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ABSTRACT Elastin fibers assemble in the extracellular matrix from the precursor protein tropoelastin and provide the flexibility
and spontaneous recoil required for arterial function. Unlike many proteins, a structure-function mechanism for elastin has been
elusive. We have performed detailed NMR relaxation studies of the dynamics of the minielastins 24x’ and 20x’ using solution
NMR, and of purified bovine elastin fibers in the presence and absence of mechanical stress using solid state NMR. The low
sequence complexity of the minielastins enables us to determine average dynamical timescales and degrees of local ordering
in the cross-link and hydrophobic modules separately using NMR relaxation by taking advantage of their residue-specific res-
olution. We find an extremely high degree of disorder, with order parameters for the entirety of the hydrophobic domains
near zero, resembling that of simple chemical polymers and less than the order parameters that have been observed in other
intrinsically disordered proteins. We find that average backbone order parameters in natural, purified elastin fibers are compa-
rable to those found in 24x’ and 20x’ in solution. The difference in dynamics, compared with the minielastins, is that backbone
correlation times are significantly slowed in purified elastin. Moreover, when elastin is mechanically stretched, the high chain
disorder in purified elastin is retained, showing that any change in local ordering is below that detectable in our experiment.
Combined with our previous finding of a 10-fold increase in the ordering of water when fully hydrated elastin fibers are stretched
by 50%, these results support the hypothesis that stretch induced solvent ordering, i.e., the hydrophobic effect, is a key player in
the elastic recoil of elastin as opposed to configurational entropy loss.

SIGNIFICANCE Elastin is responsible for the spontaneous recoil of arterial walls that is necessary for cardiovascular
function. Despite this critical role, the mechanism driving entropic recoil has remained unclear. Elastin is unusual in that it is
intrinsically disordered in both soluble and fibrous forms. Using NMR, we have determined the domain average timescales
and amplitudes of dynamics in two soluble elastin mimetics and in relaxed and stretched states of purified bovine elastin
fibers. Although dynamical timescales are different, both the soluble elastin mimetic and fibrillar elastin display an
exceptionally high degree of disorder. No detectable increase in protein ordering was observed upon stretching,
suggesting that entropic recoil is primarily driven by the hydrophobic effect and not configurational entropy loss.

INTRODUCTION to the extracellular matrix and consecutively undergoes an
oligomerization transition known as coacervation, followed
by cross-linking via the enzymatic oxidation of lysyl
e-amino groups (2). The reversible entropic elasticity of
fully matured elastin fibers in blood vessel walls is respon-
sible for elastic energy storage during the cardiac cycle and
the dampening of pulsatile flow in distal arteries via the

Windkessel effect (3). Elastogenesis terminates in adoles-

Elastin, an extracellular matrix protein that is the principal
elastic protein in vertebrates, is abundantly expressed in
blood vessels, lung tissue, ligaments, and skin (1). The
mature elastic matrix is formed when tropoelastin, one of
the most hydrophobic proteins found in nature, is exported
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cence, and in the course of a human lifetime, arterial elastin
undergoes in excess of 107 stretching and contracting
cycles. Oxidative damage accrued over human elastin’s
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lifetime reduces blood vessel compliance, resulting in hy-
pertension, vascular calcification, ventricular hypertrophy,
renal dysfunction, and stroke (4). It is critical to understand
the structural and dynamic origin of elastin’s entropic elas-
ticity to understand how this oxidative structural damage
leads to the pathogenesis and progression of these diseases.

Elastin proteins are organized in alternating proline-rich
hydrophobic domains and alanine-rich cross-linking do-
mains (5). The hydrophobic domains are quasirepeats of
three to seven amino acids rich in hydrophobic residues
including proline, whereas the alanine-rich cross-linking
domains are weakly helical (6) and present the cross-linking
lysine residues in close proximity at i and i 4+ 3 or i + 4 po-
sitions (7). The elastic function of elastin proteins primarily
arises from the hydrophobic domains. These were, for some
time, thought to have a stable repeating type II G-turn sec-
ondary structure (8). However, we have shown using
NMR analyses of both natural elastin fibers (9) and a series
of simplified designed minielastin proteins (6) that these do-
mains are intrinsically disordered in the unstressed relaxed
state (9).

The entropically driven recoil of a stretched disordered
polymer can have two different origins: configurational en-
tropy gain similar to that of vulcanized rubber (10), or the
reduction of hydrophobic side-chain exposure as the domain
contracts and becomes more compact (11,12). It is an
important open question to what extent each of these mech-
anisms contribute to elastin function. To answer this ques-
tion, we have performed detailed NMR studies of the
dynamics of two designed minielastin proteins in solution,
24x’ and 20x’, and of purified bovine elastin in the presence
and absence of mechanical stress.

Like natural elastin, our designed minielastins have an
alternating structure of hydrophobic modules, (APGVGV);
or (VPGVGG)s, and cross-link modules, (DAsKA,KF). Un-
like natural elastin, 24x’ and 20x’ have identical repeats,
which has allowed us to completely assign resonances in
the proteins (6). In a protein with dynamic motion on these
timescales, NMR chemical shifts reflect the time average
chemical environment of each atom. In our earlier work,
we closely looked for chemical shift variation in the hydro-
phobic domains and found that chemical shifts for all but the
outermost residues are identical and independent of whether

{ Human Elastin |

the hydrophobic domain is in isolation, internal, or located
at either protein terminus. This includes backbone (H,, C,,
CO, HN, and N) and side-chain atoms. Furthermore, varying
the number of modules in the construct or changing the
sequence of the cross-link modules does not change the
chemical shifts that are (within the uncertainty of 2° chem-
ical shifts) equivalent to random coil values in the hydro-
phobic modules or somewhat shifted toward «-helical
values in the center of the cross-linker (6). Herein, we
also show that R; and R, relaxation rates, within experi-
mental error, are the same in two proteins that have, respec-
tively, a molecular weight of 138 kDa with two (APGVGV),
modules (20x’) and a molecular weight of 203 kDa with four
(APGVGV); modules (24x’). All of these observations are
consistent with a high degree of local dynamics that does
not vary significantly with the position of the repeat along
the length of the protein, protein terminal residues aside.
With the reduced range of chemical shifts in intrinsically
disordered protein (IDPs), complete residue-specific NMR
studies of dynamics in this type of protein are technically
unfeasible, and all repeats are approximated as dynamically
equivalent in our analysis of the relaxation data which
represents an average over all of the hydrophobic repeat do-
mains and all of the cross-link modules. This approximation
allows us to determine both the average dynamical time-
scale(s) and the average degree(s) of local ordering with res-
idue-specific resolution in the cross-link and hydrophobic
modules of 24x’ and 20x’ from solution NMR relaxation
studies (R;, R,, and nuclear Overhauser effect (NOE)) at
three field strengths. We find an extremely high degree of
disorder resembling that of some simple chemical polymers
and comparable to only the smallest order parameters
observed in natural IDPs (13—15). We also note that hydro-
phobic modules in natural elastin have an approximate
repeat-like sequence.

We then examined the natural, purified elastomer using
solid state '*C-NMR without magic angle spinning
(MAS). Chain ordering was determined from the residual
shielding anisotropy and dynamical timescales from R,
and R, of the entire backbone carbonyl resonance envelope.
We find a similarly high degree of average disorder in the
natural protein and, importantly, mechanical stretching
does not detectably decrease this disorder. As the polymer
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FIGURE 1 Domain structure of human elastin
and the domain structure and sequences of minie-
lastin proteins 24x’ and 20x’. Hydrophobic do-
mains are brown and crosslinking domains are
green. To see this figure in color, go online.
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disorder we observe in both relaxed and stretched elastin is
essentially identical, we infer that elastin’s recoil does not
arise from configurational entropy loss at the residue level.

MATERIALS AND METHODS
Protein expression

'>N-labeled samples of minielastin constructs (Figure 1) with sequence 24'-
x/-24'-x'-24'-x'-24" (24x') and 20/-x'-24'-x'-24" (20x’), where 24" =
(APGVGV),, 20' = (VPGVGQG)s, and X' = DAsKA,KF, were expressed
and prepared as described previously (6). '*C-,'’N-labeled 24x’ was ex-
pressed using a 1:100 dilution of Bioexpress media (Cambridge Isotope
Laboratories, Tewksbury, MA) in labeled M9 media (16). NMR samples
were ~300 uM protein in (pH 6) 50 mM phosphate buffer (90% H,O
and 10% D,0).

