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ABSTRACT Elastin, the principal component of the elastic fiber of the extracellular matrix, imparts to vertebrate tissues
remarkable resilience and longevity. This work focuses on elucidating dynamical and structural modifications of porcine aortic
elastin exposed to glucose by solid-state NMR spectroscopic and relaxation methodologies. Results from macroscopic stress-
strain tests are also presented and indicate that glucose-treated elastin is mechanically stiffer than the same tissue without
glucose treatment. These measurements show a large hysteresis in the stress-strain behavior of glucose-treated elastin—a
well-known signature of viscoelasticity. Two-dimensional relaxation NMR methods were used to investigate the correlation
time, distribution, and population of water in these samples. Differences are observed between the relative populations of water,
whereas the measured correlation times of tumbling motion of water across the samples were similar. 13C magic-angle-spinning
NMRmethods were applied to investigate structural and dynamical modifications after glucose treatment. Although some overall
structure is preserved, the process of glucose exposure results in more heterogeneous structures and slower mobility. The cor-
relation times of tumbling motion of the 13C-1H internuclear vectors in the glucose-treated sample are larger than in untreated
samples, pointing to their more rigid structure. The 13C cross-polarization spectra reveal a notably increased a-helical character
in the alanine motifs after glucose exposure. Results from molecular dynamics simulations are provided that add further insight
into dynamical and structural changes of a short repeat, [VPGVG]5, an alanine pentamer, desmosine, and isodesmosine sites
with and without glucose. The simulations point to changes in the entropic and energetic contributions in the retractive forces of
VPGVG and AAAAA motifs. The most notable change is the increase of the energetic contribution in the retractive force due to
peptide-glucose interactions of the VPGVGmotif, which may play an important role in the observed stiffening in glucose-treated
elastin.
INTRODUCTION
Elastin is a long-lived extracellular protein found in various
vertebrate tissues, such as the skin, that may suffer from
cumulative biochemical degradation. For example, nonen-
zymatic glycation of elastin, where glucose directly con-
denses with free amino groups on lysine residues to form
a Schiff base, has been shown to occur with aging (1). These
glycated cross-links in elastin have been implicated in the
stiffening of large vessels of diabetic patients (2). To under-
stand the possible structural and functional alterations at the
macroscopic level, we performed in vitro glycation of
purified elastin. Glucose treatments were shown to stiffen
arterial elastin (3,4), increase the storage and loss moduli
(5), and modify the protein’s viscoelastic stress relaxation
behavior (4). Glycation of elastin was shown to enhance
its binding to metal ions such as calcium, which may be
related to the observed accelerated calcification of tissues
in diabetic patients (3).
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Elastin is composed of tropoelastin, which is a large,
72 kDa protein rich in glycine, proline, valine, and alanine
(see Rosenbloom et al. (6), Anwar (7), and Urry (8)) for re-
views on elastin and the elastic fiber). Additional amino
acids, such as phenylalanine, leucine, and isoleucine, are
present at smaller concentrations ranging from 2–5%.
Serine, threonine, and tyrosine are present at yet smaller
quantities (9). Tropoelastin molecules may covalently
bond with one another and form desmosine or isodesmosine
cross-links which are unique to elastin. Desmosine and iso-
desmosine are assembled from four lysine/allysine residues
that form pyridinium, which is polar and believed to make
the cross-linking sites hydrophilic. In elastin, these cross-
linking sites are often flanked by repeating alanine motifs
such as the pentamer [AAAAA]. Elastin is not soluble and
does not crystallize and therefore is not a good candidate
for structural studies by liquid-state magnetic resonance or
x-ray crystallography. Nevertheless, much structural and
dynamical information has been gleaned from both short
MD simulations and NMR experiments on mimetic se-
quences such as the hydrophobic-domain VPGVG (10–16)
and LGGVG (17,18). One notable characteristic of the
mimetic VPGVG is that the force-extension curve
http://dx.doi.org/10.1016/j.bpj.2015.02.005
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(measured with an atomic force microscope) exhibits
no mechanical hysteresis; the process of stretching and
releasing these short segments was found to be completely
reversible, providing evidence that the source of elasticity
for this one motif of elastin is largely entropic (19). In agree-
ment with these experiments, previously reported short
molecular dynamics simulations of the mimetic VPGVG
demonstrated that the changes in energy of the peptide
upon stretching were negligible in comparison to changes
in entropy (20). Other simulation and experimental studies,
by Floquet et al., focused on the motif VGVAPG, which was
shown to exhibit a type VIII b-turn spanning the GVAP
sequence (21). Notably, their work also demonstrated that
this peptide adapted a more folded structure when the sol-
vent was changed from water to a less polar solvent, such
as dimethylsulfoxide or urea.

Elastin is a peculiar elastomer in that it requires water to
maintain resilience; dehydrating elastin results in a brittle
solid. Early work by Lillie and Gosline demonstrated the
effects of changing the solvent polarity, sample tempera-
ture, and pulling rate on the stress-strain behavior of
elastin (5,22). The dynamics of water in elastin and the
impact of water hydration on protein dynamics have been
measured by Samouillan et al. using dielectric spectroscopy
(23,24). Those works offered further insight into the
dynamics of water in elastin and provided a direct measure-
ment of the glassy-point transition temperature as a func-
tion of hydration. The demonstration that the presence of
crystallizable water prevents motions of some 10 nm along
the polypeptidic chains is significant. In addition, NMR
relaxation times measured in deuterium-hydrated elastin
point to the presence of two associated reservoirs of water
within the elastic fiber that are observable on a timescale of
a few hundred microseconds to 1–2 s (25). More recently,
the exchange times for the various reservoirs were
measured and the dynamics of the waters of hydration in
elastin were studied using magnetic resonance methodol-
ogy (26). Similar two-dimensional NMR measurements
showed that the correlation time of tumbling motion of
water decreases as the polymer is strained (27). These mea-
surements give evidence that the entropy of localized water
increases as the protein elongates and that localized water
does not bear the entropic elastomeric force when elastin
is strained.

In this work, we report on the macroscopic changes to
elastin after glucose exposure. Together, the changes in stiff-
ness and size are correlated to microscopic dynamical and
structural changes of the protein measured by 13C magic-
angle-spinning (MAS) spectroscopic and relaxation NMR
measurements. In addition, we measured the dynamics
and populations of water in glucose-exposed elastin
resolved by two-dimensional 2H NMR relaxometry. This
experimental technique makes use of a two-dimensional
radio-frequency pulse sequence that correlates the NMR
T1 and T2 relaxation times of an ensemble of nuclear spins.
A particularly useful feature of the experimental method is
that it allows for the differentiation of reservoirs of water
resolved on the timescale of the relaxation measurements,
based on dynamical characteristics of the nuclear spins.
This powerful method has been applied to probe the distri-
bution of water in complex porous systems including potato
tissue (28), cement pastes (29), bovine nuchal ligament and
aortic elastins (26), spider dragline silks (30), and water-
saturated sedimentary rock (31). Here, the technique is
employed to probe the distribution and dynamical character-
istics of water and to provide insight into morphological
changes of elastin after glucose exposure. Results from short
molecular dynamics simulations are provided to add insight
into dynamical and structural changes of a small elastin
repeat, [VPGVG]5, an alanine pentamer, and in a desmosine
or isodesmosine cross-link bonded to alanine. The changes
in the retractive entropy and energy forces for the short seg-
ments in water or in a glucose solution are studied by
simulation.
MATERIALS AND METHODS

