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Abstract

Spiders synthesize several kinds of silk fibers. In the primary structure of spider silk, one of the major ampullate
(dragline, frame) silks, spidroin 1, and flagelliform silk (core fibers of adhesive spiral), there are common repeated
X-Gly-Gly (X = Ala, Leu, Pro, Tyr, Glu, and Arg) sequences, which are considered to be related to the elastic
character of these fibers. In this paper, two dimensional spin diffusion solid-state NMR under off magic angle
spinning (OMAS), 13C chemical shift contour plots, and Rotational Echo DOuble Resonance (REDOR) were
applied to determine the torsion angles of one Ala and two kinds of Gly residues in the Ala-Gly-Gly sequence
of 13C=O isotope-labeled (Ala-Gly-Gly)10. The torsion angles were determined to be (φ, ψ) = (−90◦, 150◦)
within an experimental error of ±10◦ for each residue. This conformation is characterized as 31 helix which is
in agreement with the structure proposed from the X-ray powder diffraction pattern of poly(Ala-Gly-Gly). The
31 helix of (Ala-Gly-Gly)10 does not change by formic acid treatment although (Ala-Gly)15 easily changes from
the silk I conformation (the structure of Bombyx mori silk fibroin before spinning in the solid state) to silk II
conformation (the structure of the silk fiber after spinning) by such treatment. Thus, the 31 helix conformation
of (Ala-Gly-Gly)10 is considered very stable. Furthermore, the torsion angles of the 16th Leu residue of (Leu-
Gly-Gly)10 were also determined as (φ, ψ) = (−90◦, 150◦) and this peptide is also considered to take 31 helix
conformation.

Introduction

The silk fibers produced by spiders or silkworms are
the nature’s most highly engineered structural materi-
als with combinations of strength and toughness not
found in today’s man-made materials (O’Brien et al.,
1998). The dragline silk fibers produced by spiders
have been focus of numerous recent investigations be-
cause they have a tensile strength that is comparable
to Kevlar (4 × 109 Nm−2) coupled with a reasonable
elasticity (35%), and therefore they are known as an
extremely strong fiber (Gosline et al., 1999). The ma-
jor ampullate dragline silk from Nephila clavipes has
been studied in detail (O’Brien et al., 1998; Warner

∗To whom correspondence should be addressed. E-mail:
asakura@cc.tuat.ac.jp

et al., 1999; Winkler and Kaplan, 2000). The primary
structure of the dragline silk is quite different from
the silk fiber from silkworm, Bombyx mori which is
well known as excellent textile material. The dragline
silk contains major ampullate spider silk 1 (MaSp1)
and major ampullate spider silk 2 (MaSp2) (Hinman
et al., 2000). The primary structure of MaSp1 has
been reported as the repetition of two unique motifs –
poly-Ala regions and Gly-rich regions (Lewis, 1992)
as shown in Figure 1a. Poly-Ala regions contain 5
to 6 Ala residues and Gly-rich regions contains 18
to 40 residues. The structure of the poly-Ala region
in the dragline silk has been characterized as β-sheet,
and this region is considered to be crystalline which
contributes to the high strength of the dragline silk
(Parkhe et al., 1997; Bram et al., 1997; Simmons
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Figure 1. The primary structures of the Nephila clavipes spider silk; (a) the major ampullate spider silk (MaSp1) and (b) Flagelliform silk. The
X-Gly-Gly units are underlined.

et al., 1994, 1996; Gosline et al., 1999). On the
other hand, the structural analysis of the Gly-rich re-
gion is relatively difficult because there is a variety of
the Gly-containing sequences which produce several
possibilities about the local structure such as random
coil, β-sheet and 31 helix including the conforma-
tional equilibrium. In Figure 1a, it is noted that there
are characteristic repeated sequences such as X-Gly-
Gly (where X=Ala, Leu, Pro, Tyr, Glu, and Arg).
Therefore the presence of a 31 helix in the Gly-rich
region is thought likely because Poly(Ala-Gly-Gly) or
Poly(Pro-Gly-Gly) takes on a 31 helical conformation
(Lotz and Keith, 1971; Brack and Spach, 1968; Traub,
1969). Actually, the Gly-rich region in the dragline

silk from the spider Nephila madagascariensis was re-
ported to adopt a 31 helix from the 2D spin-diffusion
powder spectrum of [1-13C]Gly dragline silk fiber
(Kummerlen et al., 1996). The X-Gly-Gly sequences
can be found even more frequently in the core fibers
of the adhesive capture spiral in flagelliform silk as
shown in Figure 1b (Hayashi and Lewis, 1998).