Purification of elastin fibers

Purification of elastin fibers from fresh bovine neck ligaments was per-
formed using a protocol (17) that yields pure elastin fibers with smooth sur-
face and uniform diameter (Fig. 6 a). Briefly, samples of appropriate size
for NMR were initially cut from the large ligament, washed with aqueous
sodium chloride to remove water-soluble proteins and then with organic
solvents to remove lipids. Other proteins were removed by treatment with
cyanogen bromide (elastin has no methionine) followed by a wash with
aqueous urea containing @-mercaptoethanol and final purification by
limited trypsin digestion for 4 h at 37°C to remove microfibrillar compo-
nents (in mature elastin, most trypsin cut sites are eliminated because of
cross-linking). Purified samples were stored at —80°C.

NMR measurements of backbone amide
exchange

Amide "’N-'"H-exchange rates in 24x’ were measured on a 700-MHz Varian
Inova Instrument (Varian, Inc., Palo Alto, CA) using the CLEANEX-PM
pulse sequence during which buildup of NMR signal, I(7), as a function
of the exchange time, 7, is as follows (18):

I; Kex —Ry4 —(Rp+kex)
R T )T 1
Iy (kex +Rp — RA) (e ¢ >7 M

where I is the reference signal intensity obtained from the fast heteronu-
clear single quantum coherance (HSQC) spectrum and k., is the amide pro-
ton exchange rate. Ry and Rg are NMR relaxation rates of the water and
amide protons, respectively. Spectra were accumulated with 1500 and 64
complex points in the direct and indirect dimensions, respectively, 16 scans
per t; increment, a recycle delay of 1.5 s and six exchange times: 5, 50, 100,
200, 350, and 400 ms. Values of k.x were extracted from the plots of the
signal intensity ratio I(7)/I vs. 7, and reported errors are errors of the fit.

NMR relaxation measurements of minielastins

NMR relaxation measurements of minielastins were collected at 298 K on
Bruker (Billerica, MA) Avance 500, 600, 700, and 800 MHz Instruments
equipped with cryoprobes. For '’N-HN relaxation, 90° pulse widths on
all four instruments varied from 7 to 10 us ('H) and 25-40 us >N).
Data were processed using NMRPipe (19) and TopSpin 3.5pl7 software.
Relaxation rates were calculated using peak heights and steady-state
'H-">N-NOE values were calculated from the ratio of peak heights in
NMR spectra acquired with and without proton saturation. The signal/noise
ratio in each spectrum was used to estimate the experimental uncertainty.

Elastin dynamics and recoil

ISN—Rl, R,, and NOE at 600 MHz were measured by chemical exchange
saturation transfer (CEST) (20) to probe for the presence of slow exchange
processes, which are not present. '’N-CEST spectra were recorded with a
B, field of 87.5 = 4 Hz calibrated as previously described (21,22), with
an 'H-decoupling field strength of 3.5 kHz centered at 8.5 ppm during
the mixing time (500 ms) and 70 B, offsets from 102 to 136.5 ppm. A refer-
ence experiment with a null mixing time was also acquired. The spectral
parameters were 512 and 64 complex points in the direct and indirect di-
mensions, respectively, four scans per t; increment and a recycle delay of
1.5 s. Data were plotted as normalized peak intensity (to the reference in-
tensity) versus offset and errors in the data points were estimated from
the deviation of peak intensities in which peak attenuation was not occur-
ring. Extraction of R; and R, from the data utilized an in-house python
script. Ry spectra were recorded with 10 delay times (10-1200 ms) and
2-s recycle delay and R, spectra with eight delays (10-350 ms) and 1-s
recycle delay. NOE spectra were recorded with a 10-s saturation period
and 4-s recycle delay. Acquisition parameters were 1024 and 200 complex
points in direct and indirect dimensions, respectively, and 20 scans per t,
increment.

SN-R;, CPMG R,, and NOE at 500 and 800 MHz on 24x’ were deter-
mined using the pulse sequences of Farrow et al. (23). R; spectra were re-
corded as pseudo-three-dimensional (3D) experiments with nine delay
times (10—1200 ms) and 2-s recycle delay; R, pseudo-3D spectra were ac-
quired with eight CPMG delay times (17-340 ms) and a 1-s recycle delay.
NOE spectra were recorded with a 5-s saturation period and no recycle
delay.

15N—R1, R,, and NOE at 500 and 700 MHz on 20x’ were determined us-
ing the pulse sequences of Farrow et al. (23). R; spectra were recorded as
pseudo-3D experiments with nine delay times (20-1200 ms) and 1.5-s
recycle delay; R2 pseudo-3D spectra were acquired with eight CPMG delay
times (17-340 ms) and a 1.5-s recycle delay.

HNCO-based '*CO-R; and R, at 500 and 700 on 24x’ were determined
using the pulse sequences of Chang and Tjandra (24). R; spectra were re-
corded with nine delay times (10-1600 ms) and a 1.5-s recycle delay;
Rimo spectra were acquired with a B1 field of 2500 Hz, seven T-values
(10-240 ms), and a 1.5-s recycle delay.

Fitting parameters (correlation times and order
parameters) to the relaxation data

Ry, R,, and NOE were fit with Eqs. S1a—S1c and spectral density functions
Eq. 3 or Eq. 10b for minielastin and Eq. 12 for purified natural elastin fibers.
To account for the contributions to relaxation from dipolar coupling to pro-
tons and chemical-shielding anisotropy, we have used ryy = 1.02 A, n=0,
and 6, = —114.7 ppm for >N and rye = 1.69 A (14), n = 0.81, and
6.= —77 ppm for 13C’ (25). Optimum parameter values were obtained by
a Monte Carlo or a grid search for the minimal value of %2 with x* defined
(23,26) as follows:

Ric—R.\> [Roc—R,\*
2 1,C le 2.C 2.e
X = Z |:< OR,, ) * ( OR,y, >

2
n (NOE(, — NOE(,) ], @

ONOE,

« 9

and subscripts “e” and “c” indicate experimental and calculated values,
respectively. The sum is over NMR frequencies. Standard errors in the pa-
rameters were determined by Monte Carlo simulation as previously
described (27-29). Five hundred normally distributed data sets were gener-
ated using the relaxation parameters back calculated from the optimum fit
and the experimental uncertainties (Tables S1 and S4) as the Gaussian
means and standard deviations, respectively. A distribution for each fit
parameter was then obtained by fitting each of the data sets in the same
way as the experimental data. The fit parameters, shown in Figs. 4 and 6
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and listed in Tables S2, S3, and S5, are the optimum parameters obtained at
minimum x> with the indicated error limit calculated as the standard
deviation of each parameter distribution.

Static '3C-NMR spectra of stretched and relaxed
elastin

Static '3C-NMR spectra of stretched and relaxed elastin were obtained on
a homebuilt 500 MHz spectrometer and a 700-MHz Varian Inova Spec-
trometer. For the 500 MHz instrument, the ends of a dry elastin sample
(~2 mm x 25 mm) were superglued to ~2-cm length of a 3.2-mm G10
rod (purchased from McMaster-Carr, Elmhurst, IL) overnight equilibration
in ?H,0, the fiber assembly was inserted into a 5-cm length of a 5-mm
NMR tube open at both ends. At one end, the rod was sealed to the glass
tube with glue. So that the sample could be stretched, the rod protruding at
the other end was held in place and sealed with parafilm. This assembly
was inserted into the horizontal coil of the homebuilt probe (30). R;
and R, relaxation times were measured using inversion recovery and
Hahn echo pulse sequences with relaxation delays of 4 s. An arrangement
similar to the above was adapted for the unmodified cryoprobe of the 700
MHz instrument and a 5-mm sample tube with the closed end removed.
G10 rods were cut to protrude from the ends of the NMR tube so that
the elastin sample (2 mm x 29 mm) was centered in the sample coil.
The lower rod was glued to the NMR tube, and the upper rod was held
in place with parafilm. R; spectra were recorded at nine delays (0.25-12
s) and R, spectra measured with a Hahn echo at 500 MHz and with
CPMG echoes at 700 MHz were recorded at 10 delays (0.2-1.2 ms)
with 4-s recycle delays. The 13C-NMR relaxation data of hydrated elastin
were processed in a same manner as the 24x’ using x*> minimization to
obtain the best fit parameters, 7, 75, and SE2.

