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ABSTRACT:

We report on the direct measurement of the molecular
diffusion coefficients of water confined to purified bovine
nuchal ligament elastin by high resolution q-space NMR
imaging. The experimental data indicate that water
trapped within an elastin fiber has two distinguishable
molecular diffusion coefficients. The component with the
slowest mobility has a diffusion coefficient on the order of
1076 cm’/s that varies inversely with the diffusion time
and is seen to reduce near 37°C. The component with
higher mobility has a diffusion coefficient reminiscent of
free water but is observed to also behave similarly at
37°C. From our experimental data we extract the
surface-to-volume ratio of pores within elastin and
associated changes as a function of temperature. © 2007
Wiley Periodicals, Inc. Biopolymers 87: 352—359, 2007.
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INTRODUCTION
lastin is an extracellular, insoluble, and complex mac-
romolecule that is responsible for the elasticity of
many vertebrate tissues such as the skin, lung, and
aorta.' The elasticity of this remarkable biopolymer is
known to be correlated to hydration since the pioneer-
ing work of Partridge.” This has led many researchers to
focus on the complex water-protein interaction by studying
the thermal and mechanical properties of elastin in addition
to the dynamics of repeating motifs of peptides that mimic
its elasticity. Nevertheless, the mechanism resulting in the
elasticity of hydrated elastin is still not well understood and
several models have been put forward to account for the elas-
tic behavior, all of which implicitly assume waters of hydra-
tion.>™® In this work, we focus on further understanding of
the complex water-elastin interaction by probing the molecu-
lar dynamics of water within elastin fibers by g-space NMR
imaging.

Investigations of elastin and elastin-like peptides have
suggested that the dynamics of water and elastin is a neces-
sary, albeit complex, interaction for the function of the bio-
polymer. Calorimetric studies have suggested both a nega-
tive thermal expansion coefficient and the hydrophobic na-
ture of the protein.® Elastin has also been shown to undergo
a glassy transition between 10°C and 200°C with a strong
dependence on hydration.” Several thermodynamic studies
of elastin have indicated a strong dependence of the Young’s
modulus with the type of solvent and extent of hydration
reinforcing the vital role of an aqueous environment that
imparts its elasticity.>'* The strain dependence of the en-
tropy and energy components of the stress for elastin sam-
ples in swelling equilibrium with different diluents has also
been investigated.11 It was shown that in water, the ener-
getic component contributed ~15% of the total stress. In
DMSO, however, the energy component of the total stress
of elastin was negligible in comparison to the contributing
entropy component, and elastin behaved as an ideal elasto-
mer in this solvent. While these measurements focus on

352

Biopolymers Volume 87 / Number 5—6



macroscopic properties of elastin, they are all correlated to
microscopic structure and dynamics of the complex protein
solvent relationship.

At a molecular level, various studies also indicate the im-
portance of hydration to the complex structure and dynam-
ics of elastin that confers its elasticity. Recent molecular dy-
namics simulations have showed that f-spirals in elastin
adopted more turns, distorted f3-strands, buried hydrophobic
residues, and main-chain polar atoms that hydrogen bonded
with surrounding water.'” Using a Boc-Gly-Leu-Gly-Gly-
NMe peptide, similar results were observed."” Atomic force
microscopy studies have also indicated that structures
adopted by an elastin like peptide, Poly (VGGVG), in metha-
nolic solution evolved from ribbon layers to bead filaments.
In an aqueous suspension, however, the polypeptide self-
assembled into a fibrillar network similar to patterns found
in elastin.'* Studies of (LGGVG),, did not adopt a single con-
formation lending support of a heterogeneous conformation
as well.">'® Polyalanine cross-link domains, encoded by sev-
eral exons of human tropoelastin, exhibited poly-proline II
helix and o-helix conformation in aqueous and trifluoroetha-
nol solutions, respectively.'” Several NMR dynamic studies
have also pointed to elastin being highly mobile with the
association of water.'"® > The NMR relaxation times of
waters of hydration in elastin have been studied, and it was
suggested that two distinct water components exist within
elastin fibers; tightly bound waters of hydration in addition
to water having more “bulk-like” properties reminiscent of
free water.”! In this work, our goal is to further understand
the dynamics of water within elastin fibers by g-space NMR
imaging.

