
Quantifying the fraction of glycine and alanine in b-sheet and helical

conformations in spider dragline silk using solid-state NMRw

Gregory P. Holland,*a Janelle E. Jenkins,a Melinda S. Creager,b

Randolph V. Lewis
b
and Jeffery L. Yarger*

a

Received (in Cambridge, UK) 28th July 2008, Accepted 2nd September 2008

First published as an Advance Article on the web 29th September 2008

DOI: 10.1039/b812928b

Solid-state two-dimensional refocused INADEQUATE MAS

NMR experiments resolve distinct helical and b-sheet conforma-

tional environments for both alanine and glycine in Nephila

clavipes dragline silk fibers; the fraction of alanine and glycine

in b-sheet structures is determined to be 82% � 4% and

28% � 5%, respectively.

Silk spun from the major ampullate gland of spiders (dragline

silk) has a unique combination of strength and extensibility

that renders it one of the toughest materials known.1 The silk’s

impressive mechanical properties are related to the primary,

secondary and hierarchical structure of the two proteins2,3 that

comprise the silk: major ampullate spidroin I (MaSp1) and

major ampullate spidroin II (MaSp2).w It has been recognized

for more than a decade that the poly(Ala) runs in the amino

acid sequence of MaSp1 and MaSp2 are primarily in an

ordered b-sheet conformation.4 Double-quantum single-

quantum NMR correlation experiments for static samples

(DOQSY) showed that Gly is present in a disordered 31 helical

structure and b-sheet domains.5 Recently, it was proposed that

Ala and Gly, the two most abundant amino acids in spider

silk,6 are present in both the b-sheet and 31-helical regions.
7 In

the present communication, we combine the plasticizing

effect8–15 water has on spider silk with two-dimensional (2D)

through-bond double-quantum (DQ)/single-quantum (SQ)
13C homonuclear NMR correlation experiments to resolve

two distinct carbonyl sites for Gly and Ala. The 13C chemical

shifts and relaxation properties of the two sites can be used to

characterize Gly and Ala in b-sheet and helical structures. The

information extracted from the 2D DQ/SQ experiments is

successfully used to fit the carbonyl region in the 13C magic

angle spinning (MAS) spectrum of plasticized spider silk to

quantify the amount of Gly and Ala present in the two

conformations.

The refocused INADEQUATE (incredible natural abundance

double quantum transfer experiment) NMR experiment is parti-

cularly useful for acquiring 2D DQ/SQ through-bond homo-

nuclear correlation spectra in disordered solids.16,17 Spider

dragline silk has a large degree of structural disorder that results

in inhomogeneous line broadening, analogous to many

amorphous polymers and therefore, will greatly benefit from

the refocused approach compared to the earlier solid-state

INADEQUATE methods that do not utilize a spin-echo for

detection.18–20 In the present work, we have collected refocused

INADEQUATE NMR spectra on moderately 13C-enriched

spider dragline silk fibers obtained from the spider Nephila

clavipes with a modified NMR pulse sequence.z This is the

first application of INADEQUATE experiments to characterize

a silk.

INADEQUATE spectra were collected in the native (Fig. 1)

and water plasticized state (Fig. 2). In the native state, the

spider silk is completely rigid on the NMR timescale and

cross polarization (CP) is utilized, similar to previous

INADEQUATE experiments.16 In the water plasticized state,

the spider silk exhibits a combination of motional dynamics

that range from completely rigid to near isotropic on NMR

Fig. 1 The 2D 13C homonuclear through-bond DQ/SQ spectrum of

native (dry) Nephila clavipes spider dragline silk obtained with the

refocused INADEQUATE pulse sequence. Data were collected on an

800 MHz spectrometer with a 1 ms CP contact time and a 40 kHz

MAS frequency. The spectral width was 62.5 kHz in both dimensions

and 256 t1 increments were collected in the indirect dimension with a

3 s recycle delay. The connectivity and assignment agrees with

previous 13C correlation spectra collected with through-space dipolar

recoupling.7
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timescales.11–13 Because CP is inefficient for the mobile regions

