
www.elsevier.com/locate/jmr

Journal of Magnetic Resonance 178 (2006) 106–120
A DOQSY approach for the elucidation of torsion angle distributions
in biopolymers: Application to silk

Jacco D. van Beek, Beat H. Meier *

Physical Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland

Received 18 July 2005; revised 4 September 2005
Available online 21 October 2005
Abstract

Silk from the wild silkworm Samia cynthia ricini with a molecular mass of about 300 kDa consists of alternating repeats of nano-crys-
talline poly-(Ala) and non-crystalline glycine-rich domains. The backbone torsion angles between pairs of these two amino acids is deter-
mined by DOQSY solid-state NMR spectroscopy: the alanine-rich domains are predominantly in a b-sheet conformation, whereas the
glycine-rich domains are found to be partially in an extended b-sheet conformation and partially in an approximately 31-helical confor-
mation. In the cast film from liquid silk significantly different secondary structures were found: the alanine-rich domains are a-helical
conformation, whereas the results for glycine-labelled sample are explained by a random-coil state. A detailed error analysis of the tech-
nique is presented.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Silks are fibrous proteins of considerable economic and
scientific interest. The material is made by various animals
for different biological purposes. Some silks exhibit inter-
esting mechanical properties, e.g., a high toughness compa-
rable to Kevlar combined with an extensibility of 30% or
an extreme extensibility of more than 200% [1]. The pri-
mary structure of silks is typically highly repetitive and rich
in glycine and alanine [2–8]. X-ray crystallography has
shown the material to be partially crystalline, but much less
is known about the non-crystalline parts [9].

The Eri silkworm Samia cynthia ricini is a wild silkworm
that produces housing silk for protection during metamor-
phosis. Its primary structure is similar to that of spider
dragline silk [10] and consists of highly conserved poly-al-
anine stretches of 10–14 amino acids interleaved by gly-
cine-rich parts. The mechanical properties are quite
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different, though, with lower modulus and breaking energy
[11]. Considering the different evolutionary pressures on
the material performance, this finding is not astonishing
but it would be interesting to achieve a molecular under-
standing of the differences. Silk is polymorphic, like many
other proteins [12], and therefore the processing of the
liquid material is of great importance to the final molecular
structure [13].

The structure of S. c. ricini silk has previously been stud-
ied with one-dimensional (1D) liquid- and solid-state NMR
measurements [14–24]. These 1D NMR studies mainly used
the isotropic chemical-shift values to indicate the local
structure of the protein backbone, by employing the empir-
ical dependence of the chemical shift on secondary struc-
ture. These isotropic shifts can be powerful indicators for
the local structure. They are, however, not unique and, in
addition, difficult to use for glycine, which shows little
chemical-shift variation with secondary structure. To over-
come these limitations 1D solid-state NMR measurements
on drawn, uniaxially oriented samples were performed as a
function of the sample orientation with respect to the exter-
nal magnetic field [18]. Those experiments have yielded the
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Fig. 1. (A) Goal of the experiment is to measure the backbone torsion
angle pairs (/,w) of neighbouring amino acids in a single experiment,
using 13C@O labelled protein samples, (B) experimental implementation.
After cross-polarization and a short z-filter a double-quantum state is
created and allowed to evolve during t1. The same sequence was used to
reconvert back into single-quantum coherence, which was followed by a
short z-filter and detection.
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orientation of the chemical-shielding tensors relative to the
external magnetic field and, because the orientation of
these tensors in a molecule-fixed coordinate system is
approximately known, information about the secondary
structure can be obtained from the chemical-shift pattern
of such partially oriented samples. Similar information is
obtained from 2D DECODER experiments [9,25–28].
The precision of these measurements is, however, limited
by the degree of uniaxial order in the sample.

A more direct approach to the determination of the
backbone conformation is the direct measurement of dis-
tances and, particularly, torsion angles. In recent years, a
flurry of new solid-state NMR experiments have been pro-
posed to this end [29–39]. Many of them are based on mag-
ic-angle spinning (MAS), which is indispensable for
obtaining high-resolution data from highly ordered materi-
als. For structurally heterogeneous materials like silk, how-
ever, the heterogeneous linewidth of MAS spectra is quite
broad (6.5 ppm FWHH) and the main advantage of
MAS, narrow lines and high signal-to-noise ratio, cannot
be fully realized. Static experiments correlating CSA ten-
sors [40–42] are therefore often better suited for the inves-
tigation of such materials. Even though the signal to noise
ratio is lower, the sensitivity of the signal towards the struc-
tural parameters of interest is often higher. Furthermore, in
contrast to fast MAS methods, the application of recou-
pling pulse schemes, with the associated imperfections that
can lead to systematic errors in the quantitative analysis, is
not necessary.

Here, we apply a variation of the 2D DOQSY experi-
ment (correlation of the double-quantum and single-quan-
tum spectra) [13,43–45] to determine the torsion-angle
distributions in silk from S. c. ricini. For a two-spin system,
the double-quantum dimension represents the sum
chemical-shift tensor, the single-quantum dimension the
chemical-shift and dipolar tensors. The 2D pattern is
indicative of the relative orientation of the two involved
chemical-shift tensors. The DOQSY experiment applied
to 13C carbonyl-labelled peptides can determine both
backbone torsion angles (/,w) in a single experiment (see
Fig. 1A) without the need for oriented samples. In the
experiments described here, Ala-Ala and Gly-Gly dyads
were investigated.