g-space NMR imaging is a well-known, non-invasive ex-
perimental scheme capable of probing the structure of a
broad range of complex systems.** The archetype NMR pulse
sequence for these studies involves creating a spatial modula-
tion of the magnetization, termed a grating,”> with a pulsed
magnetic field gradient, and then tracking molecular dis-
placements by measuring the attenuation of the grating due
to the random motion of the molecules over an experimen-
tally controlled time. The grating wavevector, g, is analogous
to the neutron scattering wavevector and is determined by
the relation g = (27) " 'ydg, where g is the gradient ampli-
tude, 0 is the pulsed gradient duration, and y is the nuclear
gyromagnetic ratio. The functional form of the signal attenu-
ation as a function of the diffusion time or gradient ampli-
tude is determined by the geometry of the confining pore
and the rate of molecular diffusion. For simple geometries,
such as spherical or infinite cylindrical pores, g-space imag-
ing allows for a direct measurement of the average pore di-
ameter. When mobile molecules are confined to a porous
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structure, the measured diffusion coefficient will appear time
dependent. In this situation, the attenuation in the signal in-
tensity in short time allows for a measurement of the pore
surface to volume ratio, independent of the pore geometry,
as shown by Mitra et al.** In the long-time regime, the time
dependence in the diffusion coefficient approaches an as-
ymptotic value allowing for a measure of the tortuosity of
the system, which characterizes pore connectivity and fluid
transport.

A challenging aspect of such studies is that spin relaxa-
tion causes the net magnetization to decay before the nuclear
spins can “see” to full extent the complex connectivity of
the system. Thus, probing the tortuosity limit in practice is
experimentally difficult due to the fact that signal-to-noise
is reduced by relaxation processes if the diffusion time is
made too long. Mair et al. reported on a measurement of
the long-time diffusion dynamics of xenon gas imbibed in
glass beads allowing for a measurement of the tortuosity of
this model system.?” The advantages in using a gas over a
liquid are the diffusion coefficient of gas is much faster,
and the relaxation times are much longer and can be con-
trolled to some extent by adjustment of the pressure in the
system. Measuring the diffusion coefficient in short time,
however, is also challenging due to the fact that the gradi-
ent ringdown times and eddy currents need to be kept
short. In addition, corrections for finite pulse widths are
generally required as reported by Zielinski et al.*® A
detailed simulation study, recently reported by Conradi et
al., examined the limits for which the surface-to-volume
ratio can be determined using these schemes.”” Despite
these experimental limitations, g-space NMR still lends a
great deal of information to the study of complex systems.
Latour et al. applied g-space NMR methods to investigate
the time-dependent behavior of water diffusion in packed
erythrocytes and estimated the surface-to-volume ratio and
permeability of the cells.”® Q-space NMR is a robust tech-
nique that is in clinical use in the investigation of various
neurological disorders such as Parkinson’s and Alzheimer’s
disease.

The experimental challenge for interrogating the internal
structure of an elastin fiber, and for probing the rate of mo-
lecular motion of waters of hydration by g-space NMR
imaging, is that the magnetization grating must have a wave-
length less than the diameter of the fiber. Bovine nuchal liga-
ment elastin studied in this work has a diameter approxi-
mately equal to 5 um.** To create a grating with a wave-
length less than 5 um, strong pulsed gradient fields in excess
of 1 T/cm must be delivered to the nuclear spin ensemble
that are not commercially available and were designed in
our laboratory.
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FIGURE 1 (A) Pulsed gradient spin echo (PGSE) and (B) stimu-

lated echo (SE) pulse sequences with the inversion recovery filters.
In the experiment, the time A, is experimentally set to filter the sig-
nal arising from bulk water outside the fiber. The time A, is the dif-
fusion time, which was varied in the experiment. In our experi-
ments, the amplitude of the gradient pulse is also varied, while the
gradient pulse length was set to 1 ms. The n/2 pulse width was
3.7 us, and the recycle delay was set to 10 s throughout all our studies.