Sample preparation

Elastin from porcine thoracic aortas was isolated using 50 mg/mL cyanogen

bromide (CNBr) in 70% formic acid solution for 19 h at room temperature

with gentle stirring. The samples were then gently stirred for 1 h at 60�C,
followed by 5 min of boiling to inactivate the CNBr (32). For the

glucose-treated sample, purified tissue was incubated in a 2 M glucose

solution (Fisher Scientific, Waltham, MA) and allowed to equilibrate at

37�C for 28 days. Amino acid analysis was performed by New England

Peptide (Gardner, MA) on a sample of untreated elastin to assess the degree

of purification. Results from the amino acid analysis are provided in Table

S1 in the SupportingMaterial. The amino acid concentration measured after

purification is in good agreement with values reported in the literature for

human and bovine nuchal ligament elastin and indicates the purity of the

starting samples (33). The untreated (control) sample refers to the same

starting material, after purification, without glucose exposure. For both

glucose-exposed samples and untreated samples, the tissues were wet and

held in a bath of water for all measurements.
Mechanical testing

The experimental settings for the biaxial tensile testing and elastin assays

are provided in greater detail in a previous study (4,34). Sample sizes

were ~2 cm � 2 cm � 1.2 mm for the mechanical testing. Equibiaxial ten-

sion tests were performed using a biaxial tensile tester controlled by means

of a custom LabVIEW program (National Instruments, Austin, TX). Load

cells captured the applied load and the position of marker dots, which were

tracked with a CCD camera to measure strain in the two directions. Sand-

paper tabs were attached to the top and bottom faces along the edges of the

tissue samples with cyanoacrylate glue (Elmer’s Products, Columbus, OH).

Sutures were then looped through the sandpaper fold and connected to the

linear positioners. After preconditioning, eight cycles of equibiaxial tension

were applied to capture the mechanical behavior. Data used for the analysis

came from the eighth cycle, when the stress-versus-strain curves had

become stable. To compare the effects of glucose treatment on the mechan-

ical properties of elastin samples, averaged Cauchy stress versus true strain

was obtained for the samples between 0 and 80 kPa. Stresses and strains

from both the loading and unloading curves were averaged among samples.

Experimental data were summarized with the mean and standard deviations
Biophysical Journal 108(7) 1758–1772
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from our measurements. Comparisons of the strains in both the longitudinal

and circumferential directions were made between untreated and treated

elastin samples using generalized estimating equations that take into ac-

count repeated measures (35). A two-tailed two-sample t-test, p < 0.05,

was considered statistically significant. Statistical analysis was performed

using the JMP statistical package (version 11.1.1, SAS Institute, Cary, NC).
13C NMR relaxation and spectroscopy

13C cross-polarization (CP) and direct-polarization (DP) experiments were

performed on a Bruker Avance 750 MHz system (Billerica, MA) at 37�C
using a 3.5 mm rotor and 10 kHz MAS. The rotors were sealed using

compression-style rotor caps in all the studies. Sample temperature was

regulated to within 1�C and the rotor spinning speed was regulated to within

5 Hz. For the CP experiments, a 2.5 ms ramp on the 1H channel was used.

All 13C experimental data were acquired with ~8 � 104 Hz of 1H TPPM

decoupling (36). The acquisition time in all studies was 15 ms and the spec-

tral width was set to 299.5 ppm. All data were processed using 25 Hz of

Gaussian broadening and the 13C chemical shifts were referenced to ada-

mantane (tetramethylsilane scale). For the 13C T1r relaxation experiments,

spin-locking fields of 30 kHz and 59 kHz were used for the DP experiments

on the untreated and glucose-treated samples. Spin locking fields of 32 kHz

and 62 kHz were used for the CP experiments for the glucose-treated sam-

ple. All 13C T1r experiments made use of pulse durations ranging from

50 ms to 8.5 ms. In these relaxation measurements, the 13C carrier during

the locking pulse was offset to either 35 ppm or 173 ppm for measuring

the aliphatic or carbonyl relaxation time, respectively. In hydrated elastin,
13C T1 relaxation times are on the order of 1 s (27,37). All measurements

in this study were therefore performed with a recycle time of 5 s.
2H NMR relaxation

The 2H T1-T2 experiments were run on a 200 MHz Varian Unity system

(Palo Alto, CA) at 37�C. The same samples used in the 13C NMR studies

were soaked in 2H2O for a duration of ~24 h before experiments were

run. In these two-dimensional relaxation measurements, the interpulse

spacing in the CPMG train was 700 ms and the 2H p/2 pulse was ~28 ms.

Stroboscopic detection of 6000 echo peaks was used to measure the T2
relaxation time, and 100 logarithmically spaced points ranging from 1 ms

to 10 s were sampled in the T1 dimension. To analyze the 2H T1-T2 relaxa-

tion data, we applied a fast two-dimensional inverse Laplace transform

(ILT) algorithm, as described elsewhere (38).
FIGURE 1 Representative plots of Cauchy stress versus true strain of un-

treated (UT) and glucose-treated (GT) elastin in the longitudinal (L) and

circumferential (C) directions. Note that the Cauchy stress versus true strain

curves for the glucose-treated sample overlap for both the longitudinal and

circumferential directions and are therefore not labeled.
Simulations

Molecular dynamics simulations were performed with GROMACS (39)

using the GROMOS 53a6 force field (40). The simulations were allowed

to equilibrate for 20 ns and used the SPC-216 water model (41). The pep-

tides [VPGVG]5 and [AAAAA] were separately simulated at a temperature

of 310 K. Additional simulations of isodesmosine and desmosine cross-

links with two or three alanine residues bonded to two neighboring lysine

molecules were also performed. This structure was chosen because lysine

and alanine occur in repeating motifs that include KAAK or KAAAK in

tropoelastin (9). A schematic representation of the desmosine and isodes-

mosine molecules used in the simulations is shown in Fig. S1. These

cross-link simulations included the additional step of topology generation

using a stand-alone topology builder (42). Simulations were performed

both in water and in a 2 M glucose solution to match the experimental con-

ditions in this study, and stretched simulations were performed to determine

retractive forces. The topology of the glucose molecule was built as with the

cross-link simulations and used for mixed-solvent GROMACS simulations.

The peptides were terminated as neutral molecules, and the velocity-rescal-

ing thermostat (43) was used for the simulations. These simulations ran for
Biophysical Journal 108(7) 1758–1772
20 ns, and the final frame was used as a starting structure for the stretched

and unstretched simulations presented here. For the stretched studies, the

peptides were first stretched for 2 ns ([VPGVG]5) or 1 ns ([AAAAA]) using

an umbrella potential and a rate constant of 5000 kJ/mol/nm2. After this, the

peptides were held for 4 ns with a constant force potential and a rate con-

stant of 1000 kJ/mol/nm2. The unstretched simulations were performed for

an additional 4 ns for [AAAAA] and 60 ns for [VPGVG]5 and these addi-

tional times were used for all calculations. Desmosine and isodesmosine

simulations involved no stretching and only a single 100 ns simulation

for each case. The Ramachandran maps from the alanine pentamer and

alanine trimer in desmosine and isodesmosine made use of the final 1 ns

of data from the simulations.
RESULTS AND DISCUSSION

Mechanical studies of glucose-treated elastin

Fig. 1 shows representative changes in the Cauchy stress-
versus-true-strain behavior of glucose-treated elastin. For
these data, the Cauchy stresses, s, were calculated based
on plane stress and incompressibility assumptions given by

s1 ¼ F1l1

L0;2t
; s2 ¼ F2l2

L0;1t
: (1)

In the above expression, F is the applied load, l is the ratio

of the deformed length to the initial length, L0 is the initial
length, and t is the thickness of the sample. Subscripts 1 and
2 correspond to the longitudinal and circumferential direc-
tions, respectively, of the tissue sample. The true strain, ei,
is defined as

ei ¼ lnli: (2)

