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Theory

Spin Interactions

Below we provide an overview of the salient spin physics used to probe elastins’ dynamical

characteristics by 13C magic angle spinning (MAS) NMR1–3. In a strong magnetic field the

interaction Hamiltonian of the 13C nuclear spin system may be written,

Ĥtotal = ĤDD
ij + ĤCS. (1)

In the above expression ĤDD
ij is the heteronuclear dipole-dipole interaction between two

interacting carbon and proton spins i and j and is written,

ĤDD
ij = cD(1− 3cos2θij)(3ÎziŜzj − ~̂Ii · ~̂Sj). (2)

In the above expression θ is the angle between the internuclear axis and the static field B0.

The contstant cD is the dipole-dipole coupling constant, given by cD =
γiγj h̄

r3ij
[µ0
4π

] in units of

rad/s, γ is the nuclear gyromagnetic ratio and h̄ is Planck’s constant divided by 2π. The

second term in Ĥtotal is the chemical shielding Hamiltonian and is written,

ĤCS = −γh̄~I · ~σ · ~B0, (3)

where ~I is the carbon nuclear spin operator, ~B0 is the static field, ~σ is the chemical shift tensor

and ~B0 is the Zeeman field. Only the diagonal elements of ~σ which correspond to the isotropic

chemical shift affect the NMR spectrum whereas the off-diagonal elements of ~σ vanish under

MAS conditions. Additionally, under high power 1H decoupling, the heteronuclear dipole-

dipole interaction between 1H and 13C nuclei vanishes, allowing for a measurement of the
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isotropic chemical shift interaction.

NMR Relaxation

The time dependent nature of a fluctuating magnetic field B(t) may be generally described

by a two point autocorrelation function which is written

G(t1, t2) =< B(t1)B(t2) >, (4)

relative to times t1 and t2. Because G(t1, t2) is time invariant one may define the time

τ = t1 − t2 1. The Fourier transform of the autocorrelation function is defined as

Jn(ω) =
1√
2π

∫ ∞
0

Gn(τ)e−iωτdτ n = 0, 1, 2, ... , (5)

where J (ω) is the spectral density function given by4,5

Jn(ω) =
2

5
(1− S2)

τc
1 + (τcω)2

. (6)

In the above expression S2 is the order parameter which describes motional restriction and

τc is the correlation time of all 1H-13C internuclear vectors; a reduction in the correlation

time denotes faster tumbling of the 1H-13C internuclear vectors.

The spin-lattice relaxation rate in the rotating frame for two different spins I, S may be

written in terms of the spectral densities Jn(ω) as,

R1ρ
IS = µ2

S

{1

2

[
J0(ωI − ωS) + 3J1(ωI) + J2(ωI + ωS)

]}
+RIS

1∆ (7)

3



where,

RIS
1∆ = µ2

S

{
3J1(ωS) +

1

3

[
J0(ωe − 2ωR) + J0(ωe + 2ωR)

]
+

2

3

[
J0(ωe − ωR) + J0(ωe + ωR)

]}
.

(8)

In the above expressions ωe is the frequency of the spin locking field (which is applied to the

13C nuclei in our study) ωR is the spinning frequency of the rotor, µ2
s = c2

D/4 and ωI and

ωS are the Larmor frequencies of the 1H and 13C spins respectively4. The dipolar coupling

constant, cD, should be interpreted as the average dipolar interaction constant of a single

carbon with the surrounding 1H spins.

In the limit of fast and isotropic molecular motion, the order parameter S2 that describes

the anisotropy of the motion is approximately zero, and the spectral density reduces to,

J (ω) = Jn(ω) =
2

5

τc
(1 + τ 2

c ω
2)

n = 0, 1, 2, 3, ... . (9)

In the above theoretical approach one effective 1H-13C internuclear vector is assumed and

is approximated by a single correlation time4,5. Measurement of the transverse relaxation

time T1ρ at two different locking fields ωe and ω′e, allows for the determination of the average

correlation time τc described above6.
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Results and Discussion

Dynamical and structural characteristics of hydrated elastin

Figure 2 of the main text show the direct polarization (DP) and cross polarization (CP) 13C

NMR spectra of hydrated bovine nuchal ligament elastin purified by the autoclaving method

at 37◦C (Sample 1). The chemical shift assignment was performed following standard chem-

ical shift tables7,8 by converting all the spectra to TMS scale9. One of the models proposed

for the secondary structure of elastin is characterized by β-strand/β-sheet and random coil

secondary structures10. Our overall experimental results on the hydrated samples appear to

generally agree with this finding as we observe more β-strand and random coil like motifs

in the 13C NMR spectrum as discussed below. The measured chemical shifts and the struc-

tural assignments are shown and compared with known random coil, α-helix and β-strand

chemical shifts in Table 2.

The backbone carbonyl carbons at 172.1ppm show a splitting, but our spectral resolu-

tion does not permit a detailed assignment or decomposition of the signal. Additionally,

the relative signal intensity of the backbone carbonyl in the DP experiment (Figure 2a) is

increased in comparison with that in the CP experiment (Figure 2c). As discussed above,

reduced signal intensity in the cross polarization experiments indicates fast and isotropic

motion, revealing high mobility of the backbone carbonyl. In addition, a reduction of the

signal intensity of the CP experiment may emerge from the absence of directly bound hydro-

gens. The broad peak at 129.0ppm was assigned to the aromatic carbons of phenylalanine

and tyrosine as previously reported by Kumashiro and coworkers11. In the aliphatic re-

gion the highest intensity peaks at approximately 18.0ppm and 19.0ppm were assigned to

alanine-Cβ and valine-Cγ respectively. According to7,8,12 these chemical shifts would appear

to point to random coil and β-strand motifs. Previous studies performed by Wittebort et

al. reported that the alanine moieties of elastin may be in a random coil configuration13.