MATERIALS AND METHODS

Purified bovine nuchal ligament samples were purchased from Elas-
tin Products Company (Elastin Products Co., Owensville, MO) that
were prepared by the neutral extraction method of Partridge.” The
samples were hydrated in deuterated water for 1 week in a mechani-
cal shaker and included 0.03% (w/v) of sodium azide added as bio-
cide. The hydrated samples were placed in a sterile 10 mm by
1.5 mm OD capillary sample tube sealed with epoxy to avoid water
loss. We used a modified wide-bore liquids Bruker NMR probe fitted
with a home-built gradient set and high power RF capacitors. The
gradient coil had a resistance of 1.5 Ohm, an impedance of ~25 mH
and an efficiency of ~400 G/cm/A. The design of such gradient coils
for use in solid state NMR scattering experiments is outlined by
Zhang and Cory.”® The RF coil was ~2 mm in diameter and con-
sisted of 5 turns of 32 AWG copper wires. We ran the experiments
on a Tecmag Apollo NMR spectrometer, which controlled a Techron
5050 gradient amplifier and delivered up to 50 A of current. In our
system, “H had a resonance frequency of ~27.548 MHz. A pulsed
gradient spin echo (PGSE) cycle shown in Figure 1A was used to
investigate the rate of molecular diffusion of water in the elastin
fiber as a function of the wave-number g ranging from 0 to 1.7 X
10* cm ™" and diffusion times A ranging from 3 to 12 ms. In addi-
tion, a stimulated echo (SE) pulse cycle shown in Figure 1B was
implemented to study the rate of diffusion over longer diffusion
times by varying q over the same range. Both sequences incorpo-
rated a T filter to suppress the signal from water outside the elastin
fiber, which was determined using a saturation recovery and inver-
sion recovery experiment. Measurements of the T, were performed
using a CPMG cycle at every temperature and indicated the pres-
ence of water in two distinct environments within the elastin fiber.
The T, values were in good agreement with those reported by Ellis
and Packer on a similar elastin sample.'* Example CMPG spectra
with and without the bulk water suppression via a T, inversion re-
covery filter are highlighted in Figure 2. The T, filter is constructed
by first accurately measuring the respective T; relaxation times of
the various components of the water within the sample. Assigning
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FIGURE 2 Example spectra of a free induction decay acquired
with a CMPG cycle with and without the T, inversion recovery filter
to suppress the bulk water outside the elastin fibers.

the longest T} to that of bulk or free water, the same T, inversion re-
covery filter was implemented in the diffusion studies.

RESULTS AND DISCUSSION

In the diffusion measurements, we found that a model of two
exponentially decaying functions fit the data as q° was varied
when the diffusion time A was less than 8 ms. However,
when the diffusion time was made longer a single exponen-
tial fit appeared to accurately describe our results. An exam-
ple of these raw data acquired at 42°C for a diffusion time A
= 2 ms and A = 13 ms is shown on a logarithmic scale in
Figure 3, highlighting the signal decay as ¢q is incremented.
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FIGURE 3 Sample experimental data acquired at 42°C using a
PGSE cycle shown in Figure 1A. In the experimental results shown,
A was fixed to @ 2 ms or * 13 ms and the gradient amplitude was
systematically incremented as discussed in the text. The data show
that in the short time A = 2 ms a biexponential fit accurately
describes the data well. In the longer time A = 13 ms, the data
appear to be described by a linear function. Note that the data are
plotted on a logarithmic scale on the y-axis and that the signal-to-
noise is reduced for the 13 ms data, due to the longer diffusion time
which results in greater echo attenuation.
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For short time A = 2 ms a bi-exponential appears to fit the
data well, whereas for a longer time A = 13 ms a single expo-
nential accurately describes the data. Yablonsky et al. have
shown that a continuous distribution of diffusion constants
from a PGSE measurement may produce a decay indistin-
guishable from a bi-exponential function.’' However, our ra-
tionale for fitting two exponentially decaying functions at
short time, indicative of two diffusion coefficients, stems
from the T, observations mentioned earlier.