The hysteresis of a material under mechanical deformation

is a characteristic of viscoelasticity and is proportional to the
energy dissipated within a loading cycle (44). In previous
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studies, glucose treatment has been shown to increase the
mechanical relaxation time (5) and also to induce more
relaxation (4). We observe an increase in the hysteresis of
the stress-strain behavior (Fig. 1) from 452% in untreated
elastin (n ¼ 7) to 62515% after glucose treatment
(n ¼ 7) (the percentage shown reflects the change in the
slope of the stress-strain curves during the loading and un-
loading process). For untreated elastin samples, the loading
and unloading stress-versus-strain curves almost overlap,
i.e., the hysteresis is very small. Note that the stress-strain
curves for the glucose-treated samples along the longitudi-
nal and circumferential directions almost overlap. The un-
treated elastin shows an anisotropic stress-strain response,
where the circumferential direction is stiffer than the longi-
tudinal direction. However, this anisotropic behavior is lost
upon exposure to glucose. Fig. 2 shows that glucose-treated
elastin samples are significantly stiffer than untreated sam-
ples (p<0:05) in both the longitudinal and circumferential
directions. The observed increase in stiffness correlates
well with the work by Lillie and Gosline, who reported an
increase in the tensile storage and loss modulus after expo-
sure to glucose (5). Elastin is essential for the elasticity of
the arterial wall, so the changes in its viscoelastic character-
istics and loss of anisotropy in the stress-strain behavior may
have important physiological and pathological implications.

Exposing the elastin to glucose resulted in a decrease in
the side lengths of the sample to 9251% of its original
size along the longitudinal and 9251% along the circumfer-
ential direction. The thickness decreased to 8352% of its
original dimensions (n ¼ 7). The observed change in the
macroscopic dimensions of the samples exposed to glucose
is in good agreement with previously reported studies. Lillie
and Gosline studied the swelling of pig thoracic aortas, pu-
rified by repeated autoclaving, in a 2 M glucose solution and
reported a slight reduction in the mean swelling ratio (they
defined the swelling ratio as the length of a piece of elastin
in a given solution divided by the length of the same tissue
in distilled water at 37�C). At higher glucose concentrations,
Lillie and Gosline reported a further decrease in the swelling
ratio (5). The macroscopic changes in tissue size presented
a b
here are also in good agreement with our previous work (4).
Water is known to act as a plasticizer in the functionality of
elastin, and the observed macroscopic reduction in tissue
size suggests that the process of glucose exposure would
be accompanied by water redistribution as well as structural
and dynamical changes to the protein, as discussed below.
The redistribution of water may be expected to modify
somewhat the time-dependent mechanical characteristics
of interstitial fluid flow in the elastin matrix or the dynam-
ical and/or structural characteristics of the protein that pro-
vide its elastomeric attributes.
13C NMR chemical shifts and secondary structure
of glucose-treated elastin

To probe microscopic dynamical and structural changes to
elastin after glucose treatment, we studied 13C NMR chem-
ical shifts using MAS methodology, as described in
Materials and Methods. Two experiments were performed
for each sample: a DP experiment, which allows observation
of both mobile and rigid domains, and a CP experiment,
wherein the polarization to 13C spins is transferred from
all dipolar coupled 1H nuclei. The signal obtained in the
CP experiments results solely from cross-polarized magne-
tization of dipolar coupled 1H nuclei.

Table 1 summarizes 13C chemical shifts and related sec-
ondary structures from values reported in the literature.
The values presented include information from atomic coor-
dinates in the Protein Data Bank and 13C NMR chemical-
shift data reported for 40 proteins (45), as well as data
from a protocol based on the joint probability of secondary
structures tested on 36 proteins (46). The table also includes
data collected for 13C-labeled Nephila clavipes dragline silk
((47) and data therein, including 13C chemical shifts from
polypeptides with known secondary structures) and a sec-
ondary structure database of reference-corrected protein
chemical shifts derived from the BioMagResBank (48).
The 13C chemical shift data for the Cd-isoleucine and Cg-
valine sites were obtained from an experimental study on
a protected linear hexapeptide [Gly-Gly-X-Y-Gly-Gly]
FIGURE 2 Averaged Cauchy stress versus true

strain of untreated (UT) and glucose-treated (GT)

elastin (n ¼ 7) in the longitudinal (L) and circum-

ferential (C) directions. One-sided error bars repre-

sent one standard deviation. *p < 0.05.
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TABLE 1 Ranges of the Ca, Cb, and Cg chemical shifts for the

most abundant amino acids in elastin

Assignment a-helix (ppm) b-sheet/turn (ppm) Random coil (ppm)

Cb-Ile — — 11.2a

Cg-Val — — 18.4–19.2b

Cb-Ala 14.6–17.65 17.39–21.49 16.06–18.62

Cb-Ile 34.75–37.05 36.18–40.24 34.50–38.64

Cb-Leu 38.59–41.00 40.09–44.31 38.47–42.32

Cb-Phe 35.72–38.70 38.10–41.59 35.77–39.73

Cb-Pro 28.54–30.71 29.37–31.77 29.21–31.19

Cb-Thr 65.96–68.35 67.01–71.23 66.76–69.75

Cb-Val 28.97–30.51 30.32–33.90 29.22–32.74

Ca-Ala 49.00–54.18 47.90–51.31 49.21–52.78

Ca-Gly 42.50–46.31 41.50–44.69 42.20–44.86

Ca-Leu 54.59–57.05 51.05–53.69 51.36–54.94

Ca-Phe 57.21–61.01 53.32–56.54 53.26–58.30

Ca-Pro 62.71–64.87 59.87–62.31 60.51–63.09

Ca-Val 62.87–66.01 57.43–60.77 57.85–62.52

Shown are the maximum and minimum chemical shifts observed in previ-

ous studies (45–49,68). The maximum value was determined from the

largest reported value plus its uncertainty and the minimum value from

the smallest reported value minus its uncertainty. All values except those

of Asakura et al. (45) were adjusted for the tetramethylsilane scale by sub-

tracting 1.7 ppm (68), since the original references used 4,4-dimethyl-4-

silapentane-1-sulfonic acid as the standard.
aValues when the amino acid is followed by alanine.
bValues when the amino acid is followed by proline.