in water plasticized spider silk, a version of the refocused

INADEQUATE experiment that employs 13C direct excita-

tion was implemented.w
The impact of water on spider silk has been studied in depth

for a number of years.7,8,10–13 On the macroscopic scale, it causes

the silk fiber to shrink B50% in length and swell in diameter; a

process known as supercontraction.10 The presence of water has

a plasticizing effect on the material, with an associated increase

in chain dynamics for those amino acids present in disordered

helical regions. The 13C resonances of these amino acids sharpen

considerably compared to the native silk, greatly improving

spectral resolution (see Fig. 2). These sites also exhibit enhanced
13C T1 relaxation, indicative of mobility on the nanosecond

timescale.11,12 The b-sheet domains remain completely rigid in

the presence of water and the resonances display similar line-

widths to the native silk and long T1 relaxation times.8,11–13

The resolution enhancement and variation in T1 relaxation

in wet spider silk can be exploited to resolve two distinct

carbonyl resonances for both glycine and alanine for the first

time (Fig. 3). The 13C carbonyl chemical shifts for Gly (d =

169.1 and 171.7 ppm) and Ala (d = 172.3 and 175.4 ppm)

indicate b-sheet and helical structures, respectively.21 The

relaxation behavior of the different carbonyl sites was probed

by collecting spectra with different recycle delays. As expected,

the carbonyl resonances assigned to rigid b-sheets are

accentuated when longer recycle delays are utilized, confirm-

ing the assignment (Fig. 3b).

The information extracted from these 13C through-bond

correlation spectra (chemicals shifts and linewidths) can be

used to fit the carbonyl resonance of a fully relaxed 13C MAS

spectrum of wet spider silk to extract the fraction of Ala and

Gly in b-sheet and helical structures.w The results of the fit are

28%� 5% and 82%� 4% for the fraction of Gly and Ala in a

b-sheet conformation, respectively. The helical fraction (72%

for Gly and 18% for Ala) is loosely defined as helical here.

Further work will be required to determine the exact type of

helix and/or if there is a possibility for loop or turn like

structures. Nonetheless, if one assumes that all the Gly and

Ala present in the poly(Ala) runs and the poly(Gly–Ala)

regions that flank the poly(Ala) runs in the amino acid

sequence form a b-sheet structure, the expected result would

be 26% and 86% for Gly and Ala, respectively. This is in

excellent agreement with the b-sheet fraction determined

experimentally for the two amino acids.

In conclusion, through-bond DQ/SQ 13C homonuclear

correlation NMR experiments have resolved distinct sites for

Gly and Ala that represent b-sheet and helical structures in

plasticized spider silk. These sites can be quantified and

correlated with the amino acid sequence of MaSp1 and

MaSp2. Since, the b-sheet domains are thought to provide

the spider silk its strength and helical structures its elasticity,

an ability to resolve and quantify these two conformations is

imperative to understanding the mechanical properties of

natural spider silk and guide the production of synthetic silks.

Fig. 2 The 2D 13C homonuclear through-bond DQ/SQ spectrum of

Nephila clavipes spider dragline silk plasticized with water. The

refocused INADEQUATE pulse sequence was used with 13C direct

excitation. Data were collected on a 400 MHz spectrometer with a

20 kHz MAS frequency. The spectral width was 50 kHz in both

dimensions and 288 t1 increments were collected in the indirect

dimension with a 1 s recycle delay. The short recycle delay enhances

the signal from mobile amino acids.

Fig. 3 The carbonyl region of the refocused INADEQUATE spec-

trum ofNephila clavipes spider dragline silk plasticized with water. The

recycle delay was (a) 1 s and (b) 3 s. Mobile helical regions are

enhanced in (a), while the rigid b-sheet domains are apparent in (b).
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