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ABSTRACT: The Thaumetopoeid silkmothnaphe reticulatais highly abundant in equatorial and southern
Africa and a potential commercial source of silk. In this paper, we report detailed structural characteristics of the
silk fibroins. Comparison of thé3C solution NMR spectra ofAnaphesilk fibroin and several model peptides

with Ala and Gly residues indicates that (AAG)and (AG)n are the main sequences. In addition this analysis
also indicates that the sequence containg, (Wherem > 2) such as (AAAG)gs (AAGAG)n,, and (AAAGAG)-

ns. GG sequences were absent at a level that could be detected by our NMR methé# TR/IMAS NMR

study shows that the fiber structure is heterogeneous, but predomigfisstilset structure and the length of (AG)-

n; is too short to form the Silk | structure detectedBombyx morsilk fibroin. X-ray diffraction analyses gave
information on the higher order structure and hydrogen-bonding characferamhesilk fiber.

1. Introduction

Silks are fibrous proteins with properties that have intrigued
scientists ranging from structural engineers to polymer chemists
and biomedical researchérslany kinds of silks with a wide
range of structures and properties are produced by different
species of silkworms and spiders. Silk spun naturally from the
commercial Mulberry SilkwornBombyx morhas good tensile
properties including high strength and Young's moddluis.
the past decad8. mori silk has come to the forefront as a \ s
biomaterial with high environmental stability, good biocom-
patibility and workability?2 It is readily formed into fibers, "
films, gels and sponges and has considerable potential for %/' £
biomedical applications. Silk fibroins from Wild Silkworms such 7
asSamia cynthia ricirfirt andAntheraea perny?—1> have also i 0
been studied and compared with thatBofmori i

Large numbers of the final instar larvaeAriaphe reticulata
form into a procession and spin cocoons communally first
forming a very large common silk shell in which individuals
then form their own cocoons (Figure 1). The common silk shell W ]
is divided into three parts: membranous outer layer; soft middle \§§§f /;
layer; and hard inner layer. The individual cocoons formed *

within the common shell are a little smaller than typical cocoons Figure 1. Diagramatic cross section of @naphecocoon. The silk
fibers were obtained from the outer, middle, and inner layers of the

of Bj mo,”' It is u.nfortunate that.there.are “‘? reports glVlng common shell and from an individual cocoon within the common shell.

detailed information on the main amino acid sequences in

Anaphesilk fibroin as this would be very useful for assessing composition reported previoudfy'8indicates that Ala and Gly

the potential use of this fibroin as a biomaterial. strongly predominate. We therefore synthesized several polypep-

In this paper, we seek to rectify this prob|ern7 reporting a tides Containing Ala and Gly but with different primary struc-

detailed structural analysis of the silk fibroin from reticulata ~ tures [(AG)s, (AAG)1g; (AAGAG)s; (AAAG)7; (AAAGAG)s

using the novel approach described below. The amino acid and (AGG)*®? for determination of the main sequences in
the Anaphefibroin by comparing'3C solution NMR spectra in
60% LiSCN solutior?3?4In addition,**C CP/MAS NMR and

*To whom correspondence should be addressed. E-mail: asakura@Wide_angle X-ray diffraction (WAXD) were used to study the
cc.tuat.ac.jp. . S .
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reticulatawere separated by peeling (Figure 1). The raw silks were
subjected to two degumming cycles in boiling water containing

Structural Analyses oAnapheSilk Fibroin 797

Table 1. Amino Acid Compositions of Silk Fibroins* from Anaphe
B. mori, and S. c. ricini®

sodium carbonate (0.3% w/v) for a total of 4%The silks were
then bleached by immersion in an aqueous solution containing 2%
Marseilles soap, 3% hydrogen peroxide, and 2% sodium silicate at
60°C. The resulting silks were dried after rinsing with boiling water
containing sodium carbonate (0.3% w/v) and with boiling deionized
water. S. c. ricini cocoons were degummed and bleached in the
same way ag®\naphecocoonsB. mori cocoons were degummed

in boiling water containing sodium bicarbonate (0.05% w/v). The
resulting material was rinsed thoroughly with distilled water and
then air-dried at room temperature. The amino acid composition
of the outer layer ofAnaphe cocoon was determined with a
Shimadzu Shim-pack Amino-Na column after hydrolysis with 6 N
HCl at 110°C for 22 h in a sealed tube.