Theory

Dynamic analyses using Ry, R, and NOE data are less well developed for
IDPs than for folded proteins. In both cases, the key function in the analysis
is J(w), the Fourier transform of the correlation function c(t) for the dy-
namics that contribute to spin relaxation. Ry, R,, and NOE are related to
J(w) by three standard equations (Eqgs. Sla-Slc) (14,31,32). In the widely
used Lipari-Szabo (LS) model-free approach, c(t) is factored into indepen-
dent dynamical modes, each of which is parameterized by an effective cor-
relation time and a corresponding order parameter that are related to the
timescale and amplitude of each dynamical mode, respectively (33,34).
LS has been used to analyze NMR relaxation in folded proteins and recently
to analyze the 30-residue disordered terminus of an otherwise folded pro-
tein (14,15). However, the general application of LS to IDPs has been ques-
tioned (35) and an alternative procedure, spectral density mapping (SDM),
has also been used (36). In this method, the correlation function is
not parameterized. Instead, the spectral density at five frequencies (0, wy,
wy — W, Wy, and wy + wy is determined from R, R,, and NOE at two
or more magnetic field strengths (35,36). Insofar, because Eqs. Sla-Slc
are valid, SDM is rigorous. However, SDM does not directly relate to mo-
lecular properties such as the timescales and amplitudes of dynamical
modes that are discussed next in the context of parameterized spectral den-
sities. A useful test is to compare the parameterized spectral density with
the spectral density map.

An adjunct to SDM that potentially provides greater physical insight is
the general form of the correlation function, c(t), for dynamical processes
like diffusive or jump-like dynamics (37,38):

1
c(t) = 52?/1:1(1,-(”” and Zi\ila,- =1 O3

The spectral density is then the following equation:
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and L;(w) = 7;/(1 +w?7?) is the Lorentzian function with correlation
time, 7;. Khan and co-workers constrained the correlation times to a range
from 21 ps to 21 ns and separated by factors of 4, to limit the general cor-
relation function to six terms with five adjustable coefficients, a; (15). A
method for detecting the predominant correlation times in the spectral den-
sity has also been recently described (39). Here, we simply limit the number
of terms in Eq. 3 so that the minimal number of parameters required to fit
the data within experimental errors is not exceeded. In this way, timescales
of the dynamical modes present in the system under study can be identified.
Note that the coefficients specify the contribution of each dynamical mode
to the total spectral density but not a physical property like the amplitude of
a motion.

To better understand the coefficients, a master equation for a specific
dynamical model can be used (37). However, for even simple models, the
number of terms in the spectral density (Eq. 4) typically exceeds what is
experimentally accessible. Ways in which this is reduced in structured pro-
teins have been discussed in detail (33,34,40) and those potentially relevant
to IDPs are summarized next. Details of individual steps are provided in the
theory section of the Supporting materials and methods.

For IDPs in solution, the slowest motion is diffusional reorientation of the
aggregate protein. Insofar as the correlation times for overall reorientation
are greater by a factor of 10 or more than those for internal dynamics, c(t)
can be approximated as a product (34,39,41):

c(t) = colt)es (1), )

where ¢,(t) and ¢/(t) are, respectively, the correlation functions for overall
and internal motions. For structured proteins that are not spherical, ¢,(t)
is well approximated by a correlation function with two terms (34):

cult) = g [Ae™ 4 (1= A)e~me). ©)

With A = 1, Eq. 6 reduces to ¢,(t) for a spherical protein.

IDPs have a flexible backbone and, in turn, a distribution of hydrody-
namic radii (42,43). The distribution of overall correlation times is not
easily obtained from NMR relaxation of backbone atoms, which is
dependent on both overall reorientation and large amplitude internal mo-
tions. Norton and co-workers circumvented this problem by assuming
that the hydrodynamic radius, ry, in the Stokes-Einstein equations for
translational diffusion, D, = kgT/67nry, and rotational diffusion, D, =
kT /8mnr3,, are the same (44). Then, the average hydrodynamic radius
is independently determined by measuring the translational diffusion con-
stant using pulsed field gradient (PFG) NMR or ultracentrifugation
(6,45).

For many polymers and IDPs, the distribution of hydrodynamic radii is
approximately Gaussian and for IDPs with molecular weights comparable
with 24x’, the average hydrodynamic radius, < ry >, is fourfold to five-
fold greater than the Ggaussian width, o (42,43,46). With this distribution,
< rfy> and < ry >" are equivalent within a few percent forn = 1, =3
(Supporting materials and methods, Theory), and are used interchange-
ably. Thus, we calculate the average hydrodynamic radius from the
experimentally determined translational diffusion constant, < D,> as
follows,

kT
6mn<D,>’

(ru) (7a)

and the average rotational correlation time is then:



(r) = (6D,) " = (;—”T) vl )

Averaging Eq. 6 with a discrete Gaussian distribution and A = 1, we
obtain the following equation:

I—=tL

colt) =53 Pire/™, (82)

j=1

with the following equation:
o = Ne- (i o, et = S (o

(8b)

j=1

To account for internal dynamics with more than a single-exponential
correlation function, we use the four-parameter ¢;(z) from the extended
LS method (41):

o) =S+ (1=Sp)e /™ + (SF=8%)e /™. (9)

S; are the generalized order parameters, and 7; are effective correlation
times for fast (F) and slow (S) internal motions. The three order parameters
are constrained by the relation, S> = S%Sé. In the limit of axially symmetric
motion, § = P,(cosf), which is the same as the order parameter S used in
solid state NMR (34). When using Eq. 9, it is assumed that the fast and slow
modes can be approximated with single-exponential correlation functions
and that 7g and 7 differ by an order of magnitude or more (41). With these
conditions, the order parameters (S?), are equilibrium properties of the
dynamics.
The total correlation function, Eq. 5, is the product of Eqgs. 8a and 9:

) = 31 Pt/ 4 (5 - 8)e

+ (1=S83)e "], (10a)

Equation 10a has 3L terms and this simplifies to L + 2 terms when over-
all reorientation is slow compared with internal dynamics, 7j7;>>
7s and 7. After Fourier transformation, the result is (Supporting materials
and methods, Theory) the following equation:

Jw) =2

(Y Pt () ) + (5 - 9)Ls

(10b)
+ (1= S)Lr(w)

Equation 10b is closely related to the general spectral density, Eq. 4, trun-
cated to three terms. In the limit that ‘*’272/\4 J >> 1, where w is the lowest
NMR frequency, Eq. 10b also reduces to three terms:

J(w) =

1
2 [52 (@)Hsg — )L+ (1 - 2)Le|, w#0
(O]

%[SZ<TM>+ (Sz—=S*)Ls+ (1 —Sp)Le], @ =0
(10c¢)

Elastin dynamics and recoil
with,

<ty >T'E<my> = Z;:IPFqTMJ- (10d)

In this limit, Eq. 4, which was truncated to three terms, and Eq. 10c are
formally equivalent with parameters related by the following equation:

2
TN = <Ty>, Ty = Ts, T3 = T, a = §7,
a = Sf,—Sz7 and a; = l—Sé.

)

The above equation results can also be used to analyze relaxation in
fibrous elastin, a material that is extensively cross-linked, and overall reor-
ientation is quenched. In the limit of 7y; — o, Eq. 10c reduces to the
following equation:

J(w) = % [(82 = $*)Ls(w) + (1 = S2)Le(w)].  (12)

RESULTS
Backbone amide solvent exchange

To focus on motional dynamics, we first show that proton
exchange at solvent exposed amides, known to affect
NMR relaxation (47), is negligible in our experiments which
were performed at pH 6.0 to slow this exchange. Proton ex-
change rates were obtained using the CLEANEX-PM
method (18) (Fig. 2). Baum and co-workers studied amide
proton exchange rates in an IDP displaying exchange rates

0751
£ 050

0.25\-

Protection Factor
w
T

[

APGVGY DAAAAAKAAKF

Hydrophobic Crosslink
Repeat

FIGURE 2 Amide proton exchange rates (fop) in the hydrophobic repeat
24’ = (APGVGV)5, and cross-link, X' = (DAsKA,KF), modules at pH 6 in
24x'. Error bars depict errors of the exponential fits. Protection factors (bot-
tom) are calculated from the exchange rates as described by Englander and
co-workers (48). To see this figure in color, go online.
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from 3 to 35 s, significantly larger than those observed
here (47). They showed that decay of the NMR signal,
1(1), as a function of the CPMG echo delay, ¢, obeys Eq. 13:

() = 2[5~ $)is() + (1 - )e(@)], (13)

where 0.011 is the fractional antiphase magnetization and
Q = 0.9 for 10% solvent deuteration as we used here. The
term in between brackets in Eq. 13 is the exchange correc-
tion to the experimentally observed R, decay. In the worst
case in our data, R, =2 s 'and kex = 0.8 s~ !, the calculated
correction is less than 5% of the R,-value, smaller than the
average error of our uncorrected fits (Fig. 2; Tables Sla
and S1b) and, therefore, this correction was not made.
Additionally, CEST experiments show the absence of other
slow exchange processes.

