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ABSTRACT

The elastic tissue comrosite is made up of a number of
materials that are characterized by different chemical and
mechanical properties. The protein elastcmer elastin makes up

almost 80% of bovine ligamentum nuchae with collagen and the

matrix substances making up the other 20%. The analysis of the
mechanical properties of the unpurified and purified tissue
indicates that elastin is the dominant mechanical component at
low strains with collagen contributing significantly at ‘the
higher extensions.

The physical properties of single, 5 to 8um diameter,
water-swollen elastin fibres were investigated on a micro-test
apparatus attached to a polarizing microscope, and the results
were analyzed by using the kinetic theory relationships. The
analysis of the mechanical properties at extensions below 100%
indicate that elastic mecdulus, G = 4.1 X 105Nm—~2, the average
molecular weight of the chains between cross-links is 1in the
range of 6000 to 7100g/mol, and the stress-optical
coeffecient, C = 1 X 10-9m2N-! at 240C., Analysis of the
temperature dependence of the =stress-optical coeffecient
indicated that the pclarizability of the random link decreases
with increasing temperature. The apparent activation energy
fof this process is in the order of 1.6 kcal/mole. Analysis of
the non-Gaussian mechanical and optical properties at
extensions above 100% suggest that the chain between cross-
links contains approximately 10 'effective' random links, with

each link ccnsisting of 7 to 8 aminc acid residues.
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The explicit assumption of a randcm network that is made
by the kinetic theory was tested by a number of technigues.
400 MHz pmr spectra of the soluble alpha-elastin closely
resembled the spectra that were predicted for the random-coil
conformaticn, and the spectra obtained for it's aminq acid
hydrolysate. Polarized microscopy studies showed intact
elastin fibres to be devoid of any crystalline structures.
Finally, the parameters for the random chains in the elastin
network were used to predict the dimensions of other random
proteins. The close correlaticn of these predictions with
published values for a series of proteins in solution in 6M
GuHC1l provided an independent test of the random conformation,
validating the use of the kinetic theory relationships to

analyze the macrcscopic preoperties of elastin. .
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Charter.i. INTIRODUCTION.

We have all experienced instances where having boasted
about the knowledge of an objects function have subsequently
been embarassed by our ignorance of the 'mode of functioning'.
Proteins, which serve a vast number of functions in nature,
present the same dilema. As most of us know from watching
detergent ccmmercials on television, enzymes break down
certain compounds. This tells us about their *'function' but
does not in any way inform us about the manner in which it
performs. If one is to comment on this aspect of the enzyme's
character it becomes necessary tc obtain some structural
information for the protein in question. The same argument
applies to elastin. Although one can claim that elastin is a
rubbery protein, the basis of this elasticity, which is the
topic of interest, cannot be elucidated without knowledge of
the protein's conformational state. Different theories of
elasticity assume different conformations at the molecular
level for the material in question. Hence, it seems reasonable
that one should investigate the molecular conformation of this
protein in an attempt to shed some light on the validity of
the wide spectrum of theories that claim tc explain the basis
of elastin elasticity. Hence the major focus of this thesis
was to investigate the structure of the elastin protein and,
then, to interpret it's physical rproperties in terms of a
theoretical framework for rubber elasticity. .

The technigues of conformational analysis wused in this

investigation were selected on their value as sensitive probes



of structure with the nminimum amcunt of disturbance to tﬁe
native conformation in terms of experimental techniques. The
studies themselves were developed at different levels of
organization starting with the investigation of soluable
peptide properties and building upto the intact elastic fibre.
Nmr and viscosity experiments were used to study the structure
of soluble proteins from elastin, with polarized microscopy
and scanning electron microscopy providing the tools for the
analysis of intact elastin fibres. All of these studies showed
elastin +to be a randcm network elastomé}, and on the basis of
this conclusion I +then proceeded to wuse the theoretical
framework provided by the kinetic theory of rubber elasticity
to characterize the macroscopic mechanical and photoelastic
properties of this protein. Finally, a test for the random
network network conformation was conducted by predicting the
dimensions o¢f randcm-coil proteins, and compéring these to
published values.

The thesis itself is organized in the following manner. I
have started by discussing the properties of the intact tissue
composite (chapter II) to show the exact relationship of the
elastic fibre to the other components present in the tissue.
The following four chapters deal with the question of elastin
conformation and involves the presentation of the current
controversy {(chapter 111), the nmr and viscosity
investigations (chapter 1IV), the polarized microscopy studies
(chapter V), and the scanning electron microscopy results

(chapter VI). The next chapter (chapter VIII) deals with the



evaluation of the elastin network properties in terms of the
kinetic theory of rubber elasticity. The predictive test for

elastin conformation is presented in chapter IX. .



Chapter.II. GENERAL CHARACTERISTICS OF ELASTIC TISSUE.

A. Introduction

Given a mechanically functioning material, the
macroscopic properties of this tissue will depend on, (a) the
chemical <composition of the tissue, {b) the mechanical
properties of the individual components, (c) the architectural
organizaticn of these components, and (d)'the effect of the
chemical ©rproperties of one component on the mechanical
properties of itself and the other components. .

As will be shown in +this chapter the elastin protein
forms a major mechanical component of elastic tissue, and it
is probably Jjustifiable to discuss the chemistry of this
particular protein which, along with it's organization, will
eventually dJdetermine it's functional properties. Since elastin
is implicated in the pathology of the vascular system, there
has been considerable activity in this field, so for the sake
of «convenience (and lack of breath) I have just outlined the
major aspects of it's biochemistry. A detailed discussion of
the chemistry of elastin has been presented by Sandberg (1976)

and Franzblau (1971)..

B. Elastin Development

{a) Embryology
All elastin, like collagen and other connective tissue,

arises from the third germ layer commonly referred to .as



mesoderm. The exact type of mesoderm that gives rise to any
particular elastin 1is dependent on where it occurs (the
mesodermal scurce of arterial elastin is different from that
of ligament or skin). This could account for the variability
of the composition that is observed between different types of
elastic tissue (Kieth et.al.. 1579). A review of elastin
embryology is given by Hass (1939) and is summarized in the
following paragdgraph.

According to Hass, the vascular system is the first part
of the body to be supplied with elastin, and can be
demonstrated to be present in four day old chick embryos. In
humans the elastin is first found in the third or fourth week. .
In the embryo, the majority of the elastin is concentrated in
the aorta with the exact distribution <changing after
parturition. After birth, the relative amount of elastin in
the artery decreases while the relative amounts in the veins
increases. A similar time course can be found for the
development of elastin in the lungs, with the development of
elastin in the skin lagging by about three mdnths, The
alimentary tract is thought to be one of the last orgamns to

recieve elastic tissue.

{b) Morrhogenesis of elastin fibres

Although it has been known for a 1lcng time that the
elastin fibre is a two component system, i.e. an inner
amorphous core with a surrounding fibrillar coat, the exact

relationship between the two has only recently been



elucidated. Ross and Bornstein {1969) demonstrated that these
components of the elastin fibre are very distinct chemically,
the external fibrillar coat being a polar glycoprotein with
the amorphous core being an extremely hydrophobic protein. The
chemistry cf the microfibrillar component has been studied and
it has been shown to be composed of fibrils, ranging from 10
to 40 nm in diameter, which could be extracted with agents
that reduced di-sulphide bonds (Rcbert et.al. 1971, Anderson
1976) .

In order to assign a functional role to these
glycoprotein fibrils it has been proposed that they are
involved with the aligning of the elastin protein during it's
secretion. It has been shown that elastic ligaments in the
embryo are almost devoid of elastin in their early stages of
development, but have a high amount of glycoprotein present.
In the later stages of development the elastin prctein can be
seen to be interspersed between these microfibrils which, due
to their negative charge, may tend to aggregate the elastin
(which has a net positive <charge) around themselves (Ross

Further evidence for this +type of a 1role for the
microfibrils has been obtained by Cctta-Pereira et.al. . (1977),
who histologically demonstrated the presence of two types of
developing elastin fibres. Oxytalan fibres, composed mainly of
glycoproteins, and elaunin fibres which consistéd of
microfibr%ls and amorphous elastin. On the basis of their

observations they —rproposed a oxytalan-- elaunin-- mature



elastic fibre hierarchy for +the development of the elastin
protein, which is synthesized in vivo by fibroblast and smooth

muscle cells (Boucek 1959, and Pathrapamkel et.al. 1977).

{c) Elastin turnover

The turnover of elastin in normal elastic tissue is
characterized by a half-life that is approximately equal to
the life span of the animal (Ayer 1969). It has been proposed
by scme workers that the diseased states 'represent an
alteration in the turnover rate of +the -elastic tissue,
increasing with age and pathology. This increase in turnover
is largely due to the presence of degradative processes

(Robert 1977) . .

C. Elastin Chemistry

{a) Amino acid composition

In order to characterize the amino acid composition of a
protein one has to first decide or the question of what is tc
be <considered as being the !'pure! protein. Fortunately the
case for elastin is gquite clear «cut, in that investigators
have been able to treat elastic tissue gquite drastically and
still arrive at a prctein of constant composition which can
account for the elasticity of the intact tissue. This residue
that remains after treatment is termed elastin, and will be
defined as such for the rest of this thesis.

Amino acid analysis of this protein shows elastin to be



2 Arinc acid composition 2f 2l1lastic prot=ins,

AMINO ACID COMPOSITION OF
ELASTIC PROTEINS."

ELASTIN!  RESILIN? ABDUCTIN® CONNECTIN® oCTUPUS FIBRES®

asx 6.4 102 69.9 92 96.5
thr 89 28 7.4 59 64.4
ser 9.3 80 36.4 60 7.8
glx 15 a7 19.4 128 121
‘pro . 120 77 7.4 65 54.9
hyp 10.7 - - 12 --
gly 324 385 620 104 85
ala 232 m 26.5 84 7
cys - 4.1 -- - 4 7.4
val 135 28 3.5 60 62
met - - 17 23 21
ile 25.5 17 4 52 60
leu - 6l1 23 3 70 73.5
tyr 7.1 27 10.7 28 3.2
phe 30 2% 51.3 29 42.3
his 0.6 9 0.3 15 21
iys 7.4 5 12.4 61 68.3
arg 5.4 35 9.8 56 45.8

* in residues/1000.

Igoss and Bornstein 1969.
Zyats-Fogh 1961.

3%el1y and Rice 1967.
aruyama et.al. 1976.
Sshadwick 1980.



one of the most hydrcphobic .proteins yet discovered, with
nearly 60% of the residues being non-polar. As will be
presented later, this characteristic, more than any other, has
been responsible for the mis-interpretation of the physical
properties of this elastonmer. flastin also has an unusually
large content of glycine, valine, and proline residues. The
amino acid composition of elastin (Ross and Bornstein 1969)
and it's ccmparison to the other known elastomers, Resilin
(Anderson 1971), Abductin (Kelly and Rice 1967), Connectin
(Maruyama 2t.al. 1976), and the recently discovered elastomer

from octopus arteries (Shadwick 1980) is shown in table 2. 1..

{b) Elastin cross-links

Since elastin is a protein that has a mechanical
function, it has to be cross-linked in order to prevent the
polypeptide chains that make up the tissue from 'flowing'
under stress. In the case of natural rubber this is
accomplished by forming covalent bonds between carbon residues
of adjacent polymer chains (Flory 19%3).. With regard to
elastin, the cross-links of this elastonmer were first
discovered by Thomas ets.al. {1963) who showed then to”bg
pyridinium derivatives and named them desmosine and iso-
desmosine. These structural proposals were confirmed
concurrently by nuclear magnetic resonance studies (Bedford
and Katritzky 1963).

These same authors (Partridge et.al. 1965) later showed

that these compounds cross-linked two polypeptide <chains and
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proposed a possible rcute for éhe formation of these links. It
is currently thought that the desﬁosines and iso-desmosines
are formed by the condensation of four lysines, three of which
have been oxidized by the enzyme lysl oxidase (Sandberg 1976). .
There is also some evidence that residues other than the
(iso) desmosines, such as 1lysinonorleucine, also serve as
cross-linking agents in the elastin network (Lent et.al.

1969) .

dc) Soluble elastin

As mentioned before, insoluble elastin results from the
cross-linking of solukle elastin precursors into a functional
network. Due to this relationship there has been some interest
in the characterization of these precursocr proteins.

Although a numker of methods for the solubilization of
elastin are known,such as digestion with oxalic acid
(Partridge and Adair 1955), elastase (Hall 1961), urea (Bowen
1953), KOH (Mcczar et.al. 1979). The only method available at
the moment for the isclaticn of an unkranched precursor is the
extraction cf tropoelastin from lathyritic animals.

This method is based on the biochemistry cf cross-1link
formation which requires the oxidation of the lysine residues,
involved in the formation of (iso)desmosines, by the copper
requiring enzyme lysl oxidase (Franzblau 1971). Inhibition of
this enzyme's activity, by raising animals on copper defecient
diets or by inducing lathyrism using agents such as B—amino~

propionitrile, allows the extraction of soluble proteins from
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the elastic tissue of the animal;

The extraction procedure results in a protein which has
an amino acid compcsition that is similar to mature elastin
{(with the exception ¢f a high lysine content, due to the lack
of cross-links) and is termed tropoelastin in analogy to the
collagen- tropocollagen scheme (Sandberg 1976) . It is
currently thought that tropoelastin, which has a molecular
weight of 72,000, represents the building block of mature
insoluble elastin. There is some speculation that there exists
a higher nmolecular weight speciés, which would be comparable
to procollagen, and recent publications have stated the
presence of such a protein, named proelastin, having a
molecular weight of 130,000 to 140,000 (Foster et.al. 1976,
1977). . This speculation, however, has been put to rest by a
recent paper that provides strong evidence that +tropoelastin
is the primary precursor in elastin biosynthesis {(Rosenbloon
et.al. 1580).

The precursor-product relationship Letween tropoelastin
and fibrous elastin has been demonstrated recently by the in
vitro cross-linking of the soluble proteins to give cross-

linked elastin (Narayanan and Page 1976, Smith et.al. 1975).

Partial primary sequence data for porcine tropoelastin have
also been published in the literature on elastin biochemistry

(Sandberg et.al. 1977).

D. Composition of Elastic Tissue
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{a) Hater content

Unpurified elastin samples from ligament nuchae were

blotted on paper touwels to remove excess water and weighed at
240C, The same samples were then dried to constant weight in
an oven at 1109C and reweighed. The results indicate that
ligament elastin is approximately 72% water by weight. A
similar value of 70% has been reported for arterial elastin

samples (Harkness et.al.  1957). .

(b) Elastin content
Unpurified ligament eléstin samples were dried in an oven
to constant weight. The samples were then purified by repeated
autoclaving (Partridge et.al, 1955), dried and reweighed. The
value of elastin content so obtained was about 80% by dry
weight. Values for the elastin content of thoracic arteries
‘occur in the range of 40% elastin (w/dry weight) (Charm et.al..

e e i e

1974, Harkness et.al. 1957)..

{c) Neutral sugars

Neutral sugar content of unpurified ligament elastin was
evaluated using the rhenol-sulphuric acid assay of Lo et.al..

(1970) , using glucose (Sigma) as a standard. A value of 0.3%

(w/dry weight of tissue) was obtained.

{d) Mucopolysaccharides

It is almost impossible to determine the exact

mucopolysaccharide content of elastic tissue due toc the large



CHEMICAL COMPOSITION OF ELASTIC TISSUE.

Ligamentum nuchae Aorta

Mucopolysaccharides: 2.3% 1.6%

hexosamines (36%) (26%)

uronic acids (41%) (34%)

sulphate (15%) (12%)
Collagen 20% 18%
"Elastin 78% 18%

Neutrai Sugars 0.3% ?
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variability from sample to sample. B general composition is
given in takle 2.2 for 1ligament (Meyer et.al. 1956) and
arterial tissue (Ki;k 1959). In the case of 1ligament elastin
the mucorolysaccharides are seen to make up about 2.3% of the
whole tissue (w/dry wt. Tissue). Of this approximately 36% 1is
present in the form of hexosamines, 41% as uronic acids with

approximately 15% acid hydrolyzable sulphate. .

{e) Collagen content

After accounting for the various other components present
in ligament tissue, the collagen content works out to be
approximately 17.4% as compared to values of 18% reported for
arterial samples (Harkness et.al.. 1957).

The summary for the chemical ccmposition cf arterial and

ligament tissue is given in table 2.2 .

E. Organization of Elastic Tissue

Since the main function of elastic tissue is a mechanical
one, it is not surprising that the crganization of the elastin
fibres in elastic tissue varies with the direction(s) of the
strain that are imposed on the tissue in vivo . In keeping
with this generally accepted hyrothesis, the following is a
presentation of the microscopical organization of +the two

extremes of elastic tissue as demcnstrated by ligament nuchae

and arterial elastine.
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Histology:

Samples cf unpurified pig aorta were stripped of the
adventitial layer and other adhering tissue. lLigament elastin
was also cleaned of adhering tissue, and both the arterial
samples and the 1ligament samples were treated with Bouins
fixative for 72 hours.,TheyAwere then rinsed with distilled
water, cut into small pieces and embedded in paraffin wax
using standard histological technigques. After embedding the
tissue was cut intc 5 to 7 um sections and stained. The
procedure, which was a slight modification of +that presented
by <Clark etsal. ({1973), consisted of staining sections with
orcein follcwed by a counter-stain of napthol green B. This
protocol results in red elastin fibres with the collagen

fibres appearing faint green. .

Scanning electron microscopy:

Instead of using fixatives,'the samples were frozen in
liquid nitrogen and dried in a vaccum. They were then mounted
onto stubks and coated with a fine 1layer of gold. The
examination of the samples was conducted on a Cambridge
Instrument Company, Stereoscan microscope (see methods,

chapter 6 for more details).

{b) Organization of ligament elastin

As expected, 1ligament elastin in the light microscope
shows a very distinct alignment in the longitudinal direction,
which is the direction of the in vivo strain (fiqure 2.13)..

The 1um collagen fibres seem tc¢ form a very fine network
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Figure.2.1: Organization of ligament elastin.

(a) 1light micrcgraph of sectioned, unpurified
ligament nuchae . The elastin fibres, E, are aligned
in the directicn of the strain {arrow) with the
collagen (C) interspersed between the elastine. The
bar represents 30um. .

(b) Se.€eml. cf unpurified 1ligament showing the
collagen.
(C Se€ele. of wunpurified 1ligament. The arrow

indicates a branch pocint in the elastin network,
The solid bar in b, and c represents 10um.
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around {between) the e€lastin fibres which have a diameter | of
about 6 to 8 um. There was no histological evidence for the
presence of a «cocllagen sheath, c¢r other such collagenous
structure, associated with the individual elastin fibres.
Scanning electron microscopy essentially supported the
findings of the light microscope study as well as giving a
clearer picture of the fine details. It showed a very diffuse
network of collagen fibres dispersed in the elastic network
(figure 2.1b). There was also some evidence for the branching

of the individual elastin fibres (figure 2.1c).

In contrast to the ligament samples, cross-sections of
arterial samples show a very distinct lamellar organization of
it's constituents (figure 2.2a), with the lamella (which are
about 2um in thickness) running in the circunferential
direction. The welastin in any giVen lamella seem to be
organized unidirecticnally, with the adjacent lamellae showing
a successive change in this direction (figure 2.2b). The
presence of interlamellar fibres 1is also evident (figure
2.2c). The collagen seemed to occur between the elastin
lamellae in a dense fibrillar network. Although it was not
possible tc determine the direction of the collagen alignment
(with respect to the 1longitudinal direction of the artery)
there have been reports that the <collagen network actually
follows a helical path (Wolinsky and Glagov 1964) .,

The composite structural organization of ligament and
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Figure.2.2: Organization of arterial elastin.

(2a) s.€.m.. shcwing the lamellar (L) organization of
arterial elastin.

(b) Light micrcgraph of sectioned arterial media

showing the «relative organization of adjacent
lamellae. The Lkar represents 2Cun.
(C) s.e.l, of artery showing the presence of the

interlamellar fikres (If).
The sclid bars in a, and ¢ rerresents 10am. .
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arterial tissue is depicted in figure 2.3. A more compelete
analysis of the structure of elastic tissue can be found in
articles by Cotta-Pereira et.al. (1977), Carnes et.al. (1977)

and Kadar (1977).

F. _.Purification Techniques

In order to study the properties of the elastin proteiﬁ,
it is necessary to isolaté the protein frcm the rest of the
tissue with which it occurs in vivo . This can be done by the
use of a number of purification techniques for which the
methodology (Robert and Hornebeck 1976) and the chemical

evaluation of the resulting elastin (Partridge 1962, Grant

1t

t.al. 1971) has been well documented. In this thesis, which
deals primarily with the physical properties of +the elastin
protein, the alkali extraction procedure (Lansing et.al. 1952)

and the repeated autoclaving method of (Partridge et.al. 1955)

were used exclusively. The following section is therefore
presented as a ccmparison of these two techniques on a
chemical and structural basis.

»

{a) Amino acid

ompositicns

In evaluating the amino acid composition one has to first
decide on a standard against which to ccmpare the results of
the purification product. This standard is usually taken to be
the precursor molecule, tropoelastin. Table 2.3 1lists the
amino acid composition <for tropoelastin, autoclaved elastin

and alkali extracted elastin as presented by Grant et.al..

—— o . e
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Figure.2.3: The elastic tissue composite. .

(A) The arterial media showing the relative
organization of the <c¢ollagen (C) and the elastin
(E) »

(B) A schematic diagram of ligamentum nuchae showing
the organization of the elastin, collagen, and the
collagen sheath (CS).
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Figqureo. 2. 3.
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(1971) . Both procedures are seen to give comparable elastin

preparations with regard to the amino acid composition.

{b) Hexosamine and neutral sugar content

The data obtained by Grant et.al. . (1971) indicate that
alkali extracted elastin contains about half as much
hexosamine as autoclaved samples (both are below 0.04% w/w).
The neutral sugars were quantitated with the phenol-sulphuric
acid assay of Lo et.al. .  (1970) using glucose (Sigma) as a
standard. The results show that .autoclaved elastin had a

neutral sugar content of 0.02% (w/w). There were no detectable

sugars in alkali purified elastin.

{c) Evaluation by scanning electron microscopy

Samples cf autoclaved and alkali purified elastin were
frozen in liquid nitrogen and dried in a vaccum. The pieces of
tissue were mounted onto stubs, coated with gold and observed
in a Sterecscan micrcscope as described before.

Both purification procedures gave clean preparations as
observed in the =scanning electron nmicroscope, with no
indication of collagen or 'matrix' substances (figure 2.4, a
and b). However, there was some indication of alkali attack of
the elastin fibres prepared by 0.1N NaCH extraction (figure
2.4c). No such degradation was observed for autoclave purified

elastin. .

G, Mechanical Properties of Elastin Bundles
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Tatle,2.3: Apino acid compeosition of elastip preparations.

AMINO ACID COMPOSITION OF ELASTIN PREPARATIONS.

Tropoelastin  Autoclaved . Alkali
asx 3.3 6.4 5.4
thr 13.2 7.4 5.3
.. ser 9.2 8.7 6.6
glx 15.8- 15.7 11.9
pro 101.1 118.4 56.4
hyp 6.6 8.7 12.9
gly 333.4 310.5 316.2
aia 237 238.6 243.1
cys - -- -
val 125.4 143.9 154.3
met - -- --
ile 16.1 23.3 24.6
leu 47.5 59.5 63
tyr 14.1 10.7 13
phe 28.3 28.6 32.1
his -- -- --
lys 45.1 3.1 3.1
avy 4.3 7.7 2.7

*from Grant

et.al. 1971.
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Figure.2.4: Evaluation of purificaticn techniques,
(a) s.c.m. of alkali purified elastin.

(b) s.e.m., of autoclave purified elastin.

(c) Higher magrnification of alkali purified elastin
showing the hydrolytic attack of the elastin fibre.
The sclid bars represent 10um.
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(a) Methods

Samples of ligament elastin were dried and their ends
were embedded into threaded steel cups with epoxy glqe. They
were then hydrated in distilled water over a period of seven
days under sterile conditicns before testing. The stress-
strain properties of the elastin were determined with_ an
Instron tensile +testing machine, with the samples {(of about
1.5 cm length) being extended at a rate of 1mm/min..