Additionally, Kumashiro et al. reported that this chemical shift in α-elastin might result
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from β-structure11. Another important observation that needs to be noted here is that the

two peaks at 18.0ppm and 19.0ppm are quite well resolved in both DP and CP experiments,

indicating slow or anisotropic motion of these moieties. Slightly more upfield, the signal at

22.0ppm may also correspond to alanine-Cβ. This chemical shift would point to β-strand

conformation. Keeley and coworkers reported that poly-alanine motifs in elastin include

domains such as (AAAAA), (AAKAA) and (GAG)14. It has been observed by Buehler and

Keten that similar polyalanine regions found in dragline silks form β-sheet structures15, and

more recently, it has been shown that the β-sheet structures are unaffected even when the

silk is hydrated16. Additionally, the (GAG) motifs of elastin were found to form a 31-helices

in silk15,17.

The isoleucine-Cγ and -Cδ signals appear at approximately 11.0ppm and 16.0ppm, re-

spectively, but no further secondary structure assignments can be made. Leucine-Cδ and

proline-Cγ were observed at approximately 23.5ppm and 25.6ppm. The peak at 31.0ppm was

assigned to proline-Cβ, in agreement with other studies11,18,19 and within our experimental

uncertainty this chemical shift points to either random coil, α-helical or β-strand structures.

Additionally, the valine-Cβ signal overlaps with the proline-Cβ signal and would indicate

either β-strand, random coil or α-helical structure. These experimental observations appear

to correlate with the Ramachandran maps at 42◦C of (V PGV G)18
20 and (V PGV G)3

21 in

MD simulation. The peak at 37.0ppm was assigned to isoleucine-Cβ. In previous studies,

isoleucine rich motifs were found to be in more random coil structure having a chemical

shift of approximately 39.0ppm (TMS scale)13, but our measurement points to β-strand in

addition to random coil structure rather than one structural motif7.

Previous NMR studies on elastin reported a glycine-Cα chemical shift of 43ppm11. In

addition, the same group performed 13C-NMR and 15N -NMR studies on glycine enriched

elastin and reported that it is rather ambiguous to make any secondary structure assignments

due to the fact that glycine-Cα 13C chemical shifts of β-turn, 31-helix and α-helical secondary

structures are nearly the same22. The measured chemical shift of the glycine-Cα carbons in
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our study was 43.4ppm. Asakura et al. studied the structure of glycine rich motifs in various

proteins23. According to their findings our observed glycine chemical shift would appear to

be to have α-helical secondary structure. On the other hand studies of dragline silk, such

as that from N. Clavipes, have reported β-sheet motifs for the same chemical shift observed

in our experiments24. Thus, the exact secondary structure assignment of glycine rich motifs

of elastin still remains rather unclear. Lastly, we observe a notable difference in the relative

signal intensities of glycine in the DP and CP experiments shown in Figure 2; this indicates

that glycine rich moieties of elastin are rather mobile. The high mobility of glycine motifs

in elastin has also been discussed elsewhere25.

The peaks at 48.0ppm and 51.0ppm were assigned to alanine-Cα with β-strand and

random coil secondary structures, in agreement with our previous noted assignment of the

alanine-Cβ. In addition, the peak at 51.0ppm was assigned to the proline-Cδ. The peak

at 53.3ppm was also assigned to the alanine-Cα and this chemical shift points to α-helical

conformations. Therefore, the alanine motifs of elastin seem to exhibit a heterogeneity of

structures according to our measured chemical shifts. In addition, the phenylalanine Cα

chemical shift also appears at 53.3ppm and this chemical shift points to β-strand secondary

structure.

The valine-Cα signal was observed at approximately 60.4ppm and within our experi-

mental uncertainty this chemical shift points to β-strand and random coil like structures7.

Wittebort and his group reported valine motifs took up a random coil secondary structure

based on the chemical shift of the Cα 13. It should be noted that the proline-Cα signal con-

tributes non-negligibly to the peak at 60.4ppm corresponding to β-strand or random coil

structures. Previous studies showed that proline-Cα appears in random coil secondary struc-

ture13. In addition, the torsion angles derived from short MD simulations of (V PGV G)18

and (V PGV G)3 showed the presence of β-turns20,21.
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Figure S2: NMR pulse sequences implemented in this work. A) Direct polarization (DP)
pulse sequence, B) pulse sequence for measuring the 13C T1ρ relaxation time and C) cross
polarization pulse sequence. In sequence B the amplitude of the applied spin locking field
on the carbon channel is varied between two settings and as discussed in the text, a π pulse
was used to reduce the effects of ring down artifacts. In C, for cross polarization (CP) a
contact pulse of 3ms was used. Other experimental parameters are discussed further in the
methods section of the manuscript.
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Figure S1: Sample T1ρ relaxation curves of proline-Cβ of hydrated elastin (sample 1) puri-
fied by the autoclaving method. The experimental data were fit to a single exponential with
χ2/dof = 1.22 (50kHz) and χ2/dof = 4.33 (25kHz). As described in the text, determination
of the spin-lattice relaxation rate in the rotating frame, at two different spin locking fields
allows for the determination of the correlation time τc.
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