Protection factors calculated from the exchange rates
(48,49) are less than two for residues in hydrophobic mod-
ules and, systematically, higher than three for residues in the
central portion of the cross-link module. Protection factors
less than five indicate an absence of secondary structure
(50). Thus, these amide protein exchange rates reflect the
absence of secondary structure in the hydrophobic modules
and weak ordering in the central residues of the cross-link
modules confirming our previous conclusion formed on
the basis of backbone chemical shifts (6).

Backbone '°N- and '3C-relaxation parameters

Backbone '°N- and '’C-relaxation parameters obtained
from 24x’, a 203-residue minielastin, are shown graphically
in Fig. 3. "’N-data were obtained at three NMR frequencies
(500, 600, and 800 MHz) and 13C_data were obtained at two
frequencies (500 and 700 MHz). The complete data sets are
listed in Tables Sla and Slc. '"N-relaxation data from a

138-residue minielastin, 20x’, closely parallels the '°N-
data from 24x’ and is listed in Table S1b. There are three
key features of the data: First, the faster Ry and R, relaxation
rates and larger '’N-NOEs observed in the cross-link mod-
ules indicate slower and/or more restricted motion than in
the hydrophobic modules. This is consistent with our earlier
chemical shift-based prediction of partial helical conforma-
tion in the cross-link modules (6). Second, the small R,/R;
ratios (~2-~3) in both hydrophobic repeat and cross-link
residues indicate that fast backbone motions with correla-
tion times less than a few nanoseconds affect spin relaxation
significantly more than overall reorientation of the protein,
which has a substantially longer correlation time (7 >
10 ns) (14). Third, observed NOEs are frequency dependent
and approach the slow-motion limit (NOE = 0.85) at
800 MHz. This indicates the presence of motions with cor-
relation time(s) shorter than that for overall reorientation
and longer than that for fast backbone motions (41).

Fits of the '>N-relaxation data

Fits of the '*N-relaxation data using Eq. 3 truncated at three
terms and Eq. 10a are summarized in Fig. 4. Although R;-
and R,-values could be fit with two terms in Eq. 3, this
three-parameter correlation function predicted NOEs that
were less than the experimental values. This was resolved
by adding a third term with an intermediate correlation
time and an additional coefficient (41). x* surfaces for this
five-parameter fit with Eq. 3 are shown for a representative
residue, A1, in the hydrophobic repeat, Fig. 4, a—c. Residue-
specific parameters from this fit are shown in Fig. 4, d-g
(red marks). Standard errors are typically +15% except
for the slowest motion that is fit with 7,-values from 4 ns
to more than 50 ns and a; from O to 0.15. However, within
this large range, the best fit values of 7,, 73, a,, and a3
are essentially unchanged (Fig. 4, b and c). Importantly,
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FIGURE 3 NMR relaxation data for 24x’ at the indicated NMR frequencies. (a—c) [**NJamide R 1» Ry, and NOE. (d and ¢) [13C]carb0nyl R, and R,. R and
R error bars reflect errors of exponential fits to the relaxation data. NOE error bars reflect the ratio of the differential NOE signal to the baseline noise. To see

this figure in color, go online.
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there is a timescale separation between 7, and 75: in all cases
7 > 107;.

To determine the slowest motion, we have used the hydro-
dynamic radii previously determined by PFG NMR for 20x’
and 24x/, 29.4 and 35 A, respectively (6). Other possible
slow motions, amide proton exchange and slow conforma-
tional change, are shown above to have negligible effect
on R, relaxation rates and we assume that the slowest mo-
tion in these soluble minielastins is global reorientation of
the disordered protein. Using the Stokes-Einstein relation
for rotational diffusion, the average rotational correlation
times are 36 ns for 24x’ and 22 ns for 20x’. Combined
with the timescale separation between 7, and 7,, we see
that <7y> > 107, > 1075 and the modified LS spectral den-
sity is fit to the 24x’ relaxation data with <7y;> = 36 ns. Fits
of the four adjustable parameters to Eq. 10b, Fig. 4, d—g
(blue marks) and Table S3, are insensitive to the width of
the distribution of hydrodynamic radii and the spectral den-
sity Eq. 10b reduces to Eq. 10c. Because the value of <7y,>
determined from the hydrodynamic radius is within the
large range that 7; is constrained by the relaxation data
alone, 75 and 7 are essentially equivalent to 7, and 73 and
the minimal xz—values, Fig. 4 h, for the four-parameter fit
are, in most cases, the same as for the five-parameter fits.
Values of the correlation times for slow internal motions

(chain dynamic) vary from 1.0 = 0.1 to 1.5 = 0.2 ns for res-
idues in the hydrophobic repeat and 1.3 = 0.1 to 1.8 %=
0.1 ns in the cross-link modules. Correlation times for the
fast chain motions vary from 56 * 5to 84 =+ 4 psin the hy-
drophobic repeat and from 30 + 7 to 88 = 7 psin the cross-
link modules with the longer values grouped in the in the
center of the module. Because of the timescale separation
between parameters, order parameters S? indicating the am-
plitudes of the backbone motions have been determined in
addition to the correlation times. A striking result of this
analysis is the nearly complete overall dynamic disorder,
§? = 85287 ~ 0.

To test these conclusions, we performed the same analysis
of ""N-relaxation data from 20x/, a smaller minielastin
(Table S1b), and to '*C-relaxation data from the backbone
carbonyl atoms in 24x’ (Fig. 3, d and e; Table S1c). Because
20x’ (138 residues) is shorter than 24x’ (203 residues),
the correlation time for global reorientation is closer to the
backbone correlation times, and this experiment tests the
assumption that global reorientation and backbone dy-
namics in an IDP can be treated as independent dynamical
modes because of their different timescales. The modular
structure of 20x’ (20'-x'-24'-x'-24" (20’ = (VPGVGG)s))
has the same cross-linker flanked by the same hydrophobic
modules at the C-terminus and the chemical shifts of
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residues in the 24’ and x’ modules are equivalent to those in
24x’. Fits of the "’N-relaxation using the LS spectral density
and the smaller rotational correlation time (<7y> = 24 ns)
yields backbone order parameters, §? and SFZ, and correla-
tion times, 75 and 7, that are essentially equivalent to those
determined for 24x’. We conclude that the assumption of in-
dependent global reorientation and internal dynamics is a
good approximation for minielastins with molecular
weights greater than 13 kDa. The '*C-experiments examine
backbone motions at atomic locations between the amide
groups and sample the spectral density at different fre-
quencies. From the analysis of the '*C-data, Table S3c,
we see that the correlation times and order parameters are
in close agreement with those determined using '°N-
NMR, Table S3a. Thus, the high backbone disorder found
at the backbone amide sites is also observed at the inter-
vening carbonyl sites.

The agreement between the LS spectral density and the
spectral density map, Fig. 5, is excellent in frequency ranges
in which the two methods overlap and both analyses show
that the dynamics of residues in the hydrophobic modules
and the cross-link modules are different. Contributions
to the parameterized spectral density from the three dynam-
ical modes are shown in Fig. 5 b. At frequencies below 0.5 x
10° s~! the contribution from slow backbone motions is
greater than the contribution from much slower global reor-
ientation due to the high amplitude of the backbone motions
(52 = (). At frequencies above 6 x 10° s, only motions
from fast backbone dynamics contribute to the spectral
density.