TABLE 2 Measured 13C chemical shifts and corresponding

secondary structural assignments

Assignment Structure

Untreated sample

DP CP

11.9 5 0.5 11.5 5 0.5 Cd-Ile RC

— 17.9 Cb-Ala, Cg-Val b-sheet/turn or RC, RC

— 17.2 Cb-Ala a-helix or b-sheet/turn or RC

18.3 5 0.9 18.0 5 0.5 Cb-Ala, Cg-Val b-sheet/turn or RC, RC

19.0 5 0.5 19.0 5 0.5 Cb-Ala, Cg-Val b-sheet/turn, RC

20.1 5 0.5 20.1 5 0.5 Cb-Ala, Cg-Val b-sheet/turn, RC

22.5 5 0.5 22.5 — —

24.0 5 0.5 23.7 — —

25.7 5 0.5 25.7 — —

31.4 5 0.9 31.4 5 0.5 Cb-Val, Cb-Pro —, —

37.8 5 0.9 37.8 5 0.5 Cb-Phe, Cb-Ile —, b-sheet/turn or RC

41.0 5 0.5 — Cb-Phe, Cb-Leu b-sheet/turn, —

44.2 5 0.9 44.1 5 0.5 Ca-Gly, Cb-Leu —, b-sheet/turn

49.2 5 0.9 — Ca-Ala b-sheet/turn or RC

51.3 5 0.7 51.6 5 0.5 Ca-Ala, Ca-Leu b-sheet/turn or RC,

b-sheet/turn

53.8 5 0.9 — Ca-Ala, Ca-Phe a-helix or RC, RC or

b-sheet/turn

56.2 — Ca-Phe, Ca-Leu b-sheet/turn or RC, a-helix

58.0 5 0.3 — Ca-Val, Ca-Phe b-sheet/turn or RC, a-helix

60.9 5 0.5 60.8 5 0.5 Ca-Val, Ca-Pro RC or b-sheet/turn, RC or

b-sheet/turn

61.9 5 0.5 62.3 5 0.5 Ca-Val, Ca-Pro RC or b-sheet/turn, —

68.7 5 0.5 Cb-Thr b-sheet/turn or RC

71.2 5 0.5 Cb-Thr b-sheet/turn

Glucose-treated sample

DP CP

11.9 5 0.4 11.9 5 0.5 Cd-Ile RC

16.9 5 0.7 16.9 5 0.7 Cb-Ala RC or a-helix

19.3 5 0.4 — Cb-Ala, Cg-Val b-sheet/turn, RC

20.1 5 0.4 20.1 5 0.7 Cb-Ala, Cg-Val b-sheet/turn, RC

22.5 5 0.5 22.5 5 0.4 — —

24.0 5 0.7 24.0 5 0.7 — —

25.7 5 0.7 25.7 5 0.9 — —

31.1 5 1.4 31.1 5 1.4 Cb-Val, Cb-Pro —, —

37.4 37.8 Cb-Phe, Cb-Ile —, b-sheet/turn or RC

41.0 41.0 Cb-Phe, Cb-Leu b-sheet/turn, —

42.4 — Ca-Gly, Cb-Leu —, b-sheet/turn or RC

43.8 43.8 Ca-Gly, Cb-Leu —, b-sheet/turn

48.4 49.2 5 0.7 Ca-Ala b-sheet/turn or RC

50.9 — Ca-Ala b-sheet/turn or RC

53.8 5 0.5 Ca-Ala, Ca-Phe RC or a-helix, b-sheet/turn

or RC

— 58.0 Ca-Val, Ca-Phe b-sheet/turn or RC, a-helix

Data are based on values in Table 1 for hydrated untreated and glucose-

treated porcine aortic elastin under DP and CP conditions. RC, random

coil; —, no signal was observed or no assignment could be made.
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(49). Table 2 summarizes the results of the two samples
studied in this work using values assigned in Table 1.

As shown in our amino acid analysis in Table S1, a well-
known characteristic of elastin is the high abundance of
alanine, glycine, proline, and valine residues that contribute
to its assembly. Keeley and co-workers have analyzed the
repeating motifs in elastin from genomic sequence data
for 11 species of vertebrates (50). The pentameric unit
VPGVG has been the focus of numerous experimental
(10,13) and molecular dynamics studies (15,16,18,51)
over the past 30 years. In human tropoelastin, this unit re-
peats nine times, whereas other glycine-rich pentamers,
such as PGVGG or VGVAP, repeat six times. Alanine pen-
tamers such as AAAAA repeat 14 times in human tropoelas-
tin, whereas AAKAA and AAAKA repeat up to 11 times.
The alanine-rich motifs of elastin frequently reside in close
proximity to lysine in repeats such as KAAAK or KAAK
(9). In elastin, oxidative deamination of three out of every
four lysines yields desmosine or isodesmosine (52).

The spectra obtained under MAS conditions allowed for
the assignment of Ca and Cb aliphatic carbons from
~16 ppm to ~70 ppm (the tetramethylsilane scale). Methyl
13C NMR signals appear between 17 and 20 ppm, which
previous studies of elastin and short elastin peptides have
assigned to valine and alanine residues. Yao et al. assigned
the peak at 19 ppm to the Cg valine sites based on their re-
sults from a two-dimensional double quantum spectrum
of Poly(Lys-25)[(VPGVG)4(VPGKG)]39 (14). Additional
studies were carried out on the same peptide using
13C-13C and 15N-13C correlation experiments to resolve
Biophysical Journal 108(7) 1758–1772
and assign isotropic chemical shifts of various sites. In
that work, the Cb-proline peak was observed at 30.5 ppm,
and for the two valine residues, Val1 and Val4, chemical
shifts of 31.3 and 30.1 ppm were reported. Shifts of 57.1
and 61.5 ppm were reported for the Ca-valine signals, and
a shift of 60.8 ppm was reported for the Ca-proline (13).
In a recent work, Pometum et al. reported that in bovine
neck ligament elastin, the Cb-proline and Cb-valine chemi-
cal shifts were observed at 31.83 and 32.80 ppm, and the Ca
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chemical shifts for proline and valine occurred at 63.35 and
62.08 ppm, respectively (53). We measured a signal at
~31 ppm in all samples studied, which we assigned to Cb-
valine or Cb-proline. The Ca signals from valine and proline
were also observable, except in the case of the glucose-
treated sample, where they overlap with glucose signals
(which appear in the range 70–80 ppm). In the untreated
elastin sample, we observed signals at 60.9 and 61.9 ppm,
which we assigned to either the Cb-proline or Cb-valine.
In either case, based on the assignments in Table 1, these
chemical shifts would point more to random coil or
b-sheet/turn structures.

Fig. 3 shows the results from the 13C DP experiments
from the two samples. In these spectra, no differences in
the chemical shift of the Ca signal of glycine at ~43 ppm
were observed between the samples. This chemical shift
does not point clearly to any well-defined structure, as the
Ca-glycine chemical shifts for a-helical, b-spiral, and
random coil structures overlap (see Table 1). The observed
chemical shift agrees well with results of previous studies
(14,53), discussed above, as well as a study of insoluble
elastin synthesized in vitro with isotopically enriched
glycine (37). However, the spectra show significant differ-
ences in resolution, with the untreated sample appearing
narrower than the glucose-treated sample. Our interpretation
of this finding is that there is a higher degree of structural
heterogeneity revealed on the T2 timescale in the glucose-
treated sample compared to the untreated sample. As dis-
cussed above, there does not appear to be a significant
difference in Cb-valine and Cb-proline peaks at ~30 ppm be-
tween the treated and untreated samples in terms of either
the observed chemical shift values (Table 2) or the line
widths (Fig. 3). However, the Cb-alanine signals in the
two samples appear markedly different. The Cb-alanine
signal in the glucose-treated sample (17 ppm) suggests a
more a-helix-like structure, whereas that in the untreated
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sample (19 ppm) points to a random coil structure. The sig-
nals observed in Fig. 3 B2 at ~62 ppm and between 70 and
80 ppm resulted from residual glucose present in the tissue.
This was independently verified by measuring the 13C
spectra from 2 M glucose (data not shown).

Fig. 4 shows results from the 1H - 13C NMR CP experi-
ments. These measurements indicate that the glucose-
treated sample cross-polarizes significantly more than the
untreated samples, pointing to more rigid structures and
reduced dynamical characteristics. In addition, a chemical-
shift difference is observed in the Ca- and Cb-alanine signals
between the glucose-treated and untreated samples, as was
the case in the DP studies (Fig. 3). The Cb-alanine signal
at 17 ppm and the Ca-alanine signal at 54 ppm appear better
resolved for the glucose-treated sample. As in the DP
spectra of Fig. 3 discussed above, these observations again
point to the presence of more a-helical characteristics in
the alanine sites for this sample.

The CP data shown in Fig. 4 B2 indicate the presence of a
glucose signal in the glucose-treated sample in the range
70–80 ppm and at 62 ppm. This may arise from a number
of events that lead to anisotropic motion of the glucose mol-
ecules, which gives rise to inter- and/or intra-glucose 1H-13C
dipolar couplings. The signature of a cross-polarized
glucose signal may also indicate that elastin has been glyco-
sylated via hydrogen bonds throughout the protein, at
specific solvent-exposed sites, or covalently with the hy-
droxyl groups of tyrosine, threonine, or serine. As seen in
Table S1, these amino acids comprise only ~4.4% of the
protein. Given our observations of the overall increased
CP in the glucose-treated sample, it would appear more
likely that the glucose has perturbed the water-protein inter-
face throughout the protein. Cheng et al. performed MD
simulations on RNase A linked to a single N-glycan and
found that the presence of the glycan perturbs the local
water hydrogen-bonding network, resulting in a burial of
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FIGURE 3 DP 13C NMR spectra of hydrated un-

treated (A1 and B1) and hydrated glucose-treated

(A2 and B2) porcine aortic elastin samples. The

peaks between 60 and 80 ppm in the glucose-

treated samples arise from the glucose solution.