The unstrained cross-sectional area was measured as
follows. The length of the sample Letween the anchoring points
was measured with calipers before the start of a test. This
was taken to be the value of 10, used for the subsequent
calculation of the extension ratio and unstrained cross-
sectional area. Immediately after the mechanical test, the
sample was cut at the anchor points, dried to constant weight
and weighed. The volume of the protein was <calculated <from
this weight and a value of 1.33g/cc for the density of the
protein. The volume of the hydrated sample was clculated by
using a volume fraction of 0.65 fcr the protein at 240C
(Gosline 1978), which was the temperature at which the tests
were conducted. The ncminal cross-sectional area could then be
calculated by dividing the value for the hydrated volume by

Lo,

(b) Results

Figure 2.5 shows the results of the stress-strain
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Fiqure.2.5:  Mechanical  properties
bundles.

Plots of nominal stress versus strain
(a) autoclaved ligament elastin
represents the failure strain.

of elastin

for:
bundles. {x)

(b) unpurified ligament elastin bundles.



30-

N
o
T

-
o

- Nominal stressX105Nrﬁ2

50 100 150

Extension %



31

experiments c¢n unpurified and autoclave purified ligament

elastin. The unpurified samples show a biphasic curve with an -

initial tensile modulus of 6.87 X 105 Nm—-2 and a final modulus
of 3.8 X 106 Nm—2, These unpurified bundles cculd be extended
by about 150% cf their initial 1length before failure. In
contrast to this, autoclaved elastin samples failed at about
50% extension, and upto failure exhibited a single value for
the tensile modulus cf 8.6 X 105 Nm—2 which is higher than the
modulus of +the unpurified bundles in the same region of
extension. These values obtained for autoclaved elastin
samples are 1in close agreement with the values attained by
Mukerjee et.al. (197€)..

Although this résult, of a higher modulus for the
purified 1ligament as compared to the unpurified tissue,
appears ridiculous at first glance, it can be explained if one
assumes that only the elastin component of the unpurified
samples 1is contributing to the mechanical properties for
elongaticns approaching 50% extension. Since the Cross-
sectional area is calculated for the whole tissue, of which
only 80% is .elastin, the nominal =<stress values will be an
underestimate due to the overestimate of the 'contributing’
cross-sectional by approximately 20%. .This is borne out by the
absolute magnitude of the two modulii with the ratio of the

unpurified modulus/purified modulus being about 0.75 ..

H. Mechanical Properties of Single Elastin Fibres

The first studies on the mechanical ©properties of
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Pflots of ncminal force versus extension for:
(a) unpurified fibres (Carton et.al. 1962).
(b) autoclaved fibres.
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unpurified single elastin fibres were reported by Carton
et.al.. (1960, 1962). Their results are presented along with
the mechanical properties obtained for purified single elastin
fibres in this study in figure 2.6 (the methcdology 1is
discussed in chapter 7). .

The relaticnship cbtained by Carton also exhibited a
biphasic stress-strain curve similar to that obtained for
~unpurified bundles of elastin. In comparison to this,
autoclaved elastin fibres show a fairly 1linear relationship
upto approximately 100% extension, beyond which they also tend
to deviate upwards, but by an amount that is much smaller than
that shown by the unpurified fibres. In contrast to the
autoclaved bundles, purified single fibres could be extended
to 120-150% extension before failure., The Young's modulus for

the initial extension region, of both +the wunpurified and

autoclaved single fibres, had a value of akout 1 X 10% Nm—2,

I. Discussion

f{a) -Variation in elastin bicchemistry

—_———— S

Although® there is a general «concensus about the
composition of elastin, there is also some indication that a
few distinct differences exist in the amino acid profiles
and/or primary sequence of elastin from different sources.
Recently there have been reports on the elastin from auricular
cartilage, which have shown this protein to have an unusually

large content of pclar residues (twice as much as arterial
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elastin) with a 20% reduction in the amcunt of valine residues
(Field ete.al. 1578).

The <sequential variability was pointed out by Kieth gt.
Al. (1S79), who analyzed the valine-proline sequence content
of elastin from different tissue. They showed that this
particular sequence cccurs about 41 +times/1000 residues in
aortic elastin and omly 9 times/1000 residues in auricular
elastin. On the basis of these results they favoured the
existence of more than one gene for the elastin protein.

This aspect of elastin biochemistry is worrisome since it

raises doubts about the use of elastin from ligament nuchae to

make generalizations about elastin frcm other sources e.g.,
arterial elastin.These differences in the primary segquence
would be very crucial, if as suggested by several authors
(Urry et.al. 1¢77a), the val-pro sequence is a major

determinant of elastin structure.

{b) The composite tissue

Elastic tissue, like most other biolcgical tissue, occurs
‘as a chemical and mechanical «ccmposite in yvivo . Its
organization is seen to vary from tissue to tissue depending
on 1it's exact functional state. In general, it seems evident
that the elastin protein is probably the dominant mechanical
component at low strains with the collagen contributing the
more significant compcnent at higher elongations.

Ccmparison of single fibre 1zresults for purified and

unpurified elastin; seems to show that another mechanical
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component is intimately associated with the single elastin
fibre. There 1is scme speculaticn that this other component
consists of collagen which is present as a sheath around the
individual elastin fibres (Finlay and Steven 1973, Serafini-
Fracassini et. Al. 1977). This aspect of elastin organization
which is based on mechanical properties, could not Dbe
supported by the results of the histolcgical and scanning
electron microscope studies conducted for this report.

Although the ground substance is unlikely to be a major
mechanical ccmponent in . elastic tissue (it probakly
contributes a small amount as shown by Banga and Balo 1960),
it's chemical properties are probably important in determining
the environment within the elastic +tissue. Alterations in
these environmental properties would inevitably effect the
mechanical properties of the elastic component.

Recent studies cn the dynamic mechanical properties of
elastin (Gosline and French 1979) indicate that the functional
properties of the elastin protein are adversely altered by
slight degrees of dehydration. In view of +this the «crucial
role, of 'ccntrolling the environment!, which is performed by

the embedding matrix in vivo cannot be ignored.

In comparing the feasibility of any given purification
procedure one has tc first consider the experiment that is to
be conducted on the purified sample. It is evident from this

study that alkali Fpurification yields a more pure elastin
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(chemically <closer to tropoelastin) than the autoclaving
procedure. On the other hand, scanning electron microscopy
showed that, structurally, both preparations gave similar
results in grcss okservation. However, clcoser examination of
the preparaticns revealed that there was some evidence of
hydrolytic attack of the elastin fihfe in the samples that had
been purified Ly alkali treatment. In contrast, there was no
indication of such unwanted side effects 1in the autoclaved
preparations.

Thisv brings me back to the first statement. If the
experiment that omne had in mina was biochemical in nature,
then it would be advisable to use the cleaner preparation
afforded by the alkali technique, Alternately, if the
experiment invclves +the measurement of physical properties,
such as stress- strain relationships, it is more feasible to
use an autoclaved sample which, though less pure chemically;
is probably more apprcpriate for such purposes since there _ié

no evidence of elastin degradation.
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Chapter.III. CONFOEMATION OF ELASTIN: THE CONTROVERSY.

A. Introduction

Several models for elastin have been proposed over the
years. These range from the extreme of the collagen-like
triple helix structure, proposed by Ramachandran (1963), to
the other extreme of a totally amorphous random network
similar to other kinetic elastomers (Hoeve and Flory 1958)..
The remaining possibilities lie somewhere in between these two
extremes, such as the Liquid-drop model of Weis-Fogh and
Anderson (1970), the O0Oiled-coil model of Gray et.als {(1973)
and the recently published cross-Beta spiral of Urry .(1976a).
These models for elastin structure are depicted in figure 3.1..
This chapter will be directed towards presenting the various
proposals for elastin conformation, and will try to evaluate

the evidence on which they are based. .

B. The Random Netwcrk Model

The random network model for elastin was essentially an
extension frcm the work of polymer chemists on the properties
of hydrocarbon elastomers., Since these materials exhibited
mechanical behaviour that could not be accounted for by the
standard theories c¢f solid elasticity present at the time, a
new theoretical framework, commonly referred to as the Kine;ic
Theory of Rubber Elasticity, was developed (Guth et.al. 1946

)+ The theory was tased on Gaussian statistics requiring a

random conformation for the material in guestion.
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Figure.3.1: Prgposals for the conformation of
elastin

(3) Collagen-like triple-helix (Ramachandran 1963).
(B) Beta-spiral structure (Urry 1978L).

(C) 0iled-coil mcdel (Gray et.al. 1€73).

(D) Liguid-drop model (Weis-Fogh and Anderson 1979).
(E) Random network conformaticn (Hceve and Flory

1658) .




40

Fiqure.3.1.

+

| dynamic Q. %
Bspiral ,
""\\w L-handed )
¥ &mwd-cow -
iaid




41

This Kinetic theory was already in existence when people
started to study the protein rubbers, and it is not surprising
that the initial attempts to characterize the properiés of
these protein elastomers involved +the application of the
kinetic theory relaticnships. This was done for the bivalve
hinge 1ligament Abductin (Alexander 1966) and the insect
protein rubber Resilin (Weis-Fogh 1961a) . Both were
convincingly shown tc be entropic elastomers as predicted by
the Kkinetic theory. Since this theory is based on a random
network structure, it was logical to then extrapoclate to the
conformation of these elastomers and state that they were
random at the molecular 1level., The idea of a random
conformation for the welastin protein was also based on the
analysis of it's macroscopic properties according to the

kinetic thecry cf rublker elasticity.

{a) Elastin thermoelasticity

The initial work on the thermoelastic properties of
elastin, using the constant length experimental technigue
(appendix 1), indicated that a large energy component was
associated with the elastic mechanism which was in
contradiétion to the notion of an entropy elastomer (Meyer gnd
Ferri 1936, Wohlisch gglgll‘ 1943) . It was later shown that
these investigators failed to account for the temperature
dependent swelling of elastin, which has a 1large energy

component associated with it (Hoeve and Flory 1974).

Hoeve and Flory (1958) had gotten around this
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experimental difficulty, of temperature-deswelling, by
studying the thermoelasticity of elastin in a mixed diluent
system, of 30:70 ethylene-glycol:water, where the volume of
elastin was independent of +temperature. Their experiments
showed that, uander theée conditions, elatin behaved as a
typical kinetic rubker with the energy ccmponent being clgse
to zero. This conclusion was later supported by Volpin and
Cifferi (1970) who <ccnducted a similar experiment_ in the
temperature range of 500-700C, where the volume of elastin is
also independent of temperature.

The mixed diluent systems utilized by Hoeve and Flory was
later criticized by Oplatka gt.al., (1960), who pointed out
that although +this approach circumvented +the problem of a
tenperature dependent volume change it did not test for a
composition change 1i.€. the changes in the distribution of
the types of solvent molecules bound as a function of
temperature. It was therefore necessary to make some changes
in the Lkasic +theoretical relaticnships to explain the
thermoelastic behaviour of open systems such as elastin. This
was accomplished by Oplatka et.al., (1960), and Bashaw and
Smith (1968) for ©pclymer systems of highly swollen rubbers.
The specific application gf these relationships to the elastin

Hence with regard to elastin thermoelasticity, at any
rate, 1t seems fairly safe to conclude that the results point
to elastin being a typical kinetic elastcmer as described by

the kinetic’theory cf rubber elasticity. Since this theory is
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based on a randcm network conformation, it seems reasonable to

expect elastin to be random in it's conformation as well.

(b) Differential scanning calorimetry

Kakivaya and Hoeve (1975) used the technique of
differential scanning calorimetry to study the glass point of
elastin. They were able to show that elastin wundergoes a
second order transition, in a temperature range that depends
on it's water content.. Such seccnd order transitions are
typical c¢f the glass transitions that are observed for most
amorphous polymers.  They did not see any evidence for first
order transitions that might be associated with the 'melting'
of stable secondary structures. The values for +the gdlass
transition temperatures correlated well with the observed
mechanical behaviour of elastin which is <characterized by a
sudden drop in the modulus as it goes frcm being a rigid glass
to an extensible pclymer (Gotte et.al. 1965). It was also
found that diluents, such as ethylene glycol and water,
depressed the glass transition temperature equally, on a
volume basis, which arques against the objection of Oplatka
{(1960) regarding the wuse of a mixed diluent system for
thermodynamic studies of elastin. They also argued that these
results wWwere consistent with a random network model, and only
a random network model <consisting of a single homogeneous

phase.

{c) E.M. And X-ray diffraction studies
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Early examination of negatively stained elastin fibres,
in the electron microscore, showed elastin to be an amorphous
protein with no detectakble structural features (Cox and Little
1962, Ross and Bornstein 1969, Karrer and Cox 1961). This
however was not an unanimous conclusicn as various other
investigators at that +time also reported seeing fibrillar
structures within the elastin <fibre (Lansing et.al. 1952,
Gross 1949). similar structures have bLeen seen in recent
studies, and these observations form the basis for a
filamentous model of elastin, that will be discussed later on
in this chapter, .

The X-ray diffraction studies of elastin conducted at
that time were also in support of a random network model for
elastin (Astbury 1940, <Cox and Little 1962).. Both papers
reported diffuse diffraction haloes at 4.6A9 and 7.8A0 which
did not change wupon stretching. This type of pattern 1is
typical of amorphous polymers and indicated a lack of
crystalline structure. Again the interpretations were not
unanimouas with some reports of strong diffraction patterns for
elastin (Kolpack 1935, Bear 1942 and 1944). _All of these
results vwere later shown to be artifacts caused by collagen

contaminaticn.

{d) N.M.R. Evidence

The rationale for testing the random netwowrk model using
nuclear magnetic resonance 1lies in the high sensitivity of

this technique in measuring the the mcobility of the components
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involved. Torchia and Piez (1973) cbtained a !3C-nmr spectruam
of 1ligament elastin and they were able +to show that the
correlation times, which are +taken +to be indicators of
backbone movements (with the small times representing fast
kinetic motion), as obtained from the 1line widths of the
various resonances, had values 1in the 10 nanosecond range
indicating a high mcbility £for about 80 percent of the
backbone carbons (Lyerla and Tbrchia 1¢75). The remaining 20
percent were proposed to be involved in the cross-linking
region which would be expected to have lower mobilities. These

data also support the random network ccnformation.

Ce. Liguid Drop Model

{a) Preliminaxry evidence

The initial 4idea of a two-phase model for elastin was
seeded by Partridge (1967a, 1967b) who hypothesized a
corpuscular structure for elastin on the basis of gel
filtration experiments conducted on columns packed with
elastin fibres. He was able to show that these elastin packed
columns could seperate molecules on the basis rof their
molecular weights, and that these separation characteristics
were consistent with the matrix (elastin) being a material
that contained pores of about 32A0 in diameter, or a sytem of
randomly distributed rods having a length of 16A0, Partridge

also noticed that this system would adsorlk alcohols, and that

this adsorption of alcohols was directly related to the
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hydrocarbon chain 1length. It therefore seemed reasonable, at
the time, to think of elastin as a +two-phase system with
discrete regions of hydrophobic <clusters and interspersed
solvent, especially since these structures were supported by
electron microscope evidence (Partridge 1968).

A similar +type of model was eluded to by Kornfeld-
Poullain and Robert (1968) using evidence from alkali
degradation studies of elastin. They quantitated the alkali
digestion of elastin as a function c¢f solvent hydrophobicity
and showed that +the addition of alcohols to the reaction
mixture greatly facilitated the degradation of elastin. They
then proposed a series cof steps in the degradaticn process of
elastin which involved the initial dispersion of hydrophobic
regions by the organic soclvent followed by alkaline attack of
the peptide moieties. Although it is not stated explicitly,
there is an implicit assumption in this type of degradation

process of a two-phase system,

(b) Thermodynamic evidence

Using the constant temperature thermoelastic experiment
(appendix 1) Weis-Fogh and Anderson (1970) observed a heat
during elcngation that was many times larger than the(work of
extension. This was viewed as a result that was inconsistent
with the random network model £for elastin since, for an
entropy based elasticity, the heat released during extension
should be equal to the mechanical work done +to elongate the

samnple (see appendix 1). It was alsc observed that this effect
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of ‘'excess heat' «cculd be reduced by adding 1long chain
hydrocarbon molecules like alcohols. On the basis of these
results they proposed a 1liquid drop model for elastin
structure, which «ccnsisted of corpuscular units having a
hydrophobic <core with the hydrophillic groups on the surface.
Extension of this network would force parts of the hydrophobic
core to the surface and the retractive force was hypothesized
to arise from this interfacial energy effect. Further support
for this model was obtained from n.m.r. Data (Ellis and Packer
1976) and by Gosline et.al. (1975) who used flourescence probe
analysis to ccnfirm this reversible exposure of hydrophotic

groups, from the <corpuscular units, to the interspersed

hydrophillic solvent during extensicn.

L. Ciled Coil Model

The o0iled coil model was proposed by Gray et.al. (1973),
and is based on the amino acid sequence data accumulated by
these investigators for porcine tropocelastin (Foster egt.als.
1973, Sandkterg et.al..1971,1972). They delineated their data
into two catgories: {a) residues involved in the «cross 1link
region and (b) residues involved in the extensible regions, .To
the first category were assigned the alanine and lysine rich
areas, with the glycine, proline and valine residues being
assigned to the flexible regions. It is thought that the
alanine residues form alpha-helices which align the 1lysine

residues into a position that favours their cross linking into

desmosine and isodesmosine residues.
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The overall model envisaged a system having helical cross
link regions with the extensible regions forming a broad
oiled-coil. It was further proposed that the glycine residues
would occupy the exterior of these oiled-coils in a solvent
exposed ©position, with the ©proline, valine, and other
hydrophobic residues buried inside the coils away from the
solvent., As is obvious, this type of model 1is conceptually
similar to the liquid drop model of Partridge (1967). The only
difference lies in the ©proposal for the shape of the
hydrophobic clusters. The model of Fartridge seems to presume
these clusters to be glcbules, whereas the oiled-coil proposes
them to be fibrillar. Both of them would behave identically,
in the thermodynamic sense, and the calorimetric data obtained
by Weis-Fogh and Anderson (1970) was also cited as evidence

for the oiled-coil model.

E. Fibrillar Models

The tone of the fibrillar models for elastin was set by
the intense activity in the collagen field that was prevelant
at the time when investigators started to study elastin
structure. These workers approached it from a point of view
which classified it as being part of the collagen family, but
with a very low melting temperature (Astbury 1940). It was
taken to an extreme 1in a publication by Ramachandran and
Santhanam (1957) who proposed a collagen-like triple helix for
elastin. This idea of wanting to fit elastin into a structural

hierarchy, as borrowed frcm the <collagen group, is still
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prevelant tcday and forms the major impetus for the increased

interest in the fibrillar models.

(a) Electron microscope evidence

The fibrillar appearance of elastin in the electron
microscope was first noted by Gross (1949) who stated that the
elastin fibre was a composite of a twisted rope structures of
80A0 diameter, which were cemented together via an amorphous
matrix. Other studies alsc reported such fibrillar components
in the elastin fibre (Lansing et.al. 1952, Rhodin and Dalhamn
1955) .

A flocd of papers on elastin ultrastructure have taken ur
this theme of a fibrillar model for elastin with some success.
These investigators have utilized drastic technigues such as
sonication and heavy metal staining to visualize ordered
arrays of fibrils, 30A0 in diameter (Gotte et.al. 1965,
Serafini-Fracassini and Tristam 1966) . Recent publications of
electron microscope studies have also confirmed the existence
of sub-structure in the elastin fibre (Quintarelli et
1373, Gotte et.al. 1974, Serafini-Fracassini et
1976,1%78) . The last authors have also reported a reflection
of 40-50A0 rperiodicity in the X-ray diffraction patterns of
ligament elastin that had been stretched by 60%.. This along
with a recent study (Pasquali-ERonchetti et.,al. 13979),
utilizing freeze fracture and etching techniques, which show

the presence of an extension related alignment of the

structural components, present strong evidence for the
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fibrillar model.,

In general, the electron micrcsccpe evidence seems to
support a fibrillar model which when taken to an extreme, can
be visualized as a twisted rope.array of two 1510 filaments
that, as a unit, are visualized in the elctron microscope as
30A9 fibrils running along the long axis c¢f the elastin fibre

(Gotte et.a

=

e« 1976). There is also some evidence that these
30A0 fibrils are clustered together into a higher order of
sub-fibre, 150 to 20Cnm in diameter, as observed 1in the
scanning electron microscope (Hart e€t.al. 1978).

Ib) Nuclear magnetic rescnance evidence

It has been pointed ount in scme recent publications that
the primary sequence cf tropoelastin, which is thought to be
the precursor of the fibrous protein, contains recurring
sequences of certain amino acids (Sandberg et.al.. 1971, 1972)..
Based on these primary sequence data Urry and his co-workers
have synthesized a number of repeat peptides corresponding to
the sequences in tropcelastin, and have attempted to decipher
the conformation of the elastin protein by using these
synthetic peptides as models. Their efforts have concentrated
on three such model fpeptides:

1. A tetrapeptide (Val-Pro-Gly-Gly)n

2. A pentapeptide (Val-Pro-Gly-vVal-Gly)n

3. A hexapeptide (Ala-Pro-Gly-val-Gly-Val)n
For the sake of simplicity a short discussion of the

tetrapeptide studies follows.
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Figure.,3.2: Beta-turns.

(A) The tetrapeptide (val-prc-gly-gly) showing the
results of oamr studies: {o) solvent shielded
moieties, (o) sclvent exposed moieties (from Urry
and Long 1976a).

(B) Beta-turm rrcrosal based on these results.
Dashed 1line indicates the nydrogen tond {from Urry
and Lcng 1977b).
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Figure 3.2 (@ & b), shows the tetrapeptide and the
summary of the procton and carbon nuclear magnetic resonance
data obtained from solvent titration techniques {(DMSO-
Triflouroethanol), which involves the monitoring of the
resonances as a function of solvent composition (Urry and Long
1976a) « It was found that some moities showed a marked solveht
dependence of their chemical shifts, while c¢thers Were
relatively uneffected. These uneffected residues were proposed
to participate in hydrogen bondse.

In the <case of the tetrapeptide, proton resonace data
showed the Glyd4 NH to be a solvent shielded moiety which was
involved in a hydrogen bond with the carbonyl oxygen of the
Vall residue. In comparison to this, the Gly3 and the Vall ©NH
were found to ke solvent exposed, and were not thought to
participate in hydrogen bonds. Carbon resonance data also
supported these results, showing that the Vall1 CO was in fact
solvent shielded with the Glyd4 CO being sclvent exposed (Urry
and Long 1976a).. On the basis of these findings they have
proposed a Beta-turn stucture (figure 3. 2b) for this
tetrapeptide (Urry and Long 1977b) .

Studies of the high polymers of this tetrapeptide repeat
indicated that, above 500C, in addition to the G1ly4 NH, thé
Gly8, 12, and 16 NH's also behaved in a solvent shielded
manner. .Furthermore, the Gly4 CO behaved as though it too was
involved in a hydrcgen bond. To account for these additional

findings a Beta-spiral structure (figure 3.3) was proposed to
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Further support for these Beta-turn structures was
obtained through conformational venergy calculations (Khaled
et.al, . 1976) and nuclear overhauser enhancement studies, which
showed that the irradiation of the Fro2 CH protons resulted in
an enhancement of +the Vall (CH ) pFroton resonances, This
indicated the close association between the side <chains of
these two residues after ring closure (formaticn of a Beta-
turn) (Urry et.al. 1977a). .

Similar studies cn the poly-pentapeptide (Urry et.al..
1976b) and the poly-hexapeptide (Urry et.al. 1974, 1978a,b)
indicated that these polymers were also involved in the Beta-
turn as a preferred conformation. A number of additional
hydrogen bonds are present in the hexapeptide which make it a
more stable (rigid) structure than the cther two repeats (Urry
1978a) .

Assimilating +this nuclear magnetic resonance data with
the electron microscope evidence, Urry has ﬁroceded to define
a hierarchial model for elastin which is depicted in figure
3. 1. This structure consists of dynamic Beta-spirals in the
extensible regions with +the <rigid hexapeptide Beta-spirals
occuring in the cross-link regions, facilitating the

condensation of the lysine residues into the (iso)desmosines.

F. Discussion

{a) TIwo-phase mcdels

Under this <clasification I have grouped the liquid-drop
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model (Partridge 1967, Weis-Fogh and Anderson 1970) and the
oiled-coil mcdel (Gray et.ale 1973) since both of these
propose distinct regicns of hydrophobic clusters surrounded by
solvent.

