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ABSTRACT: We have studied the molecular disorder in (13C)Ala- and (13C)Gly-labeled dragline silk fromNephila
edulisthrough the distributions of isotropic chemical shifts in one- and two-dimensional13C-13C NMR spectra
obtained under MAS. The alanine residues were found to be present in two distinct major structural environments,
in agreement with previous studies, whereâ-sheets and 31-helices were found. The distributions in chemical shift
within each residue were found to be uncorrelated, even between spins in the same amino acid residue, and were
of similar widths for both the crystalline and noncrystalline parts. Upon long-term mechanical stretching of the
silk, the NMR spectra showed no significant changes in conformation nor changes in the degree of disorder but
did show increasing structural damage to the silk threads.

Introduction

Spider dragline silk is a high-performance natural fiber with
good tensile strength and extensibility.1,2 It is produced in the
abdomen of the spider, in the major ampullate gland, where it
is stored in liquid form. After a transitory passage in the spinning
duct, it exits from the spinneret as an insoluble solid fiber.3

Contrary to the highly ordered silk fiber, NMR experiments
indicate that the liquid silk in the wide sac of the major
ampullate gland does not have a well-defined secondary
structure.4 There is evidence that dragline silk is composed of
two proteins, spidroin I and II,1,5 which contain series of peptide
repeats, namely polyalanine motifs (8-10 residues) and glycine-
rich sequences with Gly-Gly-X as the most abundant block (X
) Gln, Ala, Tyr, Ser, or Leu).1 Both Gly and Ala-rich domains
have a preferred secondary structure and are oriented with the
chains mainly parallel to the fiber axis.6-9 The majority of the
alanine residues are found inâ-sheets, which include small and
well-oriented microcrystalline domains,2,10-14 while the remain-
ing alanine residues are thought to reside in other conformational
environments, which still need to be identified, however.11 The
glycine residues are partly incorporated into theâ-sheets and
partly into 31-helical structures.8,15

From such a literature-based model of silk one quintessential
aspect is often missing:disorder. Disorder in spider dragline
silk has been observed by a variety of techniques. Wide-angle
X-ray diffraction experiments on silk produced byNephila
claVipeshave shown that crystals of Ala-richâ-sheets accounted
for ∼10% of the material, but that “amorphous oriented” regions
represented∼30% of the fiber.10 Riekel et al.16 also observed
the presence of disordered crystallites in single threads ofN.
claVipesdragline silk using synchrotron X-ray radiation. Two-
dimensional (2D) NMR experiments onN. edulis silk have
shown order in both local structure and orientation toward the
fiber axis, for both the alanine- and glycine-rich domains.8

Significant distributions in orientational angles, with respect to
the fiber axis, and torsion angles were found, but none were
wide enough to label the silk disordered

in terms of local order (“amorphous”) or orientational order with
respect to the fiber axis. Furthermore,2H solid-state NMR
experiments onN. claVipes silk showed a non-Gaussian
distribution in the orientation of the alanine methyl group toward
the fiber axis.6 Transmission electron microscopy (TEM)
diffraction data have prompted a non-periodic-lattice description
for major-ampullate silk.17,18 Finally, the disorder is also
observed in one-dimensional (1D)13C NMR spectra obtained
under magic-angle spinning (MAS).11,15The observed inhomo-
geneous peak broadening is caused by the variation of isotropic
chemical shifts, which are due to slight differences in environ-
ment in the fiber.

The goal of this work is to study the disorder in dragline silk
by measuring the distributions of isotropic chemical shifts of
the alanine and glycine residues, as observed in 1D13C NMR
spectra. The correlation of such distributions in two-dimensional
13C-13C spectra obtained under magic-angle spinning is indica-
tive of the local order in the silk. The same approach is used to
study silk under various degrees of mechanical strain.

Materials and Methods
Materials. 13C-labeled dragline silk was collected by forced

reeling19 of Nephila edulisspiders at a speed of 20 cm/min. Spiders
were kept on a low-diet ofTenebriomeal worms with a daily supply
of a mixture of amino acids covering the contents of dragline silk,
including either fully13C/15N-labeled alanine or glycine. Labeling
started a week before silking. The labeling degree in the silk has
not been determined explicitly, but from the ratio of alanine and
glycine CR signals approximate labeling degrees of 17% and 47%
were estimated for the alanine- and glycine-labeled samples for
Figure 3, assuming 10% and 18% cross labeling,20 respectively.