We investigated two states of S. c. ricini silk, the silk
fibre, being the native state of the solid material, and a cast
film artificially made from the liquid silk of the gland. The
experimental DOQSY spectra and corresponding best fits
for both the alanine- and glycine-labelled materials are
shown in Fig. 2. A short report describing the alanine-rich
part of this silk has already been published [13] and similar
studies have also been performed on spider dragline silk [9].
Numerical aspects of the data analysis have been described
in detail in [46]. In this paper, we present a detailed analysis
of the backbone conformation of silk from S. c. ricini in the
microcrystalline alanine-rich domains, as well as in the
non-crystalline glycine-rich domains. We identify possible
sources of error and estimate their importance.
2. Evaluation of the analysis

The primary structure of silks show many repetitive
motifs that are rich in glycine and alanine. Cocoon silk
from S. c. ricini contains highly conserved (Ala)n (n = 10–
12) and (Gly)2/(Gly)3 stretches [24], which largely corre-
spond to the majority of the crystalline and non-crystalline
domains, respectively. Thus, by applying an isotopic label-
ling strategy, which enriches either alanine or glycine, the
backbone structure of both domains can be characterized.
Assuming that two carbonyl carbons, neighbouring in the
peptide chain, are isotopically labelled, the corresponding
2D DOQSY spectrum obtained is sensitive to the molecu-
lar torsion angles (/,w) (Fig. 3). Note that an inherent
symmetry in the experiment makes it impossible to distin-
guish the spectra S (/,w) and S (�/,�w).

A number of assumptions will be made to analyse these
spectra in terms of the torsion angles (/,w). These include
the selectivity through labelling, the peptide geometry,
CSA principal values, the orientation of the chemical-
shielding tensor in the peptide, simulation of the pulse
sequence, and the exclusion of multi-spin effects from the
basis spectra. In the following, we show that it is acceptable
to use a single set of CSA tensor values, independent of the
torsion angles, and a single tensor orientation in the molec-
ular frame to fit the data. Multi-spin effects are generally



Fig. 2. Experimental 2D DOQSY spectra of (A–D) four different silk samples from the silkworm S. c. ricini with (E–H) corresponding best fits and (I–L)
distribution functions. The samples were labelled either with [1-13C]alanine or [1-13C]glycine and prepared either as a fibre or a cast film. The alanine-
labelled samples were measured at a 13C resonance frequency of 100 MHz, whereas the glycine-labelled samples at 75 MHz. The S/N ratios are
approximately 47, 60, 35, and 26 for the four spectra, respectively. The grid resolution was 15�, 15�, 18�, and 20� for the four PDFs, respectively. All PDFs,
except (I) show the symmetry S (/,w) = S (�/,�w). For the fibrous alanine-labelled sample a bias function was used to break the symmetry using the Ca

chemical shift, as is described in the text.

108 J.D. van Beek, B.H. Meier / Journal of Magnetic Resonance 178 (2006) 106–120
small but must be accounted for on the basis of the primary
structure. Furthermore, it is shown that one can simulate
the spectra in frequency domain and scale them a posteriori
to include effects due to finite rf field strengths. Finally, the
limiting case of complex distribution functions in proteins,
a random coil structure, is investigated.

2.1. Description of the DOQSY experiment

To zeroth-order average Hamiltonian theory, the ideal-
ized multiple-pulse sequence of Fig. 1B produces a pure
double-quantum (DQ) Hamiltonian of the form [47–49]

Hd ¼
X

dijðSixSjx � SiySjyÞ. ð1Þ

i>j
The dipolar coupling constant is defined as

dij ¼ � 1

2
�
cicj�hl0

4p
� 1
r3ij

ð3cos2hij � 1Þ ð2Þ

with hij being the angle between the static magnetic field
and the internuclear vector of spins i and j. For a two-
spin system, the density operator r, after cross-polariza-
tion and a p/2 pulse, is proportional to S1z + S2z.
Evolving the system for a period sm under the DQ
Hamiltonian yields

rðsmÞ ¼ cosðd12smÞðS1z þ S2zÞ þ 2 sinðd12smÞ
� ðS1xS2y þ S1yS2xÞ; ð3Þ

which after the t1 evolution, becomes



Fig. 3. Simulated 2D DOQSY spectra for different conformations and
an excitation time of sm = 1.5 ms. (A) Extended conformation with
(/,w) = (�180�, 180�), (B) b-sheet with (/,w) = (�150�, 150�), (C) b-sheet
with (/,w) = (�120�, 120�), (D) 310-helix with (/,w) = (�49�, �26�), (E)
31-helix with (/,w) = (�75�, 150�), and (F) a-helix with (/,w) = (�57�,
�47�). A plot of basis spectra over the full (/,w) range can be found in
[13].
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rðt1; smÞ ¼ cosðd12smÞðS1z þ S2zÞ þ 2 cosðX1t1 þ X2t1Þ
� sinðd12smÞðS1xS2y þ S1yS2xÞ
� 2 sinðd12smÞ sinðX1t1 þ X2t1ÞðS1xS2x � S1yS2yÞ.