The major support for these two-phase models is based on
the thermodynamic evidence of Weis-Fogh and Anderson (1970)
and it is cn this very evidence that it has been refuted. .In a
communication by Grut and McCrum (1S74) it was ©pointed out
that the data oktained by Weis-Fogh and Anderson was
predictable from the kinetic theory of of =rubber -elasticity
(which supports a random conformation). They argqued that the
excess heat observed during elcngation was a result of the
adsorption o¢f water onto the non-polar groups and that the
energy term represented the heat of dilution from this
process. This alsc explained +the decrease 1in the energy
component with the addition of organic solvents to the diluent
(which would have a lower heat of diluticn).. The point was
elaborated further by Dorrington et.al. (1975) who arived at
the same conclusions. This absorpticn of the water by the
elastin network during extension (Hoeve and Flory 1974) could
also explain the results of the flcurescence probe analysis
(Gosline et,al, 1975) which could, in retrcspect, be predicted
by the kinetic theory relationships (Mark 1976).

A two-phase model would also be inconsistent with the
glass transition temfperature studies cf Kakivaya and Hoeve

(1875) . These authors explained that if this glass transition

occured inside these thydrophcbic globules', then it would be
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hard to account for the dependence of the transition

temperature on the amcunt of water that was rpresent ouiside

these globuales, .

it has also been pointed out in recent studies that the
temperature-swelling kehaviour of elastin is «consistent with
the Flory-Rehner model for network swelling which, again, is
based on an amorghous, single phase network for +the polymer
(elastin) in gquestion (Gosline 1977, 1978). Carbon nuclear
magnetic rescnance studies (Torchia and Piez 1973), have
indicated a very rapid back-bone motion for the elastin
protein.This is also hard to reconcile with these two phase
nodels for elastin struture, since the protein would be
expected to have a reduced mobility imnside such compact

structures.

{b) Evidence for secondary structuzres

Investigators wusing different spectroscopic techniques
have confirmed that approximately twenty per-cent of the
residues in elastin are involved 1in secondary structures
(Torchia and Piez 1973, Lyerla and Torchia 1975, Starcher
eteal.. 1973, Tamburro et.al.. 1977, Mammi et.al. . 1970) . . The
controversy that 1s present at the moment involves the
location of these secondary structures: do they occur in the
cross-link regions of elastin or are they present in the
extensible parts of the polymer chains.

Urry and his co-workers have argued in numerous

publications that these ordered regions are an integral part
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of the elastin chain in the extensible regions, and as
discussed previously, these investigators believe that most of
the valine, proline, and glycine residues are involved in
Beta-turn structures., On the other hand, a recent study by
Fleming et.al. (198C), who also used nuclear magnetic
resonance technigques, have shown that almost all of the valine
residues in elastin are characterized by rapid movements.

In judging between these two views one has to ask a
number of gquestions: (a) what percentage of the amino acid
residues cccur as the repeat peptides, which form the basis of
Urry's work? (b) <can results frcm other methods be used tc
differentiate between he two pessibilities?

In answer to the first question, only about 20% of the
residues occur as repeat peptides in the elastin primary
sequence (Foster et.al. 1973). Urry has argued that although
this is in fact a reasonable estimate, the structures proposed
by him would occur as a major conformaticn assuming that the
repeat peptides could tolerate substituticns and still . retain
their seccndary structure. This assumption, however, is not
borne out experimentally since even a relatively conservative
substitution (val--pro) results in the disruption of the Beta-

In reference +tc¢ the second gquestion, it is possible to
assimilate thermodynamic data with +the nuclear magnetié
resonance results tc <cbtain a clearer story. Kakivaya and

Hoeve (1575) using the technique of differential scanning

calorimetry, failed to observe any first order transitions,
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arqguing against the presence of Beta-spiral structures, which
would be expected to give a sharp peak in the region of the
transition (from the spirals to the randcm coil as induced by
high temperatures). Their results would tend to favour the
view that elastin is essentially an amcrphous protein. It must
also be kept in mind that most of the propcsals fcor the Beta-
structures are based on studies involving small peptide
fragments, which may not be satisfactory models for insoluble

elastin.

{c) Hydrogen bonded structures

It 1is evident that the Beta-turn and the Beta-spiral are
structures that depend on hydrogen ktonding for their
stability, and as pointed out before, the thermodynamic data
of Kakivaya and Hoeve (1975) are inconsistent with these
interpretations of elastin structure. There are a nunber of
possibilities that could account for the failure of these
investigators to observe a first order transition: (a) the
energy change associated with the transition is very small or
(b) these structures are exitremely stable over the temperature
range of the experiment (00-2000°C).

This again creates a dilema. If the -energy for the
transition from the Beta-spiral structure to the random ccil
conformation is very small, then there is no reason to assume
that the peptide-peptide hydrogen bonds (needed for Beta-
turns) should be favoured over the peptide-solvent

interactions. The system 1is then very <close +to being an
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amorghous, single-phase network with rapid back-bcne
movements. This view is also consistent with the Beta-spiral
structures, if they are present, being very dynamic ones. .

Oon the other hand, if these structures are very stable,
then protein-protein interactions <can be considered to be
favoured over ©protein-solvent interactions. That this could
occur is nct surprising since they are known to be present in
other fibrous proteins such as collagen, silk, and keratin,
which have hydrogen bcnded organizatons like the alpha-helix
and beta-sheet structures. This is where the dilema arises, .
Any hydrogen bonded system +that wculd so overly favour
peptide-peptide interactions has to, as an inevitable
consequence, exhibit relatively stiff mechanical properties as
do the above mentioned group of proteins.

Elastin also exhibits such properties, when it 1is dry..
The "dry state (or low hydration conditions) can be considered
to be analogous to a system where, due to the lack of the
plasticising water, the peptide-peptide interactions dominate
to a point where the normally rubbery material behaves as a
glass; The function o¢f water in systems such as these is to
compete with the bonding interactions; essentially
tdissolving' the ©[pertide back-bone and allowing it to be a
functional elastic tissue.

In view of the high extensibility and 1low modulus of
- elastin, it must ke <concluded that +the hydrogen bonded
structures cannoct be very stable ones, and it seems reasonable

t0 expect elastin to be an amorphous protein. The possibility
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for the stabilization of the Beta-type structures in diseased
states is a more plausible idea, which at the moment remains

an open guestion. .

(d) Fibrillar mcdels

As was pointed cut before, the fibrillar model as based
on the electron micrcscope studies, is thought to consist of 3
to 5 nm filaments organized along the long axis of the elastin
fibre. Since this type of organizaticn involves the presence
of discrete regions co¢f protein and water, all the arguments
presented against the oiled-coil model and the 1liquid drop
model alsc apply here. The only possikle way to get around
this objection is to propose that the filaments are themselves
an isotropic system i.e. that the protein making up the
filaments is in a randcm conformation., This type of structaure
would be consistent with all the evidence pesented in support
of the kinetic theory explanations for elastin elasticity. But
is this a reasonable statement? At the moment there exists no
evidence to support this assumption. . On an intuitive basis, it
is hard to visualize the 3 to 5nm fibrils as being capable of
accomodating random coils of proteins, especially considering

the size of individual amino acid residues.

G. Conclusicns

Examination of the various structural models and the
different methods cf study seems to indicate that elastin

structure can be assimilated most satisfactorily in terms of a
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conformation that is very close to the kinetically agitated,
random network structure that is demanded by the kinetic
theory of rubber elasticity. The following chapters try to
further delineate (confuse, disguicse) the conflicts presented
here, and to test the validity of the random network as a

viable description of elastin conformation.
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Chapter.IV. CONFORMATION OF ELASTIN: COACERVATE STRUCTURE. .

A. Introducticn

The analaysis of the conformational state of the elastin
protein is generally confined to the inséluble, fibrous fornm
of this protein. .Another approach is to study the conformation
of the soluble proteins, and to extrapolate from these to the
final product. Although this is an indirect apprcach to the

problem it could provide some interesting results.

B. The Phencmenon of Ccacervation

An operational definition <c¢f coacervation was given by
Bungenberg de Jong ({1949) as:

WIf one starts frcm a sol, that 1is a solution of
colloid in an appropriate solvent, then according to
the nature ctf the collocid, - various changes
(temperature, pH, addition of a substance) can bring
about a reduction of the solubility as a result of
which a larger part of the cclloid seperates out in
a new phase. The original one-phase system—-the sol-
thus divides into two phases, one of which is rich
in colloid, the ctheér pPOOTLa seseasesess. Macroscopic
or microscopic investigaticn allows one to
distinguish between crystallization when obviously
crystalline individuals are formed and coacervation,
when amorphous liquid drops are formed, which later
coalesce more or less readily into ocne clear
homogeneous c¢olloid-rich 1liquid 1layer, called the
coacervate layer".

Soluble elastins display this phencmenon of coacervation.  Both
tropoelastin and alpha-elastin are freely soluble in water at
room temperature, but upon raising the temperature to abcut
370C, they both show coacervaticn rroperties. If left standing

for about 20-24 hours, this coacervate becomes 1insoluble,
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pﬁesumably due to the entanglement cf the protein chains (Wood
1958) . .

Electron microscope studies of the coacervates of soluble
peptides and synthetic peptides of elastin, show a very
fibrillar arpearance when visualized with negative stains
(Volpin €t.al. 1876, a, b, <c¢). This raises another
controversy., First, are these fibrils a true representation of
the <coacervate organization, or, are they a result of
procedural artifacts? Seccond, if these fibrils do exist, would
they be capable of accomodating <random coils of proteins
within such a restricted domain?

In attempting tc answer +these types of questions, it
seems that one should choose experimental methods that will
‘allow an examination of the gshape and the mobility of the
soluble elastin coacervates.. In view of this purpose, the
present chapter deals with viscosity and nuclear magnetic
resonance studies which can, in principle, test for shape and
mobility, respectively. The discussicn will be limited to the
66,000 m.w. peptide fragment commonly referred to as alpha-
elastin, but the arguments presented here are expected to

apply to the precurscr protein, tropoelastin, as well.

C. Preparation Of Alpha-Elastin

Instead of using the usual method of producing soluble
elastins by oxalic acid digest (Partridge et.al. 1955), the

alpha-elastin wused in this study was prepared by enzyne

hydrolysis of insoclulle elastin as cutlined by Hall (1976) and
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Hall and Czerkawski (1961). The enzyme method of preparation
is advantageous since the product is a monomeric peptide as
compared to the pclydisperse mixture that 1is otherwise

attained through acid digests.

{a) Enzyme hydrolysis

Borate buffer: of ph8.5 and ionic strength of 0.384 was

prepared by mixing 50ml of a mixture of 0.2Y4 H3BO3 and 0,24
KCl with 10ml of 0.2M ©NaOH, and diluting to 250ml. .The
bo&ate/chloride solution was prepared by dissolving 12.369g
H3BO3 and 14.911 KC1l in 1L'of distilled water. .

Preparation of elastin: ligamentum nuchae obtained from mature

beef <cattle was stripped of free adhering tissue and parified
tissue was finely minced, washed with several 1litres of
boiling distilled water and dried. About S5g of this autoclaved
tissue was suspended in 380ml of the borate buffer, 0.5.g of
SDS was added and the mixture was stirred at 370C for 1hr. It
was then <chilled to 40C and 2Z0ml of ktorate buffer, which
contained 5mg of elastase (Sigma chemical company), was added.
The reacticn vessel was put into a shaking, water-bath at 370C
and the reaction was allowed to proceed until all the elastin
had been dissolved (usually about 5hrs). At the end of this
period the solution was brought tc a boil to stop the
reaction. The entire sample was freeze-dried and stored at -

700C until further use.



{b) Removal of SBS

The SDS was removed from the peptide by a modification of
the ion-pair extraction method propcsed by Henderson et.al.
(1979) . About 100mg of the alpha-elastin powder was dialysed
exhaustively against distilled water and freeze-dried.. This
peptide was redissolved in a solution of triethylamine:acetic
acid:water (5ml:5ml:5ml) and stirred at rocm temperature for
tThr. The mixture was then cocled to 40C and 85ml of anhydrous
acetone was gradually added to the soluticon. This results in
the precipitation o©f the protein while the SDS salt is
extracted in the acetcne, The precipitate was redissolved in a
'washing' sclution, which consisted of 5ml of water, and 95ml
of the acetone was added to precipitate cut the prctein. This
'washing' was repeated 4 to 5 times and the final product was

blown dry in an oven to remove all traces of acetone. Ne.N.T.

Spectroscopy showed this preparation to be totally free of any

'

SDS.
{c) Characterization of the alpha-elastin
The resultant pertide was a monomeric preparation of
66,000 Mo Way as shown by SDS-polyacrylimide gel

electrophoresis (Weber and Osborn 1969, Chrambach and Robard
1971) . It also displayed the ©property of coacervation as
monitored by the absorbance of the peptide soluticn at 380nm
as a function of temperature (figure 4.1). The amino acid
composition was shown to be similar to insoluble elastin by

comparing the NeMoLoe spectrum of the alpha-elastin
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hydrolysate with a spectrum of ligament elastin hydrolysate.

The hydrclysates were prepared by acid hydrolysis in vacuo in

6M HCl1l at 1150C for 24hrs.

{a) The relevant equation

If one adds a number of solid particles, which are nmuch
larger than the solvent molecules, to a solvent of viscosity,
n, one observes an increase in the macroscopic viscosity of
the solution due to the distortion of flow patterns, which is
induced Lky the solute particles. The relationship for this
effect, assuming that the particles are far encugh apart to
prevent overlap of the distorted flow lines, was given by
Einstein in 1906 as {(Tanford 13961):

N'=n{14+"F) eseecelal
where n and n' are the viscosities of the solvent and the
solution respectively, with v and & representing. the
'geometry' and volume fraction of the sclute.

The effect of the solute on the viscosity of the solvent

is usually expressed as the specific viscosity, n":

nN"=(Nn'"-N) /Nessssslla?
The experimental manipulation for non-ideal molecules, to
account for the concentration effects, involves the empirical
evaluation of the reduced viscosity, n"/c, as a function of
the concentration, c. The graphical plot c¢f n"/c versus c, as

c-+0, gives a value termed the intrinsic viscosity [n] :
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Fiqure.4.1: Coacervation profile of alpha-elastin,
Plot c¢f normalized abscrbance at 360nm versus
temperature 9C, for a solution of alpha-elastin at a
concentraticn c¢f 6.8mg/ml, rh 7. This sample was
subsequently used for the nmr experiments.
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[n]=n"/c, as C-*0eceacalel

Substituting equation 4.3 into equation 4.1 gives:
[0]=%F/Ceecneollali
since the volume fraction of the sclute can be represented by:
¢=thc/molecular weight of the solut€eeseseale5

where N is Avogadro's number, c is the concentration im g/ml,
and vh is the hydrodynamic volume, defined according to
Tanford as (1961):

vh=(m.w./N)(V+SV°)......H.6
where ¥ is the partial specific volume of the solute molecule,
v0 is the partial specific volume of the sclvent molecule, and
§ is the hydration expressed as g solvent/g solute. Combining
equations 4.6, 4.5, and 4.4, gives:

[N]=0(T+570) cauuaelia?

In the case of water, V9 is equal tc unity, and eéuation 4,7

reduces to:

[DN]=V{V+ 5 )eaceaaleB

{b) Evaluation of the shape parameter

The symbol, w, 1in equation 4.7 rerresents the shape of
the solute molecule and has been evaluated for ellipsoids of
varying axial ratio by Simha (1940). For the specific case of
prolate ellipsoids of axial ratio, J, it takes the fornm
{Tanford 1961):

w=J2/15(1n20-3/2) esccsslte

Since w can be calculated if the values of [n], Vv, &, and vO
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are known., This method can be used to empirically evaluate the
geometry of the solute molecules. The dependence of w, on the

shape of the solute molecule, is shown in figure 4. 2.

{c) Application to soluble elastinms

If the process of «coacervation does not result in a
change of shape, to a more anisotropic fibrillar form, then
the valu€ of w, as given by the ratio (v+ $)/[n], should
remain constant over the entire temperature range. The exact
value of v will probably 1lie in +the range of 12,18 for
tropoelastin, as <calculated from equation 4.9 and the
sedimentation data of Schein et.als {1977).

On the other hand, if these peptides do in fact form
filamentous systems, then the value of w should increase
dramatically at the «c¢ritical temperature at which the
transition takes place. The absolute magnitude of v, after the
transition, can be predicted for the tropoelastin molecule
assuming that the fibrillar fors is made up of Beta-spiral
structures as suggested by Urry and Long (1977b).

According to Urry (1976a), the Beta-spirals are expected
to have a diameter c¢f 15nm with a translation length of
0. 44nm/6aa residues. In the case of tropcelastin which has
approximately 850 residues (Sandberqg 1976), the expected
dimensions are 62nm and 1.5nm for +the 1length .and diameter
respectively. Assuming a prolate ellipsoid as being grossly
representative of this shape, the axial ratio of 41.3 amounts

to a Simha factor, v, of 39.3 (equation 4.9). A similar



71

Figure.4.2: Dependence of the Simha factor on axial

Evaluation of the Simha factor, w, as a function of
axial ratio fcr ©prolate (a) and oklate {b)
ellipsoids, according to equation 4.9.
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prediction for alpha-elastin cannct bte made due to it's
branched nature, but it 1is alsc expected to show a drastic
increase in v if it too forms fibrillar structures as reported

in the electron micrcscope studies (Cox et.als. 1973). .

E. Viscosity Studies Of Alpha-Elastin

fa) Viscosity measurements

All the viscosity experiments described here were
conducted with an Cstwald type capillary viscometer, with
transit times for water 1in excess of 300sec. These 1long
transit times should obviate the need for kinematic
corrections., In dealing with an Ostwald +type viscometer the
viscosity of the sclution, n', is given by:

N'=BpPtesceaslall
where B is an apparatus constant, p is the density and t is the
transit +time in seconds. The apparatus constant, B, was
evaluated at each temperature by calikration with distilled
water, using density and viscosity values from standard
physical tables. .

A standard solution of protein was m;de up by dissolving
about 260mg of purified alpha-elastin in about 250ml of
distilled water. This sclution was centrifuged at 12,000X for
15min., to remove particulate matter and large aggregates, and
the clear supernatant was used for the subsequent viscosity
experiments. The exact concentraticn was measured by taking a

iml aliqucts of the protein soluticn, drying them in an oven,
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Figure.4.3: Derendence c¢f elastin water content 9on
temperature.
Plot of relative volume (takenm to be 1 at 300C)

versus +temperature O0C for 1ligament elastin {(from
Gosline 1978).
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and measuring the residue weight. 10ml of the alpha-elastin
sclution was pippetted into the visccmeter and the transit
times were measured with an electronic stop-watch (#C.1 sec).
The viscosity measurements were refpeated on serially diluted
solutions of alpha-elastin and the data at each temperature
were rlotted in the form of n"/c versus ¢ (see equation 4. 3).
This allowed the evaluvation of the intrimnsic viscosity, [n],

for alpha-elastin at each temperature.

{b) Calculation of rartial specific volume and hydration

The rpartial specific volume of the alpha-elastin, which
was calculated according to the method of Cchn and Edsall
{1943) from the amino-acid composition for alpha-elastin given
by Starcher et.al., (1973), had a value of 0.739. The hydration
of the alpha-elastin, at each temperature, was calculated from
the temperature dependence of hydration for insolulble elastin
given by Gosline (1978) (fiqure 4.3). This seems valid since
Ceccorulli et.al., (1577) have shown that the two types of

elastin exhibit similar temperature dependence for their water

contents,

(c) PResults and discussich

The results of the viscosity studies on alpha-ealstin are
summarized in table 4.1 and figure 4.4. It is evident that the
intrinsic viscosity, ¥In2, of alpha-elastin remains relatively
unchanged with temperature (fiqgure 4.4,a)., If anything, there

is a slight decrease in [n] with increasing temperature, which
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Fiqure.4.4: Visccsity of alpha-elastin.

(3) Plct of intrinsic viscosity, [n], versus
temperature O0C, The dashed 1line represents the
expected relaticnship calculated from equation 4.9,
assuming no change of share, and the hydration
values frcm figure 4. 3.

(B) Plot of the Simha factcr, v, versus temperature
0C calculated according +*o equaticn 4.8 using the
needed values frcm tatle 4,1 and figure 4.3,
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is expected from the decrease in the water <content of the
peptide (figure 4.3) and equaticn 4.8 (figure 4.4,a dashed
line). Evaluation of +the Simha factor, v, according +to
eqgquation 4.8 indicates that the alpha-elastin molecule ié mgre
or less spherical, and that there 1is no <change with
temperature (figqure 4.4,b). Incorpcrating the values of the
molecular weight, partial specific volume, and hydration it is
possible to calculate the dimensions of the alpha-elastin
molecule, assuming a spherical shape, to be in the crder 20nm
in diameter.

Interestingly, however, a glance at table 4.1 shows that
the slopes cf the n'"/c versus ¢ plots tend to increase with
increasing temperature. This <can Le interpreted in the
following way. If the particles in socluticn do not interact
with each other, +then the slope of the n"/c versus c plots
should be zero (Tanfcrd 1961, Huggins 1942) . The fact that the
slopes for the alpha-elastin soluticns are positive supports
the presence of aggregation processes (Tanford 1961) which, in
general, seem to be favoured with increasing temperatures

(table 4.1).

F. Nuclear Magnetic Rescnance

The possession of becth spin and charge ccnfers on a
particle, such as a pfproton, a magnetic moment. Thus, a

spinning proton can be regarded as a bar-magnet along the axis
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Figure.4.5: Precession of a [froton in a magnetic
field.

A prcton of magnetic moment, u, is placed in an
external magnetic field, H,, causing it to precess
around the =z axis at an an angle 8. H, 1s the
orthogonal magnetic field that is used to determine
the frequency cf precession.
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Fiqure.4.5.
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of spin, and the strength cf this magnetic dipole is expressed
as the nuclear magnetic moment, u. If placed in an external
magnetic field, H,, the 1interaction of this field with the
magnetic moment of the proton will influence it to orientate
itself in +the direction of the field, kut the effect of the
spin creates a torque which causes the it to precess around
fhe z axis at a frequency, v°®, and angle 8 (Stothers 1973,
figure 4.5). The angular velocity of this precession, «°, is
given by:

W% = X Hyeenooallall
where ¥ 1is the gyromagnetic ratio defined as:

¥ =20, /heeeesaltal2
where u, is the projection of the vector u in the direction of

the field H and h 1is Planck's constant. The angle 8 is

o
determined by the spin number of the nucleus, I, which for
protons has the value of 1/2. The angle of the precession for
this spin number is restricted to two orientations, at 54.90
and 1800-54,90 respectively (Metcalfe 1970). The potential
energy, E, of the interaction of the magnetic moment u, 1is
given by:
E=~U,H,ceneeolla 12

-and the separation between +the two energy levels for the

proten is:

AE=2llz_Ho. veoe. u- 1“

Ny

If a small rotating field H, is generated orthogonal to

Hy (figure 4.5), u would experience the combined effects of

both H and H,. The nucleus would atsork energy from H, if the
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angular frequency of H, is equal to v°, changing 6. The
electrcmagnetic radiation which will effect such transitions
is given by:
hvw=8E=2U;H eceeealls 15

Since only two values of 9 are possible the absorption, or
emmision, of energy gquanta causes the nucleus to flip from one
orientation to another when H, is in 'resonance' with v°
(Metcalfe 1970). N.me.r. Spectroscopy is kased on the detection
of the absorbed energy when the nuclear spins of the systenm

come into resonance (chemical shift) with H|.

{b) The chemical shift

If all the protons were to undergo magnetic resonance at
identical frguencies no conformational informaticn could be
derived from this technique. Fortunately, however, the
resonance frequency of each proton 1is sensitive to it's
electrical and magnetic environment (Walton and Blackwell
1973). The nuclei can be shielded from +the applied magnetic
field by the extra-nuclear electrons, hence, the effective
magnetic field experienced by the nucleus, Hg , is not the
same as the applied field and can be expressed as (Metcalfe
1970) :

He =H (1m0 )ecseealalb
where G is the shielding factor which is a reflection of the
electron distributicn around the observed proton.

It is therefore expected that <changes in electron

distribution arcund the nuclei, 1i.e. conformational or
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bonding changes, would effect the system because of shielding
effects, and one would exrect to observe a seperate signal,
with a characteristic chemical =shift for each group of
equivalent frotons in the molecule. The chemical shifts, & ,
are measured in a dimensionless number expressed as parts per
million {rgm), and is defined as:
$=(Hg~H. /H, ) X 106......4.17
where H, and H, are the resonance fields for the sample and

reference ccmpound respectively.