2.2. Synthesis of Model Polypeptides with Different Primary
Structures of Ala and Gly Residues.Using solid-phase Fmoc-
chemistry, we synthesized the following polypeptides: (AG)
(AAG)10, (AAGAG)s, (AAAG)7, (AAAGAG)s, and (AGG)o. A
fully automated Pioneer peptide synthesis system (Applied Bio-
system Ltd.) was used throughout. After synthesis, the polypeptides
were dissolved in agueous 60% w/v LISCN solution and dialyzed

composition (in mol %)

amino acid Anaphe B. mori S. c. ricini

Ala 59.1 30.0 48.4
Gly 32.3 42.9 33.2
Ser 24 12.2 55
Asp 1.7 1.9 2.7
Glu 0.9 14 0.7
Tyr 0.8 4.8 4.5
Pro 0.6 0.5 0.4
Leu 0.6 0.6 0.3
His 0.5 0.2 1.0
Val 0.4 25 0.4
Thr 0.3 0.9 0.5
lle 0.2 0.6 0.4
Phe 0.1 0.7 0.2
Lys 0.1 0.4 0.2
Met 0.02 0.1 0.01
Arg - 0.5 1.7
Cys - 0.03 0.01
Trp - - 0.3

aNote that during acid hydrolysis asparagine and glutamine are converted

against distilled water for 4 days using cellulose tubes (MWCO; 4 asparatic acid and glutamic acid respectively while tryptophan is at least

1000). Thereafter, the contents of the dialysis tubes were freeze-
dried.

2.3.13C Solution NMR Measurements.Here, 40 mg of each
silk fibroin from Anaphe B. mori, andS. c. ricini and 10 mg of
each polypeptide, (AG3, (AAG)10, (AAGAG)s, (AAAG)7, (AAA-
GAG)s, and (AGG)o, were separately dissolved in 960 of 60%
w/w aqueous LiSCN solution after which 4@ of D,O was added.
Similarly, solutions containing a 2:3 molar ratio of the mixture of
(AG)1sand (AAG),, and a 7:15 molar ratio of the mixture of (Afg)
and (AAAG), were prepared in the same solvent. BT solution
NMR spectra were measured on a Bruker DMX 500 MHz
spectrometer at 125.78 MHz. A recycle deldy2c and 90 pulse
width of 5.8 us was employed. To avoid the large peak derived
from the thiocyanate carbon from the LISCN used to dissolve the
silk, the 13C NMR spectra were measured by dividing into two
regions: one centered on 22.5 kHz with a spectral width of 8.5
kHz for carbonyl regions, and the other centered on 7.5 kHz with
a width of 16 kHz for hydrocarbon region¥C chemical shifts
were calibrated indirectly through the thiocyanate carbon peak
observed at 135.3 ppm and converted to the value relative to
3-trimethylsilylpropionated, (TSPd,) at 0 ppm.

2.4.13C CP/MAS NMR Measurements.13C CP/MAS NMR
spectra of the three kinds of silk fibroins, and five synthetic
polypeptides were recorded on a Chemagnetics Infinity or Varian
400 MHz spectrometer with an operating frequency of 100.0 MHz
for 13C at a sample spinning rate of 10 kHz. The number of
acquisitions was 8000, and the recycle delay 5 s!Hatecoupling,
50 kHz of radio frequency field strength was used during the
acquisition period of 12.8 ms. A 9@ulse width of 5us with 1 ms
CP contact time was employedC chemical shifts were calibrated

indirectly through the methine peak of adamantane observed at 28.8

ppm relative to TMS at 0 pprif.

2.5. Wide-Angle X-Ray Diffraction Measurements.The X-ray
diffraction patterns of silk fibers from the three species were
obtained using a Rigaku RINT-TTR3 X-ray diffractometer with
Cu Ko radiation § = 1.542 nm) from a rotating anode source
monochromatized by a multilayer mirror. The voltage and current
of the X-ray source were 50 kV and 300 mA, respectively.

3. Results and Discussion

3.1. Amino Acid Composition of Anaphe Silk Fibroin.
Table 1 compares the amino acid compositiorAagphesilk
fibroin with published values foB. moriandS. c. ricini silk
fibroins?6 The silk fibroin from Anaphe (outer layer) is
exceptional in three respects: The Ala content of 59.1 mol %
is very high for a silk; the sum of Ala and Gly content accounts

partially destroyed.