In our previous papers, we could use several solid
state NMR techniques, namely, 2D spin-diffusion
solid-state NMR under OMAS and REDOR together
with the quantitative analysis of the 13C chemical
shifts with the conformation-dependent chemical shift
contour plots, to determine the torsion angles of the
backbone structure of the alternating copolypeptide
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Figure 2. 13C CP/MAS spectra of dried solid derived from (Ala-Gly)15 dissolved in 9M LiBr and dialyzed against water (a), (Ala-Gly)15
dissolved in formic acid (b), (Ala-Gly-Gly)10 dissolved in 9M LiBr and dialyzed against water (c) and (Ala-Gly-Gly)10 dissolved in formic
acid (d). ssb means spinning sideband.

(Ala-Gly)15 as the model peptide of B. mori silk fi-
broins in the silk I (the solid state structure before
spinning) form. The advantages of the combination
of these solid state NMR techniques for the structural
analysis of these peptides including the advantage
of using 2D spin-diffusion NMR under OMAS have
been described in our previous papers (Asakura et al.,
2001a, 2002; Ashida et al., 2002).

In this paper, the determination of the detailed
structure of (Ala-Gly-Gly)10 was performed as a
model of 13 repeats XGG in flagelliform silk. The tor-
sion angles of the Ala and Gly residues of 13C isotope-
labeled (Ala-Gly-Gly)10 were determined with 13C
two-dimensional spin-diffusion solid-state NMR un-
der OMAS, REDOR (Gullion and Schaefer, 1989)
and the 13C chemical shifts together with the chemi-
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Figure 3. 2D spin-diffusion spectrum of (AGG)4A[1-13C]G [1-13C]G(AGG)5 (a) and the simulated spectrum (b) when the (φ, ψ) angles of
the 15th Gly residue are (−90◦, 150◦).

cal shift contour plots (Iwadate et al., 1999; Asakura
et al., 1999a). The determination of the torsion angles
of the 16th Leu residue was also performed with 13C
two-dimensional spin-diffusion solid-state NMR for
(Leu-Gly-Gly)10. Reversely, the typical pattern of 13C
spin diffusion NMR and 13C chemical shift data for
31-helix was reported and will be able to use as the
indication of 31-helix structure.

Materials and methods

The several 13C and/or 15N selectively isotope labeled
Ala and Gly containing copolypeptides, (AGG)10,
(AGG)4A[1-13C]G[1-13C]G(AGG)5, (AGG)4[1-13C]
A-[1-13C]GG(AGG)5, (AGG)4AG[1-13C]G[1-13C]A-
GG(AGG)4, and (AGG)4AG[1-13C]G-A[15N]GG(A-
GG)4 were synthesized by the solid phase method
(Pioneer Peptide Synthesizer Co. Ltd.) for 2D spin-
diffusion NMR and REDOR experiments. All these
samples were dissolved in 9M LiBr aqueous solution
and dialyzed against 3M LiBr aqueous solution for
3 h. Then it was dialyzed against distilled water for
3 days. The precipitated samples were collected and
dried before NMR measurements. (AGG)10 was also
dissolved in formic acid and dried. 13C selectively
isotope labeled Leu and Gly containing copolypep-
tide (LGG)4LG[1-13C]G[1-13C]LGG(LGG)4 was also

synthesized by the solid phase method for 2D spin-
diffusion NMR. This sample was dissolved in trifluo-
roacetic acid and dried.