{c) Relaxation pPILOCESSES

As stated before, protons are re-orientated in an applied
magnetic field by the absorption of electromagnetic radiation
of the rescnance frequency from H,. The induced +transitions,
however, have an equal probability in either direction so that
if there were equal populations cf nuclei in the two energy
levels, there would be no net absorbtion of energy. In fact,
however, there is a small excess of nuclei in the lower energy
state which is determined by the energy difference between the
two levels (equation 4.13) and the relative populations (n'/n)
are given by:

N'/n=exXp(~AE/RT) ceseseslal8B
where n' and n are the number cf protoms in the upper and
lower levels respectively. The excess of protons 1is only in
the order of 7ppm in a field of 10kG (Metcalfe 1970), but this
is suffecient to give a net abscrpticon of energy since the

number of upward transitions are slightly greater than in the
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other direction. These transitions that determine the lifetinme
of the excited nuclei are termed relaxaticn processes.

Spin-lattice relaxation (longitudinal relaxation), T‘,
results in the dissipation of the atsorked energy as thermal
energy to the other nuclei and electrons in the sample,
collectively referred to as the lattice. This process acts
directly to maintain an excess of nuclei in the lcwer energy
state.

T,, the other process of relaxation, limits the 1lifetime
of an excited nucleus by a mutual exchange of oriemtation with
a neighbouring nucleus of the same kind. This is termed spin-
spin relaxation {transverse relaxation). This process results
in the 7re-distributicn of absorbed energy and does not
contribute to the maintainance of the excess nuclei in the
lower state. Both of these relaxation processes determine the

spectral line-widths.

Bcth relaxation processes are influenced by molecular

motion . For example, the rapid thermal motions in liquids
leads to large srin-lattice relaxation times (Metcalfe 1970).
The effective field experienced by the nuclei is also averaged
out by the rapid isotropic movements, which results in narrow
line-widths énd large values for T,. The reason for this is
that the ability of two nuclei to exchange their spins depends
directly on how long their motions remain in phase with each
other. This time during which relative orientation persists is

called the correlation time, ®¢, and is the parameter that

characterizes the mclecular motions., Thus nuclei that exhibit
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fast, 4isotropic mctions will be characterized small
correlation times and parrow line-widths. The analysis of the
n.m.r. spectra can therefore be wused to deduce protein

mobility.

_G__._ No Mo Ro Stlldies Qg Alpha—ElaStin

In ccmparison to the viscosity experiment whose main
result is an evaluaticn of a molecule's shape, a nuclear
magnetic rescnance experiment allows the evaluation of the
molecules mobility (Dwek 1973). Furthermore, since any fNeMeIa.

spectrum is a ccmposite of the sum of it's component chemical
shifts and 1line-widths, it should ke ©possible to predict
NeMal. spectra if +the composition and the mobility
(conformation) of the constituent wmolecules 1is known.
Alternately, if the ccmpcsition is known one can assume a
conformation, and rpredict a spectrum based on such an
assumption, which is then tested by obtaining experimental

values.

{a) Materials and methcd
The purified alpha-elastin was dissolved 1in D,0 at a
concentration of approximately 6mg/ml. Prcton nmr spectra were
obtained 6n a Bruker WD-400 FI-NME spectrometer at the
University of British Columbia, Department of Chemistry with
the kind co-operation of Dr..A.G.“Marshall and Dre. P.D. Burmnse.

Runs were made at 100C intervals over a temperature range of

150C to 750C, which spans the regicn of alpha-elastin
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Fiqure.4.6: The lorentzian line shapes
The Lorentzian line, as determined by equation 4. 19,
where 1/t 1is the half-width at half-height. w°

is
the resonant precessicn frequency of the nucleus.
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Tableola2:
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Spectral parameters used for

random-coil

predictions.

PARAMCTERS FOR THL PREDICT

M 0F_RAUDOM-COIL

SPECTRA AT 400MHz, FROM DSS.

CHEMICAL SHIFT LINE-WIDTH HUMBER OF PROTONS IN:
PPM Hz Hz a.8 Elasting Albumlnz
ala CN3 L3 534 25 3 783 138
org 8-CH,y 1.75 700 ¥ H 10 4
x-CH2 1.67 667 2 2 10 46
3-(:!12 . 1240 21 2 10 46
asn O-CHZ 2.69 1074 28 2 -- 20
asp a-CH2 2.13 1092 28 2 9 76
qln a.cHZ 1.95 780 30 2 43 32
r-CH2 2.43 971 43 2 43 32
glu ﬂ-CHz 1.95 780 30 2 -- 118
v-CHz 2.35 942 35 2 - 118
gly «-CHy 3.92 1569 18 2 610 30
his C2-H 8.54 3414 18 1 -- 17
Ca-H 7.09 2336 18 1 . 17
t?-CHz 3.05 1222 23 2 -- k2]
ile a-CH, 1.59 634 39 2 34 28
I-CN2 1.53 634 39 2 kL) 28
(CMJ)z 0.81 322 30 & 103 84
leu B—CNZ 1.53 634 39 2 107 122
¥-CH .53 634 39 1 54 61
(cu3)2 0.84 322 30 6 322 366
lys t!-(:H2 1.70 680 40 2 n 118
v-CHZ 1.39 554 30 2 11 ns
S-CHZ 1.62 647 30 2 11 18
;-CHZ 2.92 1167 25 2 1n 118
et 8-CH, 2.17 870 2 2 -- 8
v-CHZ 2.60 1040 31 2 -- 8
$-CHy 2.02 £07 36 3 -- 12
phe W(CHZ)Z 7.20 26880 19 5 147 130
a-Ci, 2.93 1172 10 2 59 52
pro NtH2 3.56 1423 59 2 234 56
Lv-l‘.H2 1.92 769 36 2 234 56
1-CH2 2.00 796 36 2 234 56
ser G-CN2 3.81 1520 36 2 22 56
thr CH3 1,14 454 21 3 46 102
8-CH 4.13 1652 10 1 15 34
tyr w(CHz)2 7.03 2811 14 .5 10 10
7.00 2798 15 1.5 30 29
6.70 2678 15 1.5 30 29
6.66 2654 14 .5 10 10
9-CH, 2.90 1160 17 2 a1 38
val G-CHZ 2.20 878 40 2 23 72
{CH,) 0.87 347 32 6 696 216
3’2

lamino acid composition from Starcher et.al. 1973.

2am1no acid composition from Dayhoff 1976.
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coacervation (see figure  4.1).Typical spectral parameters
were:' 16k f.i.d data set, 1.4 sec. acguisition time with a
4.6 sec. delay between successive acquisitions to avoid
resonance saturation. A spectral width of 6000 Hz was used
with quadrature detection and phase alteration sequence and
exponential apcdizaticn equivalent to 2 Hz line broadening, to
enhance the signal tc noise ratio. All assignments were made
from the residual H,C peak taken tc be at 4.68ppm from DSS at

250cC.

{b) Prediction of ramdcm-coil spectra

In approaching this problem I have orted for an empirical
route which wutilizes various parameters that have been
obtained fcr proteins which are kncwn to be in the random coil
conformation. The shape of +the curves was fitted to the
equation for a Lorentzian line, which takes the form (Marshall
1979, and figure 4.6):

A(W) =t/ (1+ (¥°=W)2t2,00eealla19

Where A(w) represents the absorption at the frequency w, we is
the resonance frequency (i.e. the chemical shift of a
residue) and t descrikes the line-width such that:

1/t=1/2(width at half-height)eessseal.20
The values used for the predictions invclve the amino acid
composition, the chemical shift data, and line-width
parameters frcm Bradbury andvRattle {(1972) (see table 4.2).
The predicted spectra were calculated according to eqguation

4.19 on a Digital Equipment pdp11 computer, using a Fortran
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prcgram,

{c) Eesults and g;scussion.

Figure 4.7 shcws the U400MHz proton spectra for alpha-
elastin in D,0 at»25°C._The assignments (see legend table 4.3)
were made on the basis of the predicted spectra (figure 4.8a)
and other published spectra (Egmond et.al. 1979, Cozzone

et.als, 1980). Examination of fiqures 4.7 and 4.8 shows that
the main absorption peaks in the n.m.r. spectrum correspcnd
to the valine, alanine, and glycine residues. This aspect of
the result is valuable because the distribution of these amino
acids 1is very distinct, in,that the alanine residues occur
almost exclusively in the <cross-link regions, whereas the
glycine and valines are restricted to the extensible parts of
the elastin chains (Gray et.al.. 1973, Anwar 1977)._ These
residues can therefore serve as probes for the conformation in
the different regions of the elastin network. The general
similarity between the predicted spectra (assuming a random-
coil <ccnformation) and the experimentally observed results
supports the presence of a random ccnformation for alpha-
elastin., However, there are alsc some very distinct
differences in the +two spectra which must be explained
satisfactorily before the above statement can be accepted with
cqnfidence., The differences in the twc spectra seem to be
restricted to three types of residues: +the alanine residues

(1.3ppm), the glycine residues (3.9ppm) and the aromatics

(broad envelope at 3rrm and the peaks between 6.7 and 7.2ppm).
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Fiqure.4.7: 400 MHz nnr spectrum of alpha-elastin.
Pnr spectrum of alpha-elstin in D,0 at a
concentration o¢f 6.8 mgs/ml, ph 6.8, at 250C (see
table 4.3 for peak assignments)..The large peak at
4.68prm is from the residual H,O.
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PEAK ASSIGNMENTS FOR ALPHA-ELASTIN.

1. ile, 1eg, val : (CH3)2

2. thr CH3
1ys :r-CH2
3. ala : CH3
4. ile, leu :G-CHZ,K-CH2
5 arg :9-CH2, X-CH2
iys :3-CH2, S-CH2
6. pro : B -CHZ, 1-CH2
: glu :ﬂ-CH2

7. val :@ -CH2

8. glu : ¥-CH

2

9. asp :(Z-CH2
10, phe :{!-CH2
lys :¢ -CH2

tyr :P-CH2

1, arg : S-CH2

.12. nro N—(‘H2

13, ser : (3—CH2

147 gly 1 -CH

2

15. envelope of alpha-carbons, the peak at 4.1 oo g from ala.
16. tyr ring : H 3, 5

17. tyr ring : H 2, 6

16.  phe :CP(CH2)2

19. isc-desmosine

20, iso-desmesine and desmosine
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Interestingly, all the deviations seem to be of one type, i.e.
the observed line-widths are broader than the predicted oﬁes.
As menticned before, the alanine residues in the elastin
network are localized in the cross-link regions. The results
of seqguence studies indicate that these alanines are grouped
in sequential runs of 4-5 residues, and there is some evidence
that these alanines form a x-helix (Foster et.al. 1976). The
presence of helical structures would be expected to result in
restriction of the molecular motions in the cross-link
regions, as reflected in the broadening of the spectral lines.
Since the the aromatics are also concentrated around the
cross-1link regions a similar explanation, as the one forwarded
for the alanine residues, can bLke dinvoked for the 1line
broadening of these residues as well. Eut what about the
glycines? There are two alternatives that can explain the
broadening of this peak. It is possible that the glycines are
invoved 1im secondary structures which could result in line
broadening due to restricted motions. This is probably not the
case since the glycine residues occur with the valines in the
elastin sequence (Sandberg et.al. 1977) and this later group
does not shcown any presence of secondary structures, as
visualized in the narrow line-widths {figure 4.7).
Alternately, the observed glycine reak could be a composite of
a broad distribution of parrow resonances arising from a
number of different glycine populaticns. This is a reasonable

statement since the glycine protons are directly bonded to the

alpha-carbon of the residue and would therefore be markedly
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Fiqure.4.8: Predicted nmr spectra for alpha-elastin. .
(A) Predicted ramdcm-coil spectra for alpha-elastin
using the spectral parameters from table 4.2, and
the amino acid composition from Starcher et.al.
1¢73.

(B) The same spectrum with the phe, tyr, and ala
residues broadened to 50 Hz to simulate their

participation in secondary structures. The gly peak
has been brcadened to 30 Hz.
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affected by the type of residue that cccurred arcund it in the
amino acid sequence. Hence different primary sequences, with
regard to the glycine residue, would be expected to result in
different <chemical =shifts for the glycine protons, and since
there is no reason to believe that any cne type of amino acid
always occurs with a glycine in the primary sequence, this
explanation for the lime broadening of the glycine peak seens
acceptable. When the explanations for the differences between
-the randcm-coil spectrum (figure 4.8a) and the observed
spectra (figure 4.7) are incorporated into the predictive
process, one observes a closer agreement betweeen theory and
experiment (figure 4.8b and legend).

Figure 4.9 shows the spectrum obtained for a solutionlof
hydrolyzed alpha-ealstin where the peaks have been broadened
to 30hz. As expected the alpha-protons (3 to 4.5ppm) are
affected the most by the hydrolysis of the peptide bonds. The
upfield regiom of this spectrum, fcr the free amino acids, is
seen to be identical with +the spectra <c¢btained for intact
alpha-elastin (figure U4.7)..This again supports the presence
of a randcm-coil conformation for this elastin peptide.

The possibility exists, however, that the fast motions of
the protons deduced from the narrow line-widths, is a result
of a rapid tumbling of the whole alpha-elastin molecule in
solution rather than being‘a reflecticn of a kinetically free
protein chains. To ensure against this artifact a proton
spectr; was obtained for bovine serum albumin (Sigma Chenmical

Company) « Albumin has a similar molecular weight and intrinsic
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Fiqure.l4.9: Nmr spectrum of alpha-elastin
hydrclysate.

400 MHz spectrum of alpha-elastin hydrolyzed in
vacuo in 6M HC1l at 1150C for 24hrs. The spectrum has
been broadened to 30 Hz.
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viscosity (Tanford 1961) as alpha-elastin (see viscosity
section of this chapter) and, hence, should display similar
frictional ©properties and tumbling prorperties in solution. In
contrast to elastin, however, albumin has been shown +to
contain stable seccndary structures which ére mostly alpgha-
helical in nature (Timasheff et.al. 1967) and this should be
refiected in the oDp.m.r. Spectrum. Figu:e 4,10,a, shows the
400MHz spectrum obtained for albumin in D,0 at 250C. The nmass
of broad resonance envelopes, as cocmpared to the predicted
spectrum for the random-coil conformation (figure 4.10,b), is
consistent with the results of C.D. studies of this protein
(Timasheff et.al. 1967), more importantly, this demonstrates
that the tumbling motion of this molecule does not mask the
presence of secondary structures. Broadening all the
resonances used in the prediction of the spectra (amino acid
compositicn frcm Dayhoff 1976) to 100hz results imn a Dbetter
approximation of the cbserved results (figure 4.10,c).

On the basis of the results presented here it seenms
reasonable to state +that the «conclusicn of a random
conformation for the alpha-elastin mclecule based on the
n.m.r. analysis is not a result of experimental artifact but,
rather, it is a true reflection of this proteins
conformational state, Furthermore, since their was no
observable temperature dependence ¢f the spectra, it seems
that the coacervate of alpha-elastin is also characterized by

a randcm conformation.



103

(A) 400 MHz spectrum of bcvine serum albumin at
250¢C, . ' _
(B) Predicted randcm-coil spectra for albumin using
spectral parameters from takle 4.2 and aminc acid
compositicn frcem Dayhoff 1976. .

{C) Same as spectrum B, but with all the resonances
broadened to 100 Hz to simulate the presence of
stable secondary strucutres.
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H. Conclusicns

‘Because of the difficulties involved 1in working with
insoluble materials such as fibrous elastin, a number of
researchers have chosen to look at the structural properties
of the soluble elastins: alpha-elastin (Partridge et.al.
1955), and the precursor protein, tropoelastin (Partridge and
Whiting 1579).

Since elastin has a very high hydrophobic amino acid
content, and since there 1is an increase in hydrophobic
interactions with temperature (Tanford 1973), the soluble
elastins exhibit +the rphenomenon of ccacervation at high
temperatures (379C). This coacervation, which is characterized
by a phase seraration of the solution into a protein dense
phase and an equilibrium sclution, is thought to be a <crucial
step for concentrating and cross-linking the precursor
molecules into the fiktrous tissue {(Urry 1978c).

Several workers have shown that both tropoelastin and
alpha-elastin exhibit a fibrillar structure in the coacervate
state. (Cox et.al, 1973, 1974, Cleary and Cliff 1978), with
similar rperiodicities as the ones <cbserved for insoluble
elastin preparations (Gotte et.al. 1976). Urry and his co-
workers have also supported this view Ly demonstrating the
presence of these fibrils in the ccacervates of the synthetic
repeat peptides (Rapaka and Urry 1978, Volpin et.al. 1976a, b,
C) .

Although the concentrating effect, of coacervation, is

very obvious, the ‘'aligning' aspect 1implies an ordered
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(fibrillar) structure for +these soluble elastins in the
coacervate states,,iaken a step further, the presence of the
filaments argues against an entropic elasticity for the
elastin protein, and this forms the kasis of the <controversy
currently surrouanding the structure of elastin coacervates. .
This controversy is further fueled Lty the conflicting evidence
obtained by the various workers who are addressing this
guestion.

The NeMoeTo, data 1s contradictory in that studies
reported by Urry and Iong {1977b), for the synthetic peptides,
indicate an increase in order with +temperature, whereas,
Lyerla et.al. (1975) report the ccaverse for fibrous elastin.
The analysis of the viscosity studies ©presented in this
chapter indicates that the process of alpha-elastin
coacervation is dominated by aggregaticn processes with nc

evidence for the fcrmation of parallel isotropic filaments

~ which are seen in the transmission electrcn microscope. This
interpretation of +the results is in excellent agreement with’
the the t3C-n.m.r results of Lyerla et.al.. (1975), quasi-
elastic 1light scatterring experiments (Jamieson et.al. 1972,
1976) and sedimentaticn data (Schein ete.al. 1977), which also
support a random conformation for the soluble elastin
coacervates.

That there are some secondary structures in the elastin
is clearly demonstrated by a number of studies (Starcher

et.al. 1973, Tamburro et.al. 1977, Foster et.al. 1976). The

unresolved guestion deals with whether +these areas of
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secondary structures are localized in the cross-link area or
whether they are characteristic of the extensible regions.
Since the analysis of the elastin as a kinetic rubber assumes
that there are no stable secondary structures, it is important
that this «conflict be 1xresolved. The results c¢f the proton
n.n.r. results presented in this chapter suggest that the
secondary structures in the elastin netwcrk are restricted to
the cross—-1link regions, and that the majority of the residues

are characterized by random, isotropic motions.
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Chapter.V. CONFORMATICN OF ELASTIN: BIREFRINGENCE PROPERTIES.

A, Introduction

As pointed out earlier, several recent electron
microscope studies of negatively stained fibrous elastin and
coacervates of soluble elastin, ©reveal a highly ordered,
anisotropic structure consisting of 3 tc¢ 5nm filaments that
are presumed to run parallel to the long axis of the elastin
fibre (Quintarelli et.al. 1973, Serafini-Fracassini et.al.
1976 and 1878, Gotte et.al. 1974, Cox g;#gl;_1974, Cleary and
Cliff 1978) . The mechanical properties of elastin, however,
can be accurately - explained by the Kinetic Theory of Rubber
Elasticity (Hoeve and Flcry 1958, Dorrington et.al. 1975 and
1977, Gosline 1978, Veclpin and Cifferri 1970, Aaron and
Gosline 1980), and this theory is based on an isotropic,
random network structure- that is very different fronm the
anisotropic, filamentous systems seen in the electron
microscope,

Given these two rossible types of structures for elastin,
one should be able to distinguish between them by observing
the birefringence of single elastin fibtres in the polarizing
microscope. This afpproach was chosen because the technique
does not require any physical disturbance of the protein, thus
reducing the chance of any procedural artifacts. Further, the
technique 1is very versatile, allowing the evaluation of
structure at two levels cof organization: (a) at the molecular

level as reflected by the intrinsic birefringence, and (b) at
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the sub-microscopic level [ i.e. , at the level of +the 3 to
5nm filaments) as indicated by the form birefringence.

If elastin 1is disotropic in its organization, then this
should be reflected as a lack cof birefringence when observed
between crcsed polarizers. On the other hand, if elastin is in
fact filamentous, as implied by the elctron microsccpe
evidence, then this should be manifested as an observable form
birefringence. Similar studies on collagen (Pfeiffer 1943) and
Chitin (Diehl and Iterson 1935) attest to the reliability of
this type of analysis. This chapter deals with the
birefringence rproperties of single elastin fibres and it's
analysis in terms of the implications for elastin

conformatiocn.

B. Phengmenological explanation of doutle refraction

The basis for the phenomenon c¢f birefringence, and it's
use as an indicator of molecular ccnformation, eventually
rests on the interaction hetween the electric properties of
particles and the wave nature of 1light. Hence if one can
explain and account for the observed interaction between the
two mediums, then, by coﬁparing the nature of the incident
light to the resulting radiation, one can make some deductions
as to the spatial arrangement of the interacting particles. It
seems fitting then, that something should be said about the

processes of molecular interactions that give rise to the

phenomenon of double refraction.
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da) Retardation of polarized light

The retardation of ©polarized 1light is based on the
concept that chemiéal bonds will interact with that component
of linearly polarized light whose electric vector is parallel
to the bond direction, 'retarding' it's transmission velocity.
This axis 1is referred to as the slow axis cf transmission.
Upon emerging frcm the birefringent object the retarded vector
will add up with the ncn-retarded vector (which propagated
along the fast axis’ of_ transmission) to give elliptically
polarized light, a <component of which 1is passed by the
analyzer (Wilkes 1871).

Consider a beam of 1linearly polarized light with it's
electric vector V as shown in figure 5.1A, and it's direction
of propagation along the y axis ( i.e. out of the plane of
the paper) . This electric vector can be rerresented as a
resultant of the vector lying in the xy plane (figure 5.1B),
and the vector lying normal to it in the zy plane (figure
5.1C). If this plane polarized light was tc pass through a
non-birefringent object, +the resulting light would be
identical to that depictea in figure 5. 1A. Since there is no
component parallel tc the analyzer axis (which is at 900
relative to the polarizer), none of it will be transmitted by
the analyzer. Hence the specimen will appear dark when viewed
through the analyzer.

However, for a positively birefringent, «c¢ylindrical
object, orientated alcng the z axis, the plane polarized light

in the 2y ©rplane will be ©parallel +to the slow axis of



Figure.5.1: Propagaticn of polarized 1light through
isotropic materiale.

(d) Looking down the axis of propagation, showing
the relative positions of the polarizer (pol and the
analyzer (an). .

(B) The electric vector in the xy plane.

(C) The electric vector in the zy plane..
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Fiqure.5.2: Propagation of polarized 1ight through
anisotropic material.

(A) The electric vector in the xy plane, normal to
the slow axis.

(B) The elctric vector in the zy plane 1is parallel
to the slow axis and is retarded by an amount 0
relative to the vector in the xy plane.

(C) The resultant light is elliptically polarized
with a ccmponent (V') that is transmitted by the
analyzer (an).
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transmission (figure 5.2B), resulting in the retardation of
it's transmission velocity. On the other hand, the vector in
the xy plane will be normal to this slow axis of transmission
and will therefore. remain wunaltered (figure 5.24). Upon
emerging frcm the birefringent o¢bject the retarded vector,
which prcpagated along the slow éxis, will be out of phase by
an amount 8§ with the unaltered one. As stated before, these
two vectors will add up to give elliptically polarized 1light
which has a component V' parallel to the transmission axis of
the analyzer (figure 5.2C). For any given retardation, the
maximum transmission at the analyzer ( at 900 +to the
polarizer) will oécur at a specimen orientation of 450 with

respect to the pclarizer ({Bennett 1950).

fb) Quantitating the retardation

The retardation of the electric vector propagating along
the slow axis cf transmission can be quantitated by inserting
a calibrated compensator between the birefringent object and
the analyser. This compensator, as the name implies, functions
by reversing the effects of the btirefringent specimen. It
changes the elliptically polarized emergent 1light back to
linearly rolarized light, with it's electric vector parallel
to that of the polarizer. Since the analyzer will not pass any
componeﬁt that is at 900 to it's +transmission axis, the
experimental manipulation involves rotating the compensator to
extinction (cf the &tright specimen), at which pocint the

'‘reverse' retardation of the compensator. is equal to the
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initial retardation cf the specimen. The absolute value of the
retardation can then be tabulated by utilizing the appropriate
equations for any given compensator and wavelength of 1light.
This value of retardatién is divided by the optical path
length, 4, usually equated to the thickness of the specinmen,
to yield a value for the birefringence, which is unitless.
Figure 5.3 1is a summary figure showing the relative
positions of the various components used in the study of the
birefringence properties of materials. A more detailed account
of the theory and methodology involved in polarized 1light
microscopy can be fcund in articles by Bennett (1950), Frey-

Wyssling (1953) and Wilkes {(1971).

