), n is the

asymmetric parameter for the *C carbonyl (0.81), and B, is the static magnetic field of the

NMR spectrometer,’® 9395 96

The spectral density, J(®), used here is the extended Lipari- Szabo model free
spectral density in the limit that overall reorientation of the protein is quenched due to

cross-linking, Ty — 0,9

J(w) = 2 (st (S Eq. 3.8

1+ (wtF)? 1+ (wtg)?

S? is the generalized order parameter for fast and slow chain motions, Tz and tg are the
effective correlation times for fast (F) and slow (S) internal motion, and S is the
generalized order parameter for fast chain motions (S? = S2S2). SZ was constrained to the

range of 0.4 — 0.6 that was found in studies of minielastins.®

The experimentally determined R: and Rz values at the two magnetic fields (500

MHz and 700 MHz) were fit using Eq. 3.2 — 3.7 with the spectral density function, Eq. 3.8,
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to determine the timescales of the backbone motions in natural elastin using MATLAB
scripts. Because the relaxation rates for relaxed and stretched were the same within the
experimental error, their average rates were used in the data fit. The optimum fit parameters
(S2, tr and Tg) were obtained by a grid search for the minimum chi square (x?) defined in

Eq 3.9_95, 96

OR1e

2 2
Rie—Ric Rze—Rzc
x2=Zsoo,700MHZl( - ) + ( - ) l Eq. 3.9

The subscripts “e” and “c” indicate the experimentally measured relaxation rates and the
calculated rates, respectively, o is the experimental standard error of the relaxation rates,

and the sum is over the two NMR frequencies, 500 MHz and 700 MHz.

A second MATLAB script was used to calculate standard errors of the optimum fit
parameters. Five hundred data sets of relaxation rates, R: and Rz, were generated randomly
with a normal distribution that used the optimum fit rates and the experimental
uncertainties as the Gaussian means and standard deviations, respectively. Then, fit
parameters were obtained for each data set with the same routine that was used to fit the
experimental rates. This created a distribution of values for each fit parameter, and error
limits were calculated as the standard deviation of this distribution. The root mean square
deviation (RMSD) of the relaxation rates back calculated from the fit parameters was
within two standard deviations of the experimental error (o) of the experimental relaxation

rates.%

3.3 Results and discussion
Static, natural abundance *3C NMR was used to study backbone ordering and the

timescales of dynamics in natural, purified elastin when relaxed and when subjected to
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mechanical strain. 13C spectra were acquired at two magnetic fields. the spectra of stretched
elastin (red) are essentially superimposable on the relaxed spectra (black) at both magnetic
fields, (Figure 3.2). This is particularly apparent in the spectrum obtained on the 700 MHz
instrument with higher signal to noise. Also note that the carbonyl signal (170 — 180 ppm)

is well separated from other carbon signals.

R: and R> relaxation data, (Figure 3.3), was used to determine the relaxation rates, (Table
3.1). Within experimental error, both R: and R» are unaffected by applying mechanical
strain. For further analysis, averages of the stretched and relaxed values were used.
Intriguingly, R2 at both magnetic fields is ~ 3 orders of magnitude faster than R1. Also, Ry
increases at the higher magnetic field but R> is the same within experimental error.
Previously reported values of Ri and Ri, obtained from material prepared by harsh

purification techniques were similar to the ones obtained in this work.5° 72 100.101
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Figure 3.2. Static natural abundance *C NMR spectra of hydrated elastin both
relaxed (black lines) and stretched (red lines) in 500 MHz and 700 MHz
spectrometers.
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Figure 3.3. T1 and T, of *C carbony! of hydrated elastin both relaxed (black lines)

and stretched (red lines) in 500 (upper panels) and 700 MHz spectrometers (lower
panels).
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Table 3.1. Carbonyl $3C Ry and R; of relaxed and stretched hydrated bovine elastin in 500
MHz and 700 MHz spectrometers.

Experiment Riof BC’ (s1) Roof 13C’ (s?)

Relaxed 0.26 £ 0.03 (2.0 +0.4) x10°
500 MHz spectrometer 132% stretched 0.26 £ 0.03 (1.7 +£0.2) x10°

Average 0.26 +0.02 (1.8 +0.2) x103

Relaxed 0.38 £ 0.03 (1.4 £0.3) x10°
700 MHz spectrometer 122% stretched 0.35+0.03 (1.9 £0.6) x10°

Average 0.37 £ 0.02 (1.7 £ 0.3) x10°

The linewidth of the carbonyl peak was used to estimate the generalized order
parameter using the residual shielding anisotropy (Acres) as described in section 3.2.2. The
linewidths of the experimental spectra (black lines) were fit to a Lorentzian function, Eq.

3.1, are 9 — 10 ppm when the fiber is relaxed or stretched, (Figure 3.4).
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Figure 3.4. Static natural abundance *C NMR carbonyl spectra, experimental
(black) and simulated (red) of hydrated elastin both (a) relaxed and (b) stretched by
132% in 500 MHz spectrometer.

The simulated spectra (red lines in Figure 3.4) account for both the isotropic
chemical shifts and the finite line width due to spin- spin relaxation. Narrow lines with the
simulated isotropic shifts are the red bars ® %2 % and these were convoluted with the
experimentally determined R2 (R2/w = 640 Hz (5 ppm) in relaxed and 540 Hz (4.3 ppm) in
stretched spectrum). The linewidths, 7 — 8 ppm, for the simulated peaks were obtained in
same manner as the experimental spectra by fitting to Eq.3.1. Then, Acres is the difference
between the linewidths of Lorentzian fits of the experimental and the simulated spectra,
and it is in the range of 1 — 3 ppm. Thus, the estimated value of the order parameter (S =
Acres/ Acstat) Tor backbone dynamics in purified elastin is in the range 0.01 — 0.03 and the
generalized order parameter (S?) is ~ 0.001. This is similar to the S? values that were
determined for the minielastins (24x’ and 20x') in solution using **N or *3C NMR relaxation
data. Stretch induced ordering of the backbone was not observed within the resolution of

these experiments.%
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The generalized order parameter (S?~ 0.001) combined with the average relaxation
rates, (Table 3.1), and the constraint (0.4 < S¢% < 0.6) were used to determine the timescale
of elastin’s backbone motions using Eq. 3.2 — 3.8. In this way, four experimental
parameters (the average R: and R values obtained at two NMR frequencies) were used in
3-parameters fit. The y? surfaces show that the correlation times ts = 2.3 + 0.4 us and ¢ =
210 + 50 ps were well constrained by the data and that Sg? = 0.49, is less well determined,

(Figure 3.5 and Table 3.2).

Compared to soluble minielastins, the elastin backbone is also highly disordered,
S? ~ 0; however, the correlation time for the slow backbone motion (ts)is dramatically
lengthened, and the correlation time for fast motions(te) is similar to that in soluble
minielastins and longer by only a factor of four.%® I conclude that cross-links, which occur
every 20 — 40 residues in elastin, are highly flexible and have little effect on the amplitude
of chain mobility. Because only the rate of the slow backbone motion is substantially
affected by cross-linking, these dynamical modes likely occur on length scales comparable
to the spacing between cross-links, whereas fast backbone dynamics are at the residue

level.
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Table 3.2. Fit parameter values obtained by least squares fitting of Eq. 3.2 — 3.8 to the
average values of the NMR relaxation data in table 3.1.

Parameter value

SE? 0.49 + 0.07
T (ps) 210 £ 50
s (us) 23104
rmsd Ry (s?) 0.0015
rmsd Rz (s) 674
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CHAPTER 4 THERMOMECHANICAL PROPERTIES OF ELASTIN

4.1 Introduction

The mechanical properties of natural elastin were studied by Weis-Fogh et al. and
later, more extensively by Gosline and coworkers using microcalorimetry.® 84 192 They
assumed no changes in the fiber volume upon stretch, so they defined the work of stretch
of the hydrated elastin as the stored energy (4A). They found that the heat released (4q)
upon stretching hydrated elastin is larger than (4A) of stretch. Insofar as elastin stretch is
reversible, which is confirmed herein, the 2" law of thermodynamics requires that the
entropy change upon stretch, A4S = — Aqg/T, is large and negative. Thus, the internal energy
and the entropy changes for stretching are both large and negative, so spontaneous recoil
is driven by a large increase in entropy and elastin is known as an entropic elastomer. In
the ideal spring model, approximately correct for rubber, the heat released upon stretch is
much smaller and the change in internal energy is negligible.1%

Weis-Fogh measured the heat liberated at room temperature upon stretching the
fiber by ~ 35% to be five times greater than the applied mechanical work. This corresponds
to an internal energy change of ~ — 5 mcal/35mg with an applied mechanical work of ~ 1.3

mcal/35mg.8
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The more extensive study performed later by Gosline on hydrated bovine elastin
found that the ratio of the internal energy change to the applied mechanical work varies
inversely with stretch. The ratio of the heat released to work done at 22 °C is 91 for 2%
stretch and 3 for 70% stretch. Also, the internal energy change upon stretch varies
significantly with temperature over the range of 2 °C — 65 °C. It is large and negative at
low temperatures and increases until it reaches ~ zero at 65 °C.8 This temperature
dependence is similar to that associated with hydrophobic interactions. In the hydrophobic
effect, water interacting with a hydrophobic surface decreases the entropy of water®* 02
and this is known to be the dominant force in protein folding.1%* 1% Whereas in the widely
accepted Flory model of rubber elasticity, the decrease in entropy upon stretch is due to a
decrease in configurational entropy of the polymer.® This has not been proven and the
alternative, recoil driven by hydrophobic forces, has not been disproven.

