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The dragline silk of the golden weaver Nephila
clavipes is composed of two proteins, designated spi-
droin 1 (MaSpl) and spidroin 2 (MaSp2), and has
been the focus of numerous recent studies because
they are among the strongest natural protein fibers.!'#
The dominant MaSpl protein can be described as a
block-copolymer consisting of polyalanine poly(Ala)
runs and glycine-rich sections containing relatively
high concentrations of amino acids with bulky, hydro-
philic side chains. Several solid state NMR studies*!3
have been applied to clarify the structure for native
spider silk fibers. The poly(Ala) region in dragline silk
fiber took B-sheet structure, which was derived from
the '3C chemical shifts of Ala residues clearly.*
However, the structure of the glycine-rich region is
not clear because of heterogeneity of the sequences.
Thus, it seems difficult to study the precise structure
of the native spider silk fiber using solid state NMR
and should consider the large structural distributions,
especially in the glycine-rich region.’

The structural analysis using NMR for the model
peptides seems very effective because it is possible
to prepare several model peptides with well-defined
sequences by reference of the primary structure of
MaSp1. However, there are no such researches with
appropriate model peptides for the spider silk. In our
previous papers,'>~!7 the model peptides selected from
the primary structure of the silk fibroins from Bombyx
mori (B. mori) and Samia cynthia ricini (S. c. ricini)
were effectively used to obtain the structural informa-
tion using several solid state NMR methods. Especial-
ly, the primary structure of the silk fibroin from S. c.
ricini is the repeated sequences which consist of alter-
native appearance of poly(Ala) region and glycine-
rich region, which is similar to the primary structure
of the MaSpl protein of spider silk.!7-1
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In this paper, 49 mer peptide with the sequence,
GGLGGQGAGAAAAAAGGAGQGGYGGLGSQG-
AGRGGQGAAAAAAGGAGQG selected from the
primary structure of the MaSpl protein of from
Nephila clavipes dragline silk and the '3C isotope-
labeled model peptide with the same sequence were
synthesized. The structure was studied with '3C CP/
MAS NMR, especially, the conformation-dependent
13C chemical shifts. The methods of the three kinds
of treatments before NMR observation were changed
in order to reproduce the structure before and after
spinning of the spider silk. Namely, (1) the peptide
was dissolved in trifruoroacetic acid and then dried
(TFA treatment), (2) the peptide was dissolved in
9M LiBr and then dialyzed against water (Dialysis
treatment) and (3) the peptide was dissolved in 8 M
urea and then precipitated in acetonitrile, and dried
(AN treatment).

EXPERIMENTAL

The following peptides, 1-3, were synthesized by the
solid-phase method.

Peptide 1; YGGLGSQGAGRG

Peptide 2; GGLGGQGAGAAAAAAGGAGQGGYG-
GLGSQGAGRGGQGAAAAAAGGAGQG

Peptide 3; GGLGGQGAGAAA[3-'3*C]JAAAGGI[2-1*C]-
AGQGGYGGL[1-*C]GSQGAGRGGQI2-*C]GAA-
AAAAGGAGQG

The '3C CP/MAS NMR spectra were acquired on a
Chemagnetics CMX-400 spectrometer operating at
100 MHz, with a CP contact time of 1 ms, TPPM de-
coupling, and magic angle spinning at 10 KHz. A total
of 10,000-20,000 scans for natural abundance peptide
samples were collected over a spectral width of 60
kHz, with a recycle delay of 5s. The chemical shifts
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are reported relative to TMS as a reference. The solu-
tion '*C NMR was observed with JEOL «-500 NMR
spectrometer.

RESULTS AND DISCUSSION

The primary structure of the MaSpl from Nephila
clavipes dragline silk was shown in Figure 1.! MaSp1
is composed primarily of a 30-amino acid repetitive
motif that is rich in poly(Ala) regions. The poly(Ala)
regions are composed of 4—7 consecutive alanine res-
idues between glycine-rich regions. In the process of
the design of the model peptide used here, the number
of the Ala residues in the poly(Ala) region was set to
be 6 as an average and the presence of two poly(Ala)
regions was considered. One highly conserved YGG-
LGSQGAGR sequence which has been proposed as