ð4Þ

Here, X1 and X2 are the chemical shifts of the two spins in-
volved, which depend on the orientation of the molecule
with respect to the magnetic field. Reconverting back into
single-quantum coherence, and adding the signal using an
appropriate phase cycle, yields (only showing terms pro-
portional to Sz)

rðt1; smÞ ¼ cosðX1t1 þ X2t1Þsin2ðd12smÞðS1z þ S2zÞ. ð5Þ
For a phase-sensitive 2D signal the corresponding sine
modulation in t1 is obtained by phase-shifting the reconver-
sion part by p/4 after each t1 increment (TPPI). A final p/2
pulse creates transverse magnetization and the detected sig-
nal is effectively given by

Sðt1; t2; smÞ ¼ sin2ðd12smÞ expð�iX1t1 � iX2t1Þ
� ðexpð�iX1t2Þ þ expð�iX2t2ÞÞ; ð6Þ

if we neglect the dipolar interaction in the direct dimension.
Assuming two 13C-labelled carbonyl groups, neighbouring
in the primary sequence (Fig. 1A), the torsion angle infor-
mation (/,w) is encoded directly in the spectrum by the
correlation of the sum tensor, (X1 + X2), with the individ-
ual chemical-shift tensors of the spins, X1 and X2. The ori-
entation of the dipolar tensor, with respect to the two
chemical-shielding tensors, is dependent on (/,w) and re-
sults in an additional (/,w)-specific modulation of the
intensities. Also, the dipolar frequency d12 contains the
internuclear distance r12, which is modulated by the torsion
angle /.

2.2. III-posedness

The static lineshape of a single conformation (/,w) in
the DOQSY experiment, as it is done here, has a highly
distinctive spectrum, which should allow for an accurate
determination of the torsion angles. As is shown in
Fig. 3, a wide range in spectral patterns is observed as
a function of the torsion angles. Typically, heterogeneous
materials, like silk, do not exhibit sharply defined struc-
tural parameters. Instead, a (possibly complex) distribu-
tion function of the structural parameters of interest, in
this case the torsion angles, is often observed. It is well
known that this complicates the analysis of experimental
data considerably and a careful analysis strategy must be
chosen to avoid miss- and overinterpretation of the data,
whilst still using all the information contained in the
experimental data. For a detailed description on the reg-
ulatory approach that was used in this work, we refer to
[46]. Here, we only give the main conclusions from that
work.

From a numerical point of view, the DOQSY experi-
ment, as proposed here, is a difficult experiment to analyse
when structural distributions are present. Therefore, the
grid resolution of the PDF was taken to be at least 15�
and in the experimental spectra of the glycine-labelled sam-
ples grid resolutions of 18� and 20� were used in order to
stabilize the solution. The main reason for having to use
this rather low resolution is the significant degree of corre-
lation between the basis spectra for different conformations
across the Ramachandran map. This is illustrated in Fig. 4,
which shows squared-difference plots of six simulated 2D
DOQSY spectra that are compared to all basis spectra in
the kernel. The differences strongly depend on the torsion
angles, e.g. the experiment is very distinctive around the
a-helical region and around the extended conformation
(±180�, ±180�). Other conformations, e.g., («120�,
±120�) or (±75�,±15�) show much more correlation with
other basis spectra. Such correlations clearly affect the reli-
ability of the analysis. The noise level was shown to be an
important factor as well [46]. Since typically S/N ratios of
only 25–35 were achieved experimentally, small but highly
correlated intensities are expected to appear in the PDFs,
as are indeed observed in the experimental results as shown
below (Fig. 2). From a large number of tests of simulated
data the positions of strong peaks in the PDF have been
shown to be reliable, though [46]. Significant structural
information is thus obtained, albeit of relatively low
resolution.
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Fig. 4. Squared-difference plots of nine simulated DOQSY spectra, compared to a full set of basis spectra with a 15� grid resolution. The conformations
for the single spectra are (/,w) = (A) (�180�, �180�) (extended b-sheet), (B) (�150�, 150�) (b-sheet), (C) b-sheet (�120�, �120�), (D) helical (�60�, �60�),
(E) 31-helical/b-turn (�75�, 150�), (F) (�150�, �120�), (G) b-turn (75�, 15�), (H) (�180�, 30�), and (I) (�30�, 30�). The black circles mark the simulated
conformations. The intensity of the plots is in arbitrary units, but is absolute between the plots and hence allows direct comparison.
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2.3. Selectivity

Through the double application of the excitation/recon-
version DQ cycle, the intensity at a given point in the spec-
trum is approximately proportional to sin2 (d12sm), where
d12 is the dipolar coupling constant and sm the excita-
tion/reconversion time. In the initial rate regime this
implies a 1/r6 dependence, where r is the internuclear dis-
tance between two spins. The high degree of spatial selec-
tivity is used to ensure sufficient distinction between
intra-chain and inter-chain contacts, since only next-neigh-
bour intra-chain contacts reflect the backbone torsion
angles directly.

The success of this approach strongly depends on the
assumption that the shortest distance is intra-chain and
care must be taken since there may also be comparably
small inter-chain distances. In principle, this requires a
case-to-case consideration of the system of interest,
although some general remarks can be made. Fig. 5 shows
the results from a search of distances between carbonyl
groups, from the Protein Data Bank (release #89, 5165
protein and enzyme structures included, determined by
NMR and X-ray). The (i, i + 1) distance ranges from 2.8
to 3.7 Å and there is a clear distinction between helical
and sheet-like structures. The next smallest distances, for
a helical structure, are the (i, i + 2) and (i, i + 3) contacts
with distances of typically 4.5 and 4.8 Å, respectively.
For sheet-like structures the smallest (i, i + 2) distance is
typically found to be 6.5 Å, which is similar to typical
inter-chain distances. Much smaller distances may be
found in special cases, however, as is exemplified by the
poly-glycine b-sheet structure, which has an inter-sheet dis-
tance of approximately 3.5 Å [50]. Turn-like structures can
have rather small (i, i + 4) and (i, i + 5) distances of around
5–6 Å. Except for special cases, the intramolecular neigh-
bour distance can be expected to be the shortest and this
allows the determination of the backbone torsion angles.