An important aspect of Flory’s disagreement with Gosline is that Gosline’s
calculation of the large decrease in energy had neglected any change in volume with
temperature and stretch. In thermodynamic terms, Gosline had assumed that the relevant
thermodynamic state function was Helmholtz free energy (4A) and Flory correctly pointed
out that Gosline’s measurements were made at constant pressure, in which the correct state
function is Gibbs free energy, 4G = AA + PAV. Flory et al reported no changes in the
volume of elastin fiber only when it is hydrated in the presence of a diluents like glycol-
water (3:7) mixture or 30% PEG. With these conditions, no change in the internal energy
of elastin is reported upon strech.” ® However, Flory and co-workers disregarded that their
system is a three-component system and neglected the effect of glycol on both the fiber

and water. Later, Flory modified his elastic theory for elastin to include the effects of
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solvent interacting with the protein surface, but he did not explicitly consider hydrophobic
interactions. It is worthy to note that rubber is fully elastic in the absence of solvent,
whereas elastin, the most hydrophobic protein known, is fully inelastic in the absence of
water. A full understanding of recoil in elastin should also account for other differences.
Unlike rubber, the stretch/recoil cycle for elastin is fully reversible (vide infra), the elastic
modulus of elastin is much less, and elastin has a much lower extension without rupture.

Strain-induced changes in free energy (4G) and entropy (4S) have not previously
been reported to my knowledge and the large release of heat upon stretch indicates that the
change in length as a function of temperature is a sensitive method for determining a
complete force (F) as a function of length (I) and temperature (T) state function for elastin.
From the state function, F(1,T), all relevant thermodynamic properties can be determined.
Importantly, volume changes with both temperature and force at constant hydration are
readily determined and reported using a novel apparatus. Thus, in this Chapter, all relevant
thermodynamic properties have been determined as a function of temperature and stretch
in (i) pure water, (ii) with the addition of Hoffmeister ions or polyethylene glycol and (iii)
when H20 is replaced with 2H,0. By performing all experiments on a single elastin fiber,
the exceptional reversibility of the stretch contract cycle of elastin and its unusual physical
robustness are confirmed.

Kosmotropes, like sulfate ion perturb the hydrophobic effect and make it difficult
to create the cavity needed to accommodate hydrophobic solutes by increasing surface
tension.8% 81 PEG has a similar effect but through preferentially increasing protein

hydration.3” 42 44 On the other hand, chaotropes, like perchlorate ion perturb protein
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structure by interacting with the amide backbone, either through specific or nonspecific ion
interactions. 8 82.83

Compared to H0, 2H,0 is a more structured liquid and has stronger solvent-
solvent hydrogen-bonds.*® 1 2H,0 stabilizes B-turns structures and destabilizes a-helices.>
It is believed that ?H,O stabilizes folded proteins more than *H.O by affecting the
hydrophobic interactions and/or hydrogen-bonding.>*>" Thus, ?H,0 is also expected to

perturb the hydrophobic effect.

4.2  Theory

Based on the 1% law of thermodynamics, dU = 6q + W, where U is the internal
energy of the system (hydrated elastin), 8q is the energy added as heat, and W is the work
done on the system. Based on the 2" law of thermodynamics for reversible processes,
6q = TdSand W = —PdV + Fdl, where T is the absolute temperature, S is the entropy,

P is the pressure, V is the volume, F is the applied force and [ is the length. Consequently,
dU = TdS — PdV + Fdl.
Using the definition of enthalpy, H = U + PV,
dH = dU + PdV +VdP
dH =TdS +VdP + Fdl
Using the definition of Gibbs free energy, G = H — TS
dG = dH — SdT - TdS

dG = —SdT + VdP + Fdl
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Using the property of the total differential dG(l,T,P), two useful results are obtained,

dG(T,1,P) = — SdT + VdP + Fdl

Gy, =rand (57),, = =5

Integrating the first equation gives
AGrp = fl?F dl Eq. 4.1
Equating cross derivatives of the first and second equation, gives the Maxwell relation,
~(5),, = G
and after integration,
ASpp = — flil(aF/aT)l_P dl Eq. 4.2

The change in enthalpy AH and the heat capacity ACp can be calculated from the following

equations,
0AH
ACp = (5)p Eq. 4.4

Eq. 4.1- 4.4 are the fundamental relations used in this study for the analysis of the
experimentally obtained F(l,T) data of stretching elastin. The changes in Gibbs free energy
(AG7) and entropy (AS;) are obtained by integrating the force and the slope of the force
versus temperature with respect to the length, respectively. From these, the change in

enthalpy (AH) and the heat capacity AC, are readily obtained.
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4.3 Materials and Methods

4.3.1 The Homebuilt Apparatus

The apparatus used for the thermomechanical experiments in this Chapter is a box-
shaped (rectangular prism) tank that has 5 faces. The upper face (8.0 x 3.0 x 1.5 cm) is the
lid of the tank and contains two holes designed to insert the heating rod (side) and the
thermometer (middle) The right and the left side faces of the tank (30.0 x 6.0 x 1.5 cm)
have an upper groove that matches the dimension of the lid, (Figure 4.1, right panel). The
inner right-side face contains a groove to fit a 200 mm ruler. Also, the right side has two
holes (0.25 cm in diameter): one is 4 cm down from the lid and the other is 2 cm above the
base. Two hollow aluminum rods (0.25 cm outer diameter and 0.2 inner diameter) go
through these holes that are connected to pipes, and in turn connected to a pump. The
remaining two faces (30.0 x 3.0 x 1.5 cm) form the front and the back faces of the tank.
The whole apparatus is made of Delrin (Online Metal Supply LLC, Houston, MO) except
the front and the back faces that are made of Plexiglass (Online Metal Supply LLC,
Houston, MO) to give clear vision for the camera. The five faces are fixed together and to
a bigger base (18.0 x 18.0 x 1.5 cm) by screws, (Figure 4.1, left panel). The base has a

screw that run through it to the inner compartment of the tank, intended to hold the sample.
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Figure 4.1. Schematic presentation of the assembled homebuilt apparatus.

4.3.2 Sample Setup
A 0.24 g dried and purified nuchal bovine elastin fiber (~ 77 mm x 1.6 mm % 6.4
mm; ~240 mg) was glued to rods at both ends. The upper rod was attached to a thread and

the lower rod was fixed to the screw in the base of the homebuilt apparatus, (Figure 4.2).

Outside of the sample compartment, the thread was passed over a light, low friction
pulley and attached to calibrated masses to vary the force applied to the fiber. Thus, the
applied force equals the attached mass in kg multiply by the gravitational acceleration (9.8

m/s?). The temperature was regulated through a homebuilt controller with a platinum
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resistance thermometer and a rod heater in connection with a proportional-integral-

derivative controller (Omron PID e5cc controller with pt100 sensor).

Figure 4.2. The thermomechanical setup. The fiber length, temperature and
masses are recorded by the camera.
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Temperature variation over each measurement was within 0.1 K and the equilibration times
between I(F) and I(T) measurements were 5 min and 3 — 5 min, respectively. Furthermore,
the solvent/solution inside the compartment was circulated using a pump that was
connected to the pipes in the right side of the apparatus. The fiber length was measured
with a 36-megapixel camera (Sony A7R) giving a length accuracy of 0.1 mm which was
calibrated using the 200 mm ruler inside the apparatus that was included in every

photograph. ImageJ software, was used to convert pixels into mm.

Length versus force, I(F), at fixed temperatures and length versus temperature, I(T),
at fixed forces were measured for hydrated purified bovine elastin fiber in the following
aqueous solutions: deionized water, 0.1 mol/kg sodium sulfate (Na;SOs ACS, Fisher
Chemical, Fair Lawn, NJ), 0.3 mol/kg sodium sulfate, 15% (w/w) 20 kDa PEG
(Polyethylene glycol 20,000, Alfa Aesar, Ward Hill, MA), 30% (w/w) 20 kDa PEG, ?H,0
(99.9% D, Sigma-Aldrich, St. Louis, MO), 0.3 mol/kg sodium perchlorate (NaClO4 ACS

98.0-102.0%, Beantown Chemical Corporation, Hudson, NH) and 1.0 mol/kg NaClQOa.

I(F) was measured from 0.09 N to 0.72 N at fixed temperatures from 278 to 318 K
in 5 K increments when possible. I(T)was measured from 274 to 328 K in 1 K increments
at fixed forces of 0.09 N, 0.23 N, 0.40 N and 0.72 N when possible.