C. Qualifying The Tyres of Birefringence

{a) Intrinsic birefringence

The <ccocncept of intrinsic or crystalline birefringence,
which is thought to be the reflection of the organization at
the molecular 1level, 1is best introduced by considering an
isotropic material. In such a material the chemical bonds are
distributed equally cver all angles, relative to the incident
linearly polarized light. As a result of this homogeneous
distribution of bond angles there is no selective retardation
of the compcnent electric vectors, and the émergent plane
polarized 1light will have 1it's electric vector parallel to
that of the incident beam. Hence the isotropic material will

appear dark when viewed ltetween crossed-polars.



Figquree.5.3: The

kirefringence

experiment.

Pol: pclarizer.
S: specimen.

D: path length.
C: compensator,
An: analyzer.
Ob: observer, .
The arrow shows

the direction

cf proragation,
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Figure.5.3;
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This system however, cannot differentiate between an
isotropy that is a result of +the random thermal motion of
anisotropic segments (such as the kinetic elastomers) and the
isotropy that arises from a homogeneous distrikution of rigid
segments (such as ¢glass). Fortunately, this aspect of the
molecular characterizaticn can be elucidated on the basis of
the mechanical properties of the materials under study.
Kinetic elastomers are characterized by a Young's modulus in
the order of 106 Newtcns/m2, whereas glassy substances usually
have modulus values that are atout three tc four orders of
magnitude higher than the rubbery materials.

Now consider a material whose molecular structﬁre shows a
predominant directionality of it's units. Such a preferred
orientation c¢f bond angles, with reference to the incident
light, will result in the +transformaticn of +the 1linearly
polarized 1light +to welliptically polarized 1light, and the
object will appear bright when examined between crossed
polars.

The amount of retardation as a function of the path
length, 1s an indicator of the extent of molecular
organization. The sign of the birefringence, which refers to
the directicn of the slow axis of +transmission, has been
conventionally defined as being positive when the slow axis is
parallel to a ‘'‘given dimentional feature!' such as the long
axis of a cylindrical object..Conversely, if +the object has
it's fast axis parallel to the 'given dimentional feature', it

is said to be negatively birefringent (figure 5.4).



Figqurees5.4: The
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sign of the birefringence.

(3) Negatively
parallel to the
(B) Positively
parallel to the

birefringent specimen:
'dimensional feature'.
birefringent material:
'dimensional feature'.
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Figure.5.5: Form birefringence.

(A) A composite of fibres with refractive index n.,
in a matrix of refractive index nye.

(B) Evaluation of the form birefringence according
to egquation 5.2: (a) for fibres with positive
birefringence (k) for isotrcpic fibres (¢) for
negatively birefringent filkres. The inset shows the
relative dependence of the form birefringence on the
volume fraction cf the fibres, V..
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(k) Form birefringence

Unlike dintrinsic birefringence which arises £from an
anisotropy at the molecular level, form birefringence arises
from an anisotropy of a scale that is larger than the
dimensions of molecules but smaller than the wavelength of
light, The limit to their ‘'smallness' is set by the
requirement that the structural units should be big enough to
possess true phase boundaries (Frey—Wyssling 1953).

Consider the =structural composite shown in figure 5.5A..
This represents a system of parallel, isotropic <fibres of
refractive index ng, surrounded by an isotropic medium of
refractive index ng . A structure such as this will exhibit
form birefringence arising from the preferred orientation of
assymetric bodies in a medium of differing refractive index
(Bennett 1950).

The first theoretical relationship for such composites
was presented by Weiner in 1912, and it has formed +the Dbasis
of most of the form birefringence studies to date. For a
system of rcds, the thecretical expressicn has the form (Bear
et.al. 1937):

nnz-nL2=(n£2—nm2)2f(1-f)/n;2(1-f)+nm2(1+f)......5.1

where n and n; represent the refractive index of the systenm

i\
parallel to and normal to the dominant axis of +the specimen
respectively, with £ representing the volume fraction of the

fibres. Another relationship for a similar type of systenm,

based on a modification of the Weiner equation, has been
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proposed by Bear et.al. (1937).

If ng and n, are nearly equal, the abcve relatiomnship can
be simplified to an experimentally more useful one of the form
(Stokes 1563):

n

“"an (Il_F"nm)2f(1—f)//l_l.-....5-2

A graphical representation df this equation is shown in
figure 5.5B, curve b. Since the two types of birefringence
(form and intrinsic) are thought to be additive, the total
birefringence of a system can be characterized as shown in
fiqgure 5.5B, curve a, for rods of positive birefringence, and
curve c, for rods having negative intrinsic birefringence. In
all cases, the form tirefringence goes to zero when n,=n_, and
the birefringence c¢f the systen equals the intrinsic
birefringence of the fibres. It also fcllows from equation 5.2
that for any given refractive index difference the maximum
form birefringence occurs at a volume fractiom of fibres, £,

equal to 0.5 (figure £.5 inset).

{c) Strain birefringence

Wheﬁ an isotropic non-birefringent cbject is subjected to
a strain along one of 1it's axis, it will exhibit a
birefringence which is ccmmonly labelled accidental or étrain
birefringence. The imposed strain has the effect of inducing a
preferred dicrectionality on the distribution of the bond
angles, in the originally isotropic material, which is
subseguently reflected as an optical anisctropy..

The molecular changes responsible for the observed strain
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birefringence derends on the type of material in gquestion. The
optical anisoptropy that results when crystallime solids are
strained, arises from the deformation of electron orbits in
the material, which in turn is a consequence of the altered
inter-atomic distances (Frey-Wyssling 1953). When considering
the strain birefringence of rubbery polymers however, a
different thecretical basis has to be invoked. Rather than
arising from the displacement of electrons, the strain
birefringence of these materials is thcught to result from the
alignment of the 'random links' that make up the kinetically
free chains of the pclymer network. The cptical properties of
the links themselves remain uneffected.

The theoretical equations for the strain birefrinigencé
of rubbery rpolymers will be more appropriately discussed in
chapter 7. For the mcment it suffices to simply state <the
qualitative differences between the +two types of strain

birefringence.

D. Materials and Methods

Single, 6 to 8 um, elastin fibres from untreated bovine
ligamentum nuchae
repeated autcclaving (Partridge et. Al. 1955) were isolated
with fine forceps on a dissecting micrcsccpe. The fibres were
viewed between crossed polars on a Wild M-21 polarizing
microscope, and the retardations were determined at 546nm

using a Zeiss 1/30 wavelength rotary compensator. Illumination

was provided by a 100 watt gquartz 1lamp which was used in
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conjunction with an interference filter to give the
moncchromatic green light. Birefringence was calculated by
dividing the retardation at the center of the fibre by the
fibre diameter.

The form birefringence curves were . obtained from
measurements on single elastin fibres and rat tail tendon
collagen fibres that had been swollen in 1liquids of Kknown
refractive index. These are listed in table 5.1..

The temperature controlled stage was built in the lab to
fit the Wild microscope. It consisted of an aluminium piece
that had Dbeen <chanelled out toc allow an internal closed
circulaticn of water. The outlets from the stage wWere
connected to a thermostated <circulating water bath. The
temperature at the sample was monitored with GB32 thermistor
bead that had been calibrated with a mercury thermometer. .
Unless otherwise stated, all experiments were conducted at

E. Birefringence Froperties of Single Elastin Fibres

{a) Form birefringence

Ssingle elastin fibres were either swollen in liquids of
known refractive index (water, ethylene glycol, glycerol) or
air dried ahd immersed 1in organic sclvents of different
refractive index. In all cases the elastin fibres (purified
and unpurified), gdave a constant low birefringence value of

about 2 X 10—-% (table 5.1, figure 5.6 curve a). There was no
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Figure.5.6: Form birefringence of elastin fibres.

{a) For single elastin fibres in (x) water n=1.33
(+) ethylene glycol n=1.,43 and glycerol n=1.48, ()
for organic solvent of different refractive index..
(b) Theoretical birefringence calculated for
isotropic fibres according to equation 5. 2.

(c) Results obtained for single elastin fibres by

The 1inset shows the temperature dependence for the
birefringence of single elastin fitres, .
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indication of form birefringence, which is usually visualized
as a U-shaped curve fcr the graph of Ltirefringence versus
refractive index of imbibing liquid. This U-shaped curve is
characteristic of fibrous proteins with filamentous sub- .
structure, such as collagen, which shows a very distinct form
birefringence curve (figure 5.7 <curve a ), and reported
results for silk, <chitin, and keratin (Frey-Wyssling 1948,
1953) .

If elastin was in fact filamentous, as suggested by the
electron microsccpe studies (Serafini-Fracassini et.al. 1976),
then one should expect a result that closely follows the
. theoretical prediction afforded by equation 5.2, as shown in
figure 5.6 <curve b. This theoretical curve was calculated by
assuming the filaments (if present) to be isotropic, and using
a value of 1.55 for the refractive index c¢f the elastin
protein. The volume fraction, f, was taken to have a value of
0.65 (Gosline 1978). It should Lke mentioned +that elastin
swollen in water, ethylene glycol, and glycerol retains it's
elastic properties, hence the experimental results obtained
under these <conditicn are considered to be a more accurate
reflection of elastin's functional conformation, as compared
to the data points which were obtained for dry elastin fibres
in the different crganic 1liquids. Nevertheless, it is
encouraging, and pzcbably relevant, that both sets of data
showed identical results.

Lastly, it should be pointed out that +the results

obtained in these experiments are inconsistent with the
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reports o¢f positive form birefringence curves (Serafini-
Fracassini et.al.. 1976), figure 5.6 curve ¢, and a later
report of a negative form birefringence curve (Bairati and
Gotte 1977) for single elastin fibres. A rossible explanation

for these conflicting results will be presented in the

discussion section of this chapter.

{b) Intrinsic birefringence

Since there is nc indication of form birefringence, it is
reasonable tc assume that +the constant value of 2 X 10—%
represents the intrinsic ccomponent of the birefringence. This

value is seen to be temperature independent for elastin fibres

in water (figure 5.6 inset), and is extremely small as
compared to other kncwn crystalline proteins (Schmitt 1950).
It 1is therefore tempting toc ccnclude that elastin is an
amorgphous protein. .

One might argue however, that +this 1low value for the
intrinsic birefringence 1is actually an artifact. Since the
total birefringence cf a system is a sum of the intrinsic .and
form birefringence, it is possible that these two types of
birefringence counteract each other when they are of equal
magnitude and have orposite signs, to yield a zero (or mnearly
so) total birefringence. This is demcnstrated in figure 5.7,
where +the birefringence of dried collagen fibres and tannic
acid fixed collagen fibres (Pfeiffer 1943) is ©plotted as
function of the refractive index of the imrersion medium.

Collagen fibres, which are known to ke anisotropic at the
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Figure.5.7: Foxrm birefringence of ccllagen.

(a) unpurified ccllagen fibres.

(b) elastin fibres.

(c) Tannic acid fixed <collagen fikres (Pfeiffer
1943) .,
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molecular and the sub-microscopic levels, show both positive
form and pcsitive intrinsic birefringence (figure 5.7 <curve
a) . Tannic acid Ieverses the sign of +the intrinsic
birefringence, and as a result of this, tannic acid fixed
collagen appear isotropic (show zero total birefringence) at
n, equal to 1.40 and 1.67 (figure 5.7 curve c). That the 1lack
of Dbirefringence in single elastin fibres does not occur as a
result of this phencmenon is supported by the following.

In order for the thecretical form birefringence curve to
intersect the <cbserved data point for elastin in water, one
has to either (a) assign an unusally large negative (oI
positive) intrinsic birefringence to elastin, or (b) assume a
refractive index for the protein that is much smaller than the
value of 1,55 used in this study. Both of these possibilities
are . unreasonable, A high dintrinsic birefringence would
indicate a very crystalline structure and this is not
supported by the X-ray diffraction reports {Astbury 1940). The
second choice, that of a low refractive index, would be an
exception to the known refractive indeces for a wide variety
cf proteins, with values that lie ftetween 1.50 and 1.55.

Most importantly however, the possibility of an artifact
is precluded by the fa;t that, as ©presented 1in the 1last
section, elastin fibres show a Very low, constant
birefringence over a brcad range of refractive index 1liquids
(figure 5.6). This 1is taken to mean that there is no form
birefringence component associated with the observed value of

2 X 10-%, which 1is takem to be the value of the apparent
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intrinsic birefringence. The timely interjection of the word

‘apparent' is discussed in the following section.

{c) Explanation for the apparent birefringence

Although the magnitude of the residual birefringence is
extremely small, it might be interesting to speculate abcut
the source of this 'intrinsic' birefringence. In doing so one
is faced with three possibilities:

1. The birefringence is an inherent rroperty of the

fibre.

2. That the birefringence 1is a result of an

anisotropic residue around the fibre.

3. That it is due to the refractive index difference

at the interface of +the swollen protein and the
surrounding water. '

Inherent birefringence:

Since the retardation is proportional to the path length
through the fibre, then, if the birefringence was inherent to
the fibre one would expect it to be greatest at the center of
the fibre where the path length is at it's maximum value. For
a circular cross-section one can predict the relative
retardations across the fibre of radius, r, in terms of the
path length,p, according to:

P=2(COSOL) seueseSa3

This relaticnship is depicted in figure 5.8. .

Birefringent coating:

In the case of the unpurified fibres it is possible that

there exists a sheath of birefringent material (such as the
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Figure.5.8: Expected relaticnship for intrinsic
birefringence.
Graphical representation of the relative intemsity
versus distance across fibre calculated according to
equation 5.3. M is the middle of the fibre.
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glycoprotein micro-fibrils) around the central amorphous core
of the fibre. Similarly, in the case of the autoclaved elastin
one might expect that a residue could be 1left covering the
fibres, which if crystalline, would give rise to an observable
birefringence. Again assuming a circular cross-~section for the
elastin fibre, it should be possikle to predict the relative
retardations through the analysis bf the path length across
the fibre.

Consider a beam of pclarized light propagating through a
cylinder of radius r', containing within it a <cylinder of
radius ", with both having common centers (figure 5.93). . The
total path length, p, transversed by the ray at a distance, x,
away from the center is given kLy:

p=Z2(r'e-x2)1/2, .0l
The component, p', of this total path lengfh which lies inside
the inner cylinder of radius, r", at a distance, x, away from
the center, is given by:
p'=2(r"2-x2)1/2,.,0e.5.5
Since only the coating matrix is birefringent, the effective
path length, p", which is‘the path length contributing to the
retardation, at a distance, x, away from the center, for x<z",
is given by:
PU"=pP-P'eaceseDa6
For values of x>r", p' goes to zerc, and the above equation
reduces to:
E"=Peecnsebe?

These equations were evaluated for various ratios of rt':r",
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Figure.5.89: Expected birefringence for an
anisotroric coating.

(3) Isctropic material of radius r" surrounded by a
birefringent ccating of radius r'. M represents the
middle of the filrea.

(B) Graphical «representation of the relative
intensity versus distance across fibre calculated
according to equations 5.6 and 5.7, for different
ratios of r"/r': (a) 0.75 (b) 0.90 (c) 0.95.
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and the results are shown in figure 5.9B. This analysis of the
system predicts that the birefringence should be greatest at

the edges, falling to a finite value towards the middle.

Interfacial effectis:

In this case, the source of the birefringence is thought
to be the interface at the border of the protein fibre and the
surrounding water. The hydrated protein would be expected to
have a refractive index scmewhere between that of pure water
and pure protein, probably around 1.5. The exact value for the
refractive index of the hydrated protein is inconsequential as
long as it different frcm the value of the surrounding liquid
(wvhich it obviously is). Although it was not possible to
derive a theoretical relationship for a system such as this,
it was possible to make some predictions based on empirical
observaticns.

Towards this rurpcse, observations were made on the
birefringence patterns at oil-water interfaces. In all cases
it was possible to cbserve a very evident birefringence zone
at the interface. Unfortunately however, it was not possible
to extract any useful 1information from these observations
since the interfaces were essentially two dimentional. Totally
by chance, in the case of a few of these experiments, a number
of air bubbles were trapped in the o0il. Since these air
bubbles represent a three dimentional system, and show a
distinct birefringence, an effort was made to study the

pattern of this structure. The TrTesults showed that the
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birefringence was greatest at the edges , falling off towards
the center cf the bubtle,.

In analogy to this, one might expect that the elastin
fibre surrcunded by water should behave in a similar manner.
Furthermore, within the resolution of +the experimental
methods, it seems that the birefringence should resemble the
theoretical prediction for a system which <consists of an
amorphous core surrounded by an anisotropic sheath, as
described in figqure 5.9..

Figure 5.10A shows the birefringence frattern observed for
an elastin fibre in water. It is clear that the retardation,
as indicated by the intensity, is greatest at the edges of the
fibre. This conclusively rules out the ©[possibility that the
'‘apparent' birefringence is an inherent property of the
elastin protein.

In dealing with last two choices, it would be possible to
distinguish between them, if one could manipulate the
experiment by changing the refractive index of the surrounding
1iquid without altering the hydrated protein. If the
birefringence is caused ky the presence of an anisotropic
sheath, then it should remain unchanged. Cn the other hand, if
the birefringence is a result of interfacial effects, then it
should be considerakly reduced as the system approaches
uniformity (as the refractive index of the surrounding liquid
approaches that of the protein).

For practical purposes, it is possible to achieve this by

hydrating the elastin fibre in the vapour phase over a dilute
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Figqure.5.10: Birefringence pattern of single elastin
fibres.

(A) The birefringence pattern of single elastin
fibres n=1.55, 1in water n=1.33, between crossed
polars. The birefringence is seen to be highest at
the edges. The lar represents 10um.

(B) Densitometer tracings for negatives of single
elastin fibres in:

(1) water, n=1,33,

(2) immersicn cil n=1.52.

(3) centrcl tracing of blank field.
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salt <solution, and then covering the fibre with immersion cil
which will not interact with the hydrated protein, but has a
value of refractive index (1.52) that is close to that of the
swollen fibre. Elastin fibres treated im +this manner were
mounted between crossed pclars and rhotographed. The negatives
were then scanned on a Joyce-loebel scanning densitometer.
Figure 5,10B, <curve 1, is a densitometer tracing for an
elastin fibre in water, confirming the previous observation of
the higher intensities at the edges of the fibre. Curve 2,
shows a tracing of +the same fibre after reduction of the
refractive index difference at the interface, as described
above. It 1s observed. that the retardations are reduced
drastically, and is indistinguishable from the control tracing
of a blank field (curﬁe 3)« Hence it seems safe to state that
the ‘'apparent' residual birefringence 1is a vresult of the
refractive index difference at the fibre-water interface, and
that the actual value for the birefringence of elastin is very

close to zero, as expected for a random prctein.
F. Discussion

{a) Previous studies

There are a number of studies present in the literature
that deal with the birefringence prcoperties of elastin and the
interpretation of these properties in terms of the molecular
structure of this protein (Schmidt 1939, Dempsey 1352,

Romhanyi 1958, Gotte 1965, Bairati and Gotte 1977, Serafini-
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Fracassini et.al. 1976, Fischer 1679). Most of these studies
are in agreement with reference to the 1low birefringencé of
elastin (with the exception of Serafini-Fracassin et.al.
1976), reporting values around 2 X 10-% as obtained in this
study. . 211 of these other studies have assumed this low
birefringence to be an inherent property cf the elastin fibre,
and on the basis <¢f this assumption have ©proceeded to
'visualize! the structure utilizing the phenol reaction
(Romhanyi 1958) énd the permanganate-bisulfite-toluidine blue
reaction (Fischer 1979). . Using the results from these
manipulations they favoured the anisotropic, ordered
structural models fcr elastin. It shculd be pointed out that
the above studies were conducted on unpurified elastin which
could result 1in artifacts from the chemical interactions of
components other than the elastin protein, which also occur in
elastic tissue. In order to prevent the <cccurence of these
artifacts this study has concentrated on the analysis of
purified elastin fibres in water, a «condition that most
closely resembles the in vivo rubbery state.

As mentioned Lefore the results obtained in this study,
with regard to the form birefringence, are in <conflict with
those reported by Serafini-Fracassini et.al. (1976) and
Bairativand Gette {1977). This study failed to reveal any form
birefringence for elastin, whereas Serafini-Fracassini and his
co-workers obtained a very distinctive curve as well as a high
intrinsic birefringence of 1 X 10-2, which they interpreted as

being in favour of the fibrillar models. In trying to explain
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this <conflict a «clue 1is afforded by glancing at the form
birefringence curve cbhtained by these authors (figure 5.6
curve c¢) and comparing it with the results obtained in this
study for the form birefringence of collagen (figure 5.7 curve
a) . The resemblance is quite marked and c¢ne might speculate
that these investigators were actually dealing with a.collagen
fibre.

This objection 1is not too.far fetched considering the
fact that these authcrs used collagenase to purify their
protein, and that this technique has Lkeen shown to result in
high levels of collagen contamination in the purified tissue
(Kadar 1977). Furthermore, both Bairati and Gotte (1977) and
Serafinin-Fracassini (1976), wused experimental preparaticns
that contained more than one elastin fibre., On the basis of
this it could be argued that these authors were <reporting
artifacts, <caused by the interfacial effects, which would be

very large for ccnglcmorations of fibres.

{b) The fibrillar models

In trying to interpret the birefringence results in the
context of the fibrillar models for elastin one is faced with
two possibilities:

1. Elastin is made wup of an array of parallel

filaments aligned in the direction of the long axis,

and that these filameats are.themselves isotropic,

possibly accomodating random coils of protein.

2. That elastin is filamentous in it's organization,
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as mentioned above, and in addition +to this <these
filaments contain secondary structures such as the

Beta-turns. .

expect elastin to exhibit a marked fcrm birefringence which
would reduce to 2zero when +the —refractive index of the
immersion medium equalled that of the protein filaments. In
the second case, cne would also expect a marked fornm
birefringence arising from the well defined spatial
arrangement of the filaments along the long axis of the fibre,
But in addition, to this form birefringence, one should see an
intrinsic birefringence associated with the <crystalline
structure of the filaments themselves. In the specific case of
the occurence of the Beta-turns in the filaments (Urry 1978c),
one would prédict a negqative intrinsic birefringence sincé the
peptide back-bone invclved in this type of structure would be
running normal to the long axis of the filaments.

As 1is gquite evident from the previous section, single
elastin fibres do not shcw any form birefringence nor do they
seem to have any intrinsic birefringence. These results argue
against the presence c¢f any filamentous organization, or the
occurence of stable secondary structures in the elastin
protein. Furthermore, the fact that elastin does not display
any temperature derpendence of it's birefringence also argues
against any drastic, temperature, induced <change of it's
conformaticn to a more ordered state as suggested by some

workers (Urry 1976a). Finally, since the synthetic £fibres of
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elastin (Urry and Long 1977b) are known to be highly
birefringent (Long 1979) one might be justified in questioning

the use of these materials as mcdels for elastin structure.

Ge. .Conclusions

In view cf the evidence presented in this chapter, it is
probably Jjustifiable +to conclude that elastin possesses a
random netwcrk structure which is +typical o¢f other kncwn
kinetic elastomers. However, the technique of polarized light
microscopy can only deal with the 'average conformation', and
is not able to distinguish between the homogenecus
distribution of static units and the random kinetic movements
of mobile anisotropic units. Hence it camnnot arqgue against the
presence of secondary structures as long as these are thought
of as being dynamic ({in rarid movements). One «can probably
disregard the presence of static, crystalline structure on the
basis of the pliant mechanical properties of elastin, which
are inconsistent with glassy structures, and the nmr analysis
presented in chapter 4. .

The filamentous organization visualized in the electron
microscope may well be the result of drying elastin in the
presence of the heavy-metal salts used for negative staining.
It is alsc rlausible that the samples of elastin prepared for
electron microscope studies were 1inadvertently extended to
high elongations by +the receding water during the drying
process. This could result in the alignment of the polypeptide

chains along the axis of the fibre, which as a result of the
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'static' view afforded by the electron microscope technique,
would be a mis-interpretation of +the normally agitated,
kinetically free structure, as Lteing a highly organized
filamentous =system that is irrelevant tc the in vivo rubbery
condition.,.