Silk Stretching. A cylindrical zirconium oxide spool was used
to collect dragline silk fromN. edulis. The spool was composed of
two sections, which could be fitted in a standard 6 mm MAS rotor
of the same material, thus limiting magnetic susceptibility effects.
A total of 36 mg of silk was wound around the long axis of the
spool, which held the two sections together. Stretching of the silk
was performed by carefully pulling one section of the spool using
a home-built device, and by inserting zirconium oxide spacers of
various widths to change the percentage of strain applied to the
fibers. Because the silk was spooled on the holders in many
overlapping layers, a single degree of stretching cannot be given.
Instead the minimum degree of stretching (outer layer) is reported.
Note that the silk may well be able to redistribute the differential
strain by sliding.
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Montréal, C.P. 8888, Succursale Centre-Ville, Montreal, Quebec, Canada
H3C 3P8.

1995Macromolecules2007,40, 1995-2001

10.1021/ma062452n CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/17/2007



Solid-State NMR. All solid-state NMR experiments were
performed on a Varian Infinity+ spectrometer operating at a1H
frequency of 299.17 MHz. The13C chemical shifts were referenced
to external adamantane.21,22Two-dimensional13C-13C correlation

spectra were obtained using cross-polarization (CP) and proton-
driven spin diffusion (PDSD) and magic-angle spinning (MAS) of
the sample at a frequency of 12.2 kHz (unstretched silk packed in
a 4 mm rotor) or 6.5 kHz (silk on the stretching spool in a 6 mm
rotor). Radio-frequency field strength of around 65 kHz were
typically used on both channels during cross-polarization, with a
contact time of 1-2 ms. A mixing time of 20 ms was employed
under rotary-resonance (RR) conditions (ω1 ) ωr) for increased
spin-diffusion transfer.23,24 High-power TPPM decoupling25 (100
kHz) was applied during the acquisition. The relaxation delay was
2 s. A total of 512 data points were acquired in the direct dimension
with 170 increments in the indirect dimension (400 for the stretched
silk). Gaussian line broadening of 40 Hz was applied to the spectra
in both dimensions.

Total through-bond correlation spectroscopy26 (TOBSY) spectra
were obtained at 15.238 kHz MAS using a rotor-synchronized
CNn

ν-type sequence with WURST-inverse-WURST pulses dur-
ing the mixing period,27 with 5 WiW924

1 supercycles of 9 WiW
elements per 24 rotor cycles. After cross-polarization (2 ms, 90
kHz), 100 kHz TPPM decoupling was applied during thet1 period
which was followed by a z-filter (4 ms). During the WiW924

1

supercycles (7.9 ms) homonuclear proton decoupling under Lee-
Goldberg conditions at 143 kHz rf field strength was used, and
TPPM decoupling at 100 kHz rf field strength was used during the
detection. Gaussian line broadening of 40 Hz was applied to the
spectra in both dimensions.

All spectra were processed using the matNMR processing
toolbox.28 A routine to generate conditional probability matrices
(CPMs) was incorporated into the matNMR toolbox, which was
based on the routines kindly provided by S. Cadars.29

Files from the RefDB30 database were read using a home-written
Matlab (www.mathworks.com) script. The chemical-shift referenc-
ing in the database was converted from DSS to TMS by substracting
2.00 ppm.22

Figure 1. Example of creating a matrix of conditional probabilities (CPM) from a cross-peak in a 2D NMR spectrum for a bimodal Gaussian
distribution. The distribution with lowest intensity is narrower and hence amplified in the CPMs. All axes are in ppm.