4.3.3 Data Processing

Complete state functions, I(F,T), for each of the solutions described above were
obtained by combining experiments of I(F) at different temperatures and I(T) at different
forces. The linear I(F) data and non-linear I(T) are well-fit by a polynomial that is 1%-order

in F and 3"-order in T over the range of F and T studied here. The two sets of experiments
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were combined into a 2-dimensional array and are well-fit to the following polynomial,
i.e., virial equation of state using MATLAB scripts:

l(F, T) = CO + ClF + CzT + C12FT + C3T2 + C4_T3 Eq 45

Both the goodness of the fit statistics, (Table 4.1), and the virial coefficients of the above

equation, (Table 4.2), were obtained from MATLAB Curve Fitting Toolbox™,

Table 4.1. Goodness of the fit statistics.

Degree of  adjusted
Solution SSE (m?)  R-square RMSE (m)
freedom R-square

H,0 2.00 x10° 0.998 302 0.998 2.57 x10*
’H,0 6.84 x10° 0.994 466 0.994 3.83 x10*
0.1 mol/kg
1.80 x10° 0.998 327 0.998 2.34 x10*
Na>SO4
0.3 mol/kg
1.08 x10° 0.998 309 0.998 1.87 x10*
Na>SO4
15% 20 kDaPEG ~ 9.76 x10° 0.989 417 0.989 4.84 x10™
30% 20 kDaPEG  3.81 x10° 0.994 436 0.994 2.96 x10*
0.3 mol/kg
1.92 x10° 0.999 494 0.999 1.97 x10*
NaClO4
1.0 mol/kg
4.16 x10-5 0.996 480 0.996 2.94 x10-4
NaClO4

76



LL

Table 4.2. The virial coefficients of equation 4.6 for all the studied solutions.

Solution Co C1 C2 C12 C3 C4
'H20 2.7 4.4 x 107 -2.3 x 1072 -8.6 x 107 7.0 x 107 -6.9 x 10
’H,0 5.2 4.3 x 107 -4.9 x 102 -8.0 x 10°® 1.6 x 10* -1.6 x 107
0.1 mol/kg NazSOs4 3.9 4.2 x 107 -3.6 x 102 -8.0 x 10°® 1.1 x10% -1.2 x 107
0.3 mol/kg NazSOa 2.2 4.1 %107 -2.0 x 102 -7.7x10° 6.1 x 10° -6.3 x 10°®
15% 20 kDa PEG 2.0 3.7 x 102 -1.7 x 102 -6.5 x 10° 5.3x10° -5.4 x 1078
30% 20 kDa PEG 0.3 2.4 x 1072 -2.0x 103 -2.5x10° 5.7 x 10°° -5.2 x 10°°
0.3 mol/kg NaClOa 1.9 3.7 x 10 -1.6 x 102 -6.1x10° 4.9 x 107 -4.8 x 10°®
1.0 mol/kg NaClO4 1.7 3.7 x 10 -1.5 x 102 -6.3x10° 4.6 x 107 -4.8 x 10°®




The sum of squares due to error (SSE) measures the total deviation of the
experimental fiber length (l) to the fit obtained using equation 4.5. SSE ~ 0 indicates the
fit has a small random error. R-square is the square of the correlation between | and the fit
values. This value is close to 1, indicating that a greater proportion of variance is accounted
for by the fit. The adjusted R-square considers the residual degree of freedom, the number
of data points minus the number of fitted coefficients. The adjusted R-square being close
to 1 indicates a good fit. The root mean squared error (RMSE), the fit standard error,
estimates the standard deviation of the random component in the data. As SSE, the closer

it gets to O the better the fit.

The state function F(1,T) in Eq. 4.6 is obtained by solving Eq. 4.5 for F.

(l—Co— CzT— C3T2— C4T3)

c1+ c12T

F(LT) =

Eq. 4.6

Finally, the changes in entropy (4St), Gibbs free energy (stretch work = AGr),
enthalpy (4Ht) and heat capacity (4Cp) with stretch were determined using Maxwell
relations as defined in the theory section,” 1% 1%7 numerical integration and differentiation
functions in MATLAB and Eq. 4.1 — 4.4, 4.6. Tables of thermodynamic parameters
calculated in this way for all solutions at different temperatures and strains are listed in

Appendix A (Table A.3-A.7).

4.4 Results and Discussion
The hydrated elastin fiber length increases linearly with an increase in the applied
mechanical force at all temperatures and decreases nonlinearly with the increase in

temperature at constant force in all solutions. Solvent deuteration, addition of a Hoffmeister
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kosmotrope (sulfate ion) or a protein precipitant (PEG) significantly alter these changes.
However, the effect of the Hoffmeister chaotrope is significantly less.

The reversibility and the reproducibility of the results were confirmed in the
following section, followed by an extensive description of the results for the hydrated
elastin fiber in *H20 and finally *H,O results were compared to the results obtained in the

other hydrating solvent/solutions.

4.4.1 Reversibility and Reproducibility

The reversibility of the fiber length with varying force at constant temperature was
confirmed by running two cycles of stretch and relax measurements. This test was applied
to all I(F) experiments and within the standard errors of the fitted slopes and intercept,
repeated stretch and relax cycles are fully reversible, (Figure 4.3). Averages of these two

cycles were used for further analysis.
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Figure 4.3. Length versus force of two cycles of stretch and relax of the
hydrated elastin fiber in tH,0 at 298 K and their linear fits.

The reversibility of the fiber length with varying temperature at constant force was
confirmed by measuring the length of the fiber while the fiber was cooled back to room

temperature in representative I(T) experiments, (Figure 4.4). Within the error limits of the

measurement, temperature reversibility is also seen.
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Figure 4.4. Length versus temperature at 0.23 N of the hydrated elastin fiber
in 0.1 mol/kg Na2S0O4 of heat and cool cycle.

All experiments at different solutions were performed on the same fiber to
minimize experimental variations. In order to confirm no changes took place in the fiber
as a result of the stretching and thermal cycles, the I(T) curve at 0.40 N in *H,0 was

accurately reproduced after finishing each of the investigated solutions, (Figure 4.5).
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Figure 4.5. Length versus temperature at 0.40 N of the hydrated elastin fiber
in *H,0 initially and after finishing each of the studied solutions.

4.4.2 Hydration of Elastin fiber in H,0
4.4.2.1 |(F) Experiments in *H,0

The first set of experiments were performed on the hydrated elastin fiber in
deionized water (*H20). I(F) shows that the length increases linearly with increasing

applied mechanical force at all studied temperatures, (Figure 4.6). I(F) data was fit to Eq.

4.7, (Table 4.3).

I(F); = a + bF Eq. 4.7
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The relaxed length (the fit intercept (a) in Eq. 4.7) decreases as temperature increases, i.e.,
the fiber shrinks with the increase in temperature. Also, the slope of the fit (b) decreases as
the temperature increases. It is important to note that the slope is an indirect measure of the

elasticity of the fiber. As the slope decreases, the fiber becomes stiffer.
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@ 288K

100- ® 293K
298 K
® 303K
308 K
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Figure 4.6. The length of the hydrated elastin fiber in *H,0 as a function of
the mechanical force of stretching at all studied temperatures.
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Table 4.3. The linear fit parameters of I(F) of hydrated elastin in *H,O at all investigated
temperatures.

Temperature (K) I(F) slope (b) I(F) intercept (a)
278 206+0.1 80.16 + 0.06
283 20.2+0.1 76.96 + 0.04
288 19.6+0.1 74.75 £ 0.04
293 19.0+0.1 72.80 £ 0.04
298 18.4+0.1 71.26 + 0.04
303 17.8+0.1 70.27 £ 0.05
308 174 +0.1 69.64 + 0.05
318 16.8+0.1 68.68 + 0.05
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4.4.2.2 Young’s Modulus in *H20
Young’s modulus(E) is a mechanical property used to measure the stiffness of
polymers. It correlates the stress to the strain according to Eq. 4.8.

E =

g
&

Eq. 4.8

The stress (o) is defined as the applied force (F) per cross sectional unit area of the polymer

(Agross), 0 = and the strain (¢) is the proportional deformation of the polymer (¢ =

Cross

%), where Al is the change in the polymer length and [, is the relaxed or unstretched length.
0

Young’s modulus increases as the material gets stiffer.

Young’s modulus of the hydrated elastin fiber in deionized water was calculated at
different temperatures using the dry fiber cross sectional area (6.38 x 10® m?), the initial
relaxed lengths (l,) obtained from I(F) linear fits, and the change of length, Al, with the
applied force from I(F) experimental data. E is well fit to a 3"-order polynomial, E(T) =
ag+ a,T + a, T? + az T?, with chi square (x?) equal 2.94 x 10, (Figure 4.7). E is 0.61
MPa at 278 K, decreases to reach a minimum at 288 K and then increases to ~ 0.64 when
the temperature is raised to 310 K, which implies that elastin fiber stiffens with the increase

in temperature above 288 K (15 °C).
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Figure 4.7. Young's modulus (E) of the hydrated elastin in H.O as a
function of temperature and its fit.

