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Abstract

Methods for isolating elastin from fat, collagen, and muscle, commonly used in the design of
artificial elastin based biomaterials, rely on exposing tissue to harsh pH levels and temperatures
that usually denature many proteins. At present, a quantitative measurement of the modifications
to elastin following isolation from other extracellular matrix constituents has not been reported.
Using magic angle spinning 13C NMR spectroscopy and relaxation methodologies, we have
measured the modification in structure and dynamics following three known purification
protocols. Our experimental data reveal that the 13C spectra of the hydrated samples appear
remarkably similar across the various purification methods. Subtle differences in the half
maximum widths were observed in the backbone carbonyl suggesting possible structural
heterogeneity across the different methods of purification. Additionally, small differences in the
relative signal intensities were observed between purified samples. Lyophilizing the samples
results in a reduction of backbone motion and reveals additional differences across the purification
methods studied. These differences were most notable in the alanine motifs indicating possible
changes in cross-linking or structural rigidity. The measured correlation times of glycine and
proline moieties are observed to also vary considerably across the different purification methods,
which may be related to peptide bond cleavage. Lastly, the relative concentration of desmosine
cross-links in the samples quantified by MALDI mass spectrometry is reported.
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Introduction

Elastin, the principle protein component of the elastic fiber found in vertebrate tissues, is a
biopolymer that exhibits remarkable mechanical characteristics. Numerous examples of
imbalance or degradation of elastin are associated to pathological disorders, such as aortic
stenosis and Williams syndrome, in which the elastin gene is mutated? or cutis laxa, in
which connective tissues have shown a disruption of elastin?. The interplay between elastin
degradation and disease3, in addition to efforts to design elastin-based biomaterials*®, has
for a long time been the stimulus of studies to understand the structure and source of
elasticity of this biopolymer. For example, many efforts to design artificial skin rely on
elastin as a mechanical scaffold®. Obtaining detailed structural information of this protein
has posed a challenge, as elastin does not crystallize and is largely insoluble making X-ray
and solution state NMR methods inapplicable. Tropoelastin, the soluble precursor of elastin,
is a 60-70kDa monomer which is composed of hydrophobic domains rich in alaning,
glycine, proline and valine, and cross-linking domains comprised of desmosine or
isodesmosine’ 8. Together with fibrillin-microfibrils, elastin comprises the elastic fiber and
contributes to the elastomeric characteristics and longevity of many tissues in vertebrates.

The elasticity of elastin is currently believed to be driven by an entropic force that is
mediated by conformational and/or dynamical changes®. Early models described elastin as a
two phase system, composed of globular molecules that carry hydrophobic groups packed in
the interior and hydrophilic groups on the surfacel®. Andersen et al. suggested the existence
of both hydrophobic and hydrophilic groups on the surface of the macromolecule, adding an
additional view to the interpretation of the entropic force that drives elasticitylL. In
particular, the underlying physics behind the entropic force is related to oscillations of the
protein backbone but also the interactions between the hydrophobic domains and solvent
molecules at the surface. The latter has been studied by Torchia and coworkers where
experiments were carried out on purified 13C labeled elastin using nuclear magnetic
resonance. Their measured relaxation times, line widths and correlation times showed that
under physiological conditions all valine residues undergo rapid motion; on the other hand
alanine and lysine residues exhibited both slow and fast motions!2. Investigations by
Partridge et. al. revealed that certain treatments of elastin may result in a product soluble in
water that consists of two components with rather different physical characteristics!3.
Partridge also suggested that elastin may be composed of molecules in tetrahedral
packingl4. On the other hand, in earlier work, Ramachandran suggested a triple helical
model for elastin similar to that of collagen®®.

More recently, studies have aimed to further understand the source of elasticity in elastin by
considering short repeating peptides comprising tropoelastin. For example the repeating
motif (VPGVG), has been given much attention; in human elastin this pentapeptide repeats
nine times!®. Urry and coworkers studied this polypeptide extensively and proposed a
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simple model, termed the librational entropy mechanism, for the elasticity of elastinl’.
According to this model elastin is composed of consecutive type Il fturns that make up an
‘idealized f#-spiral’ and assuming fixed ends, the conformation of the macromolecule allows
for librational motion. Upon mechanical deformation the libration of the peptide results in a
change in entropy giving rise to an entropic force that mediates the elastic character.
Tamburro et al. suggested an alternate model, referred to as the sliding f-turn, consisting of
mobile conformations18, In this model the conformation of the polypeptide changes under
deformation and results in reduction of entropy which gives rise to elastimicrofibrillarcity.
An intriguing characteristic of the pentapeptide (VPGVG), is that it undergoes coacervation
(also termed the inverse temperature transition) over the temperature range of 20°C and
40°C, similar to elastin®19-21, In practice, the inverse temperature transition may be
experimentally controlled by the length or arrangement of the repeating motif2223 and salt
concentration24-26, The biomechanically tunable characteristics of elastin-like peptides of
VPGVG motifs has led to many intriguing applications, including drug delivery?7:28,