This point is supported by electrcn microsccpe studies,
which, wusing the freeze-etching techniques to avoid the
gradual drying down of the tissue, could only demonstrate
filamentons structure in samples that had keen extended 150 to
200% of their initial length (Pasquali-Ronchetti et.al.. 1979).

It 1is also my <cfpinion that the 200nm sub-fibres which
have been observed in the scanning electrcn microscope (Hart
etsal. 1978) are 1large enough to accomodate an isotroric
random network structure, and are not in conflict with the

idea of elastin being a typical kinetic elastomer. This aspect

of elastin organizaticn is examined in the next chapter..
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Chapter.VI. CONFORMATION OF ELASTIN: SCANNING ELECTRON

MICROSCOPY .,

A. Introduction

In the previcus <chapter I have examined the sub-
microscopic and the mclecular structure of the elastin
protein. Having done so it seems aprropriate at this time tc
evaluate the organization of elastin at a level of order that
approaches the range of scanning electron miscroscope
techniques, which shculd allow an examination of the 200nm
sub-fibres 1f they are in fact present. This is a feasible
proposition since the procedures utilized in this study make
use of quick freezing techniques in the rresence of a solvent

(water) that closely resembles the 1i

1=

vive environment. These
procedural aspects should protect against organizational
artifacts. The disadvantage lies in the fact that the
technique of scanning electron microscopy only allows a
visualization of the surface texture, which can easily lead tp

mis-interpretation of the images. .

B. Methods
Elastin, from unpurified 1ligament, alkali extracted
ligament, and autoclaved ligament, was cut with a sharp razor
into cubes (largest dimension less than 1mm) and 1left in
distiiled water at U49C cvernight. .

The preparation for scanning electron microscopy was done

by dropping the hydrated pieces of tissue intc a butanol bath
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that was cooled in liquid nitrogen. Some of the samples were
fractured while frczen. All samples were dehydrated in a
freeze dryer (operating at -500C) and mcunted ontoc stubs with
conducting silver paint, These stubs were suobsequently coated,
in wvacuo , with a thin‘layer of gold approximately 10040 in
thickness.

The specimens were viewed in a Cambridge Instrument
Company, Sterecoscan micrcscope, at a filament accelerating
voltage of 50kv. The images were recorded on Polaroid 655
fiilm, and the hegatives were preserved by treatment with

sodium sulphite for c¢ne hour.

C. Results
Preparations of unpurified ligament elastin showed some
indication of a *'fibrillar' arrangement when viewed in the
longitudinal directicn (figure 6.1). These structures, which
had diameters of 80 tc 100nm, could represent the the collagen
sheath +that is thought to occur arcund the individual elastin
fibre (Finlay and Steven 1973). The fracture surfaces of these
fibres, however, failed to support such an organizatioa,
indicating that it is probably a feature that is confined to

the periphery of the e€lastin fibres,
Autoclaving the elastin fibres resulted in the removal of
the 'surface coating! revealing what aprears to be a clear
indication of sub-structure (figure 6.2), that is visualized

at the surface as a granular appearance with ridges thrown in

for good measure. But again, cross-secticnal views of the same
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Figure.6.1: S.E.M. Cf wunpurified ligament elastin

(E) Elastin.
(CS) Collagen sheath. .
The bar represents 10un.
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Fiqure.6. 1.
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preparations failed tc show any sub-structure.

Alkali extracted specimens showed a very distinct surface
structure, with 40nm fibres that were spaced approximately
200nm apart, similar tc thcse observed for arterial elastin by
Carnes et.al.  (1977) ({(figure 6.3a). Higher magnification of

the fracture surfaces showed a very smooth appearance, without

any indication of internal structure (figure 6.3b).

Almost all of +the studies reported in the literature,
dealing with the scanping electron gicrcscopy of elastin, have
supported the 200nm sub-fibre arrangement for the elastin
protein. In objecticn to this point of view, it should be
stated that mcst of these investigators have looked at the
appearance of the fitres in the longitudinal direction. As is
shown by this study, this approach to the rroblem can be mis-
leading since it cannot distinqguish between surface features
and inherent crganizaticn. The few papers that have dealt with
the cross-sectional view of the elastin fibres (Minns and
Stevens 1974) are in agreement with the findings of this study
that there is nc indication of sub-structure. It is
interesting to note that these suk-fibres have never Dbeen
observed in the transmission electron microscope. The
following are a few mcre aspects of the results which also
argue against the presence of these 200nm sub-fibres.

Since the fracture of a substance results from the

propagation of a crack through the material, and since the
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Figure.6.2: Surface texture of autoclaved elastin

There is scme indication of substructure as
reflected in the surface texture of these fibres..
The bar represents Z2um.
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Fiqure.6. 2.
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Figure.6.3: Fracture surfaces of elastin fibres.
Alkali purified fibres showing the 200nm spaces on
the elastin fitkres. .The fracture surfaces, howver,
are smooth and do not indicate the presence of 200nm
sub-fibres. The bkar represents 2umn.
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path of «crack propagation follows a route that requires the
least expenditure of energy, one wculd expect the fracture
properties of a hcmogeneous substance, such as glass, to be
noticeably different from a composite material, such as fibre-
glass which is made up of glass fikres embedded in an epoxy
matrix,

Applying this analogy to the fracture properties of
elastin, cone would expect a 'hcmogeneous' elastin fibre {at -
900C) to fracture in a smooth manner similar to glassy
materials. If, however, these sub~fibres do exist the material
could be represented as a composite consisting of the elastin
protein {200nm) emkedded in a cementing matrix. The fracture
of this material (at -900C) should give results similar to the
fracture of fibre-glass materials, with some of the cracks
propagating between +these 200nm sub-fibres resulting in a
'splayed'! appearance cf the fracture surface.

As mentioned before, the fracture surfaces of the elastin
fibres were always smooth, with no evidence for +the presence
of 'splayed' fibrils. It is pcssible though, that the
embedding matrix material has mechanical rroperties that are
identical to the prctein fibres as well as being structurally
continuous with these sub-fibres. In which case, the material
would fracture in a hcmogeneous manner.

This leaves me with one last pcint: how to explain the
rresence of these 200nm surface texture.

The reports that have observed these sub-fibres often

state that +they are cnly seen after the purification of the
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protein {Hart et.al. 1978). On the basis of this comment it is
interesting to speculate-that the 200nm structures are an
artifact caused by the removal cf the glycoprotein fibrils
during purification, and actually represent the spaces that
would result from their removal. This explanation is plausible
because the glycorrocteins do in fact cccur in 100 to 200nm
bundles around the elastin fibre, as seen in the transmission
electron micrcsccpe (Farenbach g€t.al. 1966).

Having ©presented the arquments against the presence of
the sub-fibres, I would like to put the controversy into it's
proper perspective by stating that it is quite irrelevant. If
they are in fact real attributes of the elastin fibre, they
would still not be in contradiction to the idea of elastin
being a typical kinetic elastcmer, since their size 1is large
encugh to accomodate random coils of protein. Their presence
however, wculd alter the interpretations o¢f the failure
properties of elastic tissue since they would be an
introduction of another architectural factor in +the network

composite.
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Chapter.ViI. ELASTIN AS A KINETIC ELASTOMER.

A, Introduction

In the previous charters I have attempted to rigourously
examine the ccnformational state of the elastin protein. The
reason for that exercise (in futility?) was to validate the
use of the kinetic theory of rubber elasticity as an. adeguate
basis for +the elastomeric properties of this protein. This
chapter, then, deals expressly with the evaluation of elastin
as a typical kinetic elastomer, assuming that all the
conditicns of the kinetic theory are met.

But why do these tests on single elastin fibres? Aside
fron irrelevant.existential and philosophical arguments, there
are a number of practical reasons for suffering through the
single fibre studies., The analysis off the elastomeric
properties of elastin upto now, has been based on experiments
using bundles of elastin fibres, Although this is without
questicn the more convenient form of experiment, it's
disadvantage lies in the fact that using a sample with sub-
structure will make it difficult tc distinguish the properties
of the ‘t'architecture' <from the propertiés of the material.
This study was undertaken with the purpose of getting around
the architectural interference by studying the physical
properties of single, 6 to 8um, elastin fibres. This allowed
an interpretation «c¢f the properties at the molecular level,
which was attempted by using the various kinetic theory

relationships. Hence the major product of this study was the
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evaluation of the various kinetic theory parameters, as they
apply to the elastin rrotein.

Furthermore, since the fibres in the elastin bundles are
not continucus, purified bundles of elastin fail at low strain
(about 50% extension). As will be shown in this chapter,
elastin is still in the 'Gaussian' region of it's macroscoric
properties, at 50% extension, and therefore, bundle studies do
not allow one to examine the additional information that is
realized by the analysis of the non-Gaussian properties of the
polymer netwcrk. It 1s these ©properties that need to be
evaluated, if one is to extrapolate from the elastin system to
other proteins in the randcm conformaticn.

Lastly, the photc-elastic experiments demand that the
experimental setup wutilize <single fibres, since bundles of
fibres have a large form birefringence, due to the interfacial
effects, that masks the properties of the single fibres,

making the evaluation of the bundle prorperties impossible. .

B. Entropy Elastomers: The Kinetic Theory of Rubber Elasticity

{a) Gaussian chain statistics and entropy

In trying to understand the statistical mechanicé of
random coiled molecules it is convenient to represent one end
of the chain, a, to be fixed at +the origin, and to
characterize the 'randcm walk' to the other end, b, via the
guantity termed the end-to-end distance r, (figure 7.1). The‘

probability density functicn, of finding b in the vicinity of
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point P within the volume element [dx,dy,dz] (which can also
be represented as the probability density function of
values) forms the basis cof the kinetic thecry relationships.

The derivation of these probabilities depends on the
evaluation of the number of conformations that allow the
placing of the chain end, b, within a given volume element. If
one assumes that all ccnformations are equally probable, then
the density function is described Ly (Treclar 1975):

PLX,Y,2]=(E3/ W3/2)exp(-b2r2) caceaaTsl
where p[x,y,2] represents the probability of finding the chain
end b a distance, r© (r2=x2+y2+z2), away from end, a. The term
b is defined by:.
E2=(3/2)sl2ccencale2

where s 1is the number of random links in the chain and 1 is
the length of each random 1link. The important result of
equation 7.1, is that the function has a maximum at r=0, which
is similar +tc¢ saying that most of the conformations are
consistent with the end, b, being at +the «c¢rigin (no fun
intended), Since the entropy of the chain is proportional to
the logarithm of the number of conformaticns available to the
systen (Treloar 1975) +the entropy 1is also seen to be at a
maximum when r=0.

For a chain whose points are seperated by a distance, r,
the entropy c¢f the chain, S, is given by (Treolar 1975):

S=c=-kbk2r2.,.ceee7.3

where ¢ 1is an arbitrary constant, and k is the Boltzmann

constant. As is evident from equation 7.3, the dimposition of
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Fiqure.7.1: The random-coiled chain
The randcm chain with end a at the origin and end b

at a point P(¥%,y,z) within a volume element
¥dx,dy,dz2.




167

Figure.7.1.
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strain on this system will increase r, resulting in a decreasse
of the <ccnfiqurational entropy of the system. This decrease,
in entrory, forms the basis for the retractive force of
kinetic welastcmers. The internal energy term remains constant

and does not contribute to the elastic properties.

{b) The elastic network

Any molecular interpretation of a rubber polymer, based
on the kinetic theory of rubber elasticity, assumes a network
made up of a three dimensional array of idealized randonm
chains. The chains are cross-linked a; various points (this is
necessary 1if the network is to maintain it's structural and
mechanical integrity when strained) and one can therefore
characterize the <chain between <cross-links as having an
average molecular weight Mc, and consisting of s number of
random links each of length 1. In the case of real molecules,
however, ideal random links cannot cccur since bond movements
are restricted by valence angles, Ffpotential barriers, and
steric hindrances. One therefore has to invoke the concept of
a 'functional' randcm link. This link will consist of a number
of bonds, which as a unit, appear to satisfy the statistical
requirements cf the 'ideal!' random link.

As stated before, imposing a strain on this network will
decrease the configurational entropy, giving rise to the
retractive force. The basic assumpticns of the kinetic theory,
which are discussed in detail by Treclar (13975) and Flory

(1953), are as fcllows:
1« The network contains N chains per unit volunme.
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These chains, which were defined akove, are held in
a network by a few stable cross-links.

2. The mean square end-to-end distance for the whole
assembly of <chains in the unstrained state is the
same as for a ccrresgonding set of free chains.

3. Deformation dces not lead tc a change in volune.
4. The components of length of each chain change in
the same ratic as the corresponding dimensions of
the bulk rubber.

5. The entropy of the network is +the sum of the
entropies of the individual chains.

{c) Mechanical properties of kinetic rubbers
Assuming an ideal Gaussian system, the kinetic theory
makes it possible tc characterize the tensional elastic force,
resulting from the strain induced free energy change (equal to
the entropy change for anm ideal —rubber), by the following
equations (Treclar 1975):
£=NKT (2~ 2" 2)eescos ol
and,
T=NKT{ %Z2= A~"1)eeeeesalab
where f 1s +the nominal stress (force/unit unstrained cross
sectional area), G is the true stress (force/unit strained
Cross sectional area) , k is the Boltzmann constant
(1.38 X 10-16 erg K-1), T is the absclute temperature, N is
the number of random chains per ﬁnit volume of the material,
and X 1is the extension ratio expressed in wunits of the
unstrained length,
In the case of swollen rubbers, a state that is relevant
to the ©prctein elastcmers, a volume fraction term is
incorporatea to give:

f‘_'thIVZj/s ( )\- %-z)onoon-7.6
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and,
G =NKIV/3 (( A2- N 1) eeeeooala?

where v

. is the unswcllen volume/swollen volume. f and g

refer to the force per unit swoll;n unstrained cross-sectional
area, and force per unit swollen strained cross-sectional area
respectively.

411 four of +these equations define a term that
characterizes the stiffness of the material being tested,
called the elastic mcdulus, G, acco;ding to:

G=NKTeeoees 7.8

Since G is proportional to the number of chains, N (based on
assumption 5), and since N is itself related to the cross-
linking density, which for the <case of one cross-link
attaching four chains is approximately egual tc:

N=2(#C) e esons?eS
where #c 1is the number of cross-links per uanit volume. It
seems intuitively ©possible +to oktain a measure of the
molecular weight between <cross—-links (which for a given
composition is inversely proportional to the number of cross-
links, M (1/2) #c), from the value cf the elastic modulus Ga.
This is realized in the fcllowing relaticnship:

G=Nkt= PRT/MCasssnsTall

where @ is the polymer demsity, R 1is the  universal gas
constant (0.082 X 10-3p3atm mol-1!K-1!), and Mc is the molecular
weight between cross-links.

Water swollen elastin, being a hydrophobic protein in

equilibrium with a hydrophillic solvent, presents some
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problems when one tries to interpret it's properties using the
above relationships since it's equilibrium degree of swelling,
contrary to the assumption of the kinetic theory, changes as a
function <cf both +temperature and elcngation (Gosline 1978,

Hoeve and Flory 1976). Oplatka et.al. (19€0) and Bashaw and

Smith (1968) extended the kinetic theory to account for these
compositional changes.that take place in open systems, with
Mistrali et.al.. (1971) providing the preliminary support for
it's application to elastin. These relationships, although
they are mentioned here, were not tested rigourously since the

physical measurements were not accurate enough to allow a

critical aprraisal of such refined distinctions.

{d) Photoelasticity

The kinetic theory also affords a relationship for the
strain-birefringence behaviour of rubbery polymers swollen inmn
an optically neutral solvenf (Treolar 197%5):

n,-n = (12+2) 22T N(X,~«x,) V1/3 ( \2- N"L1)/NlU5cceneeTall
where «, and «, are the polarizabilities of the random‘ link
parallel +to it's length and normal to it, respectively, T is
the average refractive index of the protein, and N is defined
as before,

The assumption 1is made by this theory that the optical
anisotropy of the polymer when it is strained arises from an
alignment of +the random links, whose inherent polarizability

remains uanchanged, in the direction of the strain. The

birefringence is nct thought +to represent an anisotropy
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arising from the displacement of electron orbitals (due to the
alteration of the interatcmic distances), as is the case with
crystalline or glassy polymers.

The relaticonship for the stress-birefringence can be
derived from the above equation by substituting in equation
7.7, which describes the relationship ketween the true stress
and the extemsion, into equation 7.11 to give:

n —n-\-: q—(ﬁ2+2)22'ﬂ'(0("'0(7_)/545kT = G_C'..o--o7.12

i
Since («,-«,) and n are presumed to remain constant, it 1is
possible +to incorpcrate all the parameters into an overall
constant, C', which is termed the stress-optical coeffecient.
This coeffecient derends cnly on the mean refractive index of
the polymer and the pclarizability of the randcm link, and it
should be inversely proportional to the temperature. The value
of («-«,), which rerresents the anisctropy of the randon
link, 1is theoretically independent of strain, swelling,
stress, and temperature. Hence it's constancy over a number of

parameters could be used as an indicator of the peptide back-

bone stability.

Je) Non-Gaussian effects and the evaluation of s

Since the non-Gaussian effects cbserved for the
mechanical and photoelastic properties of the elastic network
is the result of the finite length of the chain between cross-
links, and hence a finite number of randecm links, s. It seens
intuitively obvious that one should be able to work

'backwards' and evaluate the value 's!' by analysis of these
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non-Gaussian properties.

The Gaussian 1relationships mentioned upto now, assume
that the end-to-end distance, r, 1is small compared +to the
fully extended length of the chains (r/sl<<1). This assumption
restricts their application to small strains, and necessitates
the use of the more accurate non-Gaussian relationships at
higher levels of extension. For the <case of the mechanical
data, the relationship takes the form of a series expansion of
which the first five terms are (Treclar 1975):

=Nkt (A= X—2)[ 1+ (3/25s) (3 N2+U4/ XN )+ (287/6125s52) (5 N4+
8 X+8/ X2)+(12312/2205000s3) {35 \6+60 N\3+72+64/ »3) +
(1261177693 (673750)s% (630 X8+1120 X5+ 1440 X2+ (1536/) ) +

1280/%‘).*..... ].I....7.13

For the stress-optical data, the non-Gaussian
relationship takes the form (Treolar 1975):
My =Ny = (AR2+2) 2UTT (P, =P, ) /3Receeesls 14
where (p‘-pz) is defined according to:
(P, =P, ) =N (=) [ (1/3) N2={1/ 1)+ (1/150s) (6 2*+2%x =8/ X 2)+
(1/35C0s2) (10 N6+6 N3-16/ % 3)eceveeela15

Compariscn of the experimentally oktained curves {for the
mechanical and phctoelastic Froperties) with these

relationships should allow an evaluation of s.

Since +the protein elastomers such as Resilin, Abductin,

and Elastin, exhibit their elastomeric behaviour only when
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they are swollen by a diluent (such as water), it might seem a
little irrelevant to attempt +the reduction of the data
obtained for the swollen form to an ‘'unswollen' state. This is
necessary, however, if cne is make a valid comparison between
the +theoretical relationships fcr the non-Gaussian systems
mentioned in the last section (which are derived for the
unswollen network) and the elastin data.
The data for elastin was reduced according to the
relationships provided ky Flory (19£3):
£0=£°/v2/3.c0ee.T. 16
NO= N/ /3 71T
TO=q¥Vv2/3cceea.7.18
(n“-qL)0=(n“—qL)/yf/3......7.19
where the superscripts 0 and s refer tc the ‘'unswollen' and
swollen forms of the designated terms, which are defined as

before.

Ca. Materials and Method

f{a) Purification of elastin

Bovine ligamentum nuchae of mature beef cattle was

obtained from a local slaughter hcuse and purified by repated
autoclaving in distilled water according to the method of
Partridge él;él; (1555)« Briefly, +this procedure involves
'cooking!' the elastin in an autoclave operating at fifteen

pounds per square inch for a period of an hour. This removes

the associated proteinaceous material, such as the collagen
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and the matrix substances, leaving behind +the insoluble
elastin protein. The procedure is repeated 6 to 8 times, Wwith
fresh changes of distilled water, to ensure a clean
preparation. Tissue thus prepared can be stored for an
indefinite period of time with occasipnal sterilzation by
autoclaving. The evaluation of this purification procedure has

been presented in chafpter 2.

Ab) The experimental stage

The major piece of apparatus used in the experiment,
along with the relative positions of the various components,
is shown in figure 7.Z. .The stage was assembled from glass
slides glued together with epoxy adhesive. The flexible glass
rod, which served as a microforce transducer, was made by
pulling a 5mm diameter solid glass rod cver a bunsen burner
flame until the desired diameter of 80 to 100um was, obtained.
Dow Corning high vaccum grease was applied between the movable
glass slide and the stage to smooth ocut the manipulaticns
during the experiment and to keep the extensions fixed at the
desired ©pcint. The temperature control system was the same as

the one described in chapter 5.

{c) Preparaticn of experigental specimen

A strip of dried purified elastin (approximately
2mm X 5mn in dimensicn) was mcunted directly onto the
experimental stage by anchoring one end to the flexible glass

rod and the other end to the mcvable glass slide using rubber
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Figqure.7.2: The experimental stage.

Diagram of the -experimental stage used for force,
extension, and retardation measurements. The elastin
fibre, E, was extended by manipulating the movable
slide, S, and the extension was monitored by
measuring the distance between two landmarks on the
elastin fibre. The force experienced by the elastin
fibre was calculated from +the measurement of the
deflection, d, of the glass rod, G, relative to a
fixed marker, M.
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cement. Distilled water was then added to the preparation, and
the elastin fibres teased away, under a dissecting microscope
with fine forceps, until a single connecting fibre was left
intact between the glass rod and the nmovable slide (figure
7e2)s .

The preparation was then mounted between crosséd polars,
on a Wild M21 polarizing microscope, and the experiment was
conducted by the manipulation of the mounted specimen at 300X
magnification. The fikre was strained in a random steps, by
shifting the movable glass slide, and the values for the
extension, force, and retardation, were obtained as described

below,

(d) Measurement cf sirain

Two distinquishing marks were noted in the unstrained
state and the distance between them was calibrated using a
Filar micrometer.. The separating distance was evaluated at
each extension step, and the elongation could then be
represented as an absolute value, cr as an extension ratio of

the initial length.

{e) Measurement of force

The manipulation of the elastin fibre, which was done by
moving the glass slide, exerted an extending force on the
elastin fibre which cculd be quantitated by measuring the
deflection of the flexible glass rod with reference to the

fixed marker (figure 7.2), wusing a Filar micrometer.,. This
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value could then be converted to an absolute force, F,_by
utilizing the equaticn for the bending of a bean:

F=A(3EI/13) eceeese20
Where d is the deflection of the glass fiktre, 1 is the 1length
of the glass fibre (usually around 1.3 to 1.5 cm), and I is
the second moment of area, which for a rod of circular cross-
section of radius, r, takes the form:

I=Tr4/decececle?

The value of ©E, which is the Young's modulus cf glass, was
obtained by measuring the deflection of a macroscopic glass
rod, when experiencing a bending force from several calibrated
weights. Substituting these values for the deflection and
force into equation 7.2C along with the dimension data, and
solving for E gave a value of 6.2 X 1010Nm—~2 for the Young's
modulus of glass.

The experimentally obtained force could then be
represented as either the nominal stress (force/unit
unstrained cross—-sectional area) or the true stress
(force/unit strained cross-sectional area). To insure against
the presence cof erroneous values resulting from the use of
this methcd, one of the micro-force transducer glass rods was
calibrated by hanging kncwn weights on it's end and measuring
the deflections. These deflections were always within 2% of

the deflections predicted by use of equaticns 7.20 and 7.21..

(£) calculaticn cf cross-sectional area

The unstrained diameters were measured with the Filar
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micrometer and the cross-sectional areas were calculated by
assuming a circular cross-section. The crcss-sectional areas
for the strained fibres were <calculated from the measured
length change by assuming +that +the vclume of the fibres

remained constant with extension.

{9) Measurement of birefringence

The specimen on the polarizing microscope was orientated
between crossed polars (polarizer at 09, analyzer at 900) with
it's long axis at +450 to the polarizer (positive angles being
counter-clockwise) . Illumination was by a 100watt quartz lamp,
which along with an interference filter provided a green
monochromatic light (546nm) source.