4.4.2.3 1 (T) Experiments in *H,0
The fiber length as a function of temperature, I(T), at several fixed forces, (Figure
4.8), was investigated and found to decrease substantially with the rise in the temperature.

The decrease is nonlinear at all studied forces and I(T) is well fit to a 3"-order polynomial,

l(T) = bO + blT + bz TZ + b3 T3.
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Figure 4.8. The length of the hydrated elastin fiber in *H2O as a function of
temperature at all studied forces.

4.4.2.4 Surface Fit of I(F,T) Data in *H20

The two experiments, I(F) and I(T), were combined to yield the state function I(F,T)
(Eg. 4.5), from which the resulting state function F(I,T) (Eq. 4.6) was used to calculate the
changes in entropy (4St), Gibbs free energy (4Gr), enthalpy (4Hr), and heat capacity (4Cy)
as a function of temperature at constant strain and as a function of strain at constant

temperature.
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The large number of highly reproducible data points (>300), and the root mean square error
(RMSE) of the fit, 2.2176x10 ** m, indicate the high-quality thermodynamic parameters

that are obtained from these thermomechanical experiments, (Figure 4.9).

—
0.11- e Raw Data in Deionized 'H,O
0.1 -
E 0.09-
= 0.08-
0.074 n
0.60'8
0.06- 04
340 330 320 o 92 F(N)
310 300 290 280 270
T (K)

Figure 4.9. Experimental I(F,T) of the hydrated elastin fiber in deionized *H,0
stretched from 70 mm to 97 mm at 278 K (5 °C) to 340 K (67 °C) (filled black
circles) and the surface fit (mesh surface).

4.4.2.5 Elastin Compared to an Ideal Entropic Elastomer

The temperature dependence of the thermodynamic parameters of recoil are compared
between elastin and an ideal entropic elastomer, (Figure 4.10). The comparison is made for
equal changes in Gibbs free energy (4Gr). Rubber is approximately ideal; however, elastin

is quite different.
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Figure 4.10. The energetics of recoil of 20% stretched elastin fiber hydrated
in H20 (solid lines) in comparison to the expected energetics of recoil of
an ideal entropic elastomer (dash lines) for the same change in the free
energy.

Stretching elastin fiber is confirmed to be reversible, thus the energetics of recoil
are equal in magnitude to those calculated for stretch with an opposite sign, (AXrecoil = —
AXstretch, X= G, H and S). As expected, the free energy of recoil (4Grecoil) IS Negative, and
the recoil is spontaneous. For both elastin and the ideal elastomer (rubber), the driving
force of recoil is entropic, 74S < AH. Otherwise, elastin’s energetics of recoil, (solid lines
in Figure 4.10) differ completely from that of the ideal entropic elastomer, (dashed lines in

Figure 4.10). The ideal entropic elastomer has an enthalpic component AHigdea CloSe to zero
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at all temperatures and thus 4Grecoil is about the same as — T4Srecoit.2* 13 In elastin, AHrecoil
and TASrecoil are large and positive and approach the ideal elastomer only at high
temperature, ~ 45°C. This is a direct consequence of the large experimentally observed

temperature dependence of the fiber’s length.

This dependence of the energetics of recoil on temperature is in agreement with
hydrophobic interactions as suggested by the limited data of Gosline.® 1% In general,
processes driven by hydrophobic interactions are entropic at low temperatures and this

decreases with increasing temperature. 1%

4.4.2.6 Thermodynamic Energetics of Stretch in *H,0

The effect of temperature at constant strain (20%) on 4G, AH, T4S and the heat
capacity change (4Cp) of hydrated elastin in deionized H.O is investigated, (Figure 4.11
(a, ¢)). The work of stretch (4Gr) is small (~ 6 mJ) and almost constant through the studied
temperatures, while both the entropic component (74St) and the enthalpic component
(4HrT) are large and negative and their magnitudes decrease substantially with the increase
in temperature, i.e., temperature decreases the contribution of both components to the free
energy of the stretch. However, the magnitude of 74Sr is always higher than the magnitude
of AH+, confirming that elastin is an entropic elastomer. The change in the heat capacity
(4Cpr) decreases linearly with the increase in temperature. The effect of temperature on
both AHt and TASt of stretch parallels that of the coacervation process, which takes place
in the water-soluble monomer of elastin; tropelastin. Coacervation is the inverse phase
transition process, in which tropelastin aggregates with the increase in temperature and
facilitates the assembly and the crosslinking to form mature fibers. This process is coupled

with an increase in both entropy and enthalpy with the increase in temperature.'®® The
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results in this work show that both the entropy and the enthalpy become less negative with

temperature at constant strain, coupled with a decrease in both the fiber length and volume.
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Figure 4.11. Stretch energetics of the hydrated elastin fiber (0.24 g dry
mass) in tH,0 as a function of (a, ) temperature at constant strain 20% and
(b, d) strain at constant temperature 298 K.

The effect of strain at constant temperature (298 K) on 4G, AH, TAS and AC of
hydrated elastin in deionized *H,O is studied, (Figure 4.11 (b, d)). As expected, the work
of stretch (4Gr) increases with the increase in strain. The magnitude of both the enthalpic
component (4Ht) and the entropic component (74St) increases with strain, i.e., become

more negative, with the entropic component magnitude always higher confirming elastin
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is entropic. The large release of heat (4Ht) with stretching elastin was first observed by
Weis-Fogh in calorimetry studies.® The ratio of the work to the heat released with stretch
determined in this study from the I(F,T) state function is in good agreement with his

calorimetric results, as well as with the later more extensive study performed by Gosline.®

84

Early on, Tanford identified that an increased heat capacity is a thermodynamic
signature of hydrophobic hydration.!0 In this work, the heat capacity (4Cpr) increases
linearly with the increase in strain. This indicates that stretch increases hydrophobic
hydration and which is verified experimentally using double quantum filtered NMR
(Chapter 2). Qualitatively, the effects of increasing temperature and stretch are in opposite
directions. This s, of course, different from most materials in which increasing temperature

results in expansion.

4.4.2.7 Volume Changes as a Function of Temperature and Stretch in 'H,0
Finally, the changes in volume as a function of force and temperature were
determined. Then, Gibbs and Helmholtz free energies were related (AG = AA + PAV) and

the change in the internal energy (AU = AG + TAS — PAV) was calculated.

The fiber shape is approximately rectangular prism and volume = length x width x
thickness. The fiber length and width were measured directly from photos, and the
thickness was calculated assuming the change in thickness is proportional to that in width

using the dry dimensions as a reference.

Gosline et al found no change in volume with stretch; however, their experiments were not

adequately described.?* Elastin fiber investigated in this work shows about 5% linear
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increase in volume within the maximum experimentally achieved stretched, (Figure 4.12

106

(a)). In agreement with Gosline’s observations,™ about 40% volume decrease is observed

when the temperature is increased from 0 to 55°C, (Figure 4.12 (b)).
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Figure 4.12. The volume of the hydrated elastin fiber in *H20 as a function of (a)
force at constant temperature and (b) temperature at constant force.

4.4.3 Hydration of Elastin fiber in 2H,0, Solutions of Hoffmeister ions and PEG

To further investigate the hydrophobic effect, the elastin fiber was hydrated in
2H,0, and in aqueous (*H20) solutions containing 20 kDa PEG, sodium sulfate (NaSO4)
or sodium perchlorate (NaClOs), all of which are known to modulate the hydrophobic
interactions. The same approach that was used to study elastin in deionized water (*H20)

in the previous section is applied here.
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4.4.3.1 Young’s Modulus (E) and the Spring Constant (k) in the Investigated Solutions

F/A
AL/l

Young’s modulus is defined as, E = , Where F is the applied force, A is the

cross-sectional area of the dry fiber, Al is the extension and [, is the relaxed length, i.e.,
the constant term in the linear fit of the [(F) data (Appendix A, Table A.1 and Table A.2).

E for all studied solutions was calculated, (Appendix A, Table A.3).

The work of stretch (4G) of the fiber from [, to [, + Al is related to Young’s

EA(AD)?

0

modulus by W = . Thus, the work of stretch is inversely related to [,. One of the

unusual properties of elastin are the changes of the relaxed length () with temperature
and the hydration solvent/solution, (Figure 4.13). Consequently, the work of stretch is
significantly affected by this property. To compare the stiffness in different hydration

solvent/solutions, the spring constant(k) from Hooke’s law (F = k x Al ) is used. Spring

constant(k) is related to Young’s modulus by k = b;—A.

0

The values of the spring constant (k) are 48.5 — 63.1 N/m and, in general, increase

with temperature, i.e., the fiber is stiffer with the increase in temperature, (Table 4.4).