Spectra correspond to the aliphatic region (B1

and B2) and the carbonyl region (A1 and A2). Dif-
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various peaks between the samples, as discussed

in the text. Note the different vertical scales.
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the hydrophobic surface and enhancement of protein folding
(54). This effect would correlate with the observed reduc-
tion in the size of elastin treated with glucose, discussed
earlier, and the increase in intensity of the CP signal, shown
in Fig. 4. On the other hand, more recent simulations by Lu
et al. show that glycan chains located at a specific site of hy-
drophilic amino acid residues of a b-barrel protein (which
has 10 possible glycosylated variants) facilitate both
collapse and rearrangement, whereas other glycan chains
are observed to hinder the rearrangement of the protein
(55). Below, we provide MD simulations on an elastin
mimetic peptide, [VPGVG]5, and an alanine pentamer,
AAAAA, as well as in desmosine and isodesmosine bonded
to alanine. These simulations show how the presence of
glucose modifies the water-peptide interface, as well as pep-
tide dynamical and structural characteristics, thereby
affecting both the entropy and energy contributions to re-
tractive forces. Finally, we performed additional experi-
ments of lyophilized glucose-treated and untreated elastin
with CP (data not shown). Our data were similar to results
published by Perry et al. in a study of the effects of hydra-
tion and temperature on elastin (56). These experiments
did not allow for any useful chemical-shift assignment,
because the backbone dynamics of elastin are quenched
without the presence of a solvent, resulting in significant
spectral overlap.
Protein dynamics and relaxation times of
glucose-treated elastin

To further quantify protein dynamics, we measured 13C
NMR relaxation times in the rotating frame. In these exper-
iments, the 13C nuclear spin relaxation is dominated by the
1H-13C (I-S) dipolar interaction, and the 13C R1r relaxation
rate is given by (57,58)
Biophysical Journal 108(7) 1758–1772
RIS
1r ¼ RIS

1 þ sin2qr

�
RIS
1D � 1

2
RIS
1

�
; (3)

where qr is the angle between B0 and B1e (here, qr ¼ p=2).
IS IS
The constant R1 and R1D are spin-lattice relaxation rates

given by

RIS
1 ¼ m2

S½J0ðuI � uSÞ þ 3J1ðuIÞ þ 6J2ðuI þ uSÞ� (4)

and
RIS
1D ¼ m2

S

�
3J1ðuSÞ þ 1

3
J0ðue � 2uRÞ þ 2

3
J0ðue � uRÞ

þ 2

3
J0ðue þ uRÞ þ 1

3
J0ðue þ 2uRÞ

�
:

(5)

In the above expressions, the spectral density is defined by
2 2 2
JðuÞ ¼ ð1� x Þtc=ð1þ u tcÞ, where x is a generalized

order parameter that describes the amplitude of motion,
uR denotes the angular rotational frequency of the rotor,
and uI and uS are the proton and carbon Larmor fre-
quencies. The constant mS quantifies the dipolar coupling
between proton and carbon nuclear spins and is given by
mS ¼ -gHgC=ð2r3Þ. For our study, two different 13C locking
fields, denoted ue, were applied to measure two different
relaxation rates to determine the correlation time, tc, which
quantifies the tumbling of 13C-1H internuclear vectors.
For the glucose-treated sample, we conducted the same
experiment with and without CP, whereas for the untreated
sample, the measurements were only performed with DP,
since the signal/noise ratio in CP was very weak.

Table 3 shows the results of the measured correlation
times for each of the samples. The Ca-glycine, Cb-valine,
Cb-proline, and Ca- and Cb-alanine correlation times all



TABLE 3 Measured T1r relaxation times for two different spin-

locking fields for the samples

Assignment T1r (ms) T1r (ms) tc � 10�6 (s)

Untreated sample

(DP)

fe ¼ 3:02� 104

(Hz)

fe ¼ 5:87� 104

(Hz)

Cb-Ala, Cg-Val 9:4950:68 20:0451:10 4:5550:87

22.5 ppm 11:5750:84 15:0951:70 1:9350:91

25.7 ppm 3:6150:08 4:7050:17 1:9350:30

Cb-Val, Cb-Pro 4:0750:08 5:3750:18 1:9950:26

Cb-Phe, Cb-Ile 2:3750:08 3:8850:25 3:0850:54

Ca-Gly, Cb-Leu 2:2750:08 3:1650:23 2:2650:53

Ca-Ala, Ca-Leu 2:0750:04 2:6950:08 1:9250:25

C¼O 1:0150:02 1:8850:02 3:5250:28

Glucose-treated

sample (DP)

fe ¼ 3:02� 104

(Hz)

fe ¼ 5:87� 104

(Hz)

Cb-Ala, Cg-Val 1:8250:09 4:1150:60 4:9951:41

Cb-Ala, Cg-Val 1:7150:07 5:3450:59 7:6351:69

Cb-Val, Cb-Pro 0:6750:03 1:7850:14 6:1851:09

Ca-Gly, Cb-Leu 0:3550:02 0:9250:08 6:1051:46

C¼O 12:6150:06 15:7650:07 1:7350:54

Glucose-treated

sample (CP)

fe ¼ 3:23� 104

(Hz)

fe ¼ 6:25� 104

(Hz)

Cb-Ala, Cg-Val 2:2950:04 9:5050:9 10:9651:42

22.5 ppm 1:5250:17 1:4850:05 7:3051:10

24.0 ppm 2:2650:11 8:5051:60 9:4052:93

25.7 ppm 1:2250:04 4:1050:3 7:9850:38

Cb-Val, Cb-Pro 1:2650:03 6:6050:7 17:3153:83

Ca-Ala, Ca-Phe 1:0150:21 5:1950:41 16:7253:81

C¼O 2:5050:09 4:4050:05 3:2451:23

Correlation times were determined from the ratio of the two T1r times using

Eq. 3. The applied locking field is determined by fe ¼ ue=2p.

NMR Studies of Glucose-Treated Elastin 1765
appear larger for the glucose-treated sample than for the un-
treated sample. For the untreated sample, the average corre-
lation time for the aliphatic carbons in aortic elastin
was 2:63� 10�6 s, and that for the carbonyl was
3:52� 10�6 s. Both values are larger than those determined
in a previous study in bovine nuchal ligament elastin that
made use of a 13C spin-lattice relaxation time (T1) and a
spin-lattice relaxation time in the rotating frame (T1r)
in static samples. In unstrained nuchal ligament elastin,
the average aliphatic correlation time measured was
8:02� 10�8 s (27) and that for the carbonyl was
1:29� 10�7 s (27) (the values in that article need to be
divided by a factor of 2p, as they were given in units
of s/cycle). Torchia and co-workers also have performed
numerous NMR relaxation studies on elastin in various
solvents, again in static conditions. In one study, they inves-
tigated the 13C NMR spin-lattice relaxation times of un-
stretched calf ligamentum nuchae in 0.15 M NaCl and
found that ~80% of the backbone carbonyl carbons exhibit
a correlation time of ~ 4� 10�8 s (estimated from a single
relaxation time using Solomon’s equations) (59). This value
is an order of magnitude smaller than that in the work pre-
sented here, but it appears to be in agreement with our pre-
viously reported value (27). In a later work, Lyerla and
Torchia reported on the 13C correlation times of ligamentum
nuchae elastin swollen by various solvents and found
that the average backbone correlation time is reduced to
2� 10�9 s (60). They further suggested that glycine, pro-
line, and valine residues are significantly more mobile
than alanine residues, and that the water-swollen elastin is
composed of a network of highly mobile chains, with the
possible exception of the cross-linking sites. Fleming et al.
also reported 13C-1H correlation times of purified labeled
chick aorta in culture. Their correlation times ranged from
6 to 15� 10�8 s for all of the valine-labeled residues and
from 5� 10�8 to 20� 10�8 s for 75% of the alanine-labeled
and 60% of the lysine-labeled resides; these values are
somewhat closer to our measured values but still different
by an order of magnitude (the values varied based on esti-
mates that made use of the T1 relaxation time, the NMR
line width, or the nuclear-Overhauser-effect signal intensity)
(61). A likely cause for the differences in the correlation
times measured in this work, as well as differences reported
in previous studies, discussed above, may arise from the fact
that we measured the relaxation times in the rotating frame.
The relaxation time T1r in the rotating frame has a different
dependence on the spectral density than T1 and is therefore
sensitive to different timescales of motion.
Water dynamics and distribution in glucose-
treated elastin