A well known characteristic of elastin is that its mechanical characteristics appear to be
strongly related to the degree of hydration?? and the polarity of the solvent39:31, Dehydrated
elastin exhibits brittle characteristics and many experimental efforts have focused on giving
insight into the source of this behavior. The notion that the polymer backbone, not the
solvent, must bear the entropic force arising in mechanically strained elastin was argued in a
classic work by Hoeve and Flory32. Molecular dynamics simulations have been used to
study the entropic contribution of localized water33 or exposed hydrophobic groups by
modeling short pentapeptides undergoing extension34. Experiments on hydrated bovine
elastin under mechanical deformation have recently provided a direct measurement of
dynamical changes of localized water and the protein backbone and have confirmed that the
protein backbone reduces in entropy upon extension giving rise to a restoring entropic
force®.

A distinguishing feature of elastin is its resistance to high temperature and pH that usually
denature many proteins. Various purification schemes take advantage of these characteristics
by heating the tissue in order to purify it from collagen, fat and smooth muscle. A detailed
comparison of the purity of the products resulting from five purification schemes has been
recently documented by Daamen et al. using amino acid analysis, sulphydryl quantification,
and transmission electron microscopy36. Their results showed that the purification methods
may also result in a product that includes traces of the microfibrillar component of the
elastic fiber. The present work reports on the structural and dynamical modifications of
elastin upon purification using high field 13C solid state NMR methodology. Both hydrated
and lyophilized elastin samples were studied using techniques that allow for the
determination of the structural features in addition to dynamical characteristics measured
over the time scale of microseconds to milliseconds. Remarkably, the overall structural
features revealed upon purification do not seem to vary significantly between samples,
however, the purification methods we studied appear to slightly affect the dynamics and the
heterogeneity of structures revealed on the NMR time scale. The process of lyophilization
quenches the proteins’ dynamics and the different purification schemes appear to add an
additional contribution to this change. In particular, proline rich moieties appear more rigid
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after purifying the tissue whereas alanine moieties are more mobile. Lastly, based on our
measured correlation times, the dynamics of the glycine and proline rich motifs across the
samples were observed to vary slightly across the samples studied.

Materials and Methods

Sample Preparation

Both purified and unpurified bovine nuchal ligament elastin samples were purchased from
Elastin Products Company, LLC (Owensville, MO). Elastin Products Company, LLC
purified the tissue using the following three methods which are summarized in reference3’.

Sample 1: Autoclaving3®—The tissue was washed and autoclaved in 20 volumes of
distilled water for 45 minutes at atmospheric pressure. This procedure is repeated
sequentially until the sample contains no further protein trace.

Sample 2: Hot alkali3®—Minced tissue was suspended in 0.1 N NaOH and mixed. The
product is placed in boiling water for 45 minutes and stirred. The sample was the stored at
room temperature and washed with cold 0.1N NaOH followed by centrifugation.

Sample 3: Starcher method*°—0.05 M Na,HPO, at 7.6 pH, 1% NaCl, 0.1%EDTA was
used as a buffer to extract the tissue. The purification begins with suspending the tissue in
the buffer for 72h. The product is washed twice with distilled water and lyophilzed. 200mg
of the lyophilized product was suspended in 30ml of water and autoclaved for 45min at
25psi. The next step includes centrifugation and washing the tissue. The product is
suspended in 30ml of 0.1M Tris buffer at a pH of 8.2, that contains 0.02 M CaCl, and
incubated with 4mg of trypsin at 37°C for 18h. The sample is centrifuged and the residue is
washed and suspended in 10ml of 97% of formic acid. Cyanogen bromide (200mg) is added
and the suspension shaken under a hood at room temperature for 5h. The sample is then
centrifuged and the residue is washed twice with water and resuspended in 30ml of 0.05 M
Tris buffer at a pH of 8.0 which contains 6 M urea and f-mercaptoethanol (0.5% v/v). The
suspension is stirred overnight at room temperature, centrifuged, washed successively with
the three washes each of ethanol and acetone, and dried in vacuum over P,Os.