C=0

Ala Ala CB

Gly
Ala Ca

JL___.L.J

(a) Anaphe

(b) B. mori L Ser M

(c) S. c. ricini

45 20
ppm from TMS

—
175

180 50

Figure 2. 13C solution NMR spectra of silk fibroins from (@naphe
(b) B. mori, and (c)S. c. riciniin aqueous 60% LiSCN solution. The
assignments are shown.

for more than 90 mol %; and the molar ratio of Ala to Gly is
about 2:1.

3.2. Primary Structure Determined from 2C Solution
NMR. The 13C solution NMR spectra of the silk fibroins
prepared from the outer shell of tieaphecocoon is shown
in Figure 2a. The spectra for the inner layer and individual
cocoons were closely similar (Data not shown), indicating a
similar primary structure in each layer. As is expected from
the amino acid composition dknaphefibroin, only Ala and
Gly peaks could be observed in this spectral region. Each carbon
in Figure 2a gave rise to roughly two or three split peaks except
for Gly Coa peak. The conformation oknaphesilk fibroin is
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Ala Gly Ala CB
AAG AAG or GAA
and E
AAA and GAG—4
(a) Anaphe  © Ala Ca i
AAG or GAA
| LAAA and GAG
GAG i Gly Ca
AGAG i
(b) (AG)15 (a) Anaphe N ‘\
n n v
GAA AGAA GAG
AAG
(c) (AAG)1g
GAG AGA
(b) (AG)45 \ JL
AAG or GAA
AAG or GAA AGA
omaglh__ A
180 175 170 AAA
ppm from TMS AAG or GAA AAG or GAA|L —
Figure 3. Carbonyl carbon regions in tHéC solution NMR spectra AAA
of (&) silk fibroin fromAnaphe (b) (AG)s, (€) (AAG)1o, (d) (AAAG)-, . AGA
and (e) (AGG)o in aqueous 60% LiSCN solution. The details of the  (d) (AAAG) 'Y
assignments are described in the text.
considered to be random coil in 60% LISCN aqueous solution GAG
i i i128,24 (al
as in other lepidopteran silks:
Dealing first with Gly carbonyl region, (172174 ppm) of
the 13C solution NMR spectrum o&naphefibroin, it is striking GGA or AGG
that this region showed only two sharp peaks. We have reported GAG
that the Gly carbonyl peaks are very sensitive to the primary AGG
structure in silk fibroing32428Thus, the many peak splittings (€) ( )10 n L
with chemical shift distributions observed fBr moriandS. c. ——————————71——
ricini silk fibroins in random coil state indicate a complex 50 45 20
primary structure. The peak splitting in the Gly carbonyl carbon ppm from TMS

region in B. mori silk fibroin clearly originates from the
repetitive pentapeptide in the primary structure (Figure22b).
Similarly the Gly carbonyl splitting irS. c. ricini silk fibroin
also originates from the repetitive tripeptide structure (Figure
2c¢)2728|n contrast, the appearance of only two sharp Gly peaks
in Anaphe silk fibroin indicates a very simple repetitive

Figure 4. Co and @3 carbon regions in th&C solution NMR spectra
of (a) silk fibroins fromAnaphe (b) (AG)s, (€) (AAG)10, (d) (AAAG)7,
and (e) (AGG)o in 60% LISCN aqueous solutions. The details of the
assignments are described in the text.

polypeptide spectra are assigned to the carboxylic acid carbons
of the C-terminal residues (the last Gly residues) of the peptides.

sequences containing Gly residues in the silk fibroin. Because In this paper, we focus on the splitting of main peaks. These
of the very small chemical shift difference between the two Gly peaks are influenced by the adjoining residues on their carbonyl
peaks, we propose that both sequences giving rise to these peakside rather than amino side. Thus, the absence of the peak at
are G-X, where X is the same residue. The carbonyl carbon 173.9 ppm assigned to the underlined Gly carbonyl carbon in

regions in thé*C solution NMR spectrum ohnaphesilk fibroin

are expanded in Figure 3a. We uséa@ solution NMR spectra

of the four polypeptides, (AG3, (AAG)10 (AAAG)7 and
(AGG)10 we synthesized in order to assign the observed peaks
in Anaphesilk fibroin in detail. The’®*C NMR spectra of the