For any given value of A in either the SE or PGSE experi-
ments, it is expected that the signal as a function of g* be
described by an exponential or a sum of exponentials
depending on the number of environments the water is
exposed to. This can be understood as follows; for a porous
system having an average pore size “a” and a pore spacing
“b’, the signature of scattering events are revealed in the data
only when g-a~ ' or g-b~". A well-known result from the
theoretical treatment of g-space imaging is when q < b '
the echo intensity will decay exponentially.”* In our experi-
ments, we vary g over the range of 1-0.5 um and because any
pore spacing within the fiber is much less than 1 um, no scat-
tering events are expected to be experimentally realized. In
addition, the motion of water molecules confined in the elas-
tin fiber is expected to take a tortuous path because of the
complex morphology of the system as revealed in SEM stud-
ies.’® Figure 4A highlights an SEM image of an intact single
elastin fiber, and Figure 4B shows a bovine nuchal ligament
elastin fiber that was crushed under liquid nitrogen. The
arrow in the figure highlights one of the many tortuous paths
a water molecule can undergo. As a consequence of this tor-
tuous path, the diffusive behavior of the water molecules in
highly confined regions is expected to be time dependent due
to the presence of interconnecting channels that confine their
motion. Figure 4C highlights a cartoon whose purpose is to
illustrate that the diffusion coefficient measured along the
gradient axis, which in our experiment is applied along the
azimuth, will be time dependent due to the tortuous path
followed by the water molecules.

For such a porous system, Mitra et al.** showed that for
small t that the surface-to-volume ratio can be determined
from the relation

D(t) _ 4

Dy

S
— /Dot + O(Dot) + - --

1— NG v, (short time)

(1)

independent of the confining geometry. In the above equa-
tion, Dy is the free diffusion coefficient and S/V;, is the sur-
face-to-volume ratio of the pore. For long times, the meas-
ured time dependence in the diffusion coefficients vanishes
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FIGURE 4 (A) SEM image of a bovine nuchal ligament fiber
studied in this work. (B) High resolution SEM image of an elastin
fiber crushed under liquid nitrogen. The arrow in the figure points
out one of the many tortuous paths a water molecule can undergo
resulting from the complex morphology of elastin. (C) A cartoon
that emphasizes that the measured diffusion coefficient along the
azimuthal axis will appear time dependent and reduced as a mole-
cule moves from A to B in a time t1, compared with one displacing
a distance A to C in a longer time t2 > tI.

and the diffusion coefficient is related to the inverse of the
tortuosity of the confining channel denoted by o. That is,

D(t) 1 ¢ 1\ :

where ¢ is a constant that is again determined by the mor-
phology of the system. To analyze the intermittent region
between short-time and long-time behaviors, a Padé approxi-
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FIGURE 5 Compiled diffusion coefficients of the component of
water having bulk-like properties, by virtue of the magnitude of the
diffusion coefficient, in elastin fibers as a function of temperature
and the diffusion time measured by a PGSE cycle. In the text, this
component is referred to as the B component. The errors in the data
are ~5-10% of the value shown.

mation was introduced by Latour to extrapolate between
these two regimes which is written

D(t)_l_(1 1)@

Dy VNG

( _l)M
1 4\/1)_:; e 1\ Dot (3)
(=D +3722+ (=) 5

In the above expression, 6 has dimensions of time and repre-
sents the time molecules that diffuse an average macroscopic
distance [ to reach the tortuosity limit.”