The unpurified bovine nuchal ligament elastin sample was cleared of muscle and fat and
dried by Elastin Products Company, LLC. All samples arrived having an average mesh size
of 90um (Samples 1 to 3) and 465um (Unpurified) and were lyophilized for 72 hours.
Experiments on hydrated samples were prepared as follows: the samples were suspended in
distilled water for 48 hours and then centrifuged for 3 minutes to remove bulk water for
packing into the NMR rotor. The water to protein concentration of all samples was
determined to be approximately 40% by volume. Standard amino acid analysis was
performed by J. Myron Crawford’s group at the W.M. Keck Biotechnology Resource
Laboratory at Yale University using a Hitachi L8900 analyzer. Amino acid analysis on
unpurified elastin was performed by New England Peptide (Cambridge, MA) using the same
instrumentation.
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Quantification of desmosine concentration

Elastin hydrolysis

2.1-2.2 mg of each sample was placed in 300pL of 6N HCL and 1pL of 0.5% w/w phenol
solution in sealed glass tubes and flushed with argon gas. The samples were incubated at
110 °C for 96 hours. After incubation the solvent was frozen under liquid nitrogen and then
lyophilized for 6-8 hours. The sample was then re-suspended in 50uL of solution of 95.5%
0.14M sodium acetate, 0.5% triethylamine, 5% acetonitrile (v/v/v) at a pH of 7.5.

Quantification with labeled desmosine

Resuspended samples were mixed in 1 : 1 (v/v) ratios with standard d4-desmosine (Toronto
Research Chemicals, Toronto, Canada) at a final concentration of 0.250 mg/mL. The mass

spectrometric peak intensity ratio in MS2 mode of desmosine to d4-desmosine was used to

quantify the relative amount of desmosine in each sample.

MALDI-MS guantitative analysis

MALDI-MS? experiments were performed using a Thermo LTQ XL ion trap mass
spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a vacuum MALDI
source. a-Cyano-4-hydroxycinnamic acid (CHCA) was purchased from Sigma-Aldrich (St.
Louis, Missouri, USA) and used without additional purification. Solid CHCA was then
mixed with a solution of 0.1% trifluoroacetic acid, 70% acetonitrile and 29.9% HPLC grade
water until saturated, and used as a matrix solution. 1L of the sample was added to 10 pL of
solution containing standard desmosine and CHCA matrix solution. The solution of CHCA
matrix and standard was prepared in the ratio 1:9 (1pL standard in 9uL of CHCA matrix).
Finally, the solution was stirred and 1uL of the solution was spotted on the MALDI plate
and allowed to dry prior to mass spectrometric analysis.

MALDI-MS? analysis was conducted using a laser energy of 2.6 pJ, for 150 scans with the
AGC set to 10, 000 ions. Precursor ions of unlabeled desmosine (m/z 526.3) and d,4 labeled
desmosine standard (m/z 530.3) were selected in a single isolation window (m/z 529 + 6),
and fragmented with a normalized collision energy = 35, activation Q = 0.25, activation time
=30 ms. The most intense product ions, at 397 m/z for unlabeled desmosine and 401 m/z for
d4-desmosine, were used for relative quantification.

NMR experimental parameters

All the experiments were performed on a Bruker 750MHz system externally referenced to
adamantane (TMS scale). The temperature in all experiments was set to regulated to within
+0.5°C. The three pulse sequences used in the experiments are shown in Figure S1 in the
supporting material. In all experiments proton TPPM decoupling was implemented at
100kHz41, The 13C 772 pulse was 5ps and the rotor spinning frequency was 10 kHz + 5Hz.
The sample temperature at 10kHz magic angle spinning was measured with lead nitrate and
offset to account for additional heating effects. In the cross polarization experiments the
contact time was set to 3ms and the recycle delay was set to 3s. For the T, o experiments the
two spin locking fields used were 50kHz and 25kHz and the spin lock time interval was
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incremented from 50pus to 10ms. In the Tlp experiments a 7 pulse was used to eliminate ring
down effects. The sample was packed in a 3.2mm rotor and sealed using compression style
caps that prevented water loss. The extent of water loss throughout all the studies on the
hydrated samples was measured to be less than 1%. The 37°C spectra were acquired by
accumulating 10k scans and the 75°C temperature spectra were acquired by accumulating
28Kk scans. Gaussian multiplication with a broadening factor of 30Hz was used and the
analysis was performed using MATLAB and matNMR*2. The dwell time in all the
experiments was 8.8us and total number of points acquired was 17Kk.

Results and Discussion

Amino acid and MALDI mass spectrometry studies of elastin

Amino acid analysis was performed on all the samples in order to analyze their purity. For

each sample 0.8.L of HCI was used for hydrolysis in vacuum at 110°C for 48h. After drying
off the acid, each galiquot was dissolved and serially diluted to load onto the amino acid
analyzer. Table 1 highlights the results of the amino acid analysis. The results show that
elastin is largely composed of glycine, proline, alanine and valine; more than 84% of the
residues in a single molecule belong to these four amino acids. Additionally, in less
concentration, these measurements reveal that elastin also contains isoleucine, leucine,
phenylalanine, and glutamine. Additional traces of amino acids appearing in unpurified
bovine ligament elastin, such as histidine, may be evidence of either residual collagen or
smooth muscle. Note that the presence of these amino acids also skews the percentage
contribution of other tabulated values. Our findings for purified samples are in agreement
with the theoretical values computed from the cDNA of tropoelastin®3 and with work
reported elsewhere3’.