To probe the dynamics and distribution of water in each of
the samples studied, we employed a T1-T2 two-dimensional
relaxation method based on an ILT (38). Fig. 5 shows results
from 2H T1-T2 relaxation experiments on deuterium-
hydrated glucose-treated samples, as well as untreated
porcine aortic elastin. Four reservoirs of water are resolved
by the ILT algorithm for each sample. This experimental
technique does not allow either association of the reservoir
of water to a particular structural motif of elastin or associ-
ation of reservoirs within the elastic fiber-water system; it
only differentiates the relaxation characteristics of the 2H
nucleus. The observation of four reservoirs of water in the
elastin-water system agrees with previously reported mea-
surements of water in bovine nuchal ligament and aortic
elastin using the same experimental approach (27). Using
the notation adopted in our earlier work, the four compo-
nents in the 2H T1-T2 measurements were labeled a1, a2,
b, and g. The b and g components are both characterized
by relaxation times with T1 > T2 and T2 values shorter
than those of a1 and a2 and therefore indicate comparatively
more anisotropic motion. The peak denoted a1 corresponds
to bulk water (this was confirmed by simply running the
same experiment on a sample of 2H2O). Blotting the
hydrated elastin samples with a kimwipe (data not shown)
suppresses both the a1 and a2 components in the 2H T1-T2
map. Thus, the peak denoted a2 likely represents water
between elastic fibers. In the remainder of this section, we
therefore focus the discussion on the population and dy-
namics of the two components denoted b and g as resolved
by the two-dimensional relaxation method.
Biophysical Journal 108(7) 1758–1772



FIGURE 5 T1-T2 results from untreated (A) and

glucose-treated (B) porcine aortic elastin at 37�C
(intensity, indicated by the colorbar at right, is

shown on a logarithmic scale). Four distinguishable

peaks are observed in each sample, denoted by a1,

a2, b, and g. Differences in the relative populations

of water in the assigned g and b regions are

observed between the samples, as discussed in the

text. The numerical values of the T1 and T2 times

and the relative intensities are provided in Table 4.

To see this figure in color, go online.
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Because the 2H-2H and 1H-2H nuclear dipolar couplings
are negligible compared to the quadrupolar interaction, the
dominant relaxation pathway for the 2H nucleus is quadru-
polar to a good approximation. In this situation, the T1
and T2 relaxation times may be expressed as (62)

1

T1

¼ 3p2

20
C2

Qeff
½2JðuDÞ þ 8Jð2uDÞ� (6)

and
1

T2

¼ 3p2

20
C2

Qeff
½3Jð0Þ þ 5JðuDÞ þ 2Jð2uDÞ�: (7)

In the above equations, the constant CQeff
is the effective
quadrupolar coupling constant, given by

CQeff
¼ e2QeffQ

h
G; (8)

where G is a motional averaging parameter. The spectral
2

TABLE 4 Experimental 2H relative signal intensities,

relaxation, and correlation times for the b and g water

components in purified porcine aortic elastin at 37�C

Untreated sample Glucose-treated sample

g component

T1 (ms) 107:20513:90 117:70511:50

T2 (ms) 20:4452:20 29:6756:43

tc (ns) 11:3552:00 9:0052:65

b component

T1 (ms) 163:00533:30 163:00533:30

T2 (ms) 36:3657:54 50:0858:75

tc (ns) 9:9553:50 7:5552:85

Signal intensity per unit dry sample mass (AU/g)

gþ b 1.18 2.32

g 0.43 1.15

b 0.75 1.17

Correlation times were determined using Eqs. 6 and 7. The uncertainties are

determined from the distribution in the T1 - T2 map. The table also includes

the signal intensity of each reservoir and the sum of the intensity in g and b,

determined from the integrated area in the two-dimensional ILT map per

unit dry sample mass (AU/g). See Fig. 5 for denotation of b and g water

components.
density is given by JðuDÞ ¼ tc=ð1þ ðuDtcÞ Þ. The formu-
lation of the above expressions assumes that the motion of
the water molecule can be divided into fast oscillatory mo-
tions and slower diffusional processes. For short times, the
orientational motion of the water molecule consists of fast
librations about an equilibrium orientation in a random
network of surrounding water (62). In our system, this
network includes protein atoms. On a much longer time-
scale relative to the reorientation motion, the molecule
will undergo diffusive motion, resulting in a rearrangement
of the surrounding water and the protein atoms. The two
motions are assumed to be separable, so that the cross cor-
relation between the two relaxation pathways is negligible.
The correlation time, tc, here quantifies the tumbling of the
quadrupolar moment of the 2H nucleus with the electric
field gradient and is intramolecular in origin. Using the
measured T1 and T2 relaxation times, the correlation times
for the tumbling motion of the water molecule in the two
respective reservoirs b and g were determined using Eqs.
6 and 7 and are tabulated in Table 4. The error bars shown
in the table in each case were propagated from the distribu-
tion of the T1 and T2 values in the two-dimensional map.
Biophysical Journal 108(7) 1758–1772
The correlation times indicate that the tumbling nature of
water across the samples is similar, but that the g compo-
nent experiences less tumbling than the b component in
both samples. Although changes in the protein dynamics
were observed after glucose exposure, these changes did
not alter the tumbling correlation time of 2H nuclei of
2H20.

We measured the concentration of water from the inte-
grated intensity in the two-dimensional ILT map shown in
Fig. 5 relative to the dry lyophilized sample weight (shown
as arbitrary units per gram of sample (AU/g)). Note that the
intensity in Fig. 5 is on a logarithmic scale (see color key).
The glucose-treated sample has the highest concentration of
the g component (1.15 AU/g), which exhibits slower tum-
bling dynamics than the b component. The observed in-
crease in water concentration in the g reservoir for the
glucose-treated sample appears to be correlated with the
observed reduction in the size of this sample, discussed pre-
viously. The macroscopic reduction in size of the glucose
sample may have resulted from a complex folding of the
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protein, which could lead to the presence of more structural
features that give rise to water dynamics exhibiting charac-
teristics of the g reservoir (which has the larger correlation
time). The structural changes, however, also result in an in-
crease in the b water component for the glucose-treated
sample relative to that for the untreated sample. Thus, the
changes after exposure to glucose appear to alter the
morphology of elastin, resulting in changes in the popula-
tions of both reservoirs of water revealed on the T1 and T2
timescale (milliseconds to seconds). Previous works have
demonstrated the importance of hydration water to the resil-
ience of elastin. For example, a 13C NMR work by Perry
et al. demonstrated that lyophilized elastin exhibited
reduced or quenched dynamics similar to those observed
for frozen hydrated elastin (56). More recently, Samouillan
et al. probed the dynamics of water and protein backbone
motions in hydrated elastin by differential scanning calo-
rimetry (24). The measurements from that study reflect the
effect of water on the viscoelastic properties of elastin,
through the analysis of the glass transition temperature,
and demonstrate that noncrystallizable water linked to the
polar atoms of the chain by hydrogen bonds plays a crucial
role in increasing the mobility of elastin in the relaxed state.
Although our measurements of water in glucose-treated
elastin appear to indicate the presence of more water in
both of the reservoirs, revealed by NMR relaxation, this
does not result in an increase in mobility of the glucose-
treated sample (measured per unit of dry sample mass,
Table 4). Evidently, the presence of glucose alters the struc-
tural and dynamical characteristics of the protein, resulting
in a change in its macroscopic mechanical characteristics.
Macroscopic and microscopic changes of elastin
under glucose exposure