One final point should be noted regarding the background
susceptibility effects in our measurements. These local sus-
ceptibility effects create additional gradients, which are
superimposed on the applied pulsed gradient field. From our
CPMG experiments, we and others'* found that the shortest
T, was on the order of 10 ms. The shortest T3 component
of the water within the elastin fibers as measured by a single
pulse experiment was on the order of 200 us. Given that the
sample tube had an inner diameter of 1.5mm, for H y =
653 Hz/G an estimate of the average background gradient is
on the order of 50 G/cm. However, because the magnitude of
the pulsed gradient field imparted on the spin system is on
the order of 10* G/cm, these local susceptibility effects are
considered negligible and will not be discussed further.

Figure 5 highlights the measured values of the component
of the water having a diffusion coefficient order 107° cm?/s,
hereafter referred to as the ff-component, as a function of
temperature and diffusion time. Referring to Figure 5, the
results show that the measured f-diffusion coefficient does
not vary significantly as the diffusion time is changed from 4

to 12 ms. Within the error bar of 5-10% (which were not
shown for the purposes of simplifying the representation of
the data), the results indicate that the f-diffusion coefficients
vary only ~10% over the time scale shown. From these
results, we can deduce the tortuosity of the elastin in regions
of the fiber where the water has bulk like properties. The
early time dynamics shows slight time dependence. We
believe this small variation comes from the ¢/t dependence
shown in Eq. (2). In addition, the results show that the meas-
ured diffusion coefficients near 37°C are very close to that
observed at 30°C despite the increase in temperature. These
findings suggest that the measured bulk tortuosity of the sys-
tem is the same despite the increase in temperature, and that
the expected increase in the diffusion constant due to the
increase in temperature is offset by the negative thermal
expansion coefficient of elastin.

In Figure 6, the measured diffusion coefficient of the
water having a magnitude on the order of 10”° cm?/s, here-
after referred to as the y-component, is seen to depend both
on the diffusion time and on temperature. In our experi-
ments, we observe changes in the diffusion coefficients over
time scales of milliseconds, and the RMS displacement of the
’H nuclei in a time A ~ 4 ms with D ~ 10~ %cm?/s is on the
order of 1 um. Hence, the observed time dependence in the
diffusion coefficients of the y-component is due to the tortu-
ous path that the water molecules undergo as discussed ear-
lier, and the slope of the curve in short time is related to the
SV, ratio of the channel or pore that confines the motion.
In each of the graphs, we show the measured diffusion coeffi-
cient D(A) as a function of the square root of the diffusion
time A. The line shown in each graph is a fit to the experi-
mental data using Eq. (1), whose slope is the S/V|, of the
channel that confines the motion of the molecules. The line
fit to the 10°C and 20°C data made use of all the experimen-
tal data points shown. For the higher temperatures, we used
only the first 4 points in the decay of the diffusion coefficient,
which appeared to have a linear behavior with A2 An im-
portant point that should be emphasized in the fitting of Eq.
(1) to the experimental data is that the diffusion coefficient
at A = 0 is that of free water, which is well known. The graph
shows that the fit appears to describe the trend in the experi-
mental data for the 10°C and 20°C quite well, however, not
for the 30°C, 37°C, and 42°C data. The physics of these
results is at the 10°C and 20°C temperatures, the morphology
of the elastin sample is such that the highly confined y water
molecules traverse a distance where they sample the shape of
the confining pore only, and that the tortuosity limit is not
reached. The measured surface-to-volume ratio at these tem-
peratures was 1.14 X 10* cm™' and 1.04 X 10* cm™' for
10°C and 20°C, respectively.

Biopolymers DOI 10.1002/bip
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FIGURE 6 Compiled diffusion coefficients of the component of water having a magnitude on
the order of 10 cm?/s in elastin fibers as a function of temperature and the square root of the dif-
fusion time measured by a PGSE cycle. In the text, this component is referred to as the y compo-
nent. The figures show a fit using Eq. (1) from which we extracted the surface to volume ratio of
the pore or channel, which confines the motion of the molecules. The errors in the data are ~5—

10% of the value shown.