To compare these three purification methods for tissue samples, MS/MS experiments were
performed to quantify the amount of desmosine in the samples treated with and without the
purification steps. The internal standard, d4-desmosine, was added prior to the MS/MS
experiments where the precursor ions for desmosine and d4-desmosine were fragmented into
their product ions (m/z 397 and 401, respectively), shown in Figure 1. In addition, Table 1
includes the relative concentration of desmosine in each sample studied in this work. The
numbers reported are shown as the ratio of desmosine to d4-desmosine, normalized to the
unpurified sample. Note that this metric is thus sensitive to traces of residual fat and
collagen. The results of Table 1 indicate that the relative desmosine concentration in the
samples are very similar, with similar overlap in error bars; sample 2 (hot alkali protocol)
appears to have slightly higher desmosine concentration with respect to all the other
samples. The small differences between sample 2 and all the other samples may be
attributed to traces of fat and collagen, or differences in the extent of cross-linking across the
samples. As the starting tissue was the same in all three isolation schemes, the amount of
cross-linking is presumably similar. Thus, these results would indicate that sample 2 may
contains slightly less residual fat and collagen compared to the other isolation schemes
studied. However, this protocol is known to cause significant peptide-bond cleavage?’,
which we discuss later in the manuscript.
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Dynamical and structural characteristics of hydrated elastin

Magic angle spinning 13C-NMR was used to investigate the structural modifications of
elastin following purification. Two standard pulse sequences were used in the experiments; a
direct polarization experiment which allows for the observation of both highly mobile and
restricted spins and a cross polarization experiment which allows for the transfer of
magnetization from protons to carbon spins via the carbon-proton dipole-dipole interaction.
A signal resulting from cross-polarization implies a non-zero dipolar interaction between

a 13C nucleus and H nuclei. Fast isotropic motion, however, results in suppression of the
heteronuclear dipolar interaction, whereas slow or anisotropic motion would allow for
magnetization to transfer between 13C and 1H nuclear spin baths#4.

Figure 2 highlights the direct polarization (DP) and cross polarization (CP) 13C NMR
spectra of hydrated bovine nuchal ligament elastin purified by the autoclaving method at
37°C. When completely hydrated, elastin is known to exhibit high mobility resulting in a
low 1H-13C cross polarization signal, as noted elsewhere#>46. A detailed discussion of the
chemical shift and secondary structure assignments is provided in the supporting material,
and summarized in Table 2.

Structural and dynamical differences across purified elastins

Subtle differences were observed in the 13C NMR spectra acquired at 37°C of hydrated
elastin purified by the three methods. Figture 3.a shows the direct polarization spectra of the
three purified samples and the unpurified bovine nuchal ligament. The resolution of the
direct polarization spectra is approximately 1-3ppm and within our experimental uncertainty
the spectra appear remarkably similar in terms of the chemical shifts and relative signal
intensities. However, the line width of the backbone carbonyl peak at approximately
172.0ppm seems to vary slightly across the different purification schemes and in comparison
with the unpurified sample. Specifically, the backbone carbonyl of the unpurified sample
appears more narrow compared with that of sample 1 indicating structural differences
between the two. Again, as discussed in the Supplementary Materials, there is a signature of
a splitting in the carbonyl peak, but our resolution is not sufficient for a more quantitative
analysis. The signals observed in the aliphatic region of all hydrated samples (Figure 3.a) are
well resolved with no observed differences in terms of the chemical shifts, relative signal
intensities and line widths. It should be noted that an enhanced signal intensity at
approximately 70ppm was observed in the unpurified sample and was assigned to threonine-
Cp

Upon lyophilization of the samples, the dynamics of the ensemble seem to change
dramatically in comparison with the hydrated samples. Dynamical changes between
lyophilized and hydrated elastin were reported previously by Kumashiro and coworkers
where they showed that the temperature and hydration levels seem to affect the underlying
interactions and dynamics*®. Additionally, previous studies on a small elastin peptide
showed a decrease in the relaxation times, T1, with increasing the hydration level of the
protein®4. The hydration dependence is also directly reflected in the 13C NMR spectra
acquired by cross polarizing the carbon spins with the proton bath (Figure 4). One of the key
characteristics of these NMR spectra is the broad lines of approximately 7ppm line width,
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which do not allow for an accurate determination of secondary structure. A second key
observation is that these spectra appear remarkably similar in terms of chemical shifts which
suggests that the structure is not affected upon purification.