(AGG)10, the one immediately adjacent to the next glycine,
strongly indicates that there is no detectable quantity of-Gly
Gly in Anaphesilk fibroin. The small peak at around 175 ppm
in the Anaphespectrum can be assigned to Ser carbonyl peak
from the chemical shift®24 This peak is considerably smaller

carbonyl carbon region are shown in Figure 3, parts b, c, d, that the equivalent peaks B. mori and S. c. ricini and this
and e, respectively. There are several small peaks which cancorrelates with the relatively small content of Ser residues in
be mostly assigned to the carbonyl carbons at the terminal Anaphe only 2.4 mol % compared with 12.2 mol % and 5.5
residues and the residues adjacent to the terminal residues. Fomol % respectively in the other two silks as determined by
example, the small peaks observed at the lowest field of all amino acid analysis (Table 1).
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Table 2.13C Solution NMR Chemical Shifts of Ala and Gly Residues in Silk Fibroins from Anaphe, B. morj and S. c. ricini Dissolved in

Aqueous 60% LISCN?

Ala Gly
sample G0 Ca Cp C=0 Ca
Anaphe 176.5 (GAAand AAA) 52.0 (AAG or GAA) 19.0 (AAG or GAA) 173.1 (AGAA) 45.1
177.3 (GAG and AAG) 52.4 (GAG and AAA) 19.2 (GAG and AAA) 173.2 (AGAG)
52.5 (AAG or GAA) 19.3 (AAG or GAA)
B. mori 177.1 52.5 19.1 173.1 45.1
S.c.ricini 176.4 52.2 19.1 45.3
(AG)15 177.0 (GAG) 52.4 (GAG) 19.3 (AGAGA) 173.2 (AGAG) 45.2
(AAG)10 176.4 (GAA) 52.1 (AAG or GAA) 19.0 (AAG or GAA) 173.0 (AGAA) 45.2
177.0 (AAG) 52.5 (AAG or GAA) 19.4 (AAG or GAA)
(AAAG)- 176.3 (GAAand AAA) 52.0 (AAG or GAA) 19.1 (AAG or GAA, and AAA) 173.1 (AGAA) 45.2
177.0 (AAG) 52.3 (AAA) 19.4 (AAG or GAA) -
52.4 (AAG or GAA)
(AAGAG)s 176.3 52.0 (AAG or GAA) 19.0 (AAG or GAA) 173.0 (AGAA) 45.2
177.0 (AAG and GAG) 52.4 (GAG) 19.2 (GAG) 173.2 (AGAG)
52.5 (AAG or GAA) 19.4 (AAG or GAA)
(AAAGAG)s 176.3 (AAAand GAA) 52.0 (AAG or GAAA) 19.1 (AAG or GAA) 173.1(173.12) (AGAA) 45.2
177.0 (AAG and GAG) 52.3 (AAAA) 19.2(19.18) (AAA) 173.1(173.15) (AGAG)
52.4 (AAG or GAA and GAG) 19.2(19.21) (GAG)
19.4 (AAG or GAA)
(AGG)1o 177.3 (GAG) 52.3 (GAG) 19.0 (GGAGG) 173.3 (GGAG) 45.1
173.9 (AGGA) 45.2

aThe chemical shifts of several polypeptides with different primary structures which consist of Ala and Gly residues (&) 10, (AAAG)7, (AAGAG)s,
(AAAGAG)s, and (AGG)o in aqueous 60% LiSCN are also listed. The detailed assignments for the sequences are described in the text.

(a) Anaphe

Cc=0
Ala

Gly

(b) (AG)15*+(AAG)q

(¢) (AG)15+(AAAG),

-

(d) (AGAAG)g

(€) (AGAAAG)s n " A
1 80 1 75 1 70

Ala Ca

Ala Cp

Gly Cu

A

e
[ —
e Ak
K

45 20

ppm from TMS

Figure 5. 3C solution NMR spectra of (al\naphesilk fibroin, (b) 2:3 mixture of (AG)s and (AAG),, and (c) 7:15 mixture of (AG) and
(AAAG)- together with (d) (AAGAG) and (e) (AAAGAGY) in aqueous 60% LiISCN solution.
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C=0 Ala Ca
Ala

