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ABSTRACT

Purification protocols for elastin generally result in greatly damaged elastin fibers and this likely
influences the biological response. We here describe a novel protocol for the isolation of elastin
whereby the fibers stay intact, and introduce the term “elastin fiber” for intact elastic fibers with
elastin as their sole component. As opposed to elastic fibers, elastin fibers do not contain any mi-
crofibrils or associated molecules. Elastin fibers were isolated from equine elastic ligaments ac-
cording to various protocols and analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, amino acid quantification, immunofluorescence assay, transmission/scanning electron
microscopy, and cellular reactivity in vivo. The optimal protocol comprised several extraction steps
and trypsin digestion. Elastin fibers were free of contaminants and had a smooth, regular appear-
ance. The cellular response to purified, intact elastin fibers was different in comparison with puri-
fied, but affected, fibers and to contaminated fibers. Intact fibers consisting only of elastin may be
important for both fundamental and applied research, for example, tissue engineering, which need

well-defined preparations to study the cellular biological effect of individual components.

INTRODUCTION

ELASTIC FIBERS are widely distributed over the body,
especially in organs where elasticity is a major is-
sue, like lung and blood vessels.! Elastic fibers are com-
posed of elastin and microfibrils. The latter is an intrin-
sic component of elastic fibers and is present on both the
inside and the outside of elastic fibers. Microfibrils con-
sist of and are associated with a variety of molecules in-
cluding fibrillins, microfibril-associated (glyco)proteins,
latent transforming growth factor B binding proteins,
fibulins, emilins, proteoglycans, and lysyl oxidase.? Elas-
tic fibers are crucial in tissue homeostasis, but are not
readily replaced when damaged.>* This seriously ham-
pers tissue regeneration, for example, in the case of skin
injury, and could be due to difficulties in recapitulatingthe
complex spatiotemporal expression patterns of proteins
such as tropoelastin, lysyl oxidase, and fibrillins.>~’

Evidence exists that the biological behavior of cells to-
ward proteins organized in fibrillar form differs from that
toward single proteins, for example, collagen, where fib-
rillar and monomeric collagen give different responses.?
This possibly also holds for elastin.>!° Elastin in fibrous
form is not identical to its monomer, because of the for-
mation of specific cross-links in (iso)desmosines. Cell bi-
ological studies of the effect of elastin in its native con-
formation, as a fiber, have been hampered by a lack of
efficient isolation methodology. Current methods, such
as treatment with 0.1 M NaOH at 95°C or autoclaving,
are not able to adequately remove extracellular matrix
components, such as collagen and microfibrillar compo-
nents, and result in partial degradation of the elastic
fiber.!12 Tt is therefore impossible to study the cellular
effect of elastin fibers per se.

We have previously presented a purification protocol
for insoluble elastin.'3 Although this protocol resulted in
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a highly purified elastin preparation, additional experi-
ments showed that this method was not adequate to ob-
tain intact fibers. Therefore, we adapted several steps in
this purification procedure to develop a novel method to
obtain both highly purified and intact fibrillar elastin. We
introduce the term “elastin fiber” to indicate an elastic
fiber in which the only component is elastin and show
that the biological response to elastin preparations de-
pends on the integrity and purity of the fiber.

MATERIALS AND METHODS

Elastin purification

Equine ligamentum nuchae was used as a source of in-
soluble elastin. Elastic ligament was pulverized under lig-
uid nitrogen conditions, using a Pulverisette 19 with a
I-mm sieve. Three purification procedures were com-
pared (Fig. 1).