The total elastomeric restoring force (f) of a material is the
result of an entropic (fs ¼ �TdS=dr) and an internal
(fe ¼ dU=dr) energy change, f ¼ fs þ fe (63). For an ideal
elastomer driven solely by entropic changes, fe ¼ 0 and
f ¼ fs. For natural rubber, the ratio fe=f is 0.18, and for
elastin, it is ~0.26 (64) (for a polypeptide consisting of
[VPGVG]n segments, a value of ~0.15 has been reported
by Urry and co-workers (10)). One key finding in this
work is the large mechanical hysteresis in the stress-strain
curve of the glucose-treated sample, shown in Fig. 1. As dis-
cussed earlier, this is a characteristic of a solid that loses en-
ergy to its surroundings upon deformation. The data shown
in this figure suggest either a change in interaction energy of
elastin molecules at or near desmosine and isodesmosine
sites or changes through intrachain and/or interchain inter-
actions. An additional change in energy may have resulted
from changes in the interactions with glucose and/or sur-
rounding water. Although many of the well-resolved lines
in our 13C NMR spectra were similar across the samples,
differences were observed at the alanine sites, which are
often in close proximity to desmosine and isodesmosine mo-
tifs. However, our 1H-13C NMR CP data (Fig. 4) and relax-
ation measurements showed that the dynamics of the protein
appeared reduced in the glucose-treated sample, not only at
a single site but throughout the aliphatic region. An addi-
tional mechanism for the observed increase in stiffness of
the glucose-treated sample, then, is that dynamical changes
throughout the protein change both the entropic and
possibly the energetic contributions to the elastomeric force.

One model for elasticity proposed by Urry and co-
workers, termed the librational entropic mechanism (65), in-
volves the amplitude of librational motion being damped,
resulting in a decrease in the overall entropy of the protein.
In the librational entropy mechanism, atomic displacements
are modeled by a harmonic oscillator of frequency ui, whose
entropy is given by

Si ¼ R
h
ln
�
1� exp�-ui=kT

��1

þ ð-ui=kTÞ
�
exp-ui=kT � 1

��1
i
:

(9)

In this treatment, the entropy of the system of atoms is

determined by superposition over all atoms in the system.
A well-known result from statistical mechanics of a har-
monic oscillator is that a low-frequency mode has larger en-
tropy than a higher-frequency mode. For a system that
exhibits low-frequency vibrations, a change, Du, results in
a larger fractional change in entropy, DS, in comparison to
the same change in frequency of a system that exhibits
high-frequency vibrations. If the only changes to the protein
after glucose exposure are dynamical in nature, the larger
correlation times observed in the glucose-treated sample
would suggest comparatively smaller vibrational, libra-
tional, and rotational motion and higher entropy relative to
the untreated samples. We note, however, that it is the
change in entropy divided by the change in length that gives
rise to an entropic force, fe ¼ �TdS=dr. In addition, the
changes in dynamics of the protein would also modify its in-
ternal energy and interaction with glucose and/or surround-
ing water. The changes in energy upon elongation add an
additional contribution to the total force.

To give insight into the changes in the entropic and ener-
getic forces after glucose exposure, we performed simula-
tions of the motif [VPGVG]5 and an alanine pentamer.
The quasiharmonic approach allows for an estimation of
the peptide entropy based on atomic displacements. The
entropy of the system may be determined from the equation
(66)

S ¼ kB
X3n�6

i

-ui=kBT

exp-ui=kBT � 1
� ln

�
1� exp�-ui=kBT

�
; (10)

where ui values come from the eigenvalues of the mass-

weighted covariance matrix of the coordinate fluctuations
s, s0 ¼ M1=2sM1=2, and the sum is over all nonzero
Biophysical Journal 108(7) 1758–1772
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eigenvalues. Table 5 provides physical characteristics of the
peptides in water and in glucose solution. The frequency of
atomic displacements was determined using 4 ns of simula-
tion (60 ns for unstrained [VPGVG]5). We observed that the
entropy reached an asymptotic value as a function of sam-
pling time, which is reported in Table 5. Fig. S2 shows the
entropy versus simulation time under strained and un-
strained conditions for both the glucose-treated and un-
treated peptides. A similar approach using the asymptotic
value of the entropy determined in simulation was applied
by Harris and Laughton to their study of the DNA sequences
d(GC)30 and d(AT)30 (67) and recently by us in a simulation
study of the elastin mimetic peptides VPGVG and LGGVG
(18). Fig. S2 indicates that the entropy converges for either
the [VPGVG]5 or the AAAAA motif; given that entropy is a
measure of the number of configurations, these graphs indi-
cate that the structural and dynamical information for either
peptide from the simulations can be determined over the
timescales shown (60 ns for [VPGVG]5 in the relaxed state,
4 ns for the stretched VPGVG5 peptide, and 4 ns for the
stretched or relaxed AAAAA peptide.).

As shown in Table 5, the root mean-square fluctuation
(RMSF) of Ca for the [VPGVG]5 peptide in unstrained con-
ditions in the glucose solution is smaller than that of the
same peptide in water only. The changes in dynamics may
be due to hydrogen bonding with the glucose molecule,
which is also recorded in Table 5. This reduced RMSF after
glucose exposure correlates well with the findings of our CP
spectra and the measured correlation times. The strained
peptides have more hydrogen bonds with water, since they
TABLE 5 Simulated characteristics of [VPGVG]5 and AAAAA unde

water

Rg (nm)

Water-peptide

energy (kJ/mol)

Peptide-peptide

energy (kJ/mol)

Peptide-gluc

energy (kJ/m

[VPGVG]5
2 M glucose

(strained)

2:98650:004 �1126 �314 �938

2 M glucose

(relaxed)

1:1150:01 �847 �740 �1060

Water (strained) 2:98650:004 �1756 �314 —

Water (relaxed) 0:6850:01 �1114 �939 —

AAAAA

2 M glucose

(strained)

0:58350:002 �230 �86 �224

2 M glucose

(relaxed)

0:4550:01 �226 �124 �221

Water (strained) 0:58350:002 �382 �85 —

Water (relaxed) 0:4650:02 �377 �126 —

Simulations were performed in water or 2 M glucose solution. The radius of gyra

and their ends. Also shown are the accessible nonbonded energies between the

potential includes a cutoff distance set to 0.9 nm and the long-range Coulomb e

of the peptides. Finally, we show the number of water molecules within 0.30 nm

and with glucose. The radii of gyration, the RMSF values, and the numbers of wa

determination of the entropy, using the quasiharmonic approach, made use of 4 n

using the whole window reported. Details of the water model are provided in M
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are unfolded and are more accessible to the water molecules.
The entropy is also larger for the unstretched peptides,
as expected given their larger configurational entropy
compared with the extended peptides. For [VPGVG]5, a sig-
nificant energy contribution arises from interactions with
glucose. The additional energy contribution, as discussed
below, provides a partial explanation for the stiffening
observed in glucose-exposed elastin.