In the spectra of the unpurified sample shown in Figure 4, an enhanced signal intensity is
observed at approximately 53.0ppm in comparison with the purified samples. Although the
spectra in Figure 4 are quite broad, this peak was assigned to alanine-C, and according to
the literature the observed chemical shift points to a-helical structure*”:48, In previous NMR
studies of elastin, the chemical shift of the alanine-C_, was observed at approximately
52.0ppm to 53.0ppm but different structures have been reported. Kumashiro et al. reported
that the alanine-C, signal at 53.0ppm was more a-helical which in agreement with our
observation®®. On the other hand, Witterbort et al. reported that the alanine-C_, chemical
shift points to random coil//sheet like structure®®. The signal enhancement of the alanine
motifs in the unpurified sample suggests that the C,, spins experience a more rigid
environment compared with that in the purified elastin and thus cross polarization is more
efficient. Additionally, across the purified samples shown in Figure 4, the signal intensity of
the alanine-C, seems to vary; in sample 2 (hot alkali) the peak is no longer observed.
Therefore, a portion of the alanine-C, carbons seem to become more mobile upon
purification with the alkaline extraction technique. This behavior may be due to peptide-
bond cleavage which occurs with the hot alkali method, as pointed out by R. Mecham?3’.

A more quantitative interpretation of the signal enhancement of the alanine residues in
Figure 4 may be given by the amino acid analysis data and by normalizing the spectra to
account for differences in mass (data not shown). Table 1 shows a higher concentration of
alanine residues in purified elastin of approximately 3.8% compared to unpurified elastin.
As mentioned earlier the presence of histidine, glutamine and arginine might skew the
calculated concentration of alanine in the unpurified sample. While the values tabulated in
table 1 would suggest that the signal intensity of alanine be lower in the unpurified sample
the integral of the peak at 53ppm (corresponding to alanine-C ) of Figure 4D.2 is markedly
larger than that of all purified elastin spectra by approximately 18%. The differences in the
signal intensity of the alanine motifs between the purified and unpurified spectra may be due
to dynamical changes but also due to residual amino acids from smooth muscle or collagen.
For example, the glutamine-C, signal arising from f-strand like motifs have a chemical shift
of (54.95 + 1.59)ppm*’ (TMS) which might contribute to the observed signal in the
unpurified sample. However, this signal enhancement was not evident in the spectra
obtained at 37° or 75° from elastin in the hydrated state (see below). Therefore, a more
likely explanation for the differences in the spectra shown in Figure 4 is that the alanine
motifs in the unpurified sample are structurally more rigid than that of any of the purified
samples, which results in a higher cross polarization enhancement.

Subtle differences in the spectra were observed in the methyl region between 16.0ppm and
22.0ppm. Specifically, the peak at 16.1ppm that was assigned to the isoleucine-C,, seems to
be more resolvable in the unpurified sample in comparison with the purified elastin samples
(Figure 4-D). It should be noted here that previous studies on lyophilized elastin reported
this peak as alanine-C45° or valine-C,, °6, whereas other studies on hydrated elastin appear
to be in agreement with our assignment>L. The resolution enhancement indicates that upon
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purification isoleucine motifs would seem to experience a more mobile environment.
Slightly more in the downfield region, the peaks at approximately 18.0ppm and 24.0ppm
were assigned to alanine/valine and leucine residues respectively. The peak at 29.5ppm
arises from the proline-Czand the small shoulder at roughly 32.0ppm was assigned to the
valine-Cj The glycine-C,, signal was observed at 42.3ppm in all the samples with an
approximate 3ppm line width. The peaks at 47.6ppm and 59.3ppm were assigned to proline-
Csand valine-C,, which is in agreement with previous NMR studies on elastin®6.
Additionally, the small shoulder at approximately 55ppm may be a signature of the leucine-
C,, carbons. According to references*/+48 the C,, of leucine has chemical shift in the region
between 55ppm to 59ppm (TMS) but our spectral resolution does not allow for a reliable
structural assignment.

Figure 3.b shows the direct polarization spectra of the lyophilized samples studied in this
work. The spectra look remarkably similar in terms of chemical shifts, however some subtle
differences should be noted in the signal intensities. The peak at approximately 30.0ppm
was assigned to proline-Cy; however the valine-Cgsignal has almost identical chemical shift
as noted earlier. A larger signal at 30.0ppm was observed before purifying the tissue (Figure
3.b-D4). However, upon purification the relative signal intensity is reduced and the peak is
broader (Figure 3.b-A through Figure 3.b-C). This observation indicates that upon
purification some of the proline-C or valine-C 4 seem to exhibit increased structural
heterogeneity. Additionally, the peak at 22.7ppm was assigned to alanine-Cg which is well
resolved in the purified sample and seems to be suppressed by overlapping peaks upon
purification (Figure 3.b-D4).