Eq. (6) shows that the DOQSY spectrum is proportional
to sin2d12sm, which, in the initial rate, is proportional to 1/
r6. Note that depending on the mixing time (i.e., how far off
initial rate regime) and the dipolar coupling, the depen-
dence may change considerably across the spectrum, and
a general expression to denote the separating power
between two distances cannot be given. In most cases this
separation is good, but not perfect, and, depending on
the system of interest, additional rationale may be needed
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a posteriori to account for certain intensities in the PDF.
These can then be based on the primary structure and
the observed secondary structure elements. For example,
in the distribution function obtained for the fibrous ala-
nine-labelled silks [9,13], a strong intensity was found at
(±180�, ±180�). This implies a fully extended b-sheet struc-
ture for the silk, which in itself is not as energetically
favourable as a less-extended sheet. By assigning this inten-
sity to an inter-chain contact a more likely explanation was
found: in a repetitive b-sheet all non-next-neighbour con-
tacts will either be from C@O�s parallel to the first spin
of a pair, or parallel to the second one. This will give a
sharp diagonal contribution to the spectrum. By examining
the basis spectra, it was found that such a spectrum is best
Table 1
Isotopic labelling degree of the silk samples in percentage with standard devia

Sample [1-13C]Ala [1-13

[1-13C]Ala, fibre 9.5 (6) 1.3
[1-13C]Ala, film 15.5 (7) 1.2
[1-13C]Gly, fibre 2.4 (4) 34.2
[1-13C]Gly, film 1.5 (6) 26.2

a Could not be determined.
represented by the basis spectrum of the conformation
(�180�, 180�). Clearly, some inter-chain contacts may give
spectra that the kernel cannot reproduce. This will lead to
similar artefacts as observed for errors in the chemical-shift
tensor, as shown below.

2.4. Multi-spin effects

The experimental spectra will be analysed using two-
residue fragments, Eq. (6), and not using multi-spin sys-
tems. The justification of this approach depends on the
isotopic labelling degree and the secondary structure. A
higher labelling degree increases the probability of having
three labelled neighbours within the same peptide chain,
although it depends on the primary structure whether this
can occur at all, and the chance of measuring signal from
two spins in different peptide chains also increases. In
what fashion the analysis is finally affected depends on
the differences in spectrum for the two- and three-spin
contributions. In the following the disturbances due to
three-spin contributions, both intra- and inter-chain, are
discussed.

The labelling degree of the S. c. ricini silk was analysed
using mass spectroscopy [51] and showed only low
amounts of cross labelling (Table 1). Contributions, other
than from Ala-Ala or Gly-Gly, are thus small (<3%). The
alanine-rich domains (Ala)n consist of 10–14 alanine resi-
dues, neighbouring in the primary sequence [24]. Assuming
an average of n = 12, the ratio of three-spin/two-spin con-
tributions to the DOQSY spectrum is approximately ((10/
22) Æ labelling degree). This means that three-spin contribu-
tions are smaller than two-spin contributions by a factor of
1/23 and 1/14 for the fibre and film samples, respectively.
From the primary structure of S. c. ricini [24] it follows that
approximately 60% of the primary sequence consists of
glycine, in the glycine-rich domains. The ratio of (Gly)1:
(Gly)2:(Gly)3 is approximately 5:4:2. At a labelling degree
of approximately 30% this means that three-spin contribu-
tions are only attenuated by a factor 1/6, compared to two-
spin contributions.

If a labelled spin has two labelled neighbours, intra- or
inter-chain, the signal function for the first spin is

S1ðt1; t2Þ ¼ ðF 12 cosðX1t1 þ X2t1Þ þ F 13 cosðX1t1

þ X3t1Þ � F 23 cosðX2t1 þ X3t1ÞÞ
� expð�iX t Þ ð7Þ
tions given in brackets

C]Gly [1-13C]Pro [1-13C]Glu

(5) 1.1 (5) 2.3 (39)
(5) 1.5 (12) 3.0 (5)
(19) 1.8 (4) 4.3 (21)
(13) 2.2 (13) —a
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with

F 12 ¼
16d2

12 cosðDsmÞðd2
23 þ ðd2

12 þ d2
13Þ cosðDsmÞÞsin

2ðDsmÞ
D4

;

F 13 ¼
16d2

13 cosðDsmÞðd2
23 þ ðd2

12 þ d2
13Þ cosðDsmÞÞsin

2ðDsmÞ
D4

;

F 23 ¼
128ðd2

12 þ d2
13Þd2

23cos
2ð1

2
DsmÞ cosðDsmÞsin4ð1

2
DsmÞ

D4
;