N-terminal
QGAGAAAAAA GGAGQGGYGGLGGQG
AGQGGYGGLGGQG
AGQGAGAAAAAAA GGAGQGGYGGLGSQG
AGR GGQGAGAAAAAA GGAGQGGYGGLGSQG
AGRGGL GGQGAGAAAAAAA GGAGQGGYGGLGNQG
AGR GGQ GAAAAAA GGAGQGGYGGLGSQG
AGRGGL GGQ AGAAAAAA GGAGQGGYGGLGGQG
AGQGGYGGLGSQG
AGRGGL GGQGAGAAAAAAA GGAGQ GGLGGQG
AGQGAGASAAAA GGAGQGGYGGLGSQG
AGR GGEGAGAAAAAA GGAGQGGYGGLGGQG
AGQGGYGGLGSQG
AGRGGL GGQGAGAAAA GGAGQ GGLGGQG
AGQGAGAAAAAA GGAGQGGYGGLGSQG
AGRGGL GGQGAGAVAAAAA GGAGQGGYGGLGSQG
AGR GGQGAGAAAAAA GGAGQGGYGGLGNQG
AGRGGL GGQGAGAAAAAAA GGAGQGGYGGLGNQG
AGR GGQ GAAAAA GGAGQGGYGGLGSQG
AGR GGQGAGAAAAAA VGAGQEGIR GQG
AGQGGYGGLGSQG
SGRGGL GGQGAGAAAAAA GGAGQ GGLGGQG
AGQGAGAAAAAA GGVRQGGYGGLGSQG
AGR GGAGQGGYGGLGGQG
VGRGGL GGQGAGAAAA GGAGQGGYGGV GSG

ASAASAAAASRLSS

C-terminal

Figure 1. Primary structure of spidroin 1 (MaSpl) of dragline
silk of Nephila clavipes.
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playing a major role in the superconstraction process
of the spider silk were included between two poly-
(Ala) regions.® Thus, we synthesized the sequence,
GGLGGQGAGAAAAAAGGAGQGGYGGLGSQG-
AGRGGQGAAAAAAGGAGQG. Before the struc-
tural analysis of the whole peptide, the structure of
the YGGLGSQGAGR sequence was examined. The
peptide 1 (YGGLGSQGAGRG) is easily soluble in
water, which supports the report that the YGGLGSQ-
GAGR sequence is a major role in the the supercon-
straction process. The solution '*C NMR was ob-
served in aqueous solution as shown in Figure 2b.
All the 3C NMR peaks show random coil chemical
shifts. After freeze-drying of the aqueous solution of
the peptide 1, the '3C CP/MAS NMR spectrum was
observed (Figure 2a). Both '3C chemical shifts of
the peptide 1 in the aqueous solution and in the solid
state are essentially the same except for the peak
broadening of the solid-state NMR spectrum, indicat-
ing that the structure of the peptide 1 in aqueous solu-
tion and in the solid state is random coil.

The '3C CP/MAS NMR spectra of the peptide 2
(GGLGGQGAGAAAAAAGGAGQGGYGGLGSQG-
AGRGGQGAAAAAAGGAGQG) after TFA treat-
ment, Dialysis treatment and AN treatment, are shown
in Figure 3. As reported previously,'®'® TFA treat-
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Figure 2. (a) 3C CP/MAS NMR and (b) 1*C solution NMR
spectra of the peptide 1, YGGLGSQGAGRG, together with the
peak assignment in the solution NMR spectrum. The spectral
range, 5-65 ppm, was expanded.
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Table I. '3C CP/MAS NMR chemical shifts of the peptide 2, GGLGGQGAGAAAAAAGGAGQGG-
YGGLGSQGAGRGGQGAAAAAAGGAGQG, and the peptide 3, GGLGGQGAGAAA[3-3C]-
AAAGG[2-*C]AGQGGYGGL[1-*CIGSQGAGRGGQ[2-'*CIGAAAAAAGGAGQG.

The '3C chemical shifts of Ala and Gly residues with typical conformation are also listed

Ala CB Ala Ca Gly Ca Gly C=0
Peptide 2 (TFA treatment) 15.7 52.1 ~43.0 (broad) —
(Dialysis treatment) 16.3 51.2 ~43.0 (broad) —
(AN treatment) 20.6 48.9 ~43.0 (broad) —
Peptide 3 (AN treatment) A3 20.42 A'8 490 G 424 G 171.5°
AB 230
AP 16.6
Dragline silk 20.6 49.0 ~43.0 —
Random coil 16.6 50.0 42.9 171.3
a-helix 15.7 52.5 44.0 172.3
B-sheet 20.1 48.7 424 169.1
31 helix 17.4 48.9 41.6 171.3

aThe A'3 peak can be deconvoluted by assuming three components, i.e., 19% at 23.0 ppm, 67% at 20.4 ppm and
14% at 16.6 ppm. PA sharp carbonyl carbon peak was observed at 171.5 ppm, although the spectral range from 5 to