High temperature 13C-NMR spectra of hydrated elastin

Previous 13C MAS NMR studies of elastin performed by Wittebort et al. showed that there
is an enhancement in the spectral resolution by performing experiments at 75°C°1. We have
adopted the same approach to investigate structural variations in the purified samples. Figure
5 shows the 13C-NMR spectrum of hydrated bovine ligament elastin purified by the
autoclaving method (Sample 1) at 75°C. One of the key observations is the enhancement of
the resolution with 0.3ppm line width, in both the aliphatic region and the backbone
carbonyl in comparison with the 37°C spectrum (Figure 2). This enhancement allows for a
more accurate chemical shift and structural assignment. Narrower lines may point to higher
structural homogeneity and increased mobility at high temperature. Another important
finding is that within our experimental uncertainty, both 37°C and 75°C spectra appear
remarkably similar in terms of the observed chemical shifts. Experimentally, we found that
the spectra of the purified and unpurified samples appeared identical in terms of chemical
shifts and relative signal intensities; for that reason only one spectrum is shown in Figure 5.

Comparing the 37°C (Fig. 2) and 75°C data (Fig. 5) we observed subtle differences in the
relative signal intensities of the valine-C,,/alanine-Cgsignals (at approximately 18.8ppm),
leucine-Csat 23.5ppm and isoleucine-C, signals (at 16.7ppm). These differences may be
attributed to overlapping peaks in the 37°C spectra.

The backbone carbonyl has characteristic splitting at 171.8ppm and 174.0ppm. The peak at
171.8ppm was assigned to glycine residues in fstrand like structure, which is in agreement
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with previous studies®2; however, glycine residues in random coil motifs appear very close
to the observed chemical shift*’. The peak at 174.0ppm points to glycine in a-helical
secondary structure, proline in random coil and/or f-strand, alanine in g-strand and valine in
random coil and/or #-strand conformations. The small shoulder at approximately 174.7ppm
points to either glycine in a-helical structure, alanine in random coil and/or f-strand, valine
in random coil and/or f-strand and proline in random coil and/or f-strand. Finally, the peak
at 177.9ppm could be evidence of alanine or proline residues in f-strand like structures. In
addition, glycine and valine residues may also contribute to this peak.

In the aliphatic region we observe more #-strand and random coil like structures, similar to
the 37°C spectra. Specifically, starting with the upfield region we observe the isoleucine Cs
and C, at 11.4ppm and 16.0ppm respectively. The peaks at 17.8ppm, 18.5ppm and 19.6ppm
may be alanine and valine motifs in f-strand or random coil structures, which is in
agreement with the observations at 37°C. According to Pometun et al. the alanine-Cat
approximately 19.0ppm points to a random coil structure®l. Additionally, the peaks at
22.1ppm and 23.5ppm were assigned to alanine-Czor leucine-C s respectively. The signal at
22.1ppm would imply an alanine #-strand structure. Proline-C, and valine-Czare observed
at 25.3ppm, 29.9ppm and 30.9ppm; these chemical shifts point to either f-strand, random
coil or a-helical secondary structures.

Isoleucine-C 4 was assigned to the peak at approximately 37.2ppm and this chemical shift
could point to either f-strand, random coil or a-helical structures. The peak at 40.9ppm was
assigned to isoleucine-C4which implies a #-strand secondary structure?’. It should be noted
that at 37°C isoleucine exhibited #-strand and/or random coil conformations. Previous
studies showed that isoleucine rich motifs might be in a more random coil secondary
structure®l. Additionally, leucine-C contributes to the signal at 40.9ppm in either fstrand,
random coil or a-helical structure. The peak at 43.7ppm was assigned to glycine-C,,
however as in the 37°C spectra, no assignment can be made regarding structure. The signals
at 48.7ppm and 50.5ppm correspond to the alanine-C, in random coil and/or f-strand
structures; proline-Csalso contributes to the signal at 50.5ppm. The peak 53.6ppm was
assigned to the alanine-C, and indicates an a-helical conformation in agreement with our
observation at 37°C. In addition, leucine-C,, and phenylalanine-C, contribute to the signal at
53.6ppm in random coil and #-strand structures.

The C,, signals of phenylalanine and isoleucine, two of the low abundance amino acids of
elastin, appear at 57.6ppm and 61.5ppm respectively and indicate either a-helical, random
coil and fstrand structures respectively. The peak at 60.4ppm was assigned to valine-C;
this chemical shift points to #-strand and random coil secondary structure as discussed in the
Supplementary Materials. In addition, proline-C,, in random coil or f-strand conformation
appears to have a chemical shift of 60.4ppm; isoleucine in random coil structure appears to
contribute to this signal. Lastly, the small peak at 70.7ppm was assigned to threonine.