ð8Þ

and D ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
12 þ d2

13 þ d2
23

q
. The first two terms originate

from directly coupled spins, but there is also a relayed con-
tribution, which is also present if either d12 or d13 is zero.
This gives increasingly negative signal intensities with long-
er excitation times sm. In the initial rate regime, though, the
spectrum of a 3-spin system can be approximated by a sum
of spectra from 2-spin systems. Fig. 6 shows simulated
DOQSY spectra for the 2-spin and 3-spin situations, and
also the absolute differences between these, using an excita-
tion time of 1.0 ms. Differences may amount to some 10%
of the maximum intensity for individual points, but in gen-
eral the spectra are similar. At longer excitation times the
differences are more pronounced. In practice sm was deter-
mined by the S/N ratio obtained for the sample of interest.
Fig. 6. Simulated 2D DOQSY spectra showing the influence of multiple-sp
(/,w) = (A–C) (�57�, �47�), (D–F) (�150�, 150�), and (G–I) (�75�, 150�) the 2
A three-spin system was made using a fictitious tri-peptide with twice the same
the same colormap allowing a direct comparison. Only positive intensities a
excitation times).
For the alanine-labelled samples, an excitation time of
1.5 ms was used, which resulted in measuring times of 7
days, an excitation time sm of 1.0 ms would have resulted
in unreasonably long measurement times in our case. For
the glycine-labelled samples it was possible to use
sm = 1.0 ms. A small amount of multi-spin contributions
will thus be present in all experimental spectra. Fits of sim-
ulated spectra, with a two-dimensional Gaussian distribu-
tion function with FWHH = 10�, a 1:1 mixture of 2 and
3-spin contributions, sm = 1.5 ms excitation time and simi-
lar torsion angles as found in Fig. 2, did not show any sig-
nificant effects due to these small spectral distortions,
though (data not shown).

2.5. Peptide geometry and symmetries

Ideally, the DOQSY spectrum is a sum of signals arising
from two coupled carbonyl tensors neighbouring in the pri-
mary structure of the protein, thus reflecting the relative ori-
entation of the two tensors. This can be expressed by three
Euler angles (a, b, c). Assuming one knows the molecular
geometry of the peptide unit, this can also be expressed as
a function of the torsion angles (/,w, x). The angle x is
the torsion angle around the C–N bond in the peptide plane
in contacts for an excitation time of 1.0 ms. For three conformations
-spin, 3-spin and absolute difference spectra between these two are shown.
dihedral angles. For each conformation all three spectra are plotted using
re shown (for the 3-spin case small negative intensities arise with longer
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and is usually assumed to be quite close to 180� and constant
over the (/,w) space. A search through 11876 structures of
proteins and enzymes, determined by X-ray (release #95 of
the Protein Data Bank), showed that the distribution in x
can be approximately described by a Lorentzian, centred
around 180.1� and with a full width at half height (FWHH)
of approximately 2.8� (not shown). In this work, a standard
peptide geometry as defined by Pauling [52] was used and x
was fixed at 180�. The error due to this will be negligible,
within the 15� grid resolution of the kernel.

It is known that a very small percentage of the peptide
bonds in nature is found in the cis-conformation (x = 0�)
[53,54]. For X–Y torsion angles (X and Y are not Pro),
the occurrence is <0.05%, whereas 5% of all X-Pro frag-
ments are found in the cis-conformation [54]. Furthermore,
in most cases a cis-peptide is found close to active sites in
proteins. In the following only torsion angles of Ala-Ala
and Gly-Gly pairs are measured and the proteins are all
assumed to be in trans configuration.

Analysis of theDOQSY spectra in terms of (/,w), instead
of (a, b, c), has the advantage of considerably reducing
the conformational space. In effect, the number of symme-
try-related conformations is reduced from 16 [55] to 2,
S (/,w) = S(�/,�w). It must be noted, though, that in
some regions of the Ramachandran plot S (w,/) can be very
similar to S (/,w), as may also be deduced from Fig. 4.

Using additional information, the symmetry S (/, w) =
S(�/,�w) may be broken, in some cases. For [1-13C]
alanine-labelled samples it is possible to include the Ca

chemical shift into the kernel. The chemical-shift tensors
of Ca carbons of many amino acids have been calculated,
as a function of the torsion angles (/,w) [56–59]. Those
values can be implemented directly into the fit by adding
the penalty kÆid/,w � dExpin to the first point of each basis
spectrum. From the natural-abundance Ca peaks in the
MAS spectrum the chemical shifts were determined to be
49.2 and 53.1 ppm for the fibre and film samples. Fig. 7
shows 1D spectra with and without application of a
PPM
020406080100120140160180200

CP/MAS

DREAM
spin-pair filter

Fig. 7. 1D CP/MAS spectra of the [1-13C]alanine-labelled fibrous sample
(upper trace) and the corresponding spectrum when a DREAM spin-pair
filter [60] was applied (lower trace). A single alanine Ca resonance is found
at 49.2 ppm. The (attenuated) resonances in the Ca region are attributed to
an artefact of the low labelling degree of only 8%, allowing these natural
abundance contacts to show.
DREAM spin pair filter experiment [60] on the alanine-la-
belled fibrous sample. Considering the low labelling degree
of the sample (Table 1), this can be interpreted as indicative
for a single resonance in the Ca range for alanine, justifying
the use of a single value dExp for the bias function. For our
purposes n was set to 1, but could in principle be varied to
allow optimal distinction between conformations. For
selected cases the chemical-shift bias can thus simplify the
distribution considerably. In other cases though, e.g., in spe-
cific regions for certain amino acids or for the a chiral gly-
cine residue, this bias cannot work and other experimental
data would have to be included into the fit instead.