The spring constant (k) is directly proportional to the mechanical force, as k
increases, the mechanical force and the work required to stretch the fiber also increase. A
slight increase in k is observed in 2H,0 and 0.1 mol/kg Na2SQ4 solution compared to *HO.
The values of k are comparable in 0.3 mol/kg Na>SO4, 1.0 mol/kg NaClO4 and 15 % (w/w)
PEG solutions, and higher than in *H,0. The highest values are in 30% (w/w) PEG. The
precipitating agent, PEG, is known to increase protein-protein interactions and decreases

the solvent exposed hydrophobic surface. This is accompanied by an increase in the fiber
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rigidity or stiffness as the spring constant results show. The chaotrope, NaClO4, known to
salt in proteins, shows only a slight increase in fiber rigidity at low concentration and a
considerable increase in stiffness at higher concentrations in which it turns over to

kosmotropic behavior.?? 111
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Table 4.4. Spring constant (k) (N/m) for all investigated solutions at different temperatures.

Temperature 0.1 mol/kg 0.3 mol/kg 0.3 mol/kg 1.0 mol/kg  15% (wiw)  30% (w/w)
1 2
H>O H>O

(K) Na2SO4 Na2S04 NaClO4 NaClO4 PEG PEG
283 485+0.2 ND ND ND ND ND ND ND
288 49.4+0.2 50.5+0.3 50.6 £0.2 53.4+0.2 51.1+£0.3 53.4+£0.7 53.8+04 59.9+04
293 50.9+0.2 529+0.3 525+0.2 55.0+£0.2 51.9+£0.3 54.7 £ 0.6 55.0£04 60.1+£0.3
298 525+0.2 54.6 £0.3 542 +0.2 56.3+0.2 53.4+0.3 56.6 £ 0.3 56.5+04 60.3+£0.3
303 54.3+£0.2 56.1+0.3 55.7+£0.2 57.4+0.2 54.0+£0.3 58.4+0.4 ND ND
308 56.0+0.2 ND ND ND ND ND 59.2+05 615+04
313 57.4+0.3 58.3+0.4 58.0+£0.2 59.6 £ 0.2 55.8+0.3 58.7£0.3 ND ND
318 ND ND ND ND ND ND 61.6+05 63.1+04

ND: Not Determined



4.4.3.2 Fit Surfaces of I(F,T) in the Investigated Solutions

L(F, T) state functions obtained under different solvent conditions are compared to
the *H.0 state function, (Figure 4.13). Compared to *H-0, the ?H,0 and 0.1 mol/kg Na2SOx4
surfaces are similar with small decreases in height (I,) and the temperature dependent
slope. More significant decreases in both features are observed in 0.3 mol/kg Na>.SO4 and
15% 20 kDa PEG. The most significant decrease is in 30% 20 kDa PEG where the relaxed
length is substantially decreased at low temperature, the change with temperature is nearly
eliminated, and the surface essentially converges to the deionized water surface at high
temperatures. NaClO4 has a distinct effect. At 0.3 mol/kg concentration, the surface
approximately overlaps with the *H,O surface, and at 1.0 mol/kg concentration, it is similar

to the 0.1 mol/kg Na>SOs surface.

The relaxed lengths of all studied solutions as a function of temperature from 276
— 328 K (3 55 °C) were calculated using Eg. 4.5 by setting F to be equal to zero, (Figure

4.14).

Replacing ?H,0O with *H,0 increases the strength of solvent-solvent hydrogen-
bonding making the hydrophobic hydration of the protein more difficult and, in turn,
making the protein more compact with less surface area.*® 335477 A decrease in fiber length

upon a deuteration is verified, (Figure 4.14 (a)).
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Figure 4.13. The state function I(F,T) (filled circles) of the stretch of the hydrated
elastin fiber in all investigated solutions in compare to *H2O and their surface fit.
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Figure 4.14. The computed relaxed lengths of elastin fiber in all studied solutions as a
function of temperature.

The Hoffmeister kosmotrope, SO+, does not bind to protein, is repelled from its
surface, and increases solvent surface tension making the cavity formation that is required
for hydrophobic hydration at the protein surface more difficult.?* 2427112 Thys, sulfate ion
is expected to increase elastin compaction, which is confirmed by the substantial decrease
in relaxed fiber length, (Figure 4.14 (a)). Consequently, higher concentrations lead to more

substantial decreases in the relaxed length.

The crowding agent, PEG, increases protein-protein interactions through
preferential hydration 3" 42 43 and this is confirmed by the very large decrease in relaxed

length, (Figure 4.14 (b)).

The Hoffmeister chaotrope, ClO4, directly interacts with the amide groups in the
protein backbone leading to disruption of both secondary structure and protein folding.?*
21,82, 112 This explains the observed increase in relaxed length that is opposite to the effects

of sulfate, PEG and solvent deuteration, (Figure 4.13 (c)).
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4.4.3.3 Stretch Thermodynamic energetics in All Studied Solutions

The energetics of stretch (4Gr, AHt TASt and 4Cp were determined as functions of
strain at constant temperature (298 K), (Figure 4.15 and Figure 4.16), and temperature at a
constant strain of 20%, (Appendix A, Figure A.3 and Figure A.4), in all investigated

solutions.

AGrt is small and increases nonlinearly with strain from 0 — 38 mJ in all solutions,
(Figure 4.15 (a1 — as)). The overall effect of isotopic substitution (?H.0), or adding
Hoffmeister ions (SO4%, ClO4) or PEG on AGr is small, i.e., the values are comparable to
'H,0 and 4Gr as a function of strain is, to a good approximation, unaffected by varying
the solvent conditions. Since strain is displacement, Al, normalized by the relaxed
length, Ly, which decreases in the order of *H,0 > 2H,0 > 0.1 mol/kg SO+* > 15% PEG >
0.3 mol/kg SO4> >30% PEG, AGr increases in the reverse order for constant displacements,

'H,0 < 2H,0 < 0.1 mol/kg SO4* < 15% PEG < 0.3 mol/kg SO4+* < 30% PEG.

Both the entropic (74St) component and the enthalpic (4Ht) component are
negative. Nonetheless, the magnitude of 745+ is always greater than 4H+ confirming that
the entropic gain is the driving force for elastin recoil in all solutions. The magnitude of

both AHt and T4St increases with the increase in strain, (Figure 4.15 (b1 — bs) and (c1 —

C3)).
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Figure 4.15. Energetics of stretching hydrated elastin (0.24 g dry mass) at 298 K (4Gr,
AHt and T74Sr) versus strain in all studied solutions.

Changing the solvent conditions substantially changes the enthalpic and the
entropic driving forces. Solvent deuteration has essentially equivalent changes on 4H and
74S as 0.1 mol/kg sulfate, whereas larger changes are observed at 0.3 mol/kg. A small
decrease in magnitude of both AH and 74S is observed in agreement with the increase in

the hydrophobic interactions caused by both the kosmotrope ion and the deuterated solvent.
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The effect of perchlorate on 4H and 74S is small compared to the effects of
deuteration and sulfate ion (at the same concentration). These small effects are completely
consistent with the observations that elastin is highly disordered in Chapter 3, i.e., adding
a protein denaturant has little effect on its properties. The increased changes in
thermodynamic parameters at high perchlorate concentration (1.0 mol/kg) is attributed to
the turnover behavior observed in chaotropes at high concentration wherein they behave
like kosmotropes.

PEG causes very large decreases in the magnitudes of both the heat released (4H)
and the loss in strain entropy (74S). In fact, the magnitude of 4H approaches zero at the
high PEG concentration (30%). To control the volume changes in elastin, Flory used 30%
glycol solutions and these conditions enabled him to calculate 44, which was equal to the
entropic component — 74S. Subsequently, Flory theorized that elastin behaves as an ideal
elastomer.” ® However, he ignored the effect of the third component in his system, PEG,

on the elasticity of elastin.

The change in heat capacity (4Cp), as in H,0, increases with strain at constant
temperature, i.e., the hydrophobic hydration is increased with strain, (Figure 4.16), and

decreases with temperature, (Figure A.3).110

Solvent deuteration and addition of 0.1 mol/kg sulfate has a minor effect on ACp,
whereas a substantial decrease is observed with the higher concentration 0.3 mol/kg sulfate,
(Figure 4.16 (a)). This is an anticipated effect, since an increase in 4Cj is associated with
hydrophobic hydration, % 10 and with higher concentration of sulfate the fiber is more
compact as the length measurement show, i.e., less hydrophobic surface is exposed to

hydration.
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Figure 4.16. The heat capacity change of stretching the hydrated elastin
fiber (0.24 g dry mass) as a function of strain in all studied solutions in
comparison to H-O.

PEG causes the largest decrease in 4Cp which approaches zero at the higher
concentration (30%), (Figure 4.16 (b)). This dramatic effect is in agreement with the effect
of PEG on the fiber length and volume. The most compact fiber with the least solvent

exposed surface area has the smallest heat liberation with strain.