13¢-1H Rotational correlation times

A measurement of the dynamics of the system can be obtained by considering the average
rotational correlation times of the effective carbon-proton internuclear vectors, obtained by
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NMR relaxation methods. Previous studies for describing the molecular motions of elastin
and short elastin peptides included measurements of a single longitudinal relaxation time for
each spectroscopically resolvable moiety2:57, following Solomon’s equations®8. Their
findings indicate that molecular motions of the backbone carbonyl carbons of elastin are in
the ns time scale. However, Urry et al. showed that it is ambiguous to determine the
correlation times from a single relaxation time and that this ambiguity arises from the
degeneracy of 7 with respect to T, due to the shape of the spectral density function (eq.
$6)%9. Large proteins, such as elastin are known to exhibit a distribution of dynamics on
different time scales. The collective dynamical behavior of elastin and small elastin peptides
have been studied by acoustic and dielectric methods that probed frequencies from 0.1 to
100kHz and 0.1 to 100MHz, respectively®60.61 However, these motions are different than
what is studied by 13C NMR, which is sensitive to local 13C-1H nuclei internuclear
fluctuations. The 13C Tlp relaxation time is sensitive to motions spanning the dynamic range
of ps to msb2 and we have provided an overview of the salient equations used in the
Supplementary materials. Without knowledge of the spectral density functions 7 (w) it is not
possible to know how many correlation times govern the relaxation behavior of a

given 13C-1H fluctuation. we have therefore restricted the discussion below under the
assumptions of an average single correlation time derived from two Tlp measurements.

Table 3 summarizes the rotating frame relaxation times Tlp at two different fields and the
correlation times of the spectroscopically resolvable moieties of the hydrated elastin samples
at 37°C (example Tlp relaxation curves of proline-Czare shown in the Supplementary
Materials, Figure S2).

All the measured correlation times appear to be in the ps time scale. The spectral density
function 7.(w) contains the term (w1)? in the denominator which for the rotor frequency is
of the order of ~ 0.05 < 1 (computed by substituting the average correlation time < 7, >=
3.63us from Table 3 and the rotor frequency @ = 27* 104 rad). Therefore the interference of
the molecular dynamics and the sample spinning has negligible effects on R,. Referring to
Table 3, small differences in the correlation times were observed across the samples.
Specifically, the peak at approximately 23.5ppm of sample 2 that was assigned to leucine-C s
appears to experience a more mobile environment in comparison with the other samples.
Additionally, the correlation times of the proline-Czat 31.0ppm seem to vary slightly across
the samples from 2.7us of sample 2 to 5.3us of sample 1, indicating less mobility. The
glycine-C,, however seems to be more rigid in sample 2, with an average correlation time of
8.6ps, compared to sample 3 which has a correlation time of 3.1ps. Based on our correlation
time measurements, the backbone carbonyl of the unpurified sample appears slightly more
mobile in comparison with sample 1 and sample 2.

The correlation times of the alanine-Cj (22.0ppm) of sample 2 seem to be shorter than any
other of the samples by a factor of two. These differences may be due to peptide bond
cleavage which may result from the hot alkali treatment, discussed earlier. The correlation
times of the valine-C, which was observed at approximately 60.4ppm were different
between the unpurified sample and sample 1; the valine-C , appears more rigid in sample 1
as the correlation time is more than eight times larger in comparison with the unpurified
sample. It should be noted here that the correlation times of the valine-C,, of sample 2 and 3
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could not be determined because of relatively large error bars in the Ty 5 measurements.
However, the estimated values are of the order of ps.

We note that the correlation times in hydrated bovine nuchal ligament elastin determined by
a static (i.e. no sample spinning) measurement performed by us,*6 and others'2:57, appear
smaller than the values reported in this study. In our previous work 46 the values reported
were in units of s/cycle and need to be divided by 27 for comparison with the units here (s/
rad). In unstrained nuchal ligament elastin the average aliphatic correlation time measured
was 8.02x1078s and for the carbonyl, measurements on nuchal ligament elastin in unstrained
conditions the average correlation time was 1.29 x1077s.3 In a study by Torchia and
coworkers the 13C NMR spin-lattice relaxation times of unstretched calf ligamentum nuchae
in 0.15M NaCl were also measured without sample spinning. Approximately 80% of the
backbone carbonyl carbons were shown to exhibit a correlation time of approximately 4
x1078s.57 Fleming, Sullivan, and Torchia also reported 13C-1H correlation times of purified
labeled chick aorta, again without sample spinning. Their correlation times ranged from 6 to
15 x1078 s for all the valine labeled residues and 5 to 20 x1078 s for 75 % of the alanine and
60% of the lysine labeled resides.12 A likely cause for the differences in the correlation
times measured in this work, and that of the previous studies, may have arisen from the fact
that we measured the relaxation times in the rotating frame. The relaxation time in the
rotating frame has a different dependence on the spectral density than the spin lattice
relaxation time and is therefore sensitive to different timescales of motion.