Figure 2. 13C spectra obtained at an MAS frequency of 12.2 kHz for
(A) Ala-labeled silk with zoom in on the Ala-Câ peak, and (B) Gly-
labeled silk, both fromN. edulis. Spinning side bands are indicated by
asterisks.
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Disorder and Conditional Probabilities

NMR spectra show disorder through distributions in frequen-
cies. While one-dimensional NMR spectra only show spectral
distributions per site, two-dimensional correlation spectra can
reveal the correlation of such frequency distributions. The
correlation of distributions can be characterized by conditional
probabilities PB(A), which express the probability of the
parameter A, given the value for parameter B. Closely related
to the probabilitiesP are the conditional (spectral) probability
matrices (CPMs) that are obtained by renormalization of the
area of a cross-peak in the NMR spectrum. Dividing each row
or column of a given area in the 2D spectrum by its sum, leads
directly to a matrix with conditional probabilities.29 The
conditional probability matrix shows either the probability that
site A resonates at a frequencyωA given that a site B resonates
at ωB (CPM1), or vice versa (CPM2). If the mapping of A to
ωA were unique then the CPM would directly express theP’s.
A sample CPM is shown in Figure 1, and more examples can
be found in the Supporting Information.

Naturally, CPMs can only highlight information that is also
present in a cross-peak itself, but the conditional probability is
typically masked by the intensity of a line. CPM plots hence
provide a complementary view of the spectrum. From the
examples it also follows that CPMs are useful for amplifying
small components in a distribution, provided that at least in one
dimension the frequency is unique. Also, it allows judging the

width of the distribution since this determines the relative
intensities in a CPM plot. These features, together with the fact
that the conditional probabilities are more closely related to the
physical properties than the NMR spectrum, led us to choose
the CPM representation for the results to follow.

For proteins, only a few motifs exist for the backbone
structure, for exampleR-helices andâ-sheets. These secondary
structures lead to easily distinguishable maxima in the CPM
plot. In addition, there is a variation in the backbone torsion
angles for amino acids that have the same secondary-structure
motiv. This variation leads to a distribution of the chemical
shifts. It is this additional variation of the chemical shift which
we will address in the following.

Results and Discussion

Native Dragline Silk. Figure 2 shows the 1D13C CP MAS
spectra of (A) Ala-labeled and (B) Gly-labeled dragline silk
produced byN. edulis. The spectra are consistent with a model
where the alanine residues are predominantly found in aâ-sheet
conformation; a shoulder observed on the Ala-Câ peak high-
lighted in the inset of Figure 2A, however, indicates the
existence of (an) additional conformational environment(s). This
has been observed in NMR spectra previously, for minor-
ampullate silk obtained fromN. claVipes31 and major-ampullate
silk of N. edulis.8,15 The chemical shifts for the glycine residue
is rather ambiguous for most commonly observed conforma-
tions,32 hence little information can be obtained from the
isotropic chemical shift. The observed resonances in Figure 2
are inhomogeneously broadened due to conformational disorder,
i.e., differences in structural environment correlate to differences
in the isotropic chemical shift.

We have performed 2D13C-13C proton-driven spin-diffusion
(PDSD) experiments to study the correlation of the chemical
shifts of spatially neighboring residues. A typical spectrum of
alanine-labeled silk, obtained with a mixing time of 20 ms, is
presented in Figure 3. The alanine cross-peaks dominate the
spectrum, although correlation peaks related to glycine also
appear, which indicates that some cross-labeling has taken place.
The cross-peaks for the alanine residues do not correspond to
a single Gaussian line, as best seen on the CR-Câ cross-peak
(Figure 3B and 3C). Furthermore, the heterogeneous line width
of the alanine CdO resonance (4.4 ppm fwhh) is considerably
broader than, for example, amyloid fibrils.33 An upper limit to
the homogeneous line width can be obtained by looking along
the anti-diagonal of the spectrum. For example, the alanine Cd
O peak on the diagonal in Figure 3a was found to have a 0.85
ppm width (fwhh) along the anti-diagonal, compared to roughly
4.4 ppm along the (asymmetric) diagonal. Note that the line
width contains a contribution from the homonuclearJ-coupling
(40 Hz, 0.5 ppm).