Perchlorate at 0.3 mol/kg concentration has a minor effect on AC,, whereas the

higher concentration, 1.0 mol/kg, has a similar effect as the 0.3 mol/kg sulfate due to the

turnover behavior, (Figure 4.16 (c)).
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4.4.3.4 Volume Changes in All Investigated Solutions

The volume of the hydrated elastin fiber as a function of both force, (Figure A.5),
and temperature, (Figure A.6), was measured in the different hydration solvent/solutions
in the same mannar as in deionized water *H.O, with qualitatively similar results. The
volume increase is linearly with the applied force and the decrease with temperature is
larger and non-linear. Deuteration (?H.0) has no significant effect on the changes in
volume in comparison to the deionized solvent (*H,0). Sulfate eliminates the increase in
volume with force and retains the decrease in volume with temperature. A more significant
effect is observed with PEG. The changes in volume with both force and temperature are
eliminated. Perchlorate has the opposite effect. It binds to backbone peptide groups and
expands the protein giving more surface to the hydration solvent. A significant increase in

volume is observed with respect to force and a minor effect with temperature.

The PAV work at constant temperature in the investigated solutions was calculated
using the experimentally measured volume versus length, V(I). The slope of V(I) from a
linear least square fit was multiplied by the extension (Al) and one atmospheric pressure
(101325 Pa) to evaluate PAV at different strains. This was performed in the studied
solutions at 293 K and compared to the work of stretch (4Gt) to determine the change in

internal energy (4Ur), (Table 4.5).
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Table 4.5. The P4V work computed from V(I) data and compared with the work of stretch AG to stretch elastin fiber by 20% at 293K

hydrated in the investigated solutions.

Solution V(1) slope (m?) Relaxed length (lo in m) Al (m) PAV (mJ) 4G (mJ)
H,0 38+03x10° 7.29 x 10 2 1.46 x 10 2 5.65+1.52 5.63
’H,0 76+0.8x10° 7.16 x 10 2 1.43 x 10 2 11.05+1.25 541
0.1 mol/kg Na2SO4 6.4+0.7x10° 7.07 x 10 2 1.41 x 10 2 9.11+1.03 5.33
0.3 mol/kg Na2SO4 23+09x%x10° 6.84 x 10 2 1.37 x 10 2 3.20+1.29 5.11
0.3 mol/kg NaClO4 14+02x10° 7.51 x 10 2 1.50 x 10 2 20.98 + 2.35 5.96
1.0 mol/kg NaClO4 48+09x10°° 7.42 x 102 1.48 x 10 2 7.20+1.37 6.08
15% 20 kDa PEG 22+03x10° 7.08 x 10 2 1.42 x 10 2 3.15+0.43 5.67
30% 20 kDa PEG 34+04x10° 6.77 x 10 1.35 x 10 2 4.69+0.51 5.48




The state functions, H=U+PV, A=U—-TS and G =H — TS, with the
combined 1% and 2" laws of thermodynamics can be used to relate the work of stretch (4G)
with the work of expansion (PAV), the change in internal energy (4U) and Helmholtz Free
energy (4A). Stretching the fiber from lo to lo + Al at constant temperature and pressure,

the followings relations are obtained.

AG = AA + PAV Eq. 4.9
And

AU = AG + TAS — PAV Eqg. 4.10

The changes in the internal energy (4U) calculated using Eq. 4.10 as a function of
strain, (Figure 4.17). In general, the magnitude of AU increases as the strain increases
(become more negative). But this is highly dependent on the solution conditions. The 0.3
mol/kg perchlorate solution, which increases solvent exposed hydrophobic surface has the
highest magnitude of AU, whereas the solutions/solvent that decrease the hydrophobic
surface and volume exposed to hydration (°H-0, sulfate and PEG) decrease the magnitude

of AU to almost zero in 30% PEG.
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Figure 4.17. The change of internal energy (4U) for the hydrated elastin
fiber (0.24 g dry mass) in all studied solutions as a function of strain at 293
K.

Although Gosline incorrectly neglected the volume changes upon stretch and used
Helmholtz free energy to calculate the change in internal energy, the internal energy does
decreases substantially even when the volume changes are taken into account, which is
confirmed here. Flory, on the other hand, incorrectly assumed that volume changes could
be neglected when the solvent contains glycol or PEG. Additionally, the thermodynamic
parameters and the mechanical properties are correlated to the hydrophobic interactions by
changing the solvent conditions. (*H-0, sulfate and PEG) increase the hydrophobic effect

and make the fiber shorter with smaller volume and increases the fiber stiffness. In other
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words, simply changing the solvent in this way drives recoil. Moreover, changing the
solvent conditions in such manner, decreases the magnitude of the heat liberated, the
entropy, and the internal energy with stretch. However, 0.3 mol/kg ClO4, does not increase
the hydrophobic interaction. Instead, it interacts directly with the protein backbone and
increases solvent exposed hydrophobic surface area. This has little effect on the fiber
stiffness or entropy because elastin is already highly disordered. Nevertheless, it does

increase the internal energy change because of its effect on the fiber volume.

108



CHAPTER 5 CONCLUSIONS

The principal goal of this dissertation is to understand the mechanism of recoil in
natural elastin, nature’s most abundant elastomeric material. This understanding of recoil
mechanism is fundamental to the systematic approach of developing and designing new
protein-based elastomers. Elastin has inspired the design of wide variety of proteins with
different functions, including protein purification, matrices for tissue engineering and drug
delivery. Unlike rubber, elastin is only elastic when fully hydrated wherein water accounts
for approximately half of the mass of the elastic material. Thus, a molecular understanding
of elastin function necessarily required study of the protein and the hydrate.

NMR spectroscopy is used to study the interaction of the hydrate with this
unusually hydrophobic protein using 2Q filtered 2H,O NMR. In this experiment, the degree
to which the water is ordered and the amount of water interacting with the hydrophobic
surface were determined. Likewise, NMR spectroscopy is used to study the timescales of
motions in elastin via 3C NMR relaxation of backbone carbonyl atoms, and the amplitude
of these motions was determined by measuring the residual chemical shielding anisotropy
of backbone carbonyl atoms. Both timescales and the amplitude of motions were studied
in stretched and relaxed elastin. Elastin’s biological function is to impart elasticity to a
variety of tissues in vertebrates. This is a macroscopic function, and a novel

thermomechanical instrument was designed, built and used to fully quantitate the
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thermomechanical properties of purified elastin. The thermomechanical experiments as
well as the NMR experiments were used to probe elastin at the molecular and macroscopic
levels using purified elastin material prepared by a recently reported protocol that retains
fiber structure while removing other proteins such as fibrin and collagen from the elastic
matrix. The old protocols used to purify elastin rely, in general, on harsh conditions such
as hot alkali extractions and autoclaving methods. These protocols result in substantially
damaged elastin fibers that are highly fragmented and lack important amino acid sequences
present in intact fibers, and so hamper any effective study of elastin recoil.**3 In this work,
elastin fibers were purified using a novel more recent protocol that optimizes the conditions

to yield pure, intact and smooth fibers.

Using 2Q NMR, ordering of deuterated water (°H.0) at the surface of the most
hydrophobic protein known, elastin, was observed and measured quantitatively. Stretching
the fiber up to 30% increases the ordered water by one order of magnitude showing for the
first time that the hydrophobic effect, i.e., ordering of water at a hydrophobic surface,
contributes to the spontaneous, entropy driven recoil in elastin. Moreover, the ordered
water magnitude is highly dependent on the solvent conditions. Addition of PEG, sulfate
or high concentrations of perchlorate (1.0 m), all of which increase the hydrophobic
interactions thereby reducing solvent exposed surface area, result in less ordered solvent at
the surface in a concentration dependent behavior. At lower concentrations, perchlorate is
chaotropic and interacts weakly with peptide groups. This “salts in” the protein’s peptide
bonds and has a much small effect on the ordered water magnitude with stretch, whereas
at high concentration (1.0 m) starts to behave like a kosmotrope and decreases the ordered

water magnitude.
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Structure and dynamics in mature elastin were studied using solid state 3C NMR
without magic angle spinning. The residual shielding anisotropy of backbone carbonyls in
the highly cross-linked protein was found to be 1 — 3 ppm and thus small compared to the
static shielding anisotropy, 116 ppm, for peptide carbonyl atoms. Since the protein is highly
crosslinked, rotational diffusion cannot occur, and the residual anisotropy corresponds to
an overall order parameter ~ 0.01 for motions of the protein backbone. A backbone order
parameter approaching zero was also recently determined in Wittebort laboratory for
several minielastins in solution.®® °® Thus, structural ordering of the protein as a result of
coacervation and/or crosslinking does not occur. The vanishing order parameter also
indicates that elastin is more disordered than other intrinsically disordered proteins.
Furthermore, no changes in carbonyl backbone ordering took place with stretch. The

backbone of elastin is highly disorder relaxed and stretched.