The 2D spin-diffusion solid-state NMR spectra
under OMAS condition were obtained with Var-
ian UNITYINOVA 400 MHz NMR spectrometer and
7 mmφ AutoMAS HX probe at off magic angle con-
dition (63◦) and sample spinning speed of 6 kHz
(±5 Hz) at room temperature. The mixing time of
2 s was optimized for spin-diffusion between intra-
molecular specific carbons of selectively isotope-
labeled Ala and/or Gly residues; spin-diffusion be-
tween inter-molecular carbons was suppressed. The
recycle delay (2 s) was carefully determined from the
1D OMAS spectra under several recycle times for each
sample. The contact time was set to 2 ms using the
Variable-Amplitude CP (VACP) technique (Peersen
et al., 1993). An 81 kHz rf field strength was used for
1H decoupling during evolution and acquisition peri-
ods. The π/2 pulse length for 1H and 13C were 3.2 and
3.6 µs, respectively. The angle θ between static mag-
netic field and sample spinning axes was determined
by the measurements of scaled 13C chemical shielding
anisotropy (CSA) spectra of β-quinol methanol under
OMAS. The CSA of the benzene carbon of β-quinol
methanol is 176 ppm and therefore the scaling fac-
tor and the angle θ were easily calculated from the
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Figure 4. Ramachandran map of the calculated 2D spin-diffusion spectra as a function of (φ, ψ) of Gly for each 30◦. Chemical shift values in
the region (−180◦ < φ < 180◦, −180◦ < ψ < 180◦) in which the density function is greater than 1, are surrounded by the solid lines. The area
which satisfies the observed Gly Cα chemical shift of 41.6 ± 0.5 ppm was shown as a shadow region, where random coil chemical shift of Gly
Cα carbon is 42.7 ppm (Asakura et al., 1999a). The torsion angles (φ, ψ) = (−90◦,150◦) gave a good agreement between the calculated and
observed 2D spin-diffusion spectra as shown in Figure 3.
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Figure 5. Contour plot of χ2 deviation for 2D spin diffusion spec-
trum of (AGG)4A[1-13C] G[1-13C]G(AGG)5. Here χ2(φ,ψ =
1
σ2 �N

i=1 [Ei − Si(φ,ψ)]2 where σ is the root-mean-squared noise
in the experimental spectrum, N is the number of intensities ana-
lyzed, Ei are the experimental intensities, Si(φ, ψ) are the calculated
intensities.

scaled CSA powder pattern under OMAS. The chem-
ical shift tensors of the carbonyl carbons of [1-13C]
Ala and Gly residues of the samples were determined
from the spinning sideband pattern of slow spinning
CP/MAS spectra obtained using a Chemagnetics Infin-
ity 400 MHz NMR spectrometer (Herzfeld and Berger,
1980).

A calculation program, developed in our labora-
tory, was used to simulate the 2D spin-diffusion NMR
spectra (Levitt et al., 1990; Asakura et al., 2001a;
Ashida et al., 1990, 2002). The relative orientation
between the chemical shift tensors of the carbonyl car-
bons and the molecular frame used in this work is the
following (Oas et al., 1987; Teng and Cross, 1989;

Demura et al., 1998; Asakura et al., 1998); σ33 is
perpendicular to the O – C′ – N plane, σ22 is parallel
to the C=O bond although σ22 deviates by about 10◦,
and σ11 is in the O – C′ – N plane, and perpendicular
to both σ22 and σ33. For 2D spin-diffusion NMR simu-
lation, the calculations were performed using a grid of
10◦ for φ and ψ values. An OCTANE (Silicon Graph-
ics Inc.) workstation was used for the calculation of
the theoretical spectra. The χ2 value was introduced to
demonstrate the difference between the experimental
and calculated spectra quantitatively. The definition of
the χ2 was

χ2 (φ,ψ) = 1

σ2

∑N

i=1

[
Ei − Si (φ,ψ)

]2
,

where σ is the root-mean-squared noise in the ex-
perimental spectrum, N is the number of intensities
analyzed, Ei are the experimental intensities, Si(φ,ψ)
are the calculated intensities.

The REDOR NMR experiment was performed us-
ing the Chemagnetics Infinity 400 MHz spectrometer
and Varian/Chemagnetics 4 mmφ T3 HXY probe. The
sample spinning speed was set to be 6666 Hz. The
contact time was set to 1.0 ms with the rf field strength
of 62.5 kHz. 100 kHz rf field strength was used for 1H
decoupling. The π pulse length for 13C and 15N were
8.0 and 9.0 µs, respectively. The recycle delay was set
to 3.0 s. Phases of 15N π pulses were cycled according
to the XY-4 scheme to minimize the off-resonance and
pulse error effects (Gullion et al., 1990; Gullion and
Schaefer, 1991). REDOR evolution times ranged up
to 18 ms (120 rotor cycles).

The torsion angles which satisfy the observed dis-
tance between the carbonyl carbon of the 15th Gly and
the nitrogen of the 17th Gly were calculated by taking
into account the experimental error and shown in the
Ramachandran map of the 16th Ala residue.