Ala Cp

Y
L

190180 17016070 60 50 40 30 20 10
ppm from TMS

(a) Anaphe
Outer Layer

(b) Anaphe
Individual cocool

(c) B. mori

(d) S. c. ricini

Figure 6. The 13C CP/MAS NMR spectra of silk fibroin fiber from
(a) Anapheouter layer, (b)Anapheindividual cocoons, (cB. mori,

and (d)S. c. ricini

The separation of the two peaks in the Gly carbonyl region
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Figure 7. 13C CP/MAS NMR spectra of (al\naphesilk fibroin, (b)

2:3 mixture of (AG)s and (AAG)y, (c) 7:15 mixture of (AGys and
(AAAG)- together with (d) (AAGAGy and (e) (AAAGAG).

peak ofAnaphesilk fibroin can be assigned to the central Ala
residue of the sequences AAA and GAA.
Such a sequence analysis was also applied to Alaatd

in Anaphewas very small, 0.1 ppm. However, it is possible to Cf peaks as shown in Figure 4. Both Ala@nd @3 peaks of
assign these peaks by reference to the peaks of the spectra ofnaphesilk fibroin split into roughly three peaks. The com-

(AG)15, (AAG)10, (AAAG)7, and (AGG)o. The chemical shift
of the lower field peak imMnaphesilk fibroin was 173.2 ppm
which is in agreement with that of (AG) In addition, the
chemical shift of the higher field peak at 173.1 ppm is in
agreement with that of (AAAG)and close to the chemical shift,
173.0 ppm of (AAG)o. Thus, a comparison of Figure 3, parts

parison of the spectra in Figure 4b and 4c indicates that the C
peak of Ala residue in (AG) appears between the two peaks
of (AAG)1o. Thus, the center peak of the underlined Al& C
carbon is assigned to GAG. The higher field and lower field
peaks are assigned respectively to the underlined Ala residues
of either AAG or GAA. This assignment is also applied to Ala

a—d, shows that the lower field peak can be assigned to the Ca peak. The chemical shifts and the assignments of Ala C
underlined Gly residue of the sequence, AGAG. The higher field and @3 peaks are summarized in Table 2. By reference of the
peak is assigned to the underlined Gly residue of the sequenceAla CS peak of (AAAG), as shown in Figure 4d the shoulder
AGAA. The chemical shifts and the assignments of the carbonyl of the central Ala @ peak may indicate the presence of small

carbon peaks are summarized in Table 2.

Turning now to the Ala carbonyl carbon region, and dealing
first with the lower field peak ofAnaphesilk fibroin, this had
a chemical shift of 177.3 ppm close to the single Ala carbonyl
chemical shift, 177.0 ppm of (AGg, and the lower field peaks
of (AAG)10and (AAAG); both 177.0 ppm (Figure 3 and Table
2). A comparison of parts-bd of Figure 3 indicates that the
lower field peaks in the region of 177#0177.3 can be assigned
to AAG and GAG. Thus, we assign the 177.3 ppm peak in
Anaphefibroin to the underlined central Ala residue of the
sequences, AAG and GAG. The higher field peak in the Ala
carbonyl carbon region ohnaphesilk fibroin had a chemical
shift 176.5 ppm, close to the chemical shifts of the higher field
peaks of (AAG)y and (AAAG), 176.4 and 176.3 ppm,
respectively (Figure 3ad and Table 2). Thus, the higher field

amounts of the sequence (Afjwherem > 2). The Gly Gx
peak ofAnaphesilk fibroin is a single peak which is similar to
the Gly Gu single peak observed for (AG) (AAG)10 and
(AAAG);. The Gly G peak of (AGG), clearly split into two
sharp peak, which can be assigned to the sequence either AGG
or GGA. Thus, it is also concluded that the sequene&3Geen
in B. moriandS. c. ricini silk fibroin is absent inAnapheat
concentrations that can be detected by NMR. This is in
agreement with the evidence from our analysis of the carbonyl
carbon described above. The Glye(peak in theAnaphe
spectrum is slightly broadened, indicating a chemical shift
distribution due to the presence of either Gly or Ala residues
adjacent to the sequence AGA.