The retardaticns Were measured, after each force-
extension measurement, at the center of the fibkre using a 1/30
wavelength Zeiss rotary compensator. This value of retardation
was divided by the «crtical path length (taken to be +the
diameter at each extension step) +to give the value for

birefringence,

Since it is hard +to evaluate +the errors involved in
dealing with a system such as the one utilized in this study,
a statistical approach was thought to be more feasible, and
accordingly, the relevant statistical parameters are presented
with the results. In general, the excellent reproducibility of

the data and the nminimum scatter, is taken to be a good
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indicator of the systems reliability.

D. Physical Properties of Single Elastin Fibres

(a) General characteristics

The mechanical behaviour of single elastin fibres wuas
observed to ke completely elastic with no observable
hysteresis or change with repetitive cycling of the strain.
Typically, the fibres could be elongated to 100%-200% of their
initial 1length (Xx=2 tc 3) before breaking. The cause of the
failure could not be determined with certainty. It can only be
stated that there was no observable plastic flcw before
failure. The failure itself occured either as a result of a
breakage of the strained portion under observation, or a
breaking away of the fibre frcm +the residual bundles of
elastin which were used for anchoring vthe preparation. The

tensile strength is probably in the range of 106Nm—-2,

{b) Mechanical rroperties and the derivation of Mc

Equation 7.6 indicates that if the data cbtained for the
mechanical fproperties of single elastin fibres is plotted as a
graph of nominal stress versus (X - x—-2), it should yield a
straight 1line of zero intercept and a slope egual to Gv!/3,
Figure 7.3,a, shows the mechanical data for eight single
elastin fibres in distilled water at 240C. It is evident that
the relationship obeys the predicticn of a straight line upto

XA=2 (an extension of 100%). Beyond this extension, however,
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the experimental points deviate from the straight 1line, seen
as an upturn in the graph. This deviation is the result df the
non-Gaussian properties of the network, which will be analyzed
in detail later. Fcr the moment, the analysis will be
restricted to the 1linear porticn of the stress-strain
relationship.

The elastic modulus, G, obtained from the treatment of
the data according to -equation 7.8, has a valqe of
4.1 X 105Nm-2, This was calculated from the slope of the
linear portion of the plot (figure 7.3,a), using a value of
v70.65 (Gosline 1978). .Similarly, the value of Mc, which is
the molecunlar weight cf the <chain between cross-links, was
evaluated from egquation 7.10, the value of +the elastic
modulus, and ¢@=1.33. This gave a value of 7,100 for the
molecular weight of the chain between cross-links.

This use of equation 7.10 for the calculation of Mc
assumes ideal tetra-functional cross—links._This is obviously
an oversimplification since, in reality, imperfections such as
loose ends etc. will be present in the network. It is
possible tc correct for these imperfections, assaming randomly
distributed cross-linking, by wutilizing a modification of
equation 7.10, according tc (Trelqar 1975) : |

G= @ RT(1-2MC/M) /MCeseooela22
Where M 1is the mclecular weight c¢f the rolymer before cross-
linking. This relationship cannot, in the strictest sense, be
applied to welastin since the <cross-linking sites on the

precursor protein, tropcelastin, are not randomly distributed
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Fiqure.7.3: Physical properties of single elastin

(A) Graph of the force extension data for single
elastin fibres plctted according to equation 7.6.
The linear regression, through the first 30 pcints,
has a correlaticn coeffecient r=0.91..

(B) Graph of the Birefringence-stress data for
single elastin fibres plotted according to eguation
7.12. The linear regression, through +the first 30
points, has a correlation coeffecient r=0.88.
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but, rather, cccur in distinct locaticns on the tropoelastin
molecule (Sandberg et.al. 1972).. Nevertheless, the use of
equation 7.22 should give an estimate of the lcwer limit of
Mc. Utilizing the value obtainea above, of 7100 for Mc, and
equation 7.22, along with a value of 72,000 for the molecular
weight of the precurscr tropoelastin (Sandberg 1976), gives a
corrected molecular weight of 60C0 for the chain between
crosslinks. Hence the data is consistent with a Mc value in
the range of 7100 to 6000 g/mcle. This result is in good
agreement with the expected values calculated from the known
biochemical composition and the cross-linking profiles of
insoluble elastin (Gray €t.al. 1973).

Jc) Photoelasticity

°

According to equation 7.12, a rloct of birefringence
versus stress, should give a straight line of slope C!'. Figure
7.3,b, represents the data for eight single elastic fibres. As
with the stress-strain relationship, the theoretical
relationship is follcwed to a certain point, after which it
deviates towards +the stress axis, with +the birefringence
approaching it's wultimate value. This departure from ‘the
theory can again be exrlained in terms of the non-Gaussian
properties of the elastin network: the finite 1length of the
chain between cross-1links is responsible fcr this non-Gaussian
shift, with the assymptotic limit representing the state of
's' links in full alignment. The. existence of +this comnon

causal element, is supported by the observation that both the
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stress-strain graph (figure 7.3,a) and the stress-
birefringence dgraph (figure 7.3,k) enter +the non-Gaussian
region at the same level cf extension (X\=2).

Concentrating on the linear portion of this graph (figure
7.3,b), the slope of this relationship yields a value for C'
of 1.0 X 10—-9m2N—-1, Utilizing this value of C' and a value of
n=1.55, it is possible to solve for the pclarizability of the
random link («,-«,). Doing this one obtains a value of
2,84 X 10-30p3 for the pclarizability of the random 1link at
240C., The value calculated for the stress-optical coeffecient,
C', is comparable to the results oktained by Weis-Fogh (196ib)
for +the invertebrate elastomer, resilin (1.0 X 10—9m2N-1! for
elastin as ccmpared to 1.1 X 10-9m2N-! for resilin). This is
not surprising since +they are bLoth protein elastomers and
would, therefore, be expected to have similar values for the
average refractive index and the pclarizability of the random
link. The kinetic thecry parameters derived for elastin are
summarized in figure 7. 1. .

It should be mentiocned +that +the data for elastin
birefringence extrapolate to a positive birefringence at zero
stress. This 1s consistent with +the results obtained for
unstrained single elastin fibres, which appear to have a small
residual birefringence of about 2.4 X 10—-¢, This residual
birefringence has been shown to atrise from the refractive
index difference at the water/fitre interface. The '"true"
birefringence of +the unstressed fibre is indistinguishable

from zero (Aaron and Gosline 1980). .
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{d) Temperature dependence of the optical anisotropy

Equation 7.12 alsc states that the stress-optical
coeffecient, C!', shculd be inversely proporfional to the
absolute temperature, T, assuming that +the mean refractive
index and the polarizability of the random 1link remain
unchanged. Figure 7.4,a, shows the experimentally obtained
results for the temperature dependence c¢f C!'. It seems that
the predictions of the kinetic theory (figure 7.4,a,  dashed
line) are followed gqualitatively but the decrease with
temperature is larger than that which wculd be predicted by
equaticn 7.12,

There are two fpossible sources for this deviation. First,
since elastin decreases it's volune with increasing
temperature (Gosline 1978), +the mean refractive index is
expected to increase with temperature. However, the extent of
this increase 1is small, and in any case increasing the
refractive index shculd increase the value of the stress-
optical coeffecient. Second, it is pcssible that the
polarizability of the random 1link («¢,-%,) changes with
temperature, which could account for the large decrease in C!',
Figure 7.4,b {open <circles), shows the value for the
polarizability of +the random 1link assuming that n remains
unchanged with temperature, It is evident that the
polarizability of the random link decreases by approximately
30% over the temperature range studied. The imglication of

this change is discussed below.
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Figure.7.4: Temperature dependence of
photcelasticity.,

(A) Graph of the =stress-optical coeffecient, C?,
versus 1/T. (filled <circles): experimental points.
The linear regression has a correlation coeffecient
of r=0.92. (dashed line): expected relationship for
the temperature dependence of C' calculated fronm
egquaticn 7. 12.

(B) {cpen circles): dependence of the random link
anisotropy on temperature. (filled <circles): the
same data plotted as an Arrhenius relationship
according to eguation 7.23.. The activation energy
calculated from the slope of the linear regression
{(r=C.94) has a value of 1.6 kcal/mole, .
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As pointed out before, when dealing with real polymer
chains, the presence of energy Larriers to bond rotation
implies that a numker of chemical bcnds are required to
exhibit the properties of a random 1link. This also implies
that as these energy barriers are overccme with an increase in
temperature, the numker of bonds needed to give a random link
should decrease. Hence the length of this ‘'functional' 1link
and consequently the polymer chain dimensions are expected to
be teméérature dependent. . Studies on the température
dependence of +the <c¢ptical properties c¢f polymers other than
elastin, have shown that the optical anisctropy of the randonm
- link usually decreases with increasing temperature (Saunders
1957), and this decrease is thought to reflect a reduction in
the conformational restrictions c¢n the molecules in the
network, as discussed above.. It has been shown that the
variation of the link anisotropy with temperature 1is
consistent with an Arrhenius type relaticnship of the <fornm
{(Morgan and Treloar 1972):

(X =)= Aexp(Eq/RT)......7.23

Where E is an activation energy . Hence it is possible tc

a
obtain the value of E freom a plot of 1n{x, -=,) versus 1/T.
The value of the activation energy should reflect the
magnitude of the energy barriers of the restrictions on the
polymer chains.

A plot of the elastin data for the link anisotropy as a

function of temperature 1is shown in figure 7.4,b (filled

circles). From the slope of the graph one obtains a value of



192

1. 6 kcal}mole for the activation energy. This value is
comparable = to the value obtained from nuclear magnetic
resonance data for elastin peptides (Urry ete.al. 1978d). The
magnitude of this activation energy is too small to represent
the melting or the fcrmatiom of staktle secondary structuares,
since the activation energies for these systems would be
expected to have values in the range of 15 +to 20 kcal/mole
(Fraser and McCrae 1973). It dis more plausible that this
value, of 1.6 kcal/mole, is representative of the torsional
energy barriers about the ¢™--co and C™~-N bonds of the
polypeptide backbone. This explanation is consistent with the

theoretical analysis of random polypeptides presented by Brant

and Flory (1965 a and b).

{e) Non-Gaussian properties of the elastin network

The non-Gaussian properties of the elastin network were
analyzed graphically ty comparing the experimental results to
the curves dgenerated according to equations 7.13 to 7.15 for
various values of s, which 1is +the onumber 6f random links
between <cross-links. Figqure 7.5,a and 7.5,b, presents this
evaluation for the non-Gaussian mechanical and photoelastic
properties o¢f polymer networks. In each case the solid lines
represent the experimental data obtained for single elastin
fibres, reduced to the unswollen form acccrding to equaticns
7. 16 to 7.19. These lines were obtained by a least squares fit
of the elastin data to regressions upto a tenth degree

polynomial. The mechanical and photoelastic data were found tc
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Figure.7.5: Non-Gaussian properties of the elastin
network.

() Analysis of the non-Gaussian mechanical
properties. The theoretical curves (open circles)
were generated by evaluating eguation 7.13 for
various values of s, The filled «circles represent
the elastin data fit to a seventh degree polynomial:
y= -0.15 X 109 - +0.62 X 109x -0.11 X 10t0x2
+0,11 X 1010x3 -0.65 X 109x+% +0.22 X 109xS -
Cold1 X 108x% +0.32 X 107x7.  The solid vertical bar
represents t standard deviaticn. .

(B) Analysis of the non-Gaussian photoelastic
properties. The theoretical <curves (open circles)
were generated by evaluating equations 7. 14 and 7.15
for various values of s, using N=1.0 X 1028chains/m3
and («.-#,)=2.84 X 10-30m3, The filled circles
represent the elastin data fit to a fourth degree
polyncnial: y= 0.33 X 10-3 +0.82 X 10-9x
+0.36 X 10-15x2 ~-(C,2 X 10-21x3 +0.26 X 10-28x¢, The
solid vertical bar represents * standard deviation.
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have the best fit to seventh and fourth degree polynonmials
respectively (see 1legend for figure 7.5). The graphical
evaluation in both cases yields a value of approximately 10,
for the number of random links, s, between cross-links.

As indicated above, the value cf the elastic modulus, G,
is consistent with a molecular weight between cross-links of
6,000 to 7,100 gs/mole. Since the average residue weight for
elastin is about 84.5 g/mole [Sandkerg 1376), this amounts to
71 to 84 amino acid residues between cross-links. Furthermore,
since the analysis of the non-Gaussian behaviour indicated
that 10 random 1links were present between cross-links,
dividing the number of amino acid residues between cross-links
by 10 gives a value cf 7.1 to 8.4 amino acids per random link.
That is, it takes about 7 to 8 amimnc acid residues to exhibit
the properties of the statistical, freely rotating links which
form the basis of the kinetic theory relationships. The
validity of these numbers obtained from the properties of the

elastin network will ke evaluated in the next chapter..

E, Conclusions

This <chapter has presented ccnvincing evidence that the
properties of the elastin network are best described in terms
of the kinetic theory relatioships derived for entropy
elastomers. Furthermcre, =since these theories of rubber
elasticity are based on an assumpticn of a random network
conformafion, it is reasonable to state that the protein

chains which make up the elastin fibres are themselves devoid
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of any stable secondary sfructures. This conclusion is in
agreement with the results of birefringence (Aaron and Gosline
1980) and nuclear magnetic resonance studies (Fleming et.al.
1980, Aaron eta.al. 1980) of +the elastin networke. The
evaluation cf the activation energy for the network
'restrictions!' indicates that, under normal conditions, the
c™--co and the  C*--N torsional angles are the major

determinants cof protein random-coil dimensions, as proposed

previously (Schimmel and Flory 1968, Miller and Goebel 1968).
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Chapter.VIII. A PRELCICTIVE TEST FCR ELASTIN CONFORMATION

A. Introducticn

Having obtained some 'concrete!' numbers from the analysis
of the physical gproperties of elastin, according to the
kinetic theory of —ztubber elasticity, it ‘is +tempting to
extrapolate from the characteristics of the elastin protein to
other proteins in the randcm coil conformation. In order to do
so one must first define the 'characteristic variable' which
is to be predicted using the experimentally cbtained values
(and manipulations of these values), and ideally one must then
stumble across some literature that has 'cbserved values' for
the same variable, preferably attained through a different
technique of experimental amnalysis. The results of this
comparison should allow one to evaluate the assumption of a

random conformation fcr elastin.

B. Characterization of Random Proteins

fa) The measurakle dimensign

If a person is given an object and asked to describe it's
physical shape, he will usually respond with the appropriate
adjective such as round, square, oblcng, weird! etc. If asked
to be specific, this rerson might then proceed to describe
their dimensions in the wusual +terms 1like 1length, width,
radius, axial ratio, but he probably will nct make any

progress with that ‘'weird' object. Random coiled polymers
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would be classified by this frustrated person as tkelonging to
the 'weird' <categcry.. In practice however, there is a
dimension that can be utilized to describe a random coiled
polymer. . This dimension, as you know, is referred to as the
root-mean-square (T.N.S.) distance, <r2>1l/2, But what does
this TelleSa value represent 1in terms of a measurable
dimension?

Consider an ideal gas molecule located at the origin at
time t=0. . Suppose that the movement of the molecule can occur
in any direction (randcmly) in discrete steps of length, 1. If
the molecule moves a steps per second, then after b seconds it
will have moved s number of steps. Where s=ab. Re-evaluation
of the molecules positicn after s steps will show that it has
been displaced away from the origin by a 'distance
characterized by the linear vector between the origin and this
new position. This vector represents the end-to-end distance,
<r> (figure 8.1a).. In transforming this analogy to real
polymers one has tc simply rerlace the spaces between two
sucessive pocsiticns c¢f the gas molecules tky an %ideal' 1link,
made up of a number of chemical bonds, of length, 1. This
allows it's characterization by the measurable dimension <>,
which now represents the distance ketween the two ends of the
mnolecule (figure 8. 1L).

The clue, as to the ccnceptual framewcrk that forms the
analysis of ‘'randcm walk' systems, can be found in the
definition of the adjective ‘'random®.. The Miriam-Webster

dictionary describes the word random in two ways. One is to
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Fiqure.8.1: The randcm walks

(A) A 10 step randcm walk for a gas molecule
starting at the origin and moving in distinct steps
of length 1. <r> is the end-to-end distance.

(B) EReplacing the distance between two successive
positions by an 'ideal' link of length 1, allows the

extension of the Gaussian derivations for random
walks to real polymers. .
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Figqure.8.1.
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think of random as being haphazard. The other is to think of
it in terms of chance. It is this second definition of randon
that describes it in terms of a 'prcbability of observing an
occurrence', which allows a practical method for descfibing
the random walk. Evaluation of the problem through Gaussian
statistics yields a fairly simple result which characterizes
the end-to-end distance, <r2>1t/2, in terms of the number of
links, s, and the length of the link, 1, as (Flory 1953):

<r2>=slz..'. .QBO 1

(b) Accounting for the non-ideality

The above derivations for randcm coils assumes an ideal
system, This obviously does not occur in real polymers, which
because c¢f +their finite volume, will display an 'excluded
volume effect'. This essentially states that no two real
molecules can occupy the same volume element. The result of
this effect is tc exprand the domain of the random coil by a
factor o« , which acccunts for the ncn—idéality of the system (
i.€, polymer-polymer interacticns, and polymer-solvent
interacticns) :

<r2>1/2= <C231/2.000448,2
where r, and r are the unperturbed and actual dimensions of
the molecule respectively. In the case of a theta solvent,
where the non-ideality of the polymer-solvent interactions
balances out the non-ideality of the polymer-polymer

interacticns, <« is equal +tc unity, and the above equation
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reduces to equation 8.1.

Cs R.M.S. Values From Viscosity

(a) Viscosity of random coils

There are present in the 1literature a vast number of
papers that deal with the visccsuty of random hydrocarbon

polymers (Flory 1949, Fox et.al. 1951, Kurata et.al. 1960,

Kurata and Stockmayer 1963, Stockmayer and Fixman 1963). These
studies have developed +theoretical relationships and have
obtained éxperimental parameters for the prediction of random-
coil dimensions. Only recently have there been any attempts
nade to extend these viscosity relationships to the study of
random protein rpolymers (Brant and Flory 1965, a and b,
Tanford et.al. 15€6,1867, Reisner and Rowe 1969), and the
results indicate the épplicability of this type of approach to
proteins.

Tanford et.al. (1966) have rublished studies on the
viscosity of proteins in 6M GuHCl, where these polymers behave
as random coils. Applying the approrriate realtionships, these
authors have evaluated the r.m.s. distances for a number of
proteins. .This is fortunate since, as mentioned before, it
will allow a compariscn for the predicted values obtained from
the properties of the elastin protein. However, in order to
ensure that this ccmparison takes piace between equivalent
variables, a number of <corrections must be made to the

published values. .
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(b) Correction of viscgsity values

The equation that describes the molecular weight
dependence of the intrimsic viscosity for linear polymers
takes the fcrm (Yang 1961):

[n], =KH® ceeeno8asd

Where [n], 1is the intrinsic viscosity, K is an empirical
constant fér a given polymer-sclvent system, M is the
molecular weight of the polymer (or the number of residues in
a protein), and & is the exponent that describes the polymer
conformation, having a value of 0.5 for random polymers in a
theta solvent, and a value greater than 1 for rod-like
proteins (Tanford 1961). 1In the case of proteins, it is
convenient to deal with them in terms of the number of
residues as opposed to the actual mclecular weight, since
different rproteins have different average residue weights.
Doing this, Tanford et.al. (1966, 1967) assigned a values of
0.684 and 0.67 for K and X respectively, The value of 0.67"
obtained for X indicates that(guanidine hydrochloride 1is a
good solvent for proteins. This should result in the expansion
of the randcm~-coil dcomain and, hence, it is necessary that the
expansion coeffecient, <X , be evaluated and corrected for
before making the <comparison to +the predictions from the
elastin network.

I have chosen to do this by manipulating the viscosity
data by an alternate analysis. The intrinsic viscosity of

random—-coils can be described by (Kurata and Stockmayer 1963):
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[N]=KN1/2 (3 ,ceaasBalt
In this formulaticn £ is taken to be equal to 0.5, and any
deviations due to solvent effects 1is accounted for in the
expansion coeffecient X . This forms the basis for the
evaluation c¢f &« according to:

I 3=[n]/Ln]°......8.5
Hence if cne can evaluate K, it 1is rossible to obtain a
theoretical value for [n], by assuming « ;1. One can tﬁen
utilize the actual value measured for the intrinsic viscosity,
in], the calculated value for {n]o, and equation 8.5, to get a
value for &£ .

The evaluation of K fcr the Tanford data was done by the
method of Stockmayer and Fixman {1963), which gave a value of
1.3 ccy/gm for this parameter (see appendix 3). The results of
the subsequent calculations are presented in table 8.1, along
with the corrected values for the end-tc-end distance obtained
by Tanford et.al. (1966, 1967). It should be mentioned that
the high values oktained for the expansion coeffecient, X ,
are consistent with 6molar GuHCl Lkeing a good solvent.
Furthermore, +the mclecular weight dependence of K is alsc
consistent with the results expected from the theoretical

treatment for randcm fpolymers (Flory 1953).

D. Predictions From The Elastin Network

(a) Calculation of s

Equaticn 8.1 states that if the number of random links,
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Table.8.1: Predictions for random-coil prdtein'_s_._

PREDICTIONS FOR THE DIMENSIONS OF RANDOM-COIL PROTEINS.

number of 2 1/2.0 ob:i;:::‘;:mes‘ corrected predictad - r25/230 - 1;;“02 —
residuves <rS7/°A coeffecient: < rz>1/on b c <; > T hkrts cobs.

insulin 26 “ 0.97 45 38 41 .84 .92
ribonuclease 124 101 1.03 98 83 90 .85 R
hemoglobin 144 112 1.07 106 89 97 .84 .92
myoglobin 153 120 1.09 10 $2 100 .84 .9
$-lactoglobulin 162 izd 1.11 113 95 103 .84 .91
chymotrypsinogen 242 148 . 1.10 134 116 126 .87 .94
aldolase ) 365 189 1.12 168 142 154 .85 .92
serum albumin 627 258 1.17 220 186 202 .85 - .92
thyroglobulin - 1500 401 1.18 k) 288 313 .85 .92
myosin 1790 43 1.19 372 314 342 .84 .92

3data from Tanford et.al 1966, 1967,

bfor 7aa/random link.
Cfor 8aa/random iink.



206

and the length of the link is known, then, it is possible to
predict a value for the end-to-end distance, <r2>!t/2, The
analysis of the properties of the elastin network indicated
that between 7 and 8 amino acid residues are required to give
a f'functional' random link. Hence, it is possible tc obtain a
value of s for any given protein by dividing the the number of
residues in the protein by the number of amino acid residues
per link ( i.e. 7 to 8). In trying to evaluate a value for
the length of +the 1link, 1, I have chosen a gualitative
approach which is based on the theoretical derivations for the

dimensions c¢f random froteins.

{b) Calculation of 1

Flory and his co-workers have dealt with the theoretical
evaluation of randor proteins and have evaluated the
energetics of randcm protein dimensicns, which usually
resulted in energy mninima for bond angles at W=270, ©=120
(Schimmel and Flcry 1968, Miller et.al. 1967, Miller and
Goebel 1968). Although the actual bcnd angles present in
random polymers will be distributed over a range of values,
the value at the energetic minimum should reflect an 'average!
for the distribution.. I have therefore used this value
(q/=270,(g=120) to calculate the displacement along the random
link wusing the relationships prcvided by Schellman and
Schellman (1963). Dcing this I obtained values of 19.8a¢ and

23.440 for the length, 1, cf a random link made up of 7 and 8

amino acids respectively, which allowed me tc predict values
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of rem.s. distances for various proteins using equation 8.1
and a value cf 1 for . This should permit a valid comparison
to the cbserved values (Tanford et.al. 1966, 1967) since they

have been corrected fcr the expansion coeffecient as described

above.

E. Discussion and Conclusions

The results, which are summarized in table 8.1 and figure
8.3, indicate that the predictions oktained from the
properties of the elastin network are in excellent agreement,
within 1limits of the uncertaintiés inherent in their
calculation, with both the theoretical expectations from the
statistical mechanical treatment of peptide conformation
(Miller and Goebel 1968) (figure €.3,a) and the experimental
observaticns (figure 8.3,b) on random <cciled proteins. The
fact that the predictions from the elastin data are lower than
the expected values can be reasonably attributed to the high
glycine content of this protein. Glycine nmakes up almost a
third of the aminc acid content of elastin (Sandberg 1976),
and one would expect this to result in a reduction of the
restrictions c¢n the protein chain mobilities in the network.
This would lower the numker of amino acid residues required to
give a random link, as compared to most proteins which contain
lesser amcunts of glycine. It is reasonable to expect that
more than 8 amino acid residues would be regqguired to give a
random link fcr proteins which do not exhibit such extremes in

amino acid compositicn as elastin. This would have the effect
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Figure.8.2: Predictions for the dimensions of
randcm-coil prctein.