2.6. CSA tensor (principal values and orientation of the
principal axis)

An accurate determination of the relative orientation of
two carbonyl tensors, in terms of the backbone torsion
angles (/,w), requires the knowledge of both the magni-
tude and orientation of the carbonyl chemical-shift tensors
in the molecule. From model peptide studies the orienta-
tion is rather well known. The d33 component is perpendic-
ular to the peptide plane and the d22 component is almost
along the C@O bond, with a small deviation away from the
C–N bond. This deviation was, in model compounds,
determined to be between 0� and 10� [61–67]. In absence
of reliable methods to determine the tensor orientations
in the silk, an average orientation of the tensors was
assumed, with a 5� deviation of the d22 component from
the C@O bond.

All basis spectra have been calculated using the principal
values shown in Table 2, which were obtained from fits of
static 1D patterns of the respective unoriented silk samples.
The tensor was thus assumed independent of the secondary
structure. It is known, however, that the d22 component
may shift by more than 10 ppm as a function of hydrogen
bonding strength [68,69]. Even though this is not very large
compared to the inhomogeneous linewidth, in silk a
6.5 ppm wide line (FWHH) is typically observed for the
13C@O isotropic chemical shift under MAS, a single set
of tensor values may give rise to artefacts in the PDF.
Fig. 8 shows the effect of fitting experimental spectra with
incorrect tensor values. The experimentally determined dif-
ference in the d22 component for the fibre and film samples
is almost 15 ppm and these two sets of tensor values are
assumed to reflect the maximum difference in 13C@O chem-
Table 2
Principal values for the chemical 1-13C shielding tensors as obtained from
non-linear fits of the 1D patterns of unoriented samples, fitting a single set
of tensor values only. The accuracy is estimated to be ±2 ppm

Sample d11 (ppm) d22 (ppm) d33 (ppm)

[1-13C]Ala, fibre 242.0 181.3 92.0
[1-13C]Ala, film 244.8 194.7 91.6
[1-13C]Gly, fibre 242.0 178.3 94.3
[1-13C]Gly, film 244.3 182.8 92.1



Fig. 8. Results of fitting the experimental DOQSY spectra of Figs. 2A and B with different chemical shift values. The values are plotted above each figure.
Mainly the d22 component was changed by (A) +7.7 ppm and (B) +13.7 ppm for the fibrous sample and (C) �5.7 ppm and (D) �13.7 ppm for the film.
The DOQSY spectrum for a-helical conformations is very distinct, and therefore the PDFs of the film, which is mostly a-helical, are less affected by
variations of the principal values than are those of the fibre.
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ical-shift tensor in proteins. The d11 and d33 components
were taken similar to the values determined from experi-
mental 1D spectra, and the d22 component was changed,
for each sample, in direction of the value for the other sam-
ple. By comparing with Fig. 2, it shows that with increasing
deviation of the d22 value the discrepancy between spec-
trum and fit increased and a multitude of sharp highly cor-
related intensities appeared in the PDF, often in
energetically unfavourable regions of the Ramachandran
map. The spectrum of the film sample could be fitted using
the intermediate value for d22, whereas the fit for the fibre
already showed significant deviations (Figs. 8A and B). At
the highest deviation of the d22 tensor value neither spec-
trum could be reasonably explained by the kernel and the
PDFs no longer reflected the underlying torsion angles.

In particular for broad or multi-peaked distributions of
torsion angles, this approximation can be a significant
source of systematic errors. The situation could potentially
be improved by including the (/,w)-dependence of the
chemical-shift tensor into the analysis, but this requires
better knowledge of the exact effects of conformation and
hydrogen bonding. Still, the CSA values of Table 2 were
used without a posteriori optimization to fit the DOQSY
spectra. From the fact that both PDFs for the [1-13C]ala-
nine-labelled samples show sharp distribution functions,
without dominating intensities in forbidden regions, it is
concluded that the single-tensor approach is acceptable.
The glycine-labelled samples show more complex distribu-
tion functions, with many small peaks that shift in position
for slightly different fitting conditions. Consequently, the
grid resolution of the analysis had to be lowered. The posi-
tion of the highest intensities were stable, though, and the
interpretation of the PDFs was based on those intensities.
2.7. Rf performance

For an ideal spectrum (e.g., using d pulses) Eq. (6) can
be used to directly calculate the basis spectra in the fre-
quency-domain, as this is much faster than the correspond-
ing time-domain calculation of the 2D spectrum. It was
found that a frequency-domain calculation is also possible,
in good approximation, for finite pulses if the rf excitation
profile for the pulse sequence is calculated separately and
multiplied a posteriori into the ‘‘ideal’’ basis spectra.
Fig. 9 shows the offset-dependencies and their influence
on the DQ excitation efficiency across the 2D DOQSY pat-
tern for pulses with 50 kHz rf field amplitude and
sm = 1.0 ms or sm = 1.5 ms. Despite the fact that the exci-
tation sequence is well compensated and broadbanded
[49], comparable to equivalent sequences under MAS
[70], the excitation profiles indicate that the effects on the
spectrum can be significant. In fact, for the glycine-labelled
samples it was preferable to measure the spectra at a mag-
netic field of 7.0 T because the analysis for the spectra tak-
en at 9.4 T, with a correspondingly broader CSA tensor,
was not stable. Figs. 9C and E show the marked improve-
ment of the excitation profile upon lowering the magnetic
field. This instability was not observed for sharply defined
distribution functions, i.e., the alanine-labelled samples,
but only for the glycine-labelled samples. Fig. 10 shows
the effect of including the finite rf power effects in the kernel
on the resulting PDF for the alanine-labelled samples.
Within experimental error the differences in the PDFs are
negligible, although a significant decrease in the discrepan-
cy between spectrum and fit was observed, upon inclusion
of the excitation profile in the frequency-domain simulated
kernel. No further decrease was observed for the kernel cal-
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culated in the time domain. In selected cases, even off-res-
onance irradiation need not be fatal even though the exci-
tation profile is very pronounced indeed (Fig. 9F). The
spectrum shown in Fig. 2B was recorded in this fashion.
Due to the fact that the experiment is very distinctive
around the a-helical conformation, in the sense that the
basis spectra of the a-helix show very little correlation with
other basis spectra, the analysis was stable and there was
no reason to remeasure the spectrum on-resonance.