Procedure A. Procedure A is a traditional method
based on treatment with 0.1 M NaOH at 95°C for 45
min.'! This procedure makes use of three 24-h extrac-
tions, each with 10 vol (10 mL/g wet weight tissue) of 1
M NaCl at 4°C. After each extraction step insoluble ma-
terial was recovered by centrifugation at 13,000 X g, at
4°C for 20 min. After the last extraction step, the pellet
was washed with demineralized water, and defatted with
30 vol of acetone (three times, 1 h each). The material
was dried in a desiccator, subsequently suspended in 30
vol of 0.1 M NaOH, and heated at 95°C for 45 min. The

Procedure A Procedure B Procedure C

NaCl extractions NaCl extractions NaCl extractions

f ! !

acetone various various
extractions organic solvents organic solvents
extractions extractions
NaOH treatment | |
CNBr treatment CNBr treatment
f
guanidine-HCI + urea +
2-mercaptoethanol 2-mercaptoethanol
extractions extractions
{ f
collagenase trypsin digestion
digestion
NaCl extractions
trypsin digestion
NaCl extractions
FIG. 1. Outline of the procedures used to isolate elastin from

equine ligamentum nuchae.
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suspension was cooled, washed with demineralized wa-
ter, and stored at —80°C.

Procedure B. Procedure B is adapted from Daamen et
al.'3 and John and Thomas'4 and results in a highly pu-
rified elastin preparation in which the fibers, however,
are greatly affected. The procedure consists of different
extraction steps and digestions with enzymes. Pulverized
ligament was extracted three times overnight with 10 vol
of 1 M NaCl containing 0.02% (w/v) NaN3 at 4°C. Af-
ter each extraction step, insoluble material was recovered
by centrifugation at 13,000 X g, at 4°C for 20 min,
washed with demineralized water, and resuspended in 10
vol of ethanol for 90 min. The mixture was then filtered
through a paper funnel and resuspended in 10 vol of chlo-
roform—methanol (2:1) for 90 min. The mixture was fil-
tered again through a paper funnel and resuspended in 10
vol of acetone for 30 min, and the same procedure was
repeated with 10 vol of ether. The insoluble material was
dried in a desiccator. The dried powder was incubated in
15 vol of 97% formic acid, and cyanogen bromide was
added to a final concentration of 1% and left to react for
24 h under nonoxidizing conditions. The mixture was
then diluted with 45 vol of demineralized water, filtered,
and washed with demineralized water until pH 6 was
reached. After washing, the pellet was extracted three
times (24 h each) with 0.5 M Tris-HCI, containing 5 M
guanidium chloride, 1 M 2-mercaptoethanol, and 0.02%
(w/v) NaNj (pH 6.8). After the last extraction step the
material was washed with demineralized water and in-
cubated for 48 h at 37°C with 1000 U of collagenase per
gram of substrate in 10 vol of 0.2 M Tris-HCI (pH 7.4)
containing 0.05 M CaCl, and 0.02% NaNjs; after 24 h an-
other 500 U of collagenase per gram was added. The
preparation was washed with demineralized water and
between each washing step recovered by centrifugation
at 13,000 X g for 20 min. After the last wash the pellet
was resuspended in 10 vol of 0.1 M NH4HCOj; (pH 8.2)
containing 0.02% (w/v) NaNj3, and 10,000 U of trypsin
for 4 h at 37°C. The pellet was washed with demineral-
ized water, followed by three overnight extractions with
10 vol of 1 M NaCl containing 0.02% (w/v) NaN3, and
washed again with demineralized water. The end prod-
uct was stored at —80°C. Collagenase and trypsin were
from Sigma (St. Louis, MO).

Procedure C. In the optimized procedure (procedure
C; see Fig. 1), procedure B was adapted. A number of
parameters was varied (see Results, below) including the
nature of the chaotropic agent, the presence of CNBr, the
nature of the reducing agent, the presence of trypsin, and
the presence, concentration, and duration of collagenase
digestion. In the final procedure, 5 M guanidine-HCI was
replaced by 4 M urea and the collagenase digestion was
omitted.
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Sodium dodecyl sulfate polyacrylamide gel and analyzed on a 10% (w/v) polyacrylamide gel. This

electrophoresis (SDS-PAGE) method is particularly useful for analyzing purity because

contaminants and elastin degradation products, but not fib-

Elastin preparations were incubated at 95°C for 10 min rillar elastin, will penetrate the gel. Proteins were visualized
under reducing conditions (5% [v/v] 2-mercaptoethanol) by silver staining, using a 0.1% (w/v) AgNO; solution.