At 30°C, 37°C, and 42°C we could not fit Eq. (1) to the all
of the experimental data that is shown, suggesting that the
dynamics we probed are no longer satisfying the short-time
approximation, which is tacitly implied in this expression.
Careful inspection of D(A) at 30°C and 42°C reveals that the
results also show a time dependence at long times from
which we deduce that tortuosity limit has not been reached
with these measurements. Moreover, the shape of the curve
appears to vary in going from 30 to 37°C and then to 42°C.
The Padé approximation given in Eq. (3) extrapolates
between Eqs. (1) and (2) and requires an estimate of the S/V;,
ratio and the tortuosity of the system in order for the param-
eter O to be measured. In an ideal experimental condition, we
would have shortened the observation time A below 1 ms
and probed the short time dynamics of the molecules and
more accurately measured S/V,,. Currently, the gradient ring-
down times and eddy currents in our setup prevents us from
doing so. In addition, if the T, were sufficiently long, we
would also probe longer time dynamics of the water and
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measure o, the tortuosity. Together, o and S/V,, would have
been used to fit Eq. (3) to our data to estimate 0.

In an attempt to study the dynamics and measure the tor-
tuosity of the y-component in the sample in the long-time
regime, we implemented a SE pulse sequence. The results
obtained when A = 25, 50, and 75 ms indicated only 1 diffu-
sion coefficient, and the values we measured are shown in
Figure 7 as a function of temperature. We find that the meas-
ured values are slightly above those measured by the PGSE
cycle for the y-component shown in Figure 6. At 10°C the
diffusion coefficient measured with A = 8 ms with a PGSE
experiment was 8.6 X 10”7 cm?/s, but in the SE experiment
we measured ~1.4 X 10~° cm*/s at A = 25, 50, or 75 ms.
We believe these results may suggest that over the time scale
of 25-75 ms that the highly confined y-component exchanges
with the bulk-like f-component. A consequence of this
exchange prevents us from precisely measuring the tortuosity
limit of the y-component at all temperatures. While further
experimental work is necessary to quantify this exchange,
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FIGURE 7 Measured diffusion coefficients using a SE cycle as a

function of temperature. The measured diffusion coefficient repre-

sents the average values from experiments performed where A, was

25, 50, and 75 ms.

here we provide an estimate of the S/V,, ratio from the first
few points in the decay for the temperatures above 20°C. The
measured values are 1.02 X 10* cm ™!, 1.04 X 10* cm ™!, and
1.01 X 10* cm ™! for 30°C, 37°C and 42°C, respectively.

The changes in the shape of the diffusion coefficient ver-
sus the diffusion time curve shown in Figure 6 may point to
morphology changes within the elastin fiber as the tempera-
ture is varied. At the lower temperatures the data appear to
be well described by a straight line, in agreement with the
leading term of Eq. (2). However, at temperatures above
20°C we find that the diffusion coefficients as a function of
A'? are no longer linear as measured over the same time
scale. Recalling again that elastin has a negative thermal
expansion coefficient, an increase in temperature decreases
the volume of the entire fiber. If we very crudely model the
pore that inhibits the motion of the y water molecules as a
sphere of radius R, then the surface to volume ratio is given
by 3/R. Hence, a reduction only in the radius R of the pore
would increase the S/V}, as the temperature is raised. Our
results do not indicate a significant change in the measured
S/V,, as the temperature is raised. The fact that we observe
changes in the shape of the diffusion curve as a function of
the square root of the diffusion time suggests a complex
change in the average micro-pore area and volume within
the elastin fiber or that the connectivity of the channels
within the elastin fiber may change as a function of tempera-
ture. In addition, the data also suggest that the slope of the
curve changes between 4 and 8 ms in going from 30 to 42°C.
More specifically, at 37°C we find that the shape of the curve
appears to have reached an asymptotic value. Recalling that
the asymptotic value of the diffusion coefficient in long time

is a measure of the tortuosity of the system, we estimate o =
33.0 for the y water molecules in elastin at the 37°C, suggest-
ing a highly complex interconnected geometry, as illustrated
in the crushed fiber shown in Figure 4B.