Parts A-C of Figure 4 show the CPM analysis applied to
the cross-peaks highlighted in Figure 3, parts B and C. The
approach reveals the presence of two distinct distributions for
alanine residues, with distinct center frequencies for all three
sites. The most abundant one, centered at Câ/CR/CdO frequen-
cies of approximately 22, 49, and 172 ppm, respectively,
indicates the presence of alanine residues in aâ-sheet conforma-
tion.34,35 The second distribution is centered at Câ/CR/CdO
frequencies of approximately 17, 53, and 176 ppm. DOQSY
spectra8 of the same silk have shown the presence of a 31-helical
structure, suggesting that the second distribution can be assigned
to this motiv. Little is known about the chemical shifts in 31-
helical structures. Previous13C NMR spectra of (AGG)n model
compounds prepared in a 31-helical structure have shown values

Figure 3. (A) 2D 13C-13C proton-driven spin-diffusion correlation
spectrum (20 ms) under rotary resonance conditions obtained for Ala-
labeled dragline silk produced byN. edulisusing an MAS frequency
of 12.2 kHz. (B) CR/Câ and (C) CRCâ/CO regions. Sidebands are
denoted by asterisks, and cross-peaks are labeled as follows: (1) Ala
Câ/CR, (2) Ala Câ/CO, (3) Ala CR/CO and (4) Gly CR/CO.
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of 17.4, 48.7, and 172.1 ppm,36 17.4, 48.9, and 174.6 ppm,37

and 18.0, 50.0, and 175.6 ppm, respectively.38 The measured
chemical shifts are compatible with those values, although the
small size of the databank and errors in determining the centers
of the overlapping distributions, estimated at 1-2 ppm, forbid
an unambiguous conclusion. Note that the spectra of the model
compounds clearly showed disorder to similar degrees as
observed in natural silk, despite the control over the preparation.

The CPMs of Gly CR/CO cross-peak obtained from Gly
labeled silk are displayed in Figure 4D. The chemical shift
values of glycine cross-peaks often do not allow to discriminate
between different conformations, as is known from quantum-
chemical calculations that show only minor variations in shift
for the most common secondary structures.32

The 2D spin-diffusion experiment shows through-space
interactions, hence allowing also inter-residue contacts for
sufficiently long mixing times. No significant changes in line
shape were observed for both diagonal and cross-peaks in
spectra taken with mixing times of 200 ms (under rotary-
resonance (RR) conditions) or 5 s (without RR, spectra not
shown). We have also measured 2D TOBSY26 spectra where,
in contrast, cross-peaks represent only through-bond contacts
within one amino acid residue. The resulting CPMs of the
alanine cross-peaks are presented in Figure 5. Within experi-
mental accuracy no difference was observed in the shape of
the cross-peaks. Similar results were obtained with Gly-labeled
silk (not shown).

For a solid protein like silk, the conformation of the backbone,
denoted by the torsion angles (φ,ψ), is the main parameter

contributing to the chemical shift, together with packing effects
like hydrogen bonds and steric interactions of side chains. The
correlation of secondary structure in proteins and individual
chemical shifts is well-known, especially when taken relative
to the random-coil shift.39,40 From a search through 1480 data
sets of globular proteins in the RefDB database,30 978 were
found to contain13C chemical shifts and plots were made for
each amino acid showing the correlations of the CO, CR, and
Câ chemical shifts. The density plots (black) in Figure 6 show
the shift correlations for alanine and glycine residues (other
amino acids not shown). These plots, while showing the known
correlation with structure, reveal no correlation within the ranges

Figure 4. Conditional probability matrices determined from Figure 2
with the (A) Ala CR/Câ region, (B) Ala CO/Câ region, and (C) Ala
CO/CR region and from (D) the Gly CO/CR region of the 2D13C-13C
correlation spectrum of Gly labeled dragline silk fromN. edulis. The
slant in the CPMs in part D can be attributed to the proximity of Ala
CR/CO centered at 49 /172 ppm. Spinning side bands are indicated by
asterisks.

Figure 5. Conditional probability matrices obtained from the TOBSY
spectrum (not shown) of Ala-labeled dragline silk produced byN. edulis.
(A) CR/Câ, (B) CO/Câ, and (C) CO/CR regions.