Novel thermomechanical methods were utilized to determine the essential
thermodynamic parameters, 4G, AH, A4S ACp and AU that are associated with elastin stretch
and recoil. Complete reversibility of the stretch and recoil cycle was confirmed. Rather
than using calorimetry, complete state functions, I(F,T), were determined from which the
thermodynamic parameters were obtained using Maxwell relations. The energetics of
recoil in elastin are substantially different from the expected energetics of recoil in an ideal
entropic elastomer. Rubber, for example, is approximately ideal indicating different recoil
mechanisms in these two elastomers. Unlike most materials, both elastin and rubber shrink
when warmed, however, the shrinkage of elastin upon warming is significantly larger than
rubber. The compaction of elastin in the presence of PEG, sulfate or high concentrations

of perchlorate anticipated by the 2Q experiments is confirmed and linked with the increase
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in stiffness observed as a decrease in fiber length, volume and an increase in the spring
constants when temperature is increased, or the solute is added. A signature feature of the
hydrophobic effect is its temperature dependence. The entropic driving force of the
hydrophobic effect is negligible above ~ 45 °C in proteins and these experiments show that
the compaction of elastin, i.e., the temperature induced shortening of an elastin fiber, levels

to a constant value at this temperature.

An unresolved difference in the recoil mechanism of elastin between P.J. Flory, the
preeminent polymer chemist of the 20" century, and the biologists, Torkel Weis-Fogh and
John Gosline, has persisted. Flory argued that elastin is like rubber and recoil is driven by
an increase in polymer disorder. Weis-Fogh and Gosline argued that the large amount of
heat evolved upon elastin stretch leads to a decrease in the internal energy, and this is a
characteristic of the hydrophobic effect and indicates that recoil is driven by the
hydrophobic effect. Flory pointed out that Gosline incorrectly based his calculation on
defining the stretch work at constant temperature and pressure as the change in Helmholtz
free energy (44) when, in fact, this was the change in the Gibbs free energy (4G) and,
consequently, the contribution of volume change to the change in the internal energy
change had been neglected. By measuring the increase in volume with stretch, my work
confirms that the internal energy still significantly decreases with stretch, in agreement
with Gosline’s results that support the idea that the hydrophobic effect is the main
contributor to elastin recoil. | have also found, in agreement with Flory, that the decrease
in internal energy and volume change are significantly decreased when 30% polyethylene
glycol (PEG) was added. However, Flory did not consider the effect of glycol on elastin’s

elasticity. PEG, a crowding agent, increases hydrophobic protein:protein interactions that
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causes fiber compaction and increase the stiffness of the fiber. The low stiffness of elastin
is a key property in cardiac function. Increases in arterial stiffness, as results from aging,

inevitably results in hypertension.

The one order of magnitude increases in 2H,O ordering with stretch coupled with
no changes in carbonyl backbone ordering of elastin, and the unique energetics of elastin

recoil confirm that the hydrophobic effect is the key player in driving elastin recoil.
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APPENDIX A

All studied solutions show a decrease in the slope of I(F) with the increase in
temperature with the 30% (w/w) 20 kDa PEG solution shows the minimum slope and
almost constant within the studied temperatures indicating an increase in the fiber stiffness

with temperature, (Figure A.1).

The length decreases substantially in all solutions as a function of temperature with
the 30% 20 kDa PEG solution shows almost constant length within the increased in

temperatures at the studied forces, (Figure A.2).
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Figure A.1. The length of the hydrated elastin fiber as a function of force at different
temperatures in the examined solutions.
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Table A.1. Linear fit slope (b) of I(F) (mm/N) for all investigated solutions at different temperatures.

Temperature 0.1mol/kg  0.3mol/kg  0.3mol/kg 1.0 mol/kg 15% 30%
'H20 2H20

(K) NazSO4 Na2SO4 NaClOg NaClO, PEG PEG
278 206+0.1 ND ND ND ND ND ND ND
283 20.2+0.1 19.7+£0.1 19.6+0.1 18.7+0.1 195+0.2 18.7+0.5 18.4+0.1 16.6 £0.2
288 19.6+£0.1 18.8+0.1 18.9+0.1 18.2+0.1 19.3+0.1 18.2+0.4 18.1+0.1 16.6£0.1
293 19.0+£0.1 18.2+0.1 18.4+0.1 17.8+0.1 18.7+0.1 17.7+£0.1 176 £0.1 16.5+0.2
298 18.4+0.1 18.0+£0.1 179+0.1 174 +0.1 185+0.2 17.1+0.2 ND ND
303 17.8+0.1 ND ND ND ND ND 16.9+0.1 16.2+0.1
308 174 +0.1 17.2+0.1 17.2+0.1 16.8+0.1 18.0+0.3 17.1+0.1 ND ND
313 ND ND ND ND ND ND 16.2+0.1 15.8+0.2
318 16.8+0.1 16.5+£0.1 16.5+0.1 16.2+0.1 17.3+0.2 16.5%+0.1 ND ND

ND: Not Determined
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Table A.2. Linear fit intercept (a) of I(F) (mm), relaxed unstretched fiber length, for all investigated solutions at different temperatures.

Temperature 0.1mol/kg  0.3mol/kg  0.3mol/kg 1.0 mol/kg 15% 30%
H.0 2H,0

(K) NazSO4 Na2SO4 NaClO4 NaClO4 PEG PEG
278 80.16 + 0.06 ND ND ND ND ND ND ND
283 76.96+0.04 7538+0.05 73.79+£0.04 7055+0.05 78.72+0.11 76.40+0.24 72.67+£0.05 68.06 =0.08
288 7475+0.04 73.03£0.05 7191+0.05 69.49+0.06 76.80x0.06 75.22+0.20 71.50%0.05 67.83%0.07
293 72.80+0.04 7131+0.05 70.52+0.04 68.60+0.06 75.20%+0.06 74.33+0.07 70.29+0.06 67.65=0.07
298 71.26+0.04 71.09%£0.05 69.56+0.05 67.57+0.06 73.86+0.09 73.48+0.11 ND ND
303 70.27 £ 0.05 ND ND ND ND ND 69.30 £ 0.06 67.38 +0.06
308 69.64 £ 0.05 69.54+0.05 68.29+0.05 66.88+0.05 72.07+0.14 72.38+0.04 ND ND
313 ND ND ND ND ND ND 68.65 + 0.06 67.39 + 0.07
318 68.68 £ 0.05 68.82+0.06 67.60+0.05 66.49+0.06 70.92+0.07 71.80+0.04 ND ND
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Table A.3. Young's modulus (MPa) for all investigated solutions at different temperatures.

Temperature 0.1 mol/kg 0.3 mol/kg 0.3 mol/kg 1.0 mol/kg 15% 30%
H.0 2H,0

(K) Na2SO4 Na2SO4 NaClO4 NaClO, PEG PEG
283 060+001 060+0.01 059+0.01 059+0.01 063+0.01 064+001 0.62+001 0.64+0.01
288 060+001 061+0.01 0.60+0.01 060+0.01 063+0.01 065+001 0.62+0.01 0.64+0.01
293 060+001 061+001 0.60+0.01 060+0.01 063+0.01 066+001 0.63+0.01 0.64+0.01
298 0.61+0.01 062+001 061+001 061+£001 062+£001 0.67%0.01 ND ND
303 0.62 £0.01 ND ND ND ND ND 0.64+0.01 0.65%£0.01
308 063+001 0.63+0.01 0.62+001 063+0.01 0.63+£0.01 0.66+0.01 ND ND
313 ND ND ND ND ND ND 0.66+0.01 0.67x0.01
318 0.64+0.01 065+001 064+001 065+001 064+001 0.68%0.01 ND ND
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Table A.4. The thermodynamic parameters AG (mJ), 4H (mJ), 74S (mJ) and 4Cp) and the relaxed length lo(mm) for hydrated elastin
fiber (0.24 g dry mass) in *H,0, 2H,0 and Na2SO4 at 20% versus Temperature.

'H,0 ’H,0 0.1 mol/kg Na2SOs4 0.3 mol/kg NazSO4
T (K)
lob, AG AH TAS AC, lo AG AH TAS AC, lo AG AH TAS AC, lo AG AH TAS AGC,

276 82 7 -1 -162 5 80 6 ~-176 -183 9 79 6 -150 -16 7 73 5 -84 -89 3

277 81 6 -150 -157 5 80 6 ~-l67 -174 9 78 6 -144 -150 7 73 5 -81 -86 3

278 80 6 -145 -151 5 79 6 ~-159 -165 8 77/ 6 -137 -143 6 72 5 -/7 -83 3

279 80 6 -140 -146 5 /8 6 ~-151 -157 8 77/ 6 -131 -137 6 72 5 -74 -80 3

280 79 6 -135 -141 5 78 6 ~-143 -149 8 76 6 -125 -131 6 72 5 -7/11 -76 3

281 7 6 ~-130 -136 5 77 6 ~-136 -142 7 76 6 ~-119 -125 6 71 5 -68 -73 3

282 7 6 -125 -131 5 76 6 ~-128 -134 7 75 6 -113 -119 6 71 5 -65 -70 3

283 77 6 -120 -126 5 76 6 -121 -127 ¢ 74 6 -108 -114 5 71 5 -62 -68 3

284 77 6 -116 -122 5 75 6 ~-115 -120 7 74 6 -1038 -108 S5 70 5 -60 -65 3

285 7% 6 -111 -117v 4 75 6 -108 -114 6 74 6 -97 -103 S5 70 5 57 -62 3

286 7% 6 -107 -113 4 74 6 -102 -108 6 73 6 -92 -98 5 70 5 -54 -59 3

287 7 6 -102 -108 4 74 6 -9 -101 6 73 5 -8 -93 5 70 5 52 -57 3
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Table A.5. The thermodynamic parameters (4G (mJ), 4H (mJ), 74S (mJ) and A4Cp) and the relaxed length lo(mm) for hydrated elastin
fiber (0.24 g dry mass) in 20 kDa PEG and NaClO4 at 20% versus Temperature.