Dynamic analysis of purified bovine elastin

To compare dynamics in fibrous elastin with soluble 24x’,
we have studied the backbone carbonyl atoms of purified
elastin fibers with '>*C-NMR. Carbonyl isotropic shifts are

o ATl (hyd)
O A6 (cross-link)

0 1 2 3 4

wrad (x 10°) wrad (x 10%)

FIGURE 5 Logarithmic graphs of the spectral density versus NMR fre-
quency. Red and black indicate Al in the hydrophobic repeat and A6 in
the center of the cross-link module, respectively. (a) The total spectral den-
sity obtained from Eq. 10 with Fig. 3 parameters (continuous curve) and
SDM (solid circles). (b) Contributions to the total spectral density (contin-
uous curves) from the terms with slow (dotted lines), intermediate (dot-
dashed lines),and fast (dashed lines) correlation times. To see this figure
in color, go online.
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dispersed over a small range that is well separated from
other carbon shifts and 98% of carbonyl groups in elastin
are from the protein backbone. Because global reorientation
of the highly cross-linked protein does not occur, the overall
order parameter, S, for backbone motions can be estimated
from the line width of spectra obtained without MAS. Line-
widths in the spectra of static samples (Fig. 6, b and c) are
9-10 ppm and similar to those previously observed with
MAS (9) and small compared with static shielding anisot-
ropy of carbonyl groups, Ay, ~116 ppm, indicating that
the carbonyl groups in fibrous elastin are highly disordered.
The small residual anisotropy and, in turn, the backbone or-
der parameter were estimated from the spectrum line width
by accounting for the contributions to the line width from
the experimentally determined spin relaxation rate Ry/m =
640 Hz (5 ppm) and the dispersion of isotropic chemical
shifts. A simulated '*C-spectrum of tropoelastin carbonyl
isotropic shifts was convoluted with the experimentally
determined R, and then fit to a Lorentzian (Fig. 6, b and
¢). Isotropic shifts were simulated for the bovine tropoelas-
tin sequence (51) using the chemical shift protocol that pre-
dicted observed 'C’-shifts in 24x’ (6,52). The residual
shielding anisotropy, Ao, is then the difference between
the linewidths of Lorentzian fits of the observed and the
calculated spectra indicating a residual anisotropy in
the range of 1-4 ppm. In turn, the estimated value of S for
chain dynamics in purified elastin, Ac A0y, 1S in the
range of 0.01-0.03 and $? = 0.001, which is well within
the range of S* determined for the minielastins using '*N-
or ">*C-NMR relaxation. At the resolution of this experi-
ment, we find no evidence for either stretch induced
ordering of the elastin backbone or greater ordering of the
protein in cross-linked elastin fibers compared with soluble
minielastins.

Combined with the order parameter determined from the
residual shielding anisotropy of the backbone carbonyls, the
timescales of backbone motions in natural elastin were
determined from the 500 and 700 MHz R; and R, data
(Fig. 6; Table S4). Compared with '*C-relaxation rates of
24x’ in solution, R; is fourfold lower and R; is three orders
of magnitude greater. Because global reorientation makes
only a small contribution to relaxation in 24x’ (S? = 0),
these large differences in the relaxation rates are not because
of the loss of global reorientation. Moreover, the observed
R;- and R,-values are not consistent with a single-correla-
tion time for backbone dynamics, and we have fit the relax-
ation data to Eq. 12, the modified LS spectral density that
includes backbone motion with two correlation times and
no global reorientation. Because sample stretch did not
affect R; or R, within experimental error, their averages
were used and S% was set at the value estimated from the re-
sidual anisotropy. The ¥ surfaces, Fig. 6, d—f, show that the
correlation times 75 and 7 but not SF2 are well constrained
by the available data. Limiting the fit range to 0.4 < Sg> <
0.6, we find that 7 = 210 = 50 ps and 7s = 2.3 = 0.4 us.



Elastin dynamics and recoil

g

Relaxed 132% Stretched

R,=0.26 £0.3s"
R,=2.0+04x10°s"
W=9.8+ 0.3 ppm
W=7.7+0.2 ppm

R, =026 +03s"
R,=17+0.2 x10°s"
W=9.1+0.1 ppm
W=7.3+0.2 ppm

1
190 180

1 1
190 180 170 160

200 170 160 150 200 150
3C ppm 3C ppm
d f
1000 0.60
800 SF2=0.4910.07 ‘L'F=21Oi50 ps 056 Ts=2'310‘4 us
» 600+ 30 30 “‘LLO'SZ - 30
ei 8 Ezs 25 %] 3 ﬁ:zs
20 ~20 ~20
© 400+ L5 ‘,15 0.48} i
L 12 12 s 12
200 fe o 0.4 fe
I R I I | 1 L L 0.40 I PR U I E—
4 6 10 2 4 6 8 10 200 400 600 800 1000
()] g (US) 7, (ps)

FIGURE 6 (a) Mean *+ SE of purified bovine elastin fibers. (b and ¢) 500 MHz I3C-spectra of (black dots) fibers relaxed and 132% stretched. Vertical red
lines are the “stick” spectrum indicating the simulated chemical shifts of the bovine elastin sequence. Calculated spectra (red dots) obtained by convoluting
the stick spectrum with the indicated R,-values. Continuous curves are Lorentzian fits of the experimental (black lines) and calculated spectra (red lines) with
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Compared with the soluble minielastins, elastin has no sig-
nificant increase in backbone ordering, a large increase (by
three orders of magnitude) in the slow correlation time for
backbone motions and a small increase (fourfold) of the cor-
relation time for the fast backbone motions. We also find no
experimentally significant increase in backbone ordering
when the elastin samples were stretched.

DISCUSSION

We have used NMR methods to determine the domain
average timescales and amplitudes of dynamics in two
soluble minielastins and the protein-average dynamics in
purified natural elastin fibers. For the minielastins, B
and '"N-relaxation data were combined with PFG data
and analyzed using three methods: SDM (36), a general
spectral density function (37), and a modified LS spectral
density (33). The latter accounts for the distribution of hy-
drodynamic radii found in IDPs (42,43) and protein back-
bone motions with well-separated correlation times, Tg
and 7. If the distribution of hydrodynamic radii is symmet-
ric and the correlation time <7y,> for the average hydrody-
namic radius is large, the modified LS spectral density is
mathematically equivalent to the general spectral density
truncated at three Lorentzian terms. Analysis of the relaxa-
tion data obtained at three fields was found to be consistent
with a general spectral density that has at least three Lorent-

zian terms and thus, the modified LS spectral density as
well. Fits of a two-term spectral density to the R; and R,
data predicted incorrect NOEs. With three terms, the corre-
lation times 7, = 75 and 73 = 7 were well constrained by the
relaxation data. At different residues, 1.0 < 75 < 1.6 ns and
30 < 1r < 84 ps. However, the longest correlation time, 7y,
was not well constrained by the NMR relaxation data alone
(Fig. 4 a) indicating the need for additional information to
determine the slowest motions. Effects on relaxation rates
from slow conformational exchange and amide proton ex-
change rates were determined to be negligible, indicating
that the longest correlation time is due to overall reorienta-
tion of the protein, i.e., 7y = <7>. Using the average hy-
drodynamic radius of 35 A for 24x’, 29.4 A for 20x’ (6), and
the Stokes-Einstein relation, <7y;> were determined to be
36 and 22 ns, respectively. The separation of timescales,
<mp> > 207 > 207g indicates that an LS type spectral
density can be used and that the coefficients of the Lorent-
zian terms (a; in the general spectral density in Eq. 3) are
related to generalized order parameters (S”and S% in
Eq. 11) that are measures of the amplitudes of the “internal”
chain dynamics. Although the number of different dynam-
ical modes in an IDP is likely to be large, the number of
terms in the spectral density was not extended beyond three
given the available data. Previously, a three-term spectral
density was used to analyze NMR relaxation data of an
IDP (53). Herein, we have tested this simplification in three
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ways. First, the spectral density is in excellent agreement
with the spectral density map over a wide range of fre-
quencies indicating that it accounts for the available data,
Fig. 5. To test the key assumption that global reorientation
of an IDP is independent of the large amplitude chain mo-
tions, NMR data from a smaller minielastin (138 compared
with 203 residues) with a smaller <7y> (22 ns compared
with 36 ns) that is closer to the timescale of the internal
chain dynamics was also studied. The parameters (7g, 7,
2, and S2?) determined for the backbone motions in 20x’
from the relaxation data are the same as those for 24x’. In
other words, changing the length of the protein did not
change the description of the chain motions obtained from
our analysis. Finally, we used *C-NMR to study the back-
bone motions at the carbonyl groups in 24x’. In this exper-
iment, backbone dynamics were studied at positions close
to the amide groups and the spectral density was sampled
at additional frequencies. The correlation times and order
parameters from our analysis of the ]3C-data, Table S3c,
are in close agreement with those determined using '°N-
NMR, Table S3a.