A ST

FIG. 2. Transmission (A, C, E, and G) and scanning electron micrographs (B, D, F, and H) of equine ligamentum nuchae (A,
and B) and of elastin purified according to procedure A (C, and D), procedure B (E, and F), and procedure C (G, and H). In-
sert in (E) shows SiO; attached to an elastin fiber. Note the disruption of fibers when using procedures A and B, and the smooth,

regular appearance of fibers when using procedure C. E, elastin; C, collagen fibrils; arrows indicate microfibrillar remnants; ar-
rowheads indicate holes in the fibers. Scale bars: 1 um in TEM micrographs and 10 wm in SEM micrographs.
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Amino acid analysis

Elastin samples were hydrolyzed under vacuum over
NaOH pellets with 6 M HCI for 22 h at 110°C, dried
under vacuum, and dissolved in 10 mM HCI. Hydro-
lyzed samples were first deproteinized by addition of
an 18.8% (w/v) 5-sulfosalicylic acid solution (Fluka
Chemie, Buchs, Switzerland), containing norleucine
(Sigma) as an internal standard. Separation of amino
acids was obtained by ion-exchange column chro-
matography on a Biochrom 20 amino acid analyzer
(Amersham Biosciences/GE Healthcare, Piscataway,
NIJ), using lithium buffers of increasing pH.

Immunohistochemistry

Immunofluorescence microscopy was used to study the
presence of elastin, type I collagen, and fibrillin in the
elastin preparations. Elastin preparations were suspended
in demineralized water and frozen in liquid nitrogen. Lig-
amentum nuchae was frozen directly in liquid nitrogen.
Cryosections of frozen preparations were mounted onto
glass slides. After blocking with 1% (w/v) bovine serum
albumin (BSA) in phosphate-buffered saline (PBS), sec-
tions were incubated with mouse anti-bovine elastin IgG
(diluted 1:1000; Sigma), rabbit anti-bovine type I colla-
gen IgG (diluted 1:100, Chemicon International, Temec-
ula, CA), and mouse anti-bovine fibrillin IgG (diluted
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1:50; Chemicon International) for 90 min and washed
with PBS, followed by a 1-h incubation with Alexa la-
beled secondary antibodies (diluted 1:100; Molecular
Probes, Eugene, OR). All antibodies were diluted in PBS
containing 1% (w/v) BSA. Sections were washed and
mounted in Mowiol.

Transmission electron microscopy (TEM)

Elastin preparations were embedded in 1.5% (w/v)
agarose, fixed in 2% (v/v) glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4), postfixed with 1% (w/v) os-
mium tetroxide, dehydrated in an ascending series of
ethanols, and embedded in Epon 812. Ultrathin sections
(60 nm) were picked up on Formvar-coated grids, post-
stained with lead citrate and uranyl acetate, and exam-
ined in a 1010 electron microscope (JEOL, Tokyo,
Japan).

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to
study the intactness of the elastin fibers. Lyophilized
elastin preparations were mounted on stubs and sputtered
with an ultrathin layer of gold in a Polaron E5100 SEM
coating system (Quorum Technologies, Newhaven, UK).
Specimens were studied with a JEOL JSM-6310 SEM
apparatus operating at 15 kV.