65 ppm was shown in Figure 4b.

ment of the the model peptide, GGAGGGYGGDG-
G(A)1,GGAGDGYGAG for S. c. ricini silk fibroin
induces «-helix conformation and therefore such
treatment was also applied to generate «-helix form
(Figure 3a). The 3C chemical shifts of Ala C8 and
Ala Ca carbons are 15.7ppm and 52.1 ppm, respec-
tively as listed in Table I. Since the Ala peaks come
mainly from two poly(Ala) regions in the peptide 2,
it is possible to say that two poly(Ala) regions adopt
on a-helix structure. On the other hand, S-sheet struc-
ture is generated by the AN treatment (Figure 3c). Ac-
tually, the peaks of Ala CB and Ala Ca carbons shift
to 20.6ppm and 48.9 ppm, respectively, indicating
that the structure of poly(Ala) region changes to f-
sheet by the AN treatment. In both treatments, the
Gly Ca peak does not shift significantly and relatively
broard. Judging from the chemical shift, it is likely
that Gly residue takes essentially random-coil. The
Ala Co and Ala CpB chemical shifts of the peptide after
dialysis treatment (Figure 3b), are between o-helix
and B-sheet chemical shifts, but closer to «-helix
(Table I).

In order to obtain further structural information as a
model of the spider silk fiber, the peptide 3 (GGLGG-
QGAGAAA[3-*C]AAAGG[2-*C]IAGQGGYGGL[1-
PCIG SQGAGRGGQ[2-*CIGAAAAAAGGAGQG),
where four positions were selectively '3C isotope-
labeled without changing the sequence of the pep-
tide 2, was synthesized and the '*C CP/MAS NMR
was observed after AN treatment of the peptide
(Figure 4b). The Ala residue at the 13th position in
the former poly(Ala) region takes p-sheet judging
from the chemical shift value 20.4 ppm of the main
peak of Ala Cg carbon, but the line shape is asymmet-
ric. Thus, the peak can be deconvoluted by assuming
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Figure 3. '3C CP/MAS NMR spectra of (a) the peptide 2 af-
ter trifluoroacetic acid treatment, (b) the peptide 2 after dialysis
treatment and (c) the peptide 2 after acetonitrile treatment. The
spectral range, 5—65 ppm, was expanded.

three components, i.e., 19% at 23.0ppm, 67% at
20.4ppm and 14% at 16.6 ppm as shown in Figure 5.
This is similar to the corresponding spectra of the
crystalline fraction of B. mori silk fibroin and the
model peptide, (AG);s with silk II (S-sheet) form as
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Figure 4. '3C CP/MAS NMR spectra of (a) the peptide 2 af-
ter acetonitrile treatment, (b) the peptide 3 after acetonitrile treat-
ment and (c) the dragline silk of Nephila clavipes.* The spectral
range, 5-65 ppm, was expanded.

Ala™ CB

ppm from TMS

Figure 5. Deconvolution of the Ala'? Cg8 peak of the peptide
3 after acetonitrile treatment.

reported previously?*?! although the fraction is differ-

ent from the case of B. mori silk. Thus, the heteroge-
neous structure can be proposed for the poly(Ala) re-
gion with B-sheet structure as well as B. mori silk
fibroin.

The Ca chemical shift of Ala residue at the 18th po-
sition in the GGA sequence followed to the former
poly(Ala) region is 49.0 ppm (Figure 4b). However,
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the chemical shift value corresponds to both B-sheet
and 3 helix conformations®? and therefore we cannot
distinguish the conformation although it is different
from either o«-helix (52.5ppm) or random coil
(50.0 ppm) (Table I). The C=0 chemical shift at the
Gly 27th position in the sequence, LGSQ, is 171.5
ppm (the spectrum is not shown here), which is close
to the value of both 3; helix and random coil,
171.3ppm. The Ca chemical shift, 42.4ppm for
37th Gly residue adjacent to the latter poly(Ala) re-
gion is different from the value of either 3; helix or
a-helix (Figure 4b and Table I). Although it is diffi-
cult to distinguish between B-sheet and random coil
because the chemical shift is similar for both cases,
the value is closer to the p-sheet (Table I). The Ala
Co and CB, and Gly Ca chemical shifts of the peptide
2 after AN treatment (Figure 4a), are the same as
those of the dragline silk fiber of Nephila clavipes re-
ported previously (Figure 4c).*
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