15% PEG 30% PEG 0.3 mol/kg NaClO4 1.0 mol/kg NaClO4
T (K)
o AG AH TAS AC, lo AG AH TAS AC, lo AG AH TAS AC, lo AG AH TAS AG

216 76 6 94 -100 3 69 6 -15 -20 1 8 7 -126 -133 4 79 6 -8 -92 3

2717 75 6 -90 -96 3 69 6 -14 -20 1 8 7 -122 -129 4 78 6 -82 -89 3

218 75 6 -87 -93 3 69 5 -13 -19 1 81 7 -118 -125 4 78 6 -719 -86 3

2719 75 6 -84 -90 3 69 5 -13 -18 1 81 7 -115 -121 4 78 6 -77 -83 3

280 74 6 -80 -86 3 68 5 -12 -18 1 8 7 -111 -117 4 77 6 -714 -80 3

281 74 6 -77 -83 3 68 5 -12 -17 1 80 6 -107 -114 4 77 6 -71 -78 3

282 74 6 -74 -80 3 68 5 -11 -17 1 79 6 -104 -110 3 77 6 -69 -75 3

283 73 6 -71 -77 3 68 5 -11 -16 1 799 6 ~-100 -107/ 3 77/ 6 -66 -73 2

284 73 6 -68 -74 3 68 5 -10 -16 1 78 6 97 -108 3 76 6 -64 -70 2

285 73 6 -66 -71 3 68 5 -10 -15 1 78 6 -94 -100 3 76 6 -62 -68 2

286 72 6 -63 -69 3 68 5 -9 -15 0O 78 6 91 -97 3 76 6 -59 -65 2

287 72 6 -60 -66 3 68 5 -9 -14 o 77 6 -87 -94 3 75 6 -57 -63 2
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Table A.6. The thermodynamic parameters: AG (mJ), 4H (mJ) and 745 (mJ) for hydrated elastin fiber (0.24 g dry mass) in *H20, ?H,0

and Na2SOq at 298 K versus strain.

'H,0 ’H,0 0.1 mol/kg NazSO4 0.3 mol/kg Na2SO4
strain%

AG AH TAS AG AH TAS AG AH TAS AG AH TAS
1 0.01 -3 -3 0.01 -2 -2 0.01 -2 -2 0.01 -1 -1
2 0.06 -6 -6 0.05 -4 -4 0.05 -4 -4 0.05 -3 -3
3 0.12 -9 -9 0.12 -6 -6 0.12 -6 -7 0.12 -4 -4
4 0.22 -12 -12 0.21 -8 -9 0.21 -9 -9 0.20 -5 -5
5 0.35 -15 -15 0.33 -11 -11 0.33 -11 -11 0.32 -7 -7
6 0.50 -18 -18 0.48 -13 -13 0.47 -13 -13 0.46 -8 -8
7 0.68 -21 -22 0.65 -15 -16 0.65 -15 -16 0.63 -9 -10
8 0.89 -24 -25 0.86 -17 -18 0.84 -17 -18 0.82 -11 -11
9 1.12 -27 -28 1.08 -19 -20 1.07 -20 -21 1.04 -12 -13
10 1.38 -30 -31 1.34 -21 -23 1.32 -22 -23 1.28 -13 -15
11 1.67 -33 -35 1.62 -24 -25 1.59 -24 -26 1.55 -15 -16
12 1.99 -36 -38 1.92 -26 -28 1.90 -26 -28 1.84 -16 -18
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Table A.7. The thermodynamic parameters: AG (mJ), 4H (mJ) and 74S (mJ) for hydrated elastin fiber (0.24 g dry mass) in 20 kDa PEG
and NaClO4 at 298 K versus strain.

15% PEG 30% PEG 0.3 mol/kg NaClO4 1.0 mol/kg NaClO4
strain%

AG AH TAS AG AH TAS AG AH TAS AG AH TAS
1 0.01 -2 -2 0.01 0 0 0.01 -3 -3 0.02 -2 -2
2 0.06 -3 -3 0.05 -1 -1 0.06 -6 -6 0.06 -4 -4
3 0.13 -5 -5 0.12 -1 -1 0.13 -9 -9 0.14 -5 -5
4 0.23 -7 -7 0.22 -1 -1 0.23 -11 -12 0.24 -7 -7
5 0.35 -9 -9 0.34 -1 -2 0.37 -14 -15 0.38 -9 -9
6 0.51 -10 -11 0.49 -2 -2 0.53 -17 -18 0.55 -11 -11
7 0.69 -12 -13 0.67 -2 -3 0.72 -20 -21 0.74 -12 -13
8 0.90 -14 -15 0.88 -2 -3 0.93 -23 -24 0.97 -14 -15
9 1.14 -15 -17 1.11 -2 -4 1.18 -26 -27 1.23 -16 -17
10 141 -17 -19 1.37 -3 -4 1.46 -29 -30 1.51 -18 -19
11 1.71 -19 -21 1.66 -3 -4 1.77 -31 -33 1.83 -20 -21

12 2.03 -21 -23 1.98 -3 -5 2.10 -34 -36 2.18 -21 -24
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Table A.8. The change in heat capacity (4Cp in mJ/K) for the hydrated elastin fiber (0.24 g dry mass) in *H,0, 2H.0, Na,SOs, 20 kDa

PEG and NaClO4 at 298 K versus strain.

strain  'H,  2H» 0.1 mol/kg 0.3 mol/kg 15% 30% 0.3 mol/kg 1.0 mol/kg
% 0] O NaxSO4 NaxSO4 PEG PEG NaClO4 NaClO4
1% 0.17 0.18 0.16 0.09 0.10 0.02 0.12 0.08
5% 0.83 0.92 0.80 0.47 0.50 0.12 0.61 041
10% 1.66 1.83 1.60 0.92 0.99 0.23 1.21 0.82
15% 248 2.73 2.38 1.38 1.48 0.35 1.81 1.21
20% 329 3.63 3.17 1.82 1.97 0.46 241 161
25% 410 4.52 3.94 2.26 2.44 0.57 3.00 2.00
30% 490 5.40 4.71 2.70 2.91 0.68 3.58 2.38
35% 569 6.28 5.47 3.12 3.38 0.79 4.16 2.76
40% 647 7.15 6.23 3.55 3.84 0.90 4.74 3.13
45% 7.25 8.02 6.98 3.96 4.30 1.01 5.31 3.49
50% 8.02 8.87 1.72 4.37 4.75 1.12 5.87 3.85




The energetics of stretch: 4Gt, 4Ht, T4St and 4Cp were determined as a function

of temperature at constant strain 20%, (Figure A.3 and Figure A.4).
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Figure A.3. The heat capacity change of stretching hydrated elastin (0.24 g dry
mass) by 20% as a function of temperature in in all studied solutions in comparison
to 1H-0.

ACy, like in water, decreases linearly in all investigated solutions. Solutions that
increase the compaction of elastin fiber; 2H,0, sulfate and high concentration perchlorate,
decrease the change in ACp until reaches about zero in the high concentration PEG solution

Because of the decrease hydrophobic hydration that accompany these solutions.
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Figure A.4. Energetics of stretching hydrated elastin (0.24 g dry mass) by 20% (4Gr,
AHt and T4Sr) as a function of temperature in all studied solutions in comparison to

1H,0.

AGrt is small (5.3 — 6.8) mJ and decreases slightly with the increase in temperature
in all solutions. Both the entropic (74St) component and the enthalpic (4Ht) component

are negative. However, the magnitude of 74Sr is always greater than 4Hr. In resemblance

to the coacervation process discussed before in the 'H.O results, both 4Hr.and TASt

increase with the increase in temperature, i.e., become less negative. The magnitude of both
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AHr and T4St decreases as the fiber become more compact in ?H,0, sulfate and high

concentration perchlorate hydrating solutions.

The volume as a function of both force, (Figure A.5), and temperature, (Figure A.6),
were measured when the elastin fiber was hydrated in the studied solutions in the same
mannar as in deionized water H,O. The fiber shape is rectangular prism to a good
estimation and so its volume = length x width x thickness. The fiber length and width were
measured directly from the photos, whereas the thickness was calculated assuming the

change in thickness is proportional to that in width using the dry dimensions as reference.
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Figure A.5. The volume of the hydrated elastin fiber as a function of force at
different temperatures in the studied solutions.
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Figure A.6. The volume of the hydrated elastin fiber as a function of temperature
at different forces in the examined solutions.
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