A key result of our analysis is that the overall backbone
order parameters, S?, at amide and carbonyl sites have
been determined in addition to the correlation times; both
of which can be compared with values found in folded pro-
teins and other IDPs. We find that the backbone correlation
times in 20x’ and 24x’ are similar to those reported in both
well-structured proteins (54) and in IDPs such as the disor-
dered region of GCN4 (14), residues 146—-199 of Engrailed 2
(15) and the disordered C-terminus of a Sendai virus protein
(53). As expected, the overall order parameter for backbone
motions in 20x’ and 24x’, = 0, is significantly smaller
than found in well-structured proteins, S = 0.85 (32).
However, the S2-values in the minielastins studied here are
also less than in the disordered region of GCN4 except for
the most disordered residues at the N-terminus (14). Using
Eq. 11 to interpret the coefficients of the three-term correla-
tion function used in the analysis of the Sendai virus protein
(53), we again find that this protein is also more ordered than
20x’ or 24x’ except for residues at the termini. We note that
the disordered region of GCN4 folds upon DNA binding
(55), whereas elastin retains high disorder after assembly
into the mature elastic matrix. The absence of secondary
structure in these minielastins that is indicated by NMR
relaxation is in agreement with our previous results
based on secondary chemical shifts and NOEs (6). IDPs
with high proline content have a propensity for the
formation of flexible structures with extended backbone
conformations similar to polyproline II helices (45,56,57).
For example, this is consistent with the observation of up-
field C%-secondary shifts observed in Pdx1-C (58), an IDP
with a proline content of 22%. However, upfield C*-second-
ary shifts were not observed in either 20x’ or 24x’, which
have a smaller proline percentage in their sequences, at
14% (6).
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To compare dynamical amplitudes and timescales in sol-
uble minielastins with those in mature cross-linked elastin
fibers, we have refined an earlier study of disorder in bovine
elastin (9) and determined the relevant correlation times in
purified elastin fibers using natural abundance '*C-NMR
without MAS. Although this experiment does not have res-
idue-specific resolution, it provides an overall picture of the
timescale and amplitude of carbonyl group dynamics and re-
fines an earlier estimate of backbone disorder obtained from
I3C.NMR with MAS (9). Because of extensive cross-link-
ing, global reorientation of the protein is absent and the
overall order parameter for chain dynamics is estimated
directly from the contribution of residual '*C-shielding
anisotropy to the observed line widths. In both stretched
and relaxed elastin, the residual anisotropy is small indi-
cating that the average backbone order parameter in cross-
linked elastin is essentially the same as found in soluble
20x’ and 24x’. This result fully supports our analysis of
the amplitude of backbone dynamics in the minielastins.
Thus, elastin-like sequences are highly disordered both in
solution and in the natural, cross-linked material (6,9). Re-
sults from Reichheld and co-workers (59) indicate that
this is also the case in a coacervated minielastin. However,
the dramatically different relaxation times in elastin
(Fig. 6) indicate that backbone motions are significantly
slowed in the cross-linked material: the slow correlation
time 75 increases by a factor of 10%, whereas 7 is much
less affected and increases by a factor of 4. This suggests
that the slow motion corresponds to chain dynamics on
the length scale of the spacing between cross-links and the
fast motion on a shorter and more local length scale that
would be less affected by cross-links. The spacing between
cross-links in elastin is the length of the hydrophobic do-
mains that varies from 11 to 55 residues (7). We conclude
that structured regions in mature elastin are either absent
or constitute a small part of the protein. Thus, a recent study
of the naturally occurring cross-links in elastin, which
shows that all cross-link domains are connected in multiple
ways (60) is in complete agreement with the dynamical
properties of elastin and minielastins determined here.

CONCLUSIONS

We find that the very high chain disorder observed in solu-
tion is retained in mature, cross-linked elastin. Moreover, no
evidence for increased local ordering of the protein back-
bone induced by mechanical stretch is observed. Although
the exact quantitative correlation between backbone order
parameters and configurational entropy remains a topic of
discussion (61,62), it is clear that order parameters as low
as we observe in both minielastins and in natural elastin fi-
bers in stretched and relaxed states are indicative of high
flexibility and, consequently, high configurational entropy
(63,64). Previously, we reported a 10-fold increase of the
ordering of water when fully hydrated elastin fibers are



stretched by 50% (65). Together, these results support the
hypothesis that stretch induced solvent ordering, i.e., the hy-
drophobic effect, is a key player in the elastic recoil of
elastin (11,12).
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Supplemental Information

Theory, Equations relating the experimental measurement, R1, R» and NOE, to the
spectral density, eq. 8

R, = dTZ [3/(wx) +J(wy — @) + 6] (wy + w )]+ c?J(wy),  Sleg. 1a

Ry =Ry + % [4)(0) + 6] (w,)] +257(0),  Sleq. 1b

2
NOE =1+ Vy—:% [6] (wy + wy) — J (w5 — wy)],  Sleq. 1c

with d = (y/4m)y, v, rax > and ¢ = (vV3/2) 8',y, Bo(1 + n213)". 5; are traceless shielding
tensor components, 8'; = §; — djso, and the asymmetry parameter isn = (8'y — 8'x)/8', with
(3',>8'y>8'y). We have used rux = 1.02 A, n =0, Ac = -172 ppm and §',= 2/3 Ac for
®N. For 3C’, rux =1.69 A, n=0.81and &', =-77 ppm.*

Spectral density mapping of the 24x’ relaxation data at four NMR fields utilizes
method 2 of Farrow? that we find gives numerically equivalent results to their method 3.
Equations la-c are replaced by 2a-c, written below as a set of 5 linear equations.

2 2
(£) LRy i(NOE; = 1) = 2 J(ewn,q), £ = 0.87,0.921 0r 0.955, Sl eq. 2a-c

&

Rig= (35 +¢2)J(wxe) + (25)1(.921wy;),  Sleq. 2d

Roi = (£ 425)700) + (5 +9) J(wn0) + (B5)1(.955wp),  Sleq. 2¢

8

Equations 2 were solved at each NMR frequency, ow,, and J(0) was taken as the average
of the 4 calculated values.



Theory, accuracy of the approximation that <r3> and <1y >3 can be used
interchangeably.

Shown below is the % error in equating < 15 > and < ry >3 as a function of the width
parameter, o, in the gaussian distribution of ru. For 24x’, o = 4 and the error in this
approximation is 3.6%.

% error

O = MNWPhk O

Theory, detailed derivation of equation 8c from equation 8a.

c(t) = TXf, P/ ™i[S2 4 (S — $2)e ™™ 4 (1 — SP)e™V/TF],  eq. 8a

is first written as three sums,

L L
1 —t/ T - .
c(t) = = S2 Z P]-eqe /™ 4 (S2 — SZ)Z P]-eqe t/(Ts+Tm)
j=1 j=1
+(1—S§) sk, Pjle Y/ (rtmu)},
With overall reorientation that is slow compared to the internal correlation times, ty; »

15 and 7, the above equation simplifies to,

c(t) = i{sz Z]L:l Pjeqe—t/rM_j + (S2 — §)et/Ts Z]L=1 Pjeq +(1— SZ)et/t Z]L=1 P]_eq}
Since, Yz, P].eq =1,

c(®) = {[s? 2k, PP ¥/ ™mi| + (S2 — $2)e~V% + (1 — SR)e V7).