Conclusions

The present work highlights the structural and dynamical modifications resulting from three
methods to isolate elastin from fat, collagen and muscle studied by high field 13C NMR
spectroscopy and relaxometry. Our results show that elastin maintains its structure upon
purification, as the NMR chemical shifts are identical within our experimental uncertainty.
However, small differences were observed in the dynamics and the relative signal
intensities. The NMR spectra of the hydrated nuchal ligament elastin indicate high mobility
of the backbone carbonyl at 37°C. By increasing the temperature to 75°C, the line width of
the backbone carbonyl appears narrower allowing for some structural assignment. In the
aliphatic region a comparison between the direct polarization and cross polarization
experiments showed that the alanine motifs are comparatively more rigid than other
residues. Additionally, glycine residues appear highly mobile resulting in narrower spectral
lines in the direct polarization experiment and smaller signal intensity in the cross
polarization experiment. The main feature of the cross polarization experiments on all
lyophilized nuchal ligament elastins (purified & unpurified) was that the chemical shifts
appear identical within our experimental uncertainty. The studies of the lyophilized samples
revealed that upon purification the dynamical characteristics of the alanine motifs seem to be
enhanced. Additionally, the direct polarization spectra of unpurified lyophilized elastin
showed a signal at 30ppm which was assigned to proline-Csand/or valine-Czand is reduced
upon purification indicating a possible structural heterogeneity in the proline or valine rich
motifs or decrease in molecular motion. Across the samples, our results indicate that elastin
largely maintains its structure upon purification, as well as the extent of cross linking,
however the dynamics seem to be affected. Based on the line widths of the NMR spectra,
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the backbone appears structurally different and the backbone mobility also appears different
based on the measured correlation times. The glycine rich motifs of elastin purified by
alkaline extraction seem to be more rigid in comparison with elastin purified by the Starcher
method3740, Lastly, our measurements reveal that the hot alkali purification protocol results
in a product with relatively less fat and collagen in comparison with the other purification
schemes studied. However, this method for isolating elastin from other tissues constituents
has been reported to cause significant peptide-bond cleavage and appears to alter the
dynamics of alanine and glycine residues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mass spectrometric spectra of hydrated samples treated with various purification methods:

A) autoclaving (sample 1), B) hot alkali (sample 2), C) Starcher (sample 3), and D)
unpurified. The relative amount of desmosine in the samples was measure by monitoring
peak intensity of MS?2 fragmentation of unlabeled desmosine (m/z 397) to d,-desmosine
(m/z 401).
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Figure 2.
a,b) Direct polarization (DP) 13C NMR spectrum of hydrated bovine nuchal ligament elastin

purified by the autoclaving method (Sample 1) at 37°C. The aliphatic and carbonyl regions
are presented with the same scale as the spectra acquired at 75°C (Figure 5) for ease of
comparison. ¢,d) Cross Polarization (CP) 13C NMR spectrum of hydrated bovine nuchal
ligament elastin purified by the autoclaving method (Sample 1) at 37°C. When completely
hydrated, elastin exhibits high mobility resulting in a low 1H-13C cross polarization signal,
as noted elsewhere?5:46,
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Figure 3.
a) Direct polarization (DP) 13C NMR spectra of hydrated (a) and lyophilized (b) bovine

nuchal ligament elastin samples at 37°C. For each set of figures (a, or b) the spectra shown
are as follows: A) sample 1 purified by the autoclaving method38, B) sample 3 purified by
the Starcher method?, C) sample 2 purified by the alkaline extraction method3® and D)
unpurified elastin. As discussed in the text, the spectra appear remarkably similar in terms of
the chemical shifts, however a signal enhancement of the valine or proline-Cat
approximately 30.0ppm was observed in D-2. Note that differences shown in Table 1 in
regards to amino acid concentration may not be reflected in a simple difference in signal
intensity in the NMR spectra due differences in mass of the sample packed into the rotor or
potential structural heterogeneity across the samples. The reader should note the different
scales used in the spectra, as they were all scaled such that the standard deviation of the
noise was set to unity.
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Cross polarization (CP) 13C NMR spectra of lyophilized bovine nuchal ligament elastin
samples at 37°C. A) sample 1 purified by the autoclaving method38, B) sample 3 purified by
the Starcher method?, C) sample 2 purified by the alkaline extraction method3® and D)
unpurifed elastin. As discussed in the text, a signal enhancement which corresponds to
alanine C, at approximately 53ppm, of the unpurified sample (D) was observed.
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Normalized 13C NMR direct polarization spectrum of hydrated bovine nuchal ligament
elastin (sample 1) at 75°C. As discussed in the text, all the spectra from purified elastin were
identical in terms of the measured chemical shifts and relative signal intensities, thus only
one spectrum is shown. a) The backbone carbonyl is shown and a characteristic splitting is
observed(structural assignments provided and discussed in the text). b) The aliphatic region
is shown; our spectral resolution is approximately 0.3ppm and allows for a more accurate
chemical shift and secondary structure assignment compared with data acquired at 37°C.
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