From these results, we conclude that the scaling of the
basis spectra in the frequency domain may be used in excel-
lent approximation to calculate DOQSY spectra in the
finite rf-amplitude case.

2.8. Broad distributions

Naturally, the resolution of the regulatory approach
used in this work is expected to decrease, if the complexity
of the distribution function underlying a spectrum increas-
es. The random coil structure of a protein is an example of
a complex distribution. We define a random-coil structure
by a PDF, which is determined solely by the energy surface
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E (/,w) of the amino acid residue via the Boltzmann distri-
bution [71]. Based on the energy surface for glycine given in
[71], an approximate random coil distribution function was
created and is shown in Fig. 11A. The corresponding
DOQSY spectrum was simulated and line broadening, sim-
ilar to that observed for experimental spectra for different
silks (15 ppm), and noise were added. The algorithm is
clearly able to reconstruct the PDF. Furthermore, the
reconstruction worked for a wide range of line broadening
(not shown), when neglecting the (/,w)-dependence of the
CSA.

2.9. Relaxation

Relaxation could in principle distort the experimental
DOQSY spectrum. From the experimental data presented
here and in previous work [9,13], it seems unlikely though
that relaxation plays an important role. Certainly, fast
relaxing components, giving rise to significant distortions
from the simulations, are not present.

3. Experimental section

3.1. Silk

Isotope-labelled silk fibroin was obtained from Prof.
Tetsuo Asakura and was prepared according to the proce-
dure described in [13]. The 13C@O enrichment of the sam-
ples was checked using mass spectroscopy [51].

3.2. NMR spectra

NMR spectra were obtained at room temperature on a
Bruker DMX 400 and on a Varian Infinity+ 300 spectrom-
eter. The pulse sequence used (Fig. 1B) was comparable to
the one used by Schmidt-Rohr [43], except for the DQ exci-
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tation for which the modification by Antzukin et al. [49] of
the method by Yen and Pines [48] was used. Radio-fre-
quency field strengths of 50 kHz were applied, except for
decoupling at 100 kHz. The cross-polarization contact time
was 1.7 ms, the z-filter time s = 1 ms, the recycle delay 4 s.
A single excitation cycle of 1.5 or 1.0 ms was used to gen-
erate DQ coherence. Phase sensitivity in the indirect dimen-
sion was achieved by TPPI in all spectra, except the
alanine-labelled film sample (Fig. 2B) where the rf carrier
was positioned outside the spectrum (32 ppm or 3.2 kHz
from the d11 tensor component). The cable length between
probe and pre-amplifier was carefully selected to minimize
phase transients and achieve constant performance over a
wide range of carbon field strengths (30–70 kHz). The total
measuring time per DOQSY spectrum was approximately 7
days for samples of approximately 30 mg. The ppm scale
was calibrated using external adamantane as a reference
[72]. All spectra were processed using the matNMR pro-
cessing package [73].

The 13Ca chemical shifts were determined for the
[1-13C]alanine-labelled samples by applying a DREAM
spin pair filter experiment [60] at a MAS frequency of
25 kHz.

3.3. Analysis

NMR spectra were calculated using the GAMMA C++
simulation environment [74]. For frequency space simula-
tions the frequencies for a given crystallite orientation were
determined by rotation of the spatial tensors, extracting the
frequencies, and combining them into the spectral matrix.
Spectra calculated in the frequency domain had a frequen-
cy resolution of 1 ppm/point and were corrected a posteri-
ori, corresponding to the excitation profile of the DOQSY
experiment, described in detail below, unless explicitly
mentioned otherwise. Time-domain calculations included
all delays and pulses as executed in the actual experiment.
A full set of basis spectra used in the analysis is referred to
as ‘‘kernel.’’

The grid resolution in (/,w) was 15�, 15�, 18�, and 20�
for the PDFs of [1-13C]alanine alanine fibre, [1-13C]ala-
nine-labelled film, [1-13C]glycine-labelled fibre, [1-13C]gly-
cine-labelled film sample, respectively. Each interval,
defined by four corner points on the parameter grid, was
linearly interpolated using splines, with the points of this
subgrid defined by a two-point Gaussian quadrature inte-
gration scheme. For the PDFs of the four samples, each
interval was divided in 3, 3, 4, and 4 sub intervals (of
two points each), respectively. Powder averaging was done
following the Cheng method [75] and 28,657, 28,657,
75,025, and 75,025 powder points were used for the four
kernels. For the fits of the experimental spectra, linebroad-
ening was essentially a free parameter and was optimized in
coarse steps. For the four experiments, the Gaussian line-
broadening corresponded to 16, 17, 14, and 14 ppm,
respectively. The differences in linebroadening are mainly
caused by the different number of powder points used for
simulation of the basis spectra.