Results

13C CP/MAS spectra of (Ala-Gly-Gly)10

Figure 2a shows 13C CP/MAS spectrum of (Ala-
Gly)15 in the silk I form reported previously (Asakura
et al., 2001a, b). This form was prepared by dis-
solving (Ala-Gly)15 in 9M LiBr and then dialyzed
against water. With solid state NMR technique such
as two dimensional spin diffusion solid-state NMR
under OMAS, REDOR, and conformation-dependent
13C chemical shift contour plots, the structure of silk
I was characterized as β-turn type II form. On the
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Figure 6. 2D spin-diffusion spectra of (AGG)4AG[1-13C]G[1-13C]AGG(AGG)4 (a) and (AGG)4[1-13C]A [1-13C]GG(AGG)5 (b).

other hand, the silk I form of (Ala-Gly)15 changes
to silk II form (the solid state structure after spin-
ning) after dissolving the sample in formic acid and
then dried. The silk II structure is heterogeneous as
judged from the asymmetric peak of the Ala Cβ car-
bon (Figure 2b). Detailed structural analysis has been
reported by us (Asakura et al., 2002). It consists of
27% distorted β-turn which corresponds to a broad
peak at around 16.5 ppm, which is characterized by
a large distribution in torsion angles around an av-
eraged conformation of a type II β-turn. The other
two components of the asymmetric Ala Cβ peak with
chemical shifts of 19.6 and 21.9 ppm were assigned to
anti-parallel β-sheet structure. Since the Ala Cβ methyl
groups are located outside of the protein backbone, the
occurrence of two peaks suggests that there may exist
differences in the mode of side-chain packing, while
the same backbone torsion angles are maintained. In
conclusion, the peak at 21.9 ppm with relative inten-
sity of 27% was assigned to the Ala methyl groups
which were oriented in the same direction between
the adjacent β-sheets. On the other hand, the highest
peak at 19.6 ppm with relative intensity of 46% was
assigned to the Ala methyl groups which were ori-
ented in the opposite direction between the adjacent
β-sheets.

The 13C CP/MAS NMR spectrum of (Ala-Gly-
Gly)10 which was prepared after dissolving (Ala-Gly-
Gly)10 in 9M LiBr and dialyzed against water is shown
in Figure 2c. The method for the sample preparation

Table 1. 13C CP/MAS NMR chemical shifts of (Ala-Gly)15 and
(Ala-Gly-Gly)10 (ppm from TMS)

Sample Ala Gly

Cβ Cα C=0 Cα C=0

(AG)15
a 16.5 50.7 176.8 43.2 169.9

(AG)15
b 16.7 19.6 22.2 48.7 171.8 42.4 169.1

(AGG)10
a 17.4 48.9 174.6 41.6 171.3

(AGG)10
b 17.3 48.8 174.6 41.4 171.2

aThe sample was dissolved in 9M LiBr and dialyzed against 3M
LiBr for 3 h. Then it was dialyzed against distilled water from 3
days and dried.
bThe sample was dissolved in formic acid and dried.

is the same as that for (Ala-Gly)15 in the silk I form.
The Ala Cβ peak is slightly broader than the Ala Cβ

peak of (Ala-Gly)15 in the silk I form (Figure 2a), but
a single peak. Thus, the structure of (Ala-Gly-Gly)10
seems homogeneous. All the 13C chemical shifts of
Gly and Ala residues of (Ala-Gly-Gly)10 listed in Ta-
ble 1 are quite different from those of (Ala-Gly)15 in
silk I or silk II forms, indicating that the structure
of (Ala-Gly-Gly)10 is different from β-turn or β-sheet
structures. Figure 2d shows the 13C CP/MAS NMR
spectrum of (Ala-Gly-Gly)10 which was prepared after
dissolving (Ala-Gly-Gly)10 in formic acid and dried.
This treatment of the (Ala-Gly)15 induces the struc-
tural change from silk I to silk II as mentioned above.
However, Figure 2d is basically the same as Figure 2c
although the spectrum becomes slightly sharper. Thus,
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Figure 7. Ramachandran map of the calculated 2D spin-diffusion
spectra as a function of (φ, ψ) of Ala for each 30◦. The shadow
region indicates the area where the combined chemical shift error is
less than 1 ppm. The details are described in the text. The torsion
angles (φ, ψ) = (−90◦,150◦) gave a good agreement between the
calculated and observed 2D spin-diffusion spectra.

the structural change does not occur essentially by the
formic acid treatment for (Ala-Gly-Gly)10. This in-
dicates that the structure of (Ala-Gly-Gly)10 is very
stable. The detailed structure will be determined in the
following sections.