FIG. 3. Scanning electron micrographs of partly purified elastin after each purification step of method B (see Fig. 1 for se-
quential steps): (A) after NaCl extraction, (B) after extraction with organic solvents, (C) after CNBr in formic acid step, (D) af-
ter guanidium chloride/2-mercaptoethanol extractions, (E) after collagenase digestions, (F) after trypsin digestion. For example,
elastin in (C) was isolated by NaCl extraction, organic solvent steps, and guanidium chloride/2-mercaptoethanol extractions.
(E) shows an enlargement of affected fibers. Note that elastin fibers are damaged after collagenase digestion. Scale bars: 10 wm.
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Subcutaneous implantation

National Institutes of Health (NIH, Bethesda, MD)
guidelines for the care and use of laboratory animals (NIH
publication 85-23 Rev. 1985) were observed. The study
was approved by the Ethics Committee of the University
of Nijmegen (Nijmegen, The Netherlands). Sprague-
Dawley rats (male, 21 days old) were purchased from
Harlan (Zeist, The Netherlands). The animals were fed a
pelleted diet (RMH-B, 10 mm; Hope Farms, Woerden,
The Netherlands) and water ad libitum. Scaffolds com-
posed of 50% purified collagen fibrils'> and 50% elastin
fibers (isolated according to procedures A, B, and C) were
washed in 70% (v/v) ethanol (four times, 30 min each)
and in sterile phosphate-buffered saline (pH 7.2) (eight
times, 30 min each) at 22°C. Rats were anesthetized with
isoflurane. After disinfection, subcutaneous pockets were
made to the right and left of two midline incisions on the
back. Punches (diameter, 6 mm; thickness, 6 mm) of the
scaffolds were implanted in the pockets at a distance of
about 1 cm from the incisions (four implants per rat). For
each scaffold two rats received two punches of the same
scaffold. Implants with surrounding tissue were harvested
after 3 days, fixed in 4% (v/v) formaldehyde in phos-
phate buffer (pH 7.2) for 24 h at 4°C, and embedded in
paraffin. Sections of 5 wm were mounted onto glass
slides, dewaxed in xylol, hydrated through a graded se-
ries of ethanol, and hematoxylin—eosin stained.'®
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RESULTS AND DISCUSSION

The general strategy in isolating elastin is to re-
move/degrade all other biomolecules. Initially the tissue
is rinsed with NaCl-containing solutions to remove salt-
soluble proteins, and with organic solvents to remove
lipid-containing molecules. Traditional methods (as ex-
emplified by method A; Fig. 1) then solubilize remain-
ing proteins by partial hydrolysis, using harsh methods
such as NaOH treatment at high temperature. Elastin is
largely resistant to these treatments. Alternative methods
(as exemplified by method B; Fig. 1) rely on further
washings with chaotropic salts (guanidine-HCI), and
cleavage of proteins by CNBr treatment (cleaves at the
site of methionine residues present in virtually all pro-
teins, but not elastin) and/or proteases (e.g., collagenase
and trypsin). The methods used so far, however, result in
either contaminated and/or disrupted elastin fibers. In this
study we developed a novel isolation protocol, based on
method B (Fig. 1), which resulted in purified and intact
elastin fibers. A number of different analytical techniques
including sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), amino acid analysis, im-
munofluorescence microscopy, and transmission and
scanning electron microscopy were used to study purity
and intactness. The advantages and disadvantages of each
of these techniques have been discussed.!3
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In ligamentum nuchae (the source of elastin fibers),
elastic fibers are surrounded by collagen fibrils and other
(extra)cellular components, and contain microfibrils at
the periphery and within the fibers. The elastic fibers are
present as bundles and are connected by collagen (Fig.
2A and B). EM showed that elastic fibers purified by con-
ventional procedures, such as procedure A, still contained
microfibrillar remnants and that they were partially dam-
aged (Fig. 2C and D). SDS-PAGE of elastin purified by
method A gave a smear of high molecular mass impuri-
ties on a silver-stained gel (elastin fibers are too large to
enter the gel), whereas method B resulted in an empty
lane (results not shown). Method B resulted in highly pu-
rified elastin, but the intactness of the fibers was severely
comprised as indicated by EM analysis (Fig. 2E and F).
We therefore adapted this method to obtain purified as
well as intact elastin fibrils.