The fact that the water near 37°C within elastin fibers
appears to approach an asymptotic value fast than other tem-
peratures, appears to also be correlated with more micro-
scopic dynamics of the protein as reported by others. The
work reported by Fleming et al. showed that the line-width
of the carbonyl peak of a '°C labeled, hydrated aortic elastic
sample is maximum near 32°C.'” At both lower and higher
temperatures, the line-widths are narrower than that at 32°C.
A well known result from NMR is that a wide line-width is
indicative of slow molecular motion,** so that the observed
broadening of the '°C carbonyl peak at 32°C is indicative of
reduced motion relative to both higher and lower tempera-
tures. A similar trend was observed by Perry et al. in their
investigation of a '°C labeled elastin sample; the linewidth of
the carbonyl on the protein backbone increased and peaked
at 37°C for a fully hydrated sample as the temperature was
increased from —20 to 37°C.*° Together, the reduction in the
motion of the protein backbone at 37°C, and the negative
thermal expansion coefficient results in water molecules in
the highly confined regions of elastin to more rapidly reach
the tortuosity limit near 37°C than at any of the lower tem-
peratures. Careful investigation of the data of the y compo-
nent at 42°C reveals that the diffusion coefficients are again
slightly greater than that measured at 37°C, while the sample
would have further decreased its volume due to the negative
thermal expansion coefficient. For the same diffusion times,
the tortuosity limit is not reached at 10°C and 20°C as
observed at higher temperatures. Together with the spectro-
scopic data mentioned earlier, the diffusion data appear to
indicate that the microscopic changes in the morphology and
dynamics of the protein tightly confine the water molecules
that are in close proximity near the physiological temperature.

The highly confined water and the associated reduction in
the volume of the interstices, which confine their motion at
the physiological temperature, may play a role in the elastic-
ity of elastin. The results of Mistrali et al. indeed showed that
water contributes a non-negligible amount to the strain de-
pendence of the energy components of the stress.'" Though
the protein itself must withstand the mechanical strain when
an externally applied mechanical force is applied, the surface
tension within a water filled pore may play a role in the
restoring force giving rise to elasticity observed only in
hydrated samples. Considering the thermodynamic defini-
tion of the surface tension, y = 0W/0S, where W = POV is
the mechanical work applied to the system, and S is the area
over which the work is applied, the surface tension may be

Biopolymers DOI 10.1002/bip



rewritten as y = POV/OS. Water, or any other polar solvent,
confined within micro-pores of an elastin fiber that under-
goes a deformation in the ratio of the volume-to-surface ra-
tio, 0V/0S, may contribute a non-negligible surface tension.
One can extend the scattering studies presented here to probe
this surface tension within an elastin fiber by measuring
changes in the S/V,, of the pores, while a well-defined me-
chanical stress is applied to the sample.

Russo et al. recently reported on an experimental study
of hydration dynamics near a model hydrophobic amino
acid by neutron scattering and by simulation.’® Their work
showed that the diffusion coefficients of water surrounding
the model hydrophobic system, both in the bulk and in
close proximity to the hydrophobic amino acid, may be
reduced by approximately 1 order of magnitude relative to
free water as realized in the experimental results presented
here. In simulation studies, the residence time of water mol-
ecules near elastin is on the order of ps and water molecules
in the hydration shells appear to be more structured at 10°C
compared with 42°C."* Our results do not separate out the
different hydration shells that surround elastin, because we
study the long-time behavior over a time scale of tens of
milliseconds.

CONCLUSIONS

In this work, we report on the direct measurement of the
rates of molecular diffusion of waters of hydration confined
to purified bovine nuchal ligament elastin fibers, via a g-
space NMR scattering experiment. The experimental data
indicate two distinguishable diffusion coefficients allowed for
a measurement of the average S/V;, ratio of the pores and the
associated tortuosity at the physiological temperature. With
stronger gradients than that presented here, it is expected
that one may probe scattering events within micropores of
single elastin fibers to further elucidate the complex water-
protein interaction.
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