Root-mean-square distance for various proteins as a
function of the number of aminc acid residues. (&)

Theoretical predictions from Miller and Gcebel 1968. .
{b) Experimentally <cktained values from Tanford
et.al. 1966 and 1967, <corrected for non-ideality
(see Table 8.1 {c) Predictions from the elastin
system according to equation 8.1: (solid 1line) for
7aa/random link, {(broken line) for 8aa/random link. .
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of increasing the value of 1, which is the length of the
random link, resulting in even closer agreement between the

predicted and cbserved values.
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Chapter.IX. CONCILUSICNS.

Unlike most ¢f the biopolymers knocwn to us, there are a
number of proteins that fulfill their biological roles by
being random. The elastomers Resilin, Abductin and as shown in
this thesis, Elastin, belong to this group of biomolecules.
The biological function performed by these elastic proteins is
to antagonize the movements of muscles. Muscles <can only
contract, and because of this there is a need for an opposing
mechanism that can restore the muscle to it's functional state
after each contraction cycle. This antagonism can be provided
- by other muscles as in skeletal movements, hydrostatic systems
as in many marine organisms, and passive elastic elements. The
elastin proteins probably evolved in response to this last
need. Furthermore, muscles are restricted in their performance
by their metabolic needs, and are generally characterized by
high turnover. On the other hand, elastomers being passive
mechanical components, are not restricted by metabolic needs,
and due to their low turnover the only metabclic cost to the
organism is that of synthesizing it in the first place. Hence,
it seems rlausible that the advantages of passive elasticity
are realized in the metabolic savings to the animal, . This
describes their function. But as stated in the introduction to
this thesis, simply stating that proteins like elastin are
rubber-like does not tell us akout the functioning mechanisnm.
Over the years, several theories of elasticity have been
proposed in an attempt to <characterize the the elastic

mechanism but only one theory, The Kinetic Theory of Rubber
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Elasticity, has been able to acccunt for and, in most cases
predict, the macrosccpic properties of elastomeric materials.

Like mcst theoretical frameworks +that are based on
mathematical derivations the kinetic theory makes some very
convenient and crucial assumptions, the most important of
which 1is that of a randcm conformation. It is this assumption
which has prevented it's general accertance by protein
chemists. The current thought in tiochemistry and biopolymer
research is summarized by the statement---"if it has a prima:y
sequence it must have a tertiary strﬁcture". Although this
statement might be valid for proteins in general, it does not
account for the exceptional class of protein elastomers. On
the basis of this statement a number cf people have stated
that the approach adopted by the kinetic theory is
unacceptable since, 1in their minds it invokes the concept of
‘phantom' chains and 'ideal' links. This bitter pill of randon
conformation might be easier to swallow if the phantom <chains
are restated in terms of real pclymers to whom all
conformations ARE EQUALLY ACCESSIBLE (WHICH IS THE SAME AS
SAYING THAT THERE IS NO ONE STABLE ccnformation). This allows
the mathematics of random walks to ke applied to real polymer
networks that are devcid of stable secondary structures.

In using the kinetic theory relaticnships to explain the
macroscopic properties of single elastin fibres, I have also
had to assume a randcom network conformation for elastin. This
assumption was tested using different methcds cf investigation

(see summary figure, 9.1). Viscosity experiments were used tc
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Fiqure.9.1: Summary fiqure for the thesis.




SUMMARY .
SOLUBLE PEPTIDE BIREFRINGENCE SCANNING ELECTRON
STUDIES: STUDY OF MICROSCOPY .
2 viscosity. SINGLE ELASTIN
b. n.mr.
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ELASTIN NETWORK.

KINETIC THEORY RELATIONSHIPS:
mechanical properties.
photoelastic properties.
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evaluate the shape cf the soluble elastin. These studies did
not suppcrt the presence of any rod-like structures. Polarized
microscopy was used to test for molecular organization. The
results indicated a randcm conformaticn. Nuclear magnetic
resonance studies were used to investigate the mobility of the
elastin network. The analysis showed that the elastin netwoerk
is characterized by rapid motions. Assimilating these results,
one should be able to state gquite confidently fhat the
assumption of a random network for elastin is justified. The
fact that elastin can serve as a mcdel for random-coil
proteins offers further support in favour of this assumption.
In conclusion it seems that the kinetic theory of rubber
elasticity provides a wvalid theoretical framework for the
analysis of the entropic elastomeric properties of the rubber-
like ©proteins which, in general are characterized by randonm

conformaticns.
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APPENDIX.I: Thermoelasticity

{B) Thermcdynamic Relationships

Since an elastic system, in it's functional state, 1is
involved in the storage and dissapation of mechanical energy,
it is possible to evaluate the basis <c¢f this mechanism by
using thermodynamic relationships.

According to the first law of thermodynamics, energy, E,
can be converted from one form to another, but it <cannot be
created or destroyed. Hence when ccnsidering an elastic sample
and it's surroundings, fof a given deformation, dE is equal to
zero, If, however, one considers only the sample, for a
reversible process one can wWrite:

dE=dq+dWesesesdalal
where q represents the heat evolved by the rprocess, and W
represents the work. Both dgq and dw are considered to be
positive when heat flows from the sample to the surroundings
and work is done by the sample on the surroundings,
respectively.

For a reversible process, the second law of
thermodynamics defines the change in entropy, S, in terms of
the heat and the absolute temperature, T, according to:

dS=dg/Tewsesehals?2
Solving fcr dg, and <substituting into egquation A.1.1, cne
gets:
dF=TdS+dWeweooehe 1.3

Using these equations it is poésible define a state function,
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referred to as the Helmhcltz free energy, F, as:
F=E-TSeseessdaloll
At cons£ant temperature, pressure, and vclume, this equation
takes the form:
dF=dE-TdSeecssesBalad
Substituting equation A.1.3 into the akove gives:
dF=dWeeeceeBelsb
Utilizing equations A.1.2 and A.1.6 one can write equation
A.1.5 as:
dw=3E-dQeecoeochele7
This equation forms the basis of the thermodynamic analysis of
reversible systems, and it 1is rossible, by means of
thermodynamic book-keeping, to evaluate the various components
of a given rprocess. In the particular case of a materials
mechanical response, it allows one to determine the magnitudes
of the contribution t¢ the total retractive force, £, from the
energy, fe, and the entropy, fs, ccmponents:

f=fet+fSeeeeselBel.B

{B) The Thermcdynamic Experiment

The thermodynamic experiment can be carried out in two
ways:
1. The sample can be immersed in a diluent, and keeping it at
a fixed extension, one can follow the éhange in the retractive
force, £, as a function of temperature. The data can then be

evaluated according to:
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f=fe+T(Af/AT) ecewseeBalal
2., The sample, in a diluent, 1is extended at a constant
temperature, and the heat released, along with the work ( i.e..
the area under the force extensicn graph) is monitored.. The
energy component 1is then evaluated according to eguation
A. 1.7,
For the sake of convenience, the +two methods outlined

above will be referred to as constant strain and constant

temperature thermoelastic experiments, respectively.

{(C) Thermoelasticity of Kinetic Elastcmers

With reference to the elasticity of materials, if the
mechanism responsible for the retractive force consists of a
system that involves the deformation of a rigid lattice (as in
the case of metals, collagen, keratin, and silk), where most
of the energy is stored in the alteration of bond lengths and
orbitals, the restoring force arises frcm a change in the
internal energy' component as indicated by the magnitude of
energy component, fe, obtained from a thermodynamic experiment
(fe/f=1) .

In the case of natural rubbers, hcwever, it has been
shown that the strain energy is stored as a decrease in the
conformaticnal entropy of the system. These materials exhibit
a fs/f ratio c¢f arproximately <cne, with the fe term being
small. Matefials of this type are thought to conform to the
kinetic theory of rubber elasticity, which requires a randonm,

kinetically agitated ccnformation at the molecular level
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(Treloar 1¢75).
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APPENDIX,II: PREPARATION OF SOLUBLE ELASTIN BY PHOTOLYSIS,.

A. Introduction

Recently there has been a lot cf interest in the physical
properties and the primary structure of the precursor protein,
tropoelastin. This research has <created a need for a
convenient method to isclate the trcpoelastin molecule which,
upto now, has been isclated from lathyritic animals. The use
of a biological source carries with it the usual problems of
high expense and 1lcw productivity. A parer by Foster et.,al.
(1975) , where they used 2000 chicks to get 55gms of wet tissue
which in turn yielded 35mg of tropoelastin, illustrates this
point guite <clearly. Hence it seemed valuable to develor a
procedufe to isolate the precursor protein, fronm the freely
available, insoluble elastin by chemical means.

This <chapter deals with a method +that wutilizes the
absorption characteristics of the elastin cross-links to
induce +their 1lysis and the subsequent release of the soluble
peptides. Since this procedure is a reversal of the biological
pathway that results in formation of the insoluble elastin in
the first place (by +the 1linking of tropoelastin into an
insoluble network), it should hopefully yield a monomeric

peptide that represents the precurscr protein.

B. Methodology
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The rationale for the use cf photolysis to cleave the
cross-links of elastin is based on a paper by Jocussot-Dubien
and Houdard (1968) who studied the cleavage of pyridinium
rings by ultra-violet radiation. The relevance to the elastin
cross-links 1lies in the fact that the (iso)desmosines are
tetra-substituted pyridinium rings, as demonstrated by Thomas
et.al. (1963). This aspect of elastin chemistry led Baurain

ets.als (1976,1577) tc attempt the use of photolysis for the
purpose of solubilizing fibrous elastin. These authors were
able to demcnstrate a cleavage of the (isc)desmosine cross-
links, ©but they <cculd not isolate any soluble peptides ffom
their prerarations. The methology presented in this chapter
utilizes an additional step which results in the release of
soluble pertides from the photolysed elastin.

The hypothetical reaction pathway for this method is
shown in figure A.Z.1 (as based on the the work of Joussot-
Dubien 1968 and Baurain 1976). The irradiation of the cross-
links with ultra-viclet 1light (275-285nm) <results in the
cleavage of the single bond between the nitrogen and carbon$
(Eigure A.2.1). This product is unstable at low ph and/or high
temperature and can be broken down (figure A.2.1). The next
step involves the cleavage of the unsaturated carbon bonds,
using standard oxidative techniques, to give scluble peptides.
This pathway is essentially the same for both the desmosine
and iso-desmosine as cutlined in figure A.2.1,

The obvious gquestion to ask at this time is: why not just

oxidize the unsaturated cross-links without having +to bother
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Fiqure.A.2.1: Photolysis of elastin,.

(I) oxidaticn pathway for elastin.

(IT) photolysis of elastin followed by oxidation. .
(a: pathway for desmosines, E: pathway for
isodesmosines.)
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with the ©photolysis? The reason for this is demonstrated by
the pathway outlined in figure A.2.%1. Reduction of the
desmosine by dihydroborate followed by potassium permanganate
oxidation results in the separation of the +two «cross-linked
peptides (figure A.2.1). The same procedure, if utilized on
the iso-desmosines, does not give satisfactcry results, since
the movement of +the «cross-linking position from carbon#% to
carbon® prevents the release of the twoc peptides. As the
tropoelastin molecule is linked at about ten pcints along it's
length (Gray et.als. 1973), if any of these cross-links were to
be an isc-desmosine, the peptides wculd be retained in the
insoluble network. It is this problem which is cicumvented by
the photolysis, allowing the combination of the two procedures

to give scluble peptides.

Elastin from 1ligament nuchae was purified by extraction

with 0.1N NaOH at 1000C for 45 minutes (Lansing 1952).. The
resulting material was dried and ground to a fine powder and
washed with copious quantaties of boiling distilled water.
500mg of this powdered elastin was hydrated overmnight in 200ml
of distilled water that had been adjusted to ph4.4 with 2N
HCl. This solution was photolysed wusing an immersion type
ultraviolet lamp (Hanovia 450W, medium pressure, u.ve. Model).
A Corex filter was used to remove wavelenghts below 270nm to
prevent the photolysis of peptide bcnds and, at the same time,

provide adequate irradiation for the cleavage of the cross-
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links which absorb at 27%5-285nm (Thcmas et.al. 1963).

The samples were photolysed for 6 hours, at the end of
which the solid elastin was collected by centrifugation. It
was then stirred intc a periodate-permanganate oxidation
solution (Lemieux 1955) at 480C for 24 hours. The mixture was
centrifuged and the supernatant was carefully aspirated. The
precipitate, which contained mostly inscluble elastin was
discarded. The supernatant was dialyzed against running tap
water for 24 hours, focllowed by dialysis against 4L of
distilled water (1L X 24 hrs.) and lyophilized. The resulting
peptides had a clean white appearance. A control consisting of

the oxidation step withcut photolysis was also conducted.

C. Results and Discussicn

fa) Yield

The amcunt of peptide reccvered after the 1last
lyophilizaticn step was about 40mg/gm of criginal dry weight.
Although this is a substantial yield as compared to the
biological scurces (Sykes and Partridge 1974), it is probably
not the orptimum yield for this procedure. Examination of the
oxidative step (in retrospect) reveals a very crucial blunder.
Specifically, soluble elastin peptides such as tropoelastin
and alpha-elastin, undergo'an inverse temperature transition
at 370C, which upon standing for 12 or more hours forms an
irreversible precipitate. As 1is <clear from the methods

section, the oxidative step was carried out at 459C for 24
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hours, and it 1is [fossible that a major part of the soluble
elastins prepared in this manner précipitated out and were
lost during the serperaticn of the insoluble elastin from the
supernatant, which contained the remainder of the soluble
proteins. Oxidation of the photclysed elastin at a lower
temperature for longer periods should result in better yields.

The oxidation of unphctolysed elastin gafe.no detectable

results.

(b) Characterizaticn of the scluble peptides

Mclecular weight determination of the peptides «as
performed on a 15% pclyacrylimide-SDS gel. The results are
presented in figure A.2.2. Much to my surprise, and delight,
there appeared to be only one protein band at 66,000 molecular
weight. This could mean that (a) the frocedure yields a
homogeneous peptide or (b) that there are other peptides
released in small quanities that could not be detected by the
crude procedures used in this initial characterization. This
aspect has not been investigated frlly.

Although the amino acid analyses has not been done, it is
possible to make some predictions kased om the work of Davril
et.als. . {1977). It is expected that the soluble protein should
have a higher lysine content as compared to insoluble elastin,
due to the liberation of a free lysine after the photolysis of
the cross-links. .In addition to this, one would expect to have

a lower content of'tyrosine due to their destruction at the

wavelength used for the photolysis, which is in the range of
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the absorption peak fcr this amino acid. The rest of the amino
acids are not expected to be altered.

The branching characteristics cf this peptide have not
been studied as yet, but this deserves scme mention here. If
the peptide turns out to be a branched polymer, either due to
incomplete photolysis or oxidaticn, then this method is not
useful fof the production of peptides, that can be more easily
attained by other methods. But if this peptide turns out to be
an unbranched 1linear rpolymer it might be interesting to
speculate on the implicaticns.

First, it could be possible that this peptide represents
the precursor component of the insoluble elastin protein..
Second, since the molecular weight cf tropoelastin is about
72,000 as compared to the value 0f 66,000 obtained for the
peptide in this estudy, it implies a post-translational
modification of the tropoelastin protein before it's
incorporation into the insoluble state. This is supported by
studies which report that enzyme inhibitors are necessary 1in
the biolcgical isolation procedure to obktain a 72,000 weight
tropoelastin molecule (Foster et.al. 1975)« In the absence of
these inhibitors the resultant product has a molecular weight
of 66,000 (Sandberg 1969) and has been shown to be missing a
N-terminal peptide. |

In conclusion, the high yield cf soluble peptides and the
possibility that they/it might turn cut to ke the precursor
protein argues for the further development of this technigue

for the isolation of elastin fragments, to be followed up with
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FigureoA.2, 2: Molecular weight ctf photolysis -
peptides.

SDS-polyacrylimide gel electrophoresis results for
the photclysis products:

{o) molecular weight markers: Albumin (66,000),
Ovalbumin (45,000), Trypsincgen (26,000), Beta-
lactoglobulin (18,000), Lysozyme (14,00C).

() photclysis rpeptide.
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further characterization of the soluble products.
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Appendix.III: PRERDICTIONS FOR TEOQOPCELASTIN VISCOSITY

A, The Relevant Equaticn

The mclecular weight dependence for the intrinsic
viscosity, [n], of unkranched, randcm polmers, can be stated
iq terms of an empirical constant, K, and the number of
residues, M, as (Stockmayer and Kurata 1963):

[n]:KMl/Z......A.3.1
This equaticn applies to ideal polymers and polymers in theta-
solvent systems. A more useful derivation of this egquation
provided by Stockmayer and Fixman (1963) allows the
characterization of the viscosity in any .solvent, and takes
the form:
[n]=KK!/240.51§BH. ... D.3.2
where @, 1is a universal constant with a value of 2.1 X 1023
(Ceges.) and B is defined according to:
B=72{1-2X)/VNaosoaoshAa3.3

where ¥, is the partial specific vclume of the polymer, V is
the molar volume of the solvegt, N is Avcgadro's number, and X

is the Flory interaction parameter (Flory 1953).

B, Application to Trcpoelastin

According to equation A.3.2, a plect of [n]/M1/2 versus
M1/2, should give a straight line with an intercept equal +to
K. This has been done for the data obtained for proteins (in a
random coil conformation) by Tanfcrd et.al.. (1966, 1967) and

was calculated to have a value of 1.3 cc/gm (figure A.3.1)..
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Fiqure.A.3.1: Viscosity of randcm-ccil proteins.
Plot of data frcm Tanford et.al. 1966, according to
equation A.3.2..




 Fiqure.A.3.1.
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Table.A,3.1: Prediction for tropoelastin viscosity.

PREDICTIONS FOR TROPOELASTIN VISCOSiTy.

1% . B (10726) (n]cc/q
o .699 -2.66 35.48
10 .786 -3.83 34.42
20 .875 -5.02 33.33
30 .943 -5.93 32.50
a0 1.01 -6.80 31.71

oen Cuut e 1977
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What makes this manipulation useful is that it is possible to
obtain X values for the elastin protein from studies of
network swelling (Gosline 1978). Elastin decreases it's volume
with an increase in temperature and according to equation
A. 3.2 and A.3.3, this should lead tc a decrease in B and a
subsequent decrease in the intrinsic wviscosity. These
equations allow the prediction of the magnitude of this
decrease in [n]. The results c¢f the calculations for the
intrinsic viscosity of tropoelastin in water, as a function of
temperature, are presented in table A.3.1, using M equal to
850 (Sandberg 1976), X values taken frcm Gosline (1977) and Vv
equal to .725 (Partridge et.al.. 1955). It should be
interesting to comrpare the actual experimental results to

these theoretical predictions in order to support a random

coil conformaticn for the tropoelastin mclecule.
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Appendix. IV: EVALUATION OF EROTEIN CONFORMATION

In chapter 8 I have presented scme values for the
parameters that characterize random proteins. Being encouraged
by their apparent generality, I have ventured to devise an
empirical method for the evaluation of protein conformation.

Using +the values of s and 1 (as presented in chapter 8)
and equation 8.1 it should be possible to predict the end-to-
end distance for any given protein made up of a given number
of residues. From this value one can calculate the radius of
gyration, Rg (figure Af4,1), for the random molecule according
to (Tanford 1961):

Rg2=<r>2/6aeeseshallal
If +the density of the protein is known, one can calculate the
volume, v, of the single molecule:
v=(molecular weight)/(density) 6.C02 X 1023......A.4.2
(although this analysis assumes that there is no hydration of
the molecule, the hydrodynamic vclume cculd be used in'p}ace
of the volume given ky equation A.4.2).

Using this value of volume one can calculate  the
dimensions and the radius of gyration for a number of shafpes
as follows. For rods of length 1, the radius of gyration is
given by (Tanford 1961):

Rg2=12/12cececehelts 3
The 1length can be «calculated frcm the volume for different
diameter rcds according to:

1=V/(TTTC2) eesoeelc o li

For spheres of radius, r, the radius of gyration is given
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Fiqure.A.4.1: Radius of gyration for various shapes.
Radius of gyraticn for rods, random=-coils, and
spheres, from Tanford 1961.
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Figure.A.4.2: Evaluation of protein ccnformation. .
Plots of radius of gyration Rg, versus number of
residues for different shapes:

{A) lcw molecular weight range.

(B) high molecular weight range.
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by (Tanford 1961):

Rg2=(3/5)r2.eceeehalie5
and similarly r could be calculated from the volume and the
following equation:

3= (V) (3/4 T )eceoaolhoalionb
These abcve equaticns can be used to generate graphical
relationships for the different shapes. This has been done 1in
figure A.4.2a for the dependence of the radius of gyration on
the number cf residues.

Given a protein of known molecular weight and
composition, a ccmparison of Rg values obtained from
experiments such as light scétterring {Timasheff and Townend
1970) to the standard curves should allcw a rapid evaluation
of the proteins conformational state. As 1is evident fron
figure A,4.2a, the uncertainties at the lower 1limit of
molecular weight are high, but this type <c¢f analysis should
provide reasonable answers for trroteins of high molecular

weight (figure A.4.2b).



242

Appendix.V: DETERMINATION OF SOLVENT EFFECTIS ON RANDOM COILS

A similar approach as the one presented above, could be
used to evaluate the effects of solvents cn proteins that are
known to te in the randcm coil conformation. One can predict
Rg as a function of the number of residues from equation 8.1
and A.4.1, and generate standard curves for different values
of the expansion factcr, o :

Rg2= o« 2RgZecescsha5.1
This has been done in figure A.5.1. Again, a comfparison of Rg
values obtained from cther sources will allow a graphical
evaluatidn of o« , for any given protein. It might also be
feasible tc¢ incorporate the relaticrships provided Zimm and
Stockmayer (1949), which would allow this method to be
extended to the analysis of branched polymers.

As a final comment, it should te pointed out that the
entire basis for the arguments presented in this, and the
previous, appendix assumes that the absolute numbers obtained
for the compositicn of a randck link (8.4aa/link) and the
length of the link, 1, apply tc proteins in general. This 1is
probably an unreasonable assumption fcr proteins that show
extremes in their amino acid compositicn. Also the comparison
of Figures A.4.2a and A.5.1, 1indicates that it would be
impossible to distinguish between rcds and random coils at low
molecular Qeights, where the interference effects, £from the
solvent interactions with the randcm coils, would tend to mask
the shape anisotropy of the =rcds. This problem should be

reduced at the higher molecular weights.
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Figqure.A.5.1: Evaluation of solvent effects on
randcm cgils. :

Plots of radius of gyration Rg, versus number of
residues fcr random-coils fcr different values of
the expansion coeffecient « .
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Appendix.VI: AMINO ACID COMEBQSITION AND ELASTIN EVOLUTION

In a recent publication Sage and Gray (1979) have
presented data for the amino acid composition of elastin from
a wide variety c¢f sources. In their data their |is a
substantial amount of information for the elastin composition
of the bony fishes, and I have attempted to use the 'likeness®
of the elastin from the different scurces to develop an
evolutionary succession for the elastin of these fishes, The
numerical analysis itself was carriéd out by the following
expression {Matsumura et.al. 1579):

DI, = %h) [A8] =BAy| eeawsehabal
where AR is the numker of residues per thousand of the aminc
acid i, 1in a fprotein specified ky j, and AA is the number
for the same amino acid in the protein specified by k. Similar
expressions to this have been utilized by a number of workers
to evaluate the relatedness between proteins and, then, to
extrapolate to the relatedness of the source species (Fondy
and Holonan 1971, Metzger et.al.. 1968, Harris and Teller
1973) . _Equation A.6.1 was evaluated c¢n a computer with a
Fortran program, for 13 groups of fishes, and this allowed me
to compile a difference index matrix for their elastin
composition (table A.6.1).. Based on this result an
evolutionary scheme was derived as shown in figure A.6.1. NoO

attempt was made to analyze the results beyond this point.
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Figure.A.6.1: Elastin evolutign.
Evoluticnary sequence for elastin of higher fishes
based on table A.6. 1.
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