A number of parameters was varied. Omission of the
CNBr step resulted in damaged as well as impure fibers.
Replacement of 2-mercaptoethanol with dithiothreitol
(DTT) did result in pure elastin, but the fibers were dam-
aged. Omission of both the collagenase and trypsin en-
zyme digestions led to intact, but impure, fibers. Omis-
sion only of trypsin resulted in pure, but damaged, fibrils.
SEM analysis of elastic fibers after various extraction
steps indeed indicated that the collagenase treatment led
to destruction of the fibers (Fig. 3, compare Fig. 3D with
Fig. 3E). The collagenase preparation used may contain
other proteases (according to the manufacturer’s data
sheet), possibly elastase. Reduction of the amount of col-
lagenase and/or time of digestion, however, still resulted
in damaged fibers. We therefore omitted the collagenase
treatment. To evaluate whether collagen was still re-
moved, immunofluorescence and TEM were applied. No
collagen fibrils and no immunoreactivity with anti-colla-
gen antibodies were detected (Fig. 4 and Fig. 2G). Elastin
purified according to method C did not show im-
munoreactivity with anti-fibrillin antibodies (results
not shown). Immunostaining for elastin, however, was
highly positive. Collagen fibrils were largely removed
by chaotropic salt/mercaptoethanol/CNBr treatments.
Trypsin was necessary for the removal of remnants of
microfibrillar components, and although, in principle,
trypsin is able to digest elastin (it cleaves near lysine and
arginine residues, which are present in elastin), results
showed that with a 4-h digestion the elastin fibers re-
mained intact (Fig. 2H). Using transmission electron mi-
croscopy (TEM), it was noticed that an electron-dense
precipitate was present (see inset, Fig. 2E). This could be
attributed to the guanidine-HCI step. Guanidine-HCl
sometimes contains an anticaking agent (SiO,) that sticks
to elastin fibers and can not be removed. Omission of
guanidine-HCI, however, did not result in a pure elastin
preparation and therefore it was replaced by urea, another
chaotropic agent, which gave satisfactory results. Taken
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together, the omission of collagenase and the replacement
of guanidine-HCl by urea (procedure C) resulted in
highly purified, intact elastin fibers (Fig. 2G and H).
SDS-PAGE, immunofluorescence, and transmission
electron microscopy gave similar results for elastin iso-
lated by methods B and C, indicating that method C re-
sults in highly purified elastin. However, amino acid anal-
ysis of elastin purified by methods B and C gave slightly
different findings (Table 1). For elastin purified accord-
ing to method C, frequently occurring amino acid
residues such as glycine, proline, and valine appeared at
levels resembling the theoretical amino acid composition
of bovine elastin more closely than elastin isolated by
method B (equine cDNA was not available). Because
method C also resulted in intact elastin fibers, this may
indicate that these elastin molecules are less prone to pro-
teolysis compared with method B elastin. This may be
crucial for correct cell adhesion, for instance, mediated
by integrin a3 which binds to the C-terminal end of

TABLE 1. AmINO Acib COMPOSITION OF ELASTIN
PuririeEp By METHODS B AND C?

Theory® Method B Method C
Ala 211 221 £ 9 241 = 10
Arg 7 6*1 8§ =2
Asx 4 5+0 4+ 1
Cys 3 3+0 3+0
Glx 14 19 =1 22 +2
Gly 319 235 £ 11 289 + 14
His 0 0*+0 0+0
Hyl 0*+0 0+0
Hyp 7x2 61
Ile 25 20 = 1 22 +8
Leu 60 72+ 3 51 =12
Lys 53 7*1 5+2
Met 0*+0 0+0
Phe 29 35+2 34 +5
Pro 119 147 = 4 129 =+ 4
Ser 10 8§ =1 7*x3
Thr 11 15+1 16 = 2
Trp 0 0*x0 0x0
Tyr 10 25 + 1 12+ 4
Val 126 174 £ 6 150 = 12
Des 0.5 = 0.0 0.6 = 0.1
Ide 0.5 0.0 0.5 0.0