Eqg. 8b in the main text, is then obtained after Fourier transformation,

(@) = 2{[S? Bl By (w0, T )| + (5 = SPLs(,T5) + (1 — SPLe(w,Tr) . €q. 8



The relation of eq. 2 truncated at three terms to eq. 8b is seen as follows: The sum on the
right-hand side of eq. 8b simplifies to a single term when the overall reorientation is slow,
w?Tyy; » 1, Here, o is the N frequency on a 500 MHz spectrometer, o = 3.14x10° s,
In this limit,

Tm,j

2.2 2
1+w Ty @y

Lyj(w) =

and LM,](O) = TM,j

and eq. 8c is obtained by inserting the above into eq. 8b.



15N and C NMR relaxation data tables

SI Table 1a. Complete ©®N R, R, and NOE data from 24x’. K residues were not resolved in NMR spectra and P was not observed.

aa R1(s1) R2 (s1) NOE
500 MHz 600 MHz 800 MHz 500 MHz 600 MHz 800 MHz 500 MHz 600 MHz 800MHz
A(l24) 131+001 131+004 128x004 19+03 17+01 21+£01 -066+0.09 -041+0.01 -0.17x0.04
G(3,24) 135+004 143+0.02 130+x014 18+01 18+£01 22+02 -0.70+x0.05 -0.40+£0.01 0.06+0.02
V(4,24 133+0.02 134+002 129+006 18+01 1.7+01 21+£01 -0.61+£0.09 -0.35+0.01 -0.04%0.01
G(5,24) 135+004 144+002 130+x014 17+x01 17£01 21+02 -0.70+x0.05 -0.41+0.01 -0.02x0.01
V(6,24) 130+0.01 126+002 125+008 18+01 16+01 19+02 -080+£0.06 -0.38+0.01 0.03+0.02
D(1x) 157+003 157+0.02 140+010 23+01 23%+01 28+04 -039+0.06 -0.15+0.01 0.14+0.04
A2x) 169+004 171+0.02 150+010 3.0+01 29+01 40+04 -016+0.02 0.14+0.01 040%0.11
A@Bx) 171+010 165+010 149+008 28+02 29+01 36+04 -023+x0.05 0.18+0.05 0.25+0.07
A (4/9,x) 165+0.03 162+0.02 148+008 29+01 27+01 35+04 -018+0.03 0.08+0.01 0.23+0.06
AGBx) 1.70+003 166+0.02 150+008 31+01 32+01 35+04 -003+0.01 0.13+0.01 0.40+0.12
A@6x) 168+003 166+0.02 149+008 28+01 30+x01 36%x01 -022+003 0.06+0.01 0.20+0.06
A@Bx) 168+004 172+0.02 150+010 29+01 30+x01 34%x05 -034%+005 -0.06+0.01 0.24+0.06
F(@1x) 165+0.03 162+0.02 150+0.12 25+01 27+01 29+06 -024+0.01 -0.03+0.01 0.31+0.09




SI Table 1b. ®N R1, R, and NOE data from 20x’. K residues were not resolved in NMR spectra and P was not observed

aa R1(s1) R2 (s1) NOE
500 MHz 600 MHz 700 MHz 500 MHz 600 MHz 700 MHz 500 MHz 600 MHz 700 MHz

A(1,24) 126+005 128+0.04 123+£004 16+£02 18+01 21+01 -101+£010 -056+0.10 -0.66x0.10
G((3,24) 1.29+005 129+0.04 125+003 19+£02 1701 21+£01 -1.08+£0.10 -052+0.10 -0.54+0.10
V(4,24) 130+£005 131+004 127+£002 19+£02 1701 20+x01 -085+£010 -0.39+0.10 -0.12+0.10
G(5,24) 130+0.05 130+£004 124+£002 19+02 17+01 19+01 -114+010 -052+0.10 -0.16+0.10
V(6,24) 123+0.05 124+0.04 121+002 17+02 16%£01 19%x01 -094x+010 -049+0.10 -0.28%0.10
D(1x2) 142+005 148+0.04 139%£006 23+£02 22+01 23+£01 -073£010 -0.29+0.10 -0.38+0.10
A(2x2) 157+0.05 158+0.04 151+006 27x02 29%+01 28%x02 -039+0.10 -0.01+£0.10 -0.08+0.10
A@Bx2) 167005 161+004 153+£005 3.0+£02 31+£01 33+x02 -017+£010 004+£0.10 0.33x0.10
A(Bx2) 166+005 159+0.04 153+£004 29+£02 33+x01 31+£02 -010£0.10 -0.03+0.10 -0.02+0.10
A(6x2) 160+0.05 161+0.01 149+004 28+£0.2 3.0+£0.2 0.03+0.10

A@Bx2) 151+005 1.61+004 148+004 28+02 3.0+£01 30+x02 -033+£0.10 -0.01+£0.10 0.16x0.10
A (9,x2) 150+0.04 1.49+0.05 3.0£03 -0.03+0.10 0.35+0.10
F@1x) 152+005 152+004 146+£005 26+02 25+01 28+01 -049+0.10 -0.17x0.10 0.07£0.10

*Residues in the APGVGYV repeat at the n-terminus of 20x’. *Residue at the junction of the crosslink and hydrophobic modules
in 20x’



Sl Table 1c. °C’ Ry, R, data from 24x’.

aa R2

500 MHz 700 MHz 500 MHz 700 MHz

A (1,24)
P (2,24) 0.98 +£0.05 1.13 +0.05 1.8+0.1 2.8+0.1
G (3,24) 0.89 £0.05 0.97 £0.05 1.7+£0.1 24+0.1
V (4,24) 0.97 £0.05 1.13 +0.05 1.8+0.1 2.6+0.1
G (5,24) 0.9+0.05 1.02 £ 0.05 1.7+£0.1 25+0.1
V (6,24) 0.98 +£0.05 1.16 + 0.05 1.9+0.1 2.6+0.1
D (1,x) 1.01 +0.05 1.20 + 0.05 1.6+0.1 34+0.1
A (2,x) 1.03 +0.05 1.10 £ 0.05 23+0.1 3.6+0.1
A (3,X) 1.01 +0.05 1.15+0.05 22+0.1 34+0.1
A (4,x) 1.02 £ 0.05 1.17 £ 0.05 25+0.1 3.7+0.1
A (5,X) 1.03 +0.05 1.13 +0.05 2.3+0.1 3.5+0.1
A (6,x) 1.03 +0.05 1.11 +0.05 23+0.1 35+0.1
K (7,X) 1.02 +0.05 1.11 +0.05 2.3+0.1 3.5+0.1
A (8,x) 1.00 £ 0.05 1.09 + 0.05 22+0.1 35+0.1

A (9,X) 1.01 +0.05 24+0.1

K (10,x) 1.02 £ 0.05 1.12 +0.05 24+0.1 3.6+0.1
F (11,x) 1.13+0.05 1.19 + 0.05 2.8+0.1 3.8+0.1




Fit parameters, standard errors and RMSD’s of the fits with the experimental data.

S| Table 2. Parameter values obtained by least squares fitting eq. 1 with 3 terms and 5 parameters to the 24x’ NMR relaxation data (S|

Table 1a).
rmsd rmsd  rmsd
aa t1(NS) T2 (NS) 13 (PS) ai a as R R NOE
A (1,24) 8+3 1.4+0.2 84 +4 0.020 + 0.011 0.39 £ 0.04 0.60 £ 0.03 0.014 0.140 0.030
G (3,24) 23+12 1.0£0.2 63+ 4 0.007 + 0.004 0.60 £ 0.04 0.40+£0.03 0.105 0.099 0.023
V (4,24) 18+ 15 1.2+0.1 74 +3 0.012 £ 0.012 0.45+0.03 0.54 £0.02 0.032 0.099 0.006
G (5,24) 11+10 1.1+0.1 795 0.010 +0.010 0.54 £ 0.02 0.46 £ 0.02 0.089 0.104 0.027
V (6,24) 5+1 09+0.1 50+ 7 0.048 +0.029 0.53+0.03 0.45+0.02 0.021 0.105 0.060
D (1,x) 23+ 16 1.3£0.1 836 0.017 £ 0.009 0.54 +0.05 0.44 £0.03 0.080 0.094 0.007
A (2,x") 21 +11 1.2+0.1 30+£11 0.038 +0.023 0.68 + 0.04 0.29 £0.03 0.112 0.143 0.043
A (3,x") 15+8 1.2+0.1 47+ 9 0.063 + 0.054 0.54 £ 0.07 0.33+£0.05 0.072 0.160 0.096
A (4/9,x") 21 +17 1.4+0.1 60+ 6 0.041 +0.024 0.56 £ 0.04 0.42 £0.03 0.066 0.195 0.057
A (5,x") 9+1 15+£0.2 67+6 0.086 + 0.013 0.53 +£0.07 0.41+£0.03 0.049 0.092 0.055
A (6,x") 27+ 14 1.4+0.2 66 + 7 0.030 +0.019 0.58 £ 0.05 0.40+£0.03 0.086 0.103 0.068
A (8,x") 29+ 7 1.3+0.1 80+ 10 0.022 + 0.005 0.63+0.05 0.35+0.04 0.117 0.034 0.016
F (11,x") 26 +14 1.4+£0.2 73+6 0.021 +0.018 0.56 +0.05 0.43+£0.03 0.085 0.061 0.047