2D spin diffusion spectrum of
(AGG)4A[1-13C]-G[1-13C]G(AGG)5

The 2D solid-state NMR spectroscopy is very effec-
tive to determine the torsion angles of the specified
residue of the backbone chain of [1-13C] double-
labeled peptides (Tycko, 2001; van Beek et al., 2000;
Asakura et al., 2001a; Ashida et al., 2002). Figure 3
shows 2D spin-diffusion solid-state NMR spectrum
(only the carbonyl carbon region was expanded) of

(AGG)4A[1-13C]G[1-13C]G(AGG)5 together with the
spectrum calculated by assuming the torsion angles of
the 15th Gly residue as (φ,ψ) = (−90◦, 150◦). The
calculated spectra for each 30◦ as a function of (φ,ψ)

of the 15th Gly residue are shown in Figure 4. For
the calculation, it is necessary to obtain the principal
values of the chemical shift tensors of the carbonyl
carbon atom of Gly residue. Thus, by observing the
sample under slow MAS, the principal values of the
chemical shift for Gly carbonyl carbon atom were
determined. The calculated spectral patterns change
largely depending on (φ,ψ), but the patterns are the
same between (φ,ψ) and (−φ,−ψ) because of the
reorientation between the molecular frame, and the
principal axis frame of the chemical shift tensor of Gly
carbonyl carbon. In order to further narrow down the
area in the Ramachandran map, the Cα chemical shift
(41.6 ± 0.5 ppm) of Gly residue was used (Iwadate
et al., 1999). The area with enough data points to give
reliable chemical shift predictions for the Cα carbon
chemical shifts of Gly residues, in which the density
function is greater than 1, are surrounded by the solid
lines. The area predicted from the chemical shift of
41.6 ± 0.5 ppm for the Gly Cα carbon are shadowed.
Moreover, the quantitative analysis of the difference
between calculated and observed spin diffusion NMR
spectra was performed. The difference χ2(φ,ψ) was
calculated and shown in Figure 5. Thus, the torsion
angles were determined to be (φ,ψ) = (−90◦, 150◦)
for the 15th Gly residue. The experimental error was
±10◦. The character of the experimental spectrum was
well reproduced.

2D spin diffusion spectrum of
(AGG)4AG[1-13C]-G[1- 13C]AGG(AGG)4

The observed 2D spin-diffusion solid-state NMR spec-
trum (only the carbonyl carbon region was expanded)
of (AGG)4AG[1-13C]G[1-13C]AGG(AGG)4 is shown
in Figure 6a. The spectrum is also similar to that of
15th Gly residue mentioned above although this pat-
tern gives the torsion angles of the 16th Ala residue
of (Ala-Gly-Gly)10. This suggests that the torsion an-
gles are also similar to the angles of 15th Gly residues.
Figure 7 shows the calculated spectra for each 30◦ as
a function of (φ,ψ) of the 16th Ala residue. The cal-
culated spectral patterns change largely depending on
(φ,ψ) which is similar to the case of 15th Gly residue
as shown in Figure 4. In order to further narrow down
the area in the Ramachandran map, the Cα (48.9 ±
0.5 ppm) and Cβ (17.4 ± 0.5 ppm) chemical shifts of
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Figure 8. The chemical shift contour maps of the conformation-dependent chemical shifts (in ppm) of Cα and Cβ carbons of Ala residues.
Chemical shift values in the region (−180◦ < φ < 0◦, −180◦ < ψ < 180◦) in which the density function is greater than 1, are surrounded by
the solid lines. The area which satisfies the observed Cα (48.9 ± 0.5 ppm) and Cβ (17.4 ± 0.5 ppm) chemical shifts of Ala residue was shown
as a shadow region. Random coil chemical shifts are 50.0 ppm for Ala Ca carbon and 16.6 ppm for Ala Cβ carbon (Asakura et al., 1999a).

Ala residue were used (Iwadate et al., 1999). The area
with enough data points to give reliable chemical shift
predictions for both the Cα and Cβ chemical shifts of
Ala residues in Ramachandran map (−180◦ < φ < 0◦,
−180◦ < ψ < 180◦) in which the density function is
greater than 1, are surrounded by the solid lines in Fig-
ure 8. The area predicted from the isotropic chemical
shifts of Ala Cα and Cβ carbons are shadowed. Then,
it is necessary to find out the areas which satisfy ob-
served both Cα and Cβ chemical shifts of Ala residue.
For the purpose, we calculated the root-mean-square
difference between the observed Cα and Cβ chemi-
cal shifts for the different structure and the estimated
shifts from the chemical shift contour maps of Ala
residues and then selected the area indicated by the
lines as a combined chemical shift error of less than

1 ppm in Figure 7 as shadowed region. By checking
the observed 2D spin-diffusion spectrum carefully, the
torsion angles were determined to be (φ,ψ) = (−90◦,
150◦) for the 16th Ala residue. The experimental error
was ±10◦.