Figure 6. Comparison of the chemical shift range observed in globular
proteins (black), as determined from 978 proteins in the RefDB
database, and the experimental cross-peaks (red) for the (A) Ala CR/
Câ, (B) Ala CO/Câ, (C) Ala CO/CR and (D) Gly CO/CR sites.
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corresponding to the three main structural motifs for proteins
in a liquid, i.e.,R-helix, â-sheet, and random coil.

The observation of two distinct peaks for the alanine
complements previous 2D solid-state NMR spectra and further
supports the model proposed from them.8 While a general
correlation of the chemical shift with conformation can be
observed from the spectra, an uncorrelated variability of 4-6
ppm width is found in the chemical shifts within these
classifications of structure. In silk, this variability is comparable
for both the crystalline and noncrystalline parts, and ap-
proximately spans the same width as observed for chemical
shifts within theâ-sheet region in globular proteins (Figure 6).
Proteins, in general, have a large variability in amino acid
composition, which influences the structure of the protein.
Dragline silk ofN. edulis, however, is thought to have a highly
repetitive primary structure with glycine and alanine constituting
roughly 70% of the amino acid content. In the absence of
accurate chemical-shift calculations for CO and Câ sites, as a
function of conformation and packing, it is difficult to quantify
the disorder. From an inspection of calculated alanine CR
frequencies,32 however, deviations in the torsion angles of at
least 30° (covering 2σ of a Gaussian distribution) seem required
to achieve such widths. This suggests that, regardless of
crystalline or noncrystalline parts, on a microscopic scale there
is quite a large variability even within a given classification of
secondary structure (â-sheet, 31-helix, etc.). This is consistent
with previous DOQSY measurements where a multimodal
distribution of a given width was essential for reproducing the
data.8 This variability includes effects caused by differences in
local packing of the molecular chains, the importance of which
is hard to estimate. Note that low-temperature NMR spectra
have indicated no sharpening of the13C resonances, thus making
it unlikely that motion is responsible for this local disorder.

Disorder plays an important role in semicrystalline polymers41

and polynucleotide fibers.42 Contrary to the idea of idealized
crystals, irregularities in constitution, configuration or conforma-
tion along the polymer chain do not prohibit “crystal” formation,
nor diffraction, as long as long-range positional order in one or
more dimensions is preserved.41,43,44 Such a mesomorphic
description appears quite natural for silk, given the variations
in primary structure and its heterogeneous polymeric nature,
and it is based on NMR data, such as those presented here, and
diffraction data found in the literature. So far, most diffraction
data have, however, been analyzed in terms of a distribution in
crystallite sizes. A notable exception is the non-periodic-lattice
description by Thiel and Vine17,18 based on TEM diffraction
data. The idea has lost some support after X-ray studies failed
to confirm some of the conclusions,10 but certainly, from the
NMR data presented here, such a model would be more
appropriate than one with a distribution in crystal sizes but with
well-defined conformational order.

Dragline Silk under Strain. Previous NMR findings8 and
the results presented here show that the alanine- and glycine-
rich domains, which constitute the vast majority of native
dragline silk, are ordered with respect to the fiber and consist
of discrete secondary structure elements but with substantial
local variations. An open question in this model is what lends
silk its elasticity. To study the effect of long-term strain on the
local structure and (dis)order we have performed the same 2D
NMR analysis on silk which was held at a fixed strain inside
the MAS rotor. Here, long-term means that, in contrast to most
stress-strain measurements, which are done almost instanta-
neously, the measurements were started more than 2 h after
increasing the strain and the sample was kept at a given strain

for at least 1 day. Silk is known to exhibit significant creep
and stress relaxation under constant stress and strain, respec-
tively.45,46Experiments were first performed on unstrained silk
and then on fibers successively stretched by 5%, 10%, 16%,
and 21%.