#Values represent means * standard deviation (n = 3), ex-
pressed per 1000 amino acid residues and are not corrected for
losses during hydrolysis. Des, desmosine; Ide, isodesmosine.
Amino acid composition of elastin purified according to method
B are from method 3c.'3

"The amino acid composition of bovine elastin was theoreti-
cally calculated from the cDNA of tropoelastin. Posttransla-
tional modifications and alternative splicings are therefore not
taken into account.>*2>
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FIG. 5. Scanning electron micrographs of cross-sectioned elastin fibers purified according to procedure C. Elastin is distrib-
uted throughout the whole fiber, and no holes are present. Scael bars: (A) 10 um; (B) 5 um.

elastin.!” Figure 5 shows that elastin was present homo-
geneously in elastin fibers purified according to method
C. Yields for the different purification procedures (A, B,
and C) were similar and were, on a dry weight basis, 21,
20, and 22% respectively, of the original ligament.

The cellular response toward elastin preparations made
by procedure A, B, or C was clearly different (Fig. 6).
On implantation of impure, partially affected elastin (pro-
cedure A), many cells (including macrophages, fibro-
blasts, and neutrophils) infiltrated the scaffold. Implan-
tation of pure, but severely affected, elastin (procedure
B) gave rise to the influx of large amounts of neutrophils.
However, pure and intact fibers (procedure C) resulted
in only a mild cellular response with few cells infiltrat-
ing the scaffold. Differences in the purity of insoluble
elastin preparations thus gave a distinct cellular response
on implantation. Moreover, these results indicated that
the intactness of elastin fibers exerts a major influence

on cellular response. It has been demonstrated that elastin
degradation is accompanied by an inflammatory re-
sponse, for example, in animal models of elastase-in-
duced emphysema'® and elastase-induced abdominal aor-
tic aneurysms.'%2% Therefore, degraded elastin fibers (as
obtained by method B) likely induce an inflammatory re-
sponse. Also, partly purified elastin (as in method A) con-
tains (degradation products of) microfibrillar components
that may attract neutrophils. Similarly, an impure prepa-
ration of collagen—elastin (a mildly cleansed membrane
of porcine origin composed mainly of collagen [70%] and
elastin) resulted in inflammation, activation of macro-
phages, and angiogenesis.?!

The availability of isolated elastin in its native, fibril-
lar conformation may be important for both fundamental
and applied research. For cell biological studies of elastin
it is now possible to study the effect of mature extracel-
lular elastin in fibrous form, without introducing artifacts

Method A: Method B: Method C:
partially purified elastin fibres purified, but degraded elastin fibres purified and intact elastin fibres
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FIG. 6. Light microscopy overview of the cellular response to scaffolds 3 days after subcutaneous implantation in Sprague-
Dawley rats. Scaffolds composed of elastin and collagen (1:1) were used. (A—C) elastin prepared according to procedure A, B,
and C, respectively. Note that few cells were found on implantation of pure intact elastin fibers (procedure C), whereas many
cells were present when using other elastin preparations. Sections were stained with H&E. Scale bar: 10 um.
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to the system caused by affected fibers and/or impurities.
It is also possible to test whether conflicting data, for ex-
ample, concerning to the specificity of matrix metallo-
proteinases,?? are due to impurities still present within or
associated with the elastic fiber. In applied research, for
example, concerning the use of elastin in biomaterials
and tissue engineering, purified intact fibers may be use-
ful when preparing defined bioscaffolds from scratch,??
thus avoiding unwanted immunological reactions to con-
taminations, and allowing studies of the body’s response
to a single component, elastin.

In summary, we have developed a purification method
that results in highly purified, intact fibers of elastin. We
called these fibers “elastin fibers” as opposed to elastic
fibers.
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