2D spin diffusion spectrum of (AGG)4[1-13C]A[1-
13C]GG(AGG)5

The 2D spin-diffusion solid-state NMR spectrum
(only the carbonyl carbon region was expanded)
(AGG)4[1-13C]A[1-13C]GG(AGG)5 is shown in Fig-
ure 6b. The spectral pattern is similar to Figures 3a
and 6a. The calculated spectra (Figure 7) for each 30◦
as a function of (φ,ψ) of the 16th Ala residue as men-
tioned before, are also used as the calculated spectra
as a function of (−ψ,−φ) of the 14th Gly residue



100

Figure 9. 13C detected-REDOR spectra for (AGG)4AG[1-13C]
GA[15N]GG(AGG)4 with a spinning speed of 6666 Hz and 80 rotor
cycles. Bottom: The full spectrum (rotational spin echo). Middle:
The reduced spectrum (15N π pulses applied). Top: The differ-
ence spectrum (the reduced spectrum was subtracted from the full
spectrum).

Figure 10. Experimental REDOR plots �S/S0 (=1−S/S0) for
(AGG)4AG[1-13C]GA[15N]GG(AGG)4. �S and S0 are the RE-
DOR amplitudes and full echo amplitudes, respectively. Solid and
dashed lines show the calculated dephasing curves corresponding to
the designated distances.

Figure 11. The conformational map for the torsion angles (φ, ψ)
of the 15th Ala residue which satisfies the 13C-15N distance for
(AGG)4AG[1-13C]GA[15N]GG(AGG)4 of 4.2 ± 0.1 Å determined
by REDOR experiment.

because of the reorientation between the molecular
frame, and the principal axis frame of the chemical
shift tensor of Ala and Gly carbonyl carbons. Thus,
by checking the observed 2D spin-diffusion spectrum
carefully, the torsion angles were determined to be
(φ,ψ) = (−90◦, 150◦) for the 14th Gly residue as well
as the 15th Gly and 16th Ala residues.

REDOR spectrum of
(AGG)4AG[1-13C]GA[15N]GG-(AGG)-4

In order to confirm the torsion angles determined in
the previous sections, REDOR experiment was per-
formed. Figure 9 shows the 13C REDOR full-echo,
reduced, and difference spectra of (AGG)4AG[1-
13C]GA[15N]GG(AGG)4. The experimental 13C RE-
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DOR plot, �S/S0 vs evolution time, for (AGG)4AG[1-
13C]GA[15N]GG(AGG)4 is shown in Figure 10.
Solid and dashed lines show calculated dephasing
curves corresponding to the designated distances. By
comparing the REDOR experimental plot with the
calculated dephasing curves, the 13C-15N distance
for (AGG)4AG[1-13C]GA[15N]GG(AGG)4 was deter-
mined as 4.2 Å within an error of ±0.1 Å. This
distance between the isotope labeled 13C and 15N
atoms is in good agreement with the predicted value
of 4.1 Å when the torsion angles, φ and ψ of the Ala
and Gly residues are (−90◦, 150◦). The torsion an-
gles which satisfy the observed distance between the
carbonyl carbon of the 15th Gly and the nitrogen of
the 17th Gly were calculated by taking into account
the experimental error, 4.2 ± 0.1 Å, and shown in the
Ramachandran map of the 16th Ala residue (Figure 1).
Thus, the error in (φ, ψ) estimated from the error in the
REDOR experiments was about ± 10◦.