Figure 7 compares the 1D13C CP MAS spectra of dragline
silk extended by 0%, 10%, and 21%. Only small differences
were found between spectra at these various degrees of strain,
such as the shoulder in the Câ peak for the alanine residue being
slightly less well resolved when tension was applied, suggesting
at most minor conformational changes in the crystalline and
Gly-rich regions. Note that an exact chemical-shift reference
was hard to make for these experiments since the holder had
different positions inside the rotor, depending on the degree of
strain. This caused small shifts of all lines in the spectrum and
was probably due to a susceptibility effect from the Teflon
spacers of the MAS rotor, which were cut to accommodate the
varying spool length in the course of the experiment. The spectra
were superimposed as much as possible by using the chemical
shift of glycine CR in unstrained silk as a reference point,
assuming this to be the least sensitive to changes in chemical
shift upon stretching.

The CPMs in Figure 8, extracted from 2D PDSD NMR
spectra obtained at an MAS frequency of 6.5 kHz, show no
changes within experimental error. Note that the signal-to-noise
ratio is low due to poorer isotopic labeling. Despite that, one
might, for example, expect to observe a narrowing of the
chemical-shift distribution in the CPMs upon strain due to an
increase of conformational order, which was not observed.
Previous 2D spin-diffusion experiments taken from static silk
also did not show significant changes in macroscopic and local
order upon stretching,47 suggesting that the stretching does not
affect the microscopic ordering of atoms in the silk. Previous
NMR48 and X-ray10 studies of dragline silk fromN. claVipes

Figure 7. 13C spectrum of Ala/Gly labeled silk fromN. edulis
unstretched (solid black line), stretched by 10% (red line) and 21%
(dashed black line) obtained at an MAS frequency of 6.5 kHz. Key:
(A) Full spectrum, (B) carbonyl region, and (C) Câ and (D) CR regions.
Spinning side bands are denoted by asterisks.
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report a better alignment of the Ala-rich crystallites in stretched
fibers. However, in the light of our results, it appears that such
an improved ordering is limited to a macroscopic scale, and
that the microscopic order is largely unaffected.

It had been suggested from Raman studies of single dragline
silk threads fromN. edulisthat modifications in bond lengths,
bond angles and torsion angles occur upon stretching, with an
alignment of the molecules along the longitudinal axis of the
thread.49,50Our experiments are not inherently sensitive to bond
lengths and it is unlikely that changes in bond angles could be
seen in solid-state NMR spectra of silk, as they are expected to
be small. Furthermore, those data on single fibers were measured
shortly after the silk was stretched. The bulk samples used here
reflect long-term effects of strain, which is likely to be
accompanied by significant stress relaxation.45,46 It may thus
be that only a small proportion of alanine and/or glycine residues
undergo structural changes under long-term strain. In such a
case, the effect would be hidden in the NMR spectra by the
broad distribution of chemical shifts.

Finally, the stretching of silk to reach 5% and 10% strain
required considerable force, but the material started to yield
when trying to achieve 16% stretching. At that point damaged,
but not broken, silk threads could be observed. Extension of
the silk to 21% was also achieved without much effort, but a
greater amount of damaged fibers was seen afterward. The
removal of the spacers from the spool revealed a bundle of silk
fibers that did not relax back to the original unstrained state
(Figure 9). The damage inflicted on the silk by stretching was
not localized at a few defective points but distributed evenly.
Both 1D and 2D13C spectra (not shown) of the unstretched
silk shown in Figure 9 were superimposable to that of the silk
stretched by 21%, indicating irreversible damages on the
material.

Conclusion

One- and two-dimensional13C NMR studies of the dragline
silk produced byN. edulisshow that alanine residues are found
in two major discrete local structures, tentatively assigned to
â-sheets and 31-helices. The chemical shifts of the spins within
the same amino acid residue in dragline silk are uncorrelated
and the distribution spans the range observed forâ-sheets in
globular proteins. This implies significant static disorder in both
crystalline and noncrystalline domains. Such molecular disorder
could be due to variations in conformation or packing within
the crystals and would still be consistent with results obtained
in diffraction studies.

Long-term mechanical stretching of the dragline silk showed
very little influence on the local order in both the alanine-rich
and glycine-rich domains, and revealed no changes in confor-
mation. At strains above 10% the silk was increasingly and
irreversibly damaged, but no significant changes to the NMR
spectra were observed.
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Figure 9. Dragline silk on zirconium oxide spool after removing the
insets necessary to stretch the bundle of threads by 21% stretching.
The scale is in cm.
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