4. Results and discussion

Fig. 2 shows experimental 2D DOQSY spectra for the
fibrous and the film samples, labelled either with [1-13C]al-
anine or [1-13C]glycine, and the corresponding fits and
probability distribution functions (PDFs). Significant dif-
ferences are observed between the spectra of the fibrous
and film samples, and for the two domains. The alanine
spectra are the same as described before [13] and the small
differences between the alanine PDFs presented here and
the ones published before are due to minor changes in
the fitting procedure. Table 2 shows the principal values
for all four silk samples as used in the fits, which were
determined from static 1D NMR spectra of unoriented
samples. The values for the fibrous samples are very similar
to those observed for fibrous spider dragline silk [9], sug-
gesting similar secondary structures. The values for the
[1-13C]alanine-labelled film sample are clearly different
from those in the fibrous state, though.

As described above, the alanine-Ca isotropic chemical
shift of the carbon was used to break the S(/,w) = S(�/,
�w) symmetry. An appropriate value for the isotropic-shift
penalty parameter k was determined by evaluating the
effects of increasing its amplitude. For the fibrous sample
a very small k, causing an increase in squared deviation
in the order of 0.1% only, was enough to break the symme-
try. In the case of the film, the bias had no effect, since the
isotropic shift values cannot distinguish between the left-
and right handed a-helical conformations [56], and was
therefore not included in the fit, nor were the correspond-
ing values for glycine-labelled samples.

The alanine-rich domains are predominantly found in b-
sheet conformation in the fibre and in an a-helical confor-
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mation in the film sample. The PDFs of Fig. 2 show nar-
row distributions with integrated intensities, in the desig-
nated regions, of 70 and 60% for the fibrous and film
sample, respectively. The highest probability for the fibrous
sample was found for (�135�, 150�), corresponding to the
b-sheet region. This is in accordance with previous 1D
NMR measurements, which were evaluated in terms of a
single structure and where both the information on the
chemical shift and spectra from oriented silk were best
explained by a structure in the b-sheet range of the Rama-
chandran plot [17,18]. The film sample shows a sharp max-
imum at (±60�, ±45�), which is close to idealized values for
a-helices (±57�, ±47�), and is in accordance with previous
findings [13,17,22]. Similar values have also been reported
recently for model peptides that were based on the S. c.

ricini silk [76]. Also, liquid-state NMR experiments of dis-
solved silk have indicated that 70% of all alanine-rich
domains reside in an a-helical state in aqueous solution
[14,15].

In contrast to the narrow distributions observed for the
alanine-labelled samples, the PDFs from the glycine-la-
belled samples exhibit several maxima across the Rama-
chandran map. The glycine-rich domains in the fibrous
sample nevertheless seem to have a defined local structure,
resembling that observed for spider dragline silk [9]. From
static 1D NMR spectra of oriented silk fibre Asakura et al.
[18] have argued that the glycine-rich domains are predom-
inantly in a b-sheet conformation. There it was predicted
that the torsion angles are most likely between �140�
and �125� for / and between 131� and 148� for w, at var-
iance with our data. In contrast, for spider dragline silk a
partial b-sheet and partial 31-helical arrangement was pro-
posed [9,77]. We interpret our data for S. c. ricini as indic-
ative of a comparable structure as observed for spider silk,
which is also reflected by the chemical-shift tensor values.
Even though the differences between the PDFs of these
two types of silk are apparent, they are within the experi-
mental error of the analysis, considering the high complex-
ity of the distribution functions, the relatively low
resolution that could be used in the analysis and the sys-
tematic errors associated with using a single set of chemi-
cal-shift tensor values. The glycine-rich domains in the
film state show a PDF corresponding to a significantly dis-
ordered system and can be explained, within experimental
error, by a random-coil structure. The alanine as well as
the glycine torsion-angle distributions are reminiscent of
the structure found for dissolved silk [18].

5. Conclusions

A detailed analysis of the DOQSY approach for deter-
mining torsion-angle distributions in silks was presented.
Using this approach, we have investigated the backbone
structure of the silk from the silkworm S. c. ricini, in its
fibrous state as well as in a cast film. Previous results from
indirect 1D NMR data had indicated b-sheet and a-helical
conformations for the alanine-rich domains for the fibrous
and film sample, respectively. The glycine-rich domains in
the fibre were described to be in a b-sheet conformation.
The results presented here have extended these results by
explicitly measuring the distribution of the backbone tor-
sion angles. The previously published results for the ala-
nine-rich domains were confirmed for both the fibre and
the film state. The glycine-rich domains in fibrous silk were
found to be in a multipeaked distribution function, partial-
ly in b-sheet and partially in 31-helical conformation. In the
cast film they were found in a broad distribution, within
experimental error describing a random coil.

We believe that the method has a considerable potential
to be applied to other fibrous proteins and polymers.
Although the resolution of this approach is not very high,
the method is robust towards various potential sources of
error, and first in its kind to provide detailed structural
information in non-crystalline heterogeneous proteins, like
silk, which are generally difficult to address. The method
works best for relatively narrow distributions. Broad distri-
butions are clearly recognized as such but the detailed char-
acterization is less unambiguous. We expect that taking into
account the torsion-angle dependence of the CSA principle
values using quantum-chemical calculations would improve
the performance for broad distributions. The method
described here is not limited to pairs of the same amino acid,
though, and should work with a modified labelling strategy
for any pair of residues, provided the principal values of
both chemical shielding tensors are known.
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