2D spin diffusion spectrum of
(LGG)4LG[1-13C]-G[1-13C]LGG(LGG)4

As shown in Figure 1, it is noted that there are charac-
teristic repeated sequences such as X-Gly-Gly (where
X = Ala, Leu, Pro, Tyr, Glu, and Arg) in spider silk.
We tried to determine the torsion angles of Ala and
Gly residues of (Ala-Gly-Gly)10 in the previous sec-
tions. In order to check whether or not these angles are
also applicable to the other sequence in the spider silk,
2D spin diffusion spectrum was observed for (Leu-
Gly-Gly)10. The 2D spin-diffusion solid-state NMR
spectrum (only the carbonyl carbon region was ex-
panded) of (LGG)4LG[1-13C]G[1-13C]LGG(LGG)4
is shown in Figure 12. The spectral pattern gives
the torsion angles of the 16th Leu residue of (Leu-
Gly-Gly)10. The 2D spin diffusion NMR spectrum of
(LGG)4LG[1-13C]G[1-13C]LGG(LGG)4 is very simi-
lar to that of (AGG)4AG[1-13C]G[1-13C]AGG(AGG)4
(Figure 6(a)). Therefore, it is likely that the struc-
ture of (Leu-Gly-Gly)10 is similar to the structure of
(Ala-Gly-Gly)10.

Discussion

Lotz and Keith (1971) prepared the structure of
poly(Ala-Gly-Gly) in the form II by dialyzing 1% so-
lution of the polymer in 60% aqueous LiBr against
similar solutions of LiBr which were diluted progres-
sively with water. The sample precipitates when the

Figure 12. 2D spin-diffusion spectrum of (LGG)4LG[1-13C]
G[1-13C]LGG(AGG)4.

concentration of LiBr in the mother liquor has reached
30 to 40%. The crystal was analyzed with X-ray
powder diffraction. In the preparation of our (Ala-Gly-
Gly)10 sample before solid state NMR observation,
the sample was dissolved in 9MLiBr aqueous solu-
tion and dialyzed against 3M LiBr aqueous solution
for 3 h. Then it was dialyzed against distilled wa-
ter for 3 days. Thus, the structure is considered the
same between these two samples. Brack and Spach
(1968) showed that the crystal of poly(Ala-Gly-Gly)
in the form II is a 31-helical structure with a hydrated
form of the polymer incorporating one molecule of
water per tripeptide, the water being firmly bound
since it may be removed under vacuum only if the
crystals are heated. After dehydration, the crystals give
X-ray diffraction patterns with fewer reflections and
with the longest spacing reduced from 11.0 to 10.1 Å.
Lotz and Keith indexed all observed reflections from
the poly(Ala-Gly-Gly) in the form II in terms of a
monoclinic cell having a = 11.0 Å, b = 4.8 Å, c
(chain axis) = 9.45 Å, β = 90◦. The crystal structure
was proposed to be 31 helix with the torsion angles
were (φ, ψ) (−80◦, 150◦), which is slightly different
from those in poly-Gly II due to the small increase in
chain-axis repeat from 9.30 to 9.45 Å. This proposed
structure is basically the same as the 31 helix reported
for poly(Pro-Gly-Gly) (Traub, 1969). In our study,
the torsion angles of one Ala residue and two Gly
residues in the central Ala-Gly-Gly sequence of (Ala-
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Gly-Gly)10 were determined as (φ, ψ) = (−90◦, 150◦)
with the experimental error of ±10◦. Thus the struc-
ture proposed by us is essentially the same structure
reported by Lotz and Keith for Poly(Ala-Gly-Gly).
The 13C chemical shifts of the Ala and Gly residues
determined clearly in this paper are quite different
from those of β-sheet, β-turn type II (silk I), and α-
helix, which gives a comparison with the 31 helical
conformation (Table 1) (Saito et al., 1984). Especially,
it should be noted that the Gly Cα chemical shift is a
good indicator of the 31 helical conformation. How-
ever, the Gly chemical shifts, especially the carbonyl
carbon chemical shift change significantly by chang-
ing the primary structure and therefore it is necessary
to use that chemical shift carefully for discussion of
the secondary structure (Ando et al., 1988; Asakura
et al., 1984, 1985, 1988 ).

A structural change of (Ala-Gly-Gly)10 does not
occur upon treatment with formic acid although (Ala-
Gly)15 easily undergoes the structural change from
silk I to silk II by such treatment. Thus, the 31 he-
lix structure of (Ala-Gly-Gly)10 is considered very
stable. The 2D spin diffusion NMR spectrum of
(LGG)4LG[1-13C]G[1-13C]LGG(LGG)4 is very simi-
lar to that of (AGG)4AG[1-13C]G[1-13C]AGG(AGG)4
as shown in Figure 12. Therefore, the 31 helix struc-
ture is still maintained even if a Leu residue is used
instead of the Ala residue of (Ala-Gly-Gly)10. As men-
tioned above, poly(Pro-Gly-Gly) also takes on a 31
helical conformation (Taube, 1969). This means there
are no severe steric conflicts in the intra- and inter-
molecular arrangements of these peptide chains in the
31-helical form. As shown in Figure 1, it is noted that
there are characteristic repeated sequences such as X-
Gly-Gly(where X = Ala, Leu, Pro, Tyr, Glu, and Arg).
However, we speculate that the 31 conformation will
be maintained even if Ala or Leu are changed to other
amino acids in the repeated X-Gly-Gly sequence.