Table 6 gives details of the entropic (fs ¼ �TDS/Dr), en-
ergy (fe ¼ DU/Dr), and total forces (f ¼ fe þ fs) from
accessible nonbonded interactions for the peptides. Note
that the value of Dr for the peptides in 2 M glucose is
different from that in water, because the starting structures
are different (for example, the VPGVG motif in glucose
has a slightly larger radius of gyration). Both of the
glucose-treated peptides exhibit a smaller entropic force,
consistent with a smaller configurational space due to
limited folding. Also shown are the accessible nonbonded
energy contributions from Lennard-Jones and Coulomb
interactions (the long-range Lennard-Jones potentials and
short-range contributions for both, but without the inacces-
sible long-range Coulomb energy). The ratio fe=f for the
[VPGVG]5 simulations with glucose as an added solvent
is much larger than when the motif is only in water.

Fig. 6 shows the Ramachandran maps for the alanine pen-
tamer and for AAA alanine residues in desmosine and iso-
desmosine. In each image, the integrated intensity of the
entire map is scaled to 1. In 2 M glucose, the MD simula-
tions show that the isodesmosine and desmosine Ramachan-
dran maps are unchanged in the presence of glucose,
r strained and unstrained (relaxed) conditions in glucose or

ose

ol)

Entropy

(J/(mol K)) RMSF (nm)

Number of water

molecules within

0.30 nm of

peptide

Number of

hydrogen

bonds with

water

Number of

hydrogen

bonds with

glucose

1055 0:02150:003 143513 3054 1353

2534 0:0550:01 6959 1552 1852

1152 0:02550:003 234514 4854 —

3500 0:5050:21 134513 3453 —

161 0:01050:001 3658 752 552

550 0:0750:02 2557 552 551

163 0:01150:001 6158 1252 —

564 0:0950:02 5957 1252 —

tion (Rg) is the RMS distance between the center of gravity of the peptides

peptides and water or glucose and the intrapeptide energy. The Coulomb

nergies are not accessible. RMSF is for fluctuations only in the Ca carbons

of the peptides and the number of hydrogen bonds for the peptide with water

ter molecules are computed from data in the final 1 ns of the simulation. The

s (or 60 ns for relaxed [VPGVG]5 only) of simulation time with the entropy

aterials and Methods.



TABLE 6 Simulation results for the retractive forces of a

[VPGVG]5 and AAAAA peptide

End-to-end

displacement

Dr (Å)

Entropic force

(kJ/mol)

Energy force

(kJ/mol)

Total force

(kJ/(mol Ǻ))

[VPGVG]5
Water 89.4 8.1 �0.2 8.0

2 M glucose 72.7 6.3 3.7 10.0

AAAAA

Water 5.5 22.7 6.7 29.3

2 M glucose 8.5 14.1 3.5 17.7

Entropic force and energy forces are computed from the values in Table 5.

Entropic force is given by fs ¼ �TDs=ðDrÞ (T ¼ 310 K) and energy force

by fe ¼ DU=Dr.
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whereas a structural change is evident in the alanine pen-
tamer. The structural changes in the alanine pentamer point
to an a-helix in 2 M glucose, which appears to agree with
what we observed in experiment. As a check of the conver-
gence of the desmosine and isodesmosine simulations, we
plotted the RMSD of the Ca in either 2 M glucose or water
for either desmosine or isodemsosine (Fig. S3). The Rama-
chandran maps from the last 1 ns of a 100 ns or 20 ns simu-
lation were very similar (data not shown).

The alanine pentamer behaves differently from a purely
entropic elastomer, because its energy-force contribution
to the total force is significant in either glucose or
water. However, for the VPGVG motif, the energy contribu-
tion to the retractive force is close to zero in water (see
Table 6). Most notably, after glucose exposure the total
retractive force for AAAAA is reduced from 29.3 to
17.7 kJ/(mol Å), whereas for the [VPGVG]5 motif the re-
tractive force increases from 8.0 to 10.0 kJ/(mol Å). These
simulations therefore suggest that the observed stiffening
in glucose-treated elastin arises at least partially from a sol-
vent-peptide energetic contribution to the retractive forces
of hydrophobic domains such as VPGVG, and not from
the polyalanine domains.

One might speculate that the solvent-peptide energetic
contribution to the retractive force in VPGVG may also be
the cause of the observed viscoelasticity in glucose-exposed
FIGURE 6 Ramachandran angles for the sam-

ples in water (a, c, and e) and 2 M glucose (b, d,

and f). Samples included AAAAA (a and b), des-

mosine with alanine (c and d), and isodesmosine

residues with alanine (e and f) (alanine Ramachan-

dran angles are shown). The angles were calculated

using the final 1 ns of the 20 ns simulations (images

are shown in color). Note that for AAAAA in

glucose, there is a change or increase from b-spiral

to a-helical, consistent with the experimental NMR

results. A schematic representation of the desmo-

sine and isodesmosine molecules used in the simu-

lations is shown in Fig. S1. To see this figure in

color, go online.
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elastin (refer to Fig. 1). However, these energetic contribu-
tions are expected to be recoverable; any changes to the pep-
tide-solvent energy (water or glucose) lost or gained upon
deformation would be recovered upon release and would
not give rise to viscoelastic behavior. A more likely cause
for this behavior, as well as for the loss of anisotropy in
the stress-strain behavior, is from interchain interactions
occurring on a more macroscopic scale. Although our MD
simulations do not offer insight into these effects, signatures
of architectural changes were revealed in the redistribution
of water in glucose-exposed elastin.
CONCLUSIONS

We report here on the macroscopic mechanical behavior and
microscopic dynamical and structural modifications of
porcine aortic elastin after glucose exposure. Mechanical
stress-strain testing indicates that glucose-treated elastin is
stiffer than control samples (with no exposure to glucose).
In addition, glucose-treated samples exhibit a large hystere-
sis upon loading and unloading compared to the control. The
observed hysteresis in the stress-strain behavior of glucose-
treated elastin is a trademark signature of a loss of energy
upon deformation. Our two-dimensional 2H T1-T2 measure-
ments show the presence of four reservoirs of water in each
of the samples studied and demonstrate that the glucose-
treated sample has more overall water per unit of dry sample
mass compared to the control. The two-dimensional 2H T1-
T2 measurements also indicate a difference in the population
of the different reservoirs of water in the samples studied,
although the measured correlation times for tumbling mo-
tion were the same. The 13C MAS NMR spectra show that
glucose-treated elastin cross-polarizes with higher effi-
ciency compared to the untreated samples, indicating the
presence of more rigid structural motifs in this sample.
Our measurements also reveal a difference in the sites
resolved by CP across the samples; for example, the peak
at 53.4 ppm in the glucose-treated elastin assigned to the
Ca-alanine peak cross-polarizes more efficiently than in
the untreated samples. We observe a glucose signal in the
CP spectra of the glucose-treated elastin, suggesting that
the dynamics of the glucose molecule are restricted and/or
anisotropic. 13C relaxation measurements allowed us to
determine the correlation time of 13C-1H internuclear vec-
tors; glucose-treated elastin has on average the largest corre-
lation times of the two samples studied, pointing to slower
dynamics and more rigid structural motifs. Molecular
dynamics simulations reveal that the VPGVG repeat in
water experiences an almost entirely entropic restoring
force upon stretching, whereas in a 2 M glucose solution,
the relative entropic contribution is smaller, indicating that
the glucose degrades the ideal nature of this motif. This
is consistent with the experimental stress-strain measure-
ments reported, and in simulations, the folding of the
VPGVG repeat is significantly affected by glucose. How-
Biophysical Journal 108(7) 1758–1772
ever, changes in the alanine pentamer in glucose are
different; the sum of entropic and energetic contributions
to the retractive force appears smaller than that observed
in water. These simulations suggest that the observed stiff-
ening arises from an energetic contribution to the retractive
force in hydrophobic domains of the protein. Finally, in sim-
ulations of AAAAA there is an increase in the a-helical na-
ture of the alanine peptides exposed to glucose, consistent
with the NMR data.
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