SI Table 3a. Residue specific parameter values obtained by least squares fitting eg. 8¢ with 4 parameters to the >N NMR relaxation
data (S| Table 1a) of 24x’. S&?, not listed, is equal to S?/ S¢?.

rmsd rmsd rmsd

aa s (Ns) tF (ps) s2 SF? R, R, NOE

A (1,24) 1.5+0.2 84+4 0.002 + 0.001 0.40 £ 0.03 0.013 0.149 0.025
G (3,24) 1.0+0.1 62+6 0.003 + 0.001 0.61 +£0.03 0.109 0.100 0.028
V (4,24) 1.3+0.1 75+3 0.002 + 0.001 0.46 +£0.01 0.039 0.096 0.008
G (5,24) 1.1+£0.1 814 0.002 +0.001 0.55+0.02 0.087 0.084 0.023
V (6,24) 1.0+0.1 565 0.003 +0.001 0.52 +0.02 0.048 0.111 0.052
D (1,xX) 1.4+0.1 81+6 0.007 £ 0.002 0.56 +£0.03 0.084 0.092 0.005

A (2,xX") 1.3+0.1 307 0.016 + 0.002 0.69 £ 0.02 0.108 0.138 0.036

A (3,x) 1.4+0.1 50+6 0.016 £ 0.001 0.61 +0.03 0.087 0.150 0.094

A (4/9,X") 15+0.1 61+6 0.014 + 0.002 0.58 +£0.02 0.071 0.192 0.053
A (5,x") 1.8+0.1 65+4 0.017 +£0.001 0.56 + 0.02 0.054 0.097 0.063

A (6,x") 15+0.1 63+7 0.017 +£0.001 0.61 +£0.03 0.088 0.103 0.070

A (8,x") 1.4+0.1 88+7 0.016 + 0.001 0.62 +£0.03 0.117 0.039 0.027

F (11,x") 15+0.1 75+5 0.010 + 0.002 0.57 £0.02 0.083 0.065 0.054




SI Table 3b. Residue specific parameter values obtained by least squares fitting eq. 8c with 4 parameters to the *°N NMR relaxation

data (S| Table 1b) of 20x’. S, not listed, is equal to S/ S¢.

rmsd rmsd rmsd

aa s (NS) tF (pS) % SF? R1 R2 NOE

A (1,24) 1.50 +0.34 112 + 14 0.007 + 0.003 0.361 +0.072 0.033 0.124 0.119
G (3,24) 1.05+0.26 94 + 24 0.009 + 0.003 0.479 +0.100 0.024 0.158 0.120
V (4,24) 0.87 +0.13 26 + 24 0.009 + 0.003 0.644 +0.073 0.025 0.119 0.017
G (5,24) 0.74+0.10 36 +24 0.010 + 0.002 0.730 + 0.068 0.043 0.102 0.056
V (6,24) 0.94+0.19 55 + 24 0.008 + 0.002 0.549 + 0.087 0.029 0.063 0.033
D (1,x2) 1.58 £0.34 122 + 18 0.010 + 0.004 0.446 + 0.081 0.071 0.082 0.112
A (2,x2) 1.68 + 0.32 95 + 19 0.023 + 0.005 0.521 + 0.067 0.035 0.132 0.092
A (3,x2) 1.50 +0.28 52 + 23 0.032 + 0.004 0.613 + 0.067 0.043 0.021 0.066
A (5,x2) 2.43 +0.32 96 + 11 0.024 + 0.006 0.476 + 0.032 0.012 0.180 0.025
A (8,x2) 1.34+0.25 63 + 26 0.027 +0.003 0.626 + 0.078 0.094 0.105 0.027
F (11,X) 1.14 +0.22 59 + 28 0.023 + 0.003 0.642 + 0.084 0.041 0.081 0.014




SI Table 3c. Residue specific parameter values obtained by least squares fitting eq. 8c with 4 parameters to the 3C NMR relaxation
data (SI Table 1c) of 24x’. S&, not listed, is equal to S?/ S¢?.

rmsd rmsd
aa s (NS) ¢ (pS) S2 S¢? R, R,

A (1,24)
P (2,24) 1.26 +£0.18 90 £ 81 0.003 £ 0.002 0.599 + 0.105 0.004 0.043
G (3,24) 1.31+£0.23 77 £69 0.003 £ 0.002 0.505 £ 0.108 0.031 0.099
V (4,24) 1.19+0.19 92 £ 80 0.003 £ 0.002 0.581 £0.108 0.008 0.077
G (5,24) 1.31+0.24 75172 0.003 £ 0.002 0.542 £0.101 0.009 0.056
V (6,24) 1.19+0.20 112 + 87 0.003 £ 0.002 0.579£0.117 0.008 0.133
D (1,x) 1.16 £ 0.30 167 =99 0.009 £ 0.004 0.544 £0.134 0.032 0.319
A (2,x) 158 +0.17 71+73 0.004 £ 0.004 0.691 £ 0.076 0.006 0.017
A (3,x) 1.48£0.20 100 = 89 0.004 £ 0.004 0.650 £ 0.103 0.006 0.062
A (4,X) 1.56 £0.23 120 + 96 0.006 + 0.005 0.660 £ 0.106 0.009 0.085
A (5,X) 1.53+0.16 70+ 72 0.004 £ 0.003 0.695 £ 0.076 0.004 0.072
A (6,X) 1.54+0.17 7377 0.004 £ 0.003 0.681 £ 0.085 0.004 0.061
K (7,x) 153+0.18 70+ 72 0.004 £ 0.004 0.679 £ 0.078 0.001 0.069
A (8,x) 156 +0.18 73+£74 0.004 £ 0.003 0.663 £ 0.080 0.001 0.033

A (9,x)
K (10,x) 1.56 £0.19 66 + 71 0.004 £ 0.004 0.693 £ 0.078 0.006 0.085
F (11,x) 1.58 £0.15 84 +84 0.004 £ 0.004 0.768 £ 0.075 0.012 0.241




Amide proton exchange rate data from 24x’

Sl Figure 1. CLEANEX-PM experiment of 24x’ at pH 6. Plots of I(t)/lo for representative residues.
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Relaxation data and parameter fits from 13C studies of purified collagen

SI Table 4. Carbonyl **C R; and R: of relaxed and stretched bovine elastin.

Experiment 0% (RIX)/500 MHz  132% Str/500 MHz  Average RIx 0% (RIx) /700 MHz 122% Str/700 MHz  Average RIx
and Str 500 and Str 700
MHz MHz
Ry of C' (s 0.26 £ 0.03 0.26 £ 0.03 0.26 + 0.02 0.38 +0.03 0.35+0.03 0.37 £ 0.02
Ryof C' (s1)  (2.0+0.4) x10° (1.7 £0.2) x10° (1.8= (3).2) (1.4 +£0.3) x10° (1.9 +£0.6) x10° 1.7+ (3).3)
x10 x10

S| Table 5. Parameter values obtained by least squares fitting eq. 8 to the NMR relaxation data (SI Table 4).

Parameter value
S¢? 0.49 + 0.07
(o) 210+50
Ts (Us) 23+04
rmsd Ry (s?) 0.0015
rmsd Rz (s?) 673




SI Figure 2. Ry and R of 13C carbony! of relaxed (black) and stretched (red) bovine elastin

fiber at 500 and 700 MHz.
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SI Figure 3. Natural abundance *3C NMR spectra of purified fibers, stretched (122%) and
relaxed, obtained at 700 MHz using a solution NMR probe.
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