In spider dragline silk fiber, major ampullate
spidroin 1, there is repetition of two unique motifs –
poly-Ala regions and Gly-rich regions (Lewis, 1992).
Thus, the structure of the Gly-rich region might be
influenced by the presence of the β-sheet structure
of poly-Ala region. The structure of silk fibroin fiber
from a wild silkworm, Samia cynthia ricini, whose
amino acid sequence is similar to the spider (major
ampullate) silk, (i.e., repeats of poly-Ala and Gly-
rich regions,) was determined with solid state NMR
previously (Asakura et al., 1999b). The 15N and 13C
labelings for the dominant amino acids, Ala and Gly
residues of S. c. ricini silk fibroin were performed by

oral administration of 15N Ala, [1-13C]Ala, 15N Gly
or [1-13C]Gly to the 5th instar larvae of the silkworm,
S. c. ricini. The silk fibroin stored in the silkgland was
stretched by about 10 times the original length of the
sample and the blocks of the oriented fibers were pre-
pared for 15N and 13C solid state NMR observation.
All of the oriented spectra of [15N]Gly and [1-13C]Gly
silk fibroin fiber blocks (Demura et al., 1998) are sim-
ilar to the spectra of [15N]Ala and [1-13C]Ala silk fi-
broin fiber blocks, respectively, and the fraction of the
oriented components was determined as 75% for Ala
site and 65% for Gly site (Asakura et al.,1999b). The
conformation of the oriented components is concluded
as β-sheet and the un-oriented components which give
powder pattern spectra is considered mainly random
coil.

There is controversy about the conformation of
the Gly residue in Gly-rich sequences of spider silk
which, in turn, is similar to the Gly-rich sequences
of S. c. ricini silk fibroin. Judging from the similar
primary structure including Gly residues between S. c.
ricini silk and spider silk, the sequences in spider silk
might be mainly β-sheet. Actually, Thiel et al. (1994)
showed recently the presence of β-sheet structure in-
cluding the fact that Gly residues are required in order
to interpret large crystal size predicted from careful
X-ray diffraction analysis. Fukushima (1998a, b) pre-
pared the seven repetitive polypeptides matching the
Gly-rich sequence of spider dragline silk by a recom-
binant DNA technique. The FT-IR data of the samples
prepared as a cast film from formic acid showed a
β-sheet structure. Because of the length of the poly-
Ala region is different between two silk fibroins (the
number of Ala residue is 12–13 for S. c. ricini silk,
but 5–6 for spider dragline silk), the ability to incor-
porate the Gly-rich region into the β-sheet structure
might be stronger for the former silk. Actually, the
Gly-rich region in the dragline silk from the spider
Nephila madagascariensis has been reported to adopt
a 31 helix from the 2D spin-diffusion powder spectrum
of [1-13C]Gly dragline silk fiber (Kummerlen et al.,
1996). The primary structure of the Gly-rich region
in the spider dragline silk is quite different from the
Gly-rich region in the spider fragelliform silk, and
more complex than the simple repeated sequence, X-
Gly-Gly as shown in Figure 1a. Thus we will try to
prepare the peptide with more complicated sequences
shown in Figure 1a including the poly-Ala region.
The combination of 2D spin diffusion NMR under
OMAS, REDOR and use of chemical shift contour
maps when two adequate pairs are isotope-labeled has
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a high potential for determining the torsion angles in
the repeated sequence.

Conclusions

By using two-dimensional spin-diffusion solid-state
NMR under OMAS and REDOR together with 13C
conformation-dependent chemical shift contour plots,
the torsion angles φ and ψ of one Ala and two kinds
of Gly residues in Ala-Gly-Gly sequence of (Ala-
Gly-Gly)10 were determined as (−90◦, 150o). The
experimental error was ±10◦ for each torsion angle.
From these torsion angles, the structure of (Ala-Gly-
Gly)10 was determined as 31-helix. The 31-helix struc-
ture of (Leu-Gly-Gly)10 was also determined by using
two-dimensional spin-diffusion solid-state NMR.
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