Parts a-e of Figure 5 show*C solution NMR spectra of
Anaphesilk fibroin (a), a 2:3 mixture of (AG) and (AAG)o
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Table 3. Distances and Half-Widths for Each Reflection in X-ray
Diffraction Patterns of Silk Fibroin Fibers from AnapheOuter
Layer, Anaphe Individual Cocoons, andB. mori and S. c. ricini

Fibers
cryst
20 dist half-width dimens crystallinity
sample (deg) (A) (deg) A) (%)

Anaphe 177 5.01 1.50 29.8 33.0
outer layer 207 4.29 0.96 46.7

Anaphe 177 5.01 1.42 31.4 35.1
individual cocoon 209 4.29 0.96 46.7

B. mori 19.¢ 4.67 3.22 13.9 37.1
20.8 4.27 1.53 29.3

S. c. ricini 16.% 5.25 1.18 37.8 25.2
20.% 4.32 0.99 45.3

aHydrobonding distance withifi-sheet plane? Inter-sheet distance.

(b), a 7:15 mixture of (AG) and (AAAGY), (c), and (AAGAG})

(d) and (AAAGAGY); (e). Figure 5b is markedly similar to the
spectrum ofAnaphesilk fibroin (Figure 5a) indicating that these
are the main sequences of the silk fibroin. However, there are
shoulders at the higher field of both the central Ala @nd
central Ala @ peaks in Figure 5a, which could not be observed
in the spectrum shown in Figure 5b. This feature in Figure 5a
was not found in the spectrum of (AAGAgput is present in
the spectra of (AAAG)and (AAAGAG). Thus, the shoulders

at the higher field in both the central AlaoCand @5 peaks
suggest the presence of small amounts of the (AAA&)d
(AAAGAG)5 in Anaphefibroin. Although it is difficult to

evaluate the amount of these sequences exactly, this evidence

does confirm the presence of (Afjwherem > 2) in Anaphe
fibroin.

3.3. Higher-Order Structure in the Solid-State Determined
from 13C CP/MAS NMR. As shown in parts a and b of Figure
6, the3C CP/MAS NMR spectra of the silk fibroin fibers in
the outer layer and individual cocoon @éfapheare quite
similar. Thus, both the primary and higher order structures are
similar in both parts of this material. THEC CP/MAS spectra
of silk fibroin fibers fromB. moriandS. c. riciniare shown in
Figures 6¢ and 6d respectively. In our previous paiéfsve
have shown that Ala £ region in the3C CP/MAS NMR
spectra of several silk fibroins contains much information on

intra- and intermolecular chain arrangement. The spectral pattern :

of silk fibroin fiber from Anapheis fairly similar to those of
silk fibers fromB. moriandS. c. riciniboth of which have a
pB-sheet structure, indicating that all three silks have a similar
predominantlys-sheet structure. However, when we compare
the spectra in detail, the CP/MAS spectrum of silk fibroin fibers
from Anapheis closer to that ofS. c. ricini than toB. mori
This similarity correlates with the Ala and Gly contents in the
three silks (Table 1); the Ala content is higher than Gly in both
AnapheandsS. c. ricinibut this is not the case iB. mori.

Parts a-e of Figures 7a-7e sho#C CP/MAS NMR spectra
of Anaphesilk fibroin (a), a 2:3 mixture of (AG) and (AAG)o
(b), and a 7:15 mixture of (AG3 and (AAAG); (c) together
with (AAGAG)s (d) and (AAAGAG) (e). The mixtures
containing (AG)s clearly showed sharp peaks at 16.7 ppm in
Ala Cp region and 176.8 ppm in Ala=€0 region indicating
Silk | structure. Thus, when (AG) peptides containing a long
Ala-Gly repeat was present in the mixture, the higher order
structure, Silk | was observed. Our previous papshowed
that 13C CP/MAS NMR spectrum of the peptides longer than
(AG)g gave sharp Ala 8 peak with line width of about 110
Hz which was assigned to Silk | structure. In contrast, the
spectrum of the shorter peptide (Ad3ave a broadened single
peak with line width of 192 Hz for the Ala £ carbori!
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Figure 8. Powder Wide-angle X-ray diffraction spectra of silk fibroin
fibers from (a)Anapheouter layer, (b)Anapheindividual cocoons, (c)

B. mori, and (d)S. c. ricini The amorphous patterns were subtracted
from the original X-ray diffraction patterns. Upper trace, spectrum;
middle trace, amorphous background; lower trace, peaks after Gaussian
deconvolution.

indicating the presence of distort@eturn or random coil rather
than Silk I in (AG)%. However, the line width, 192 Hz, was
sharper than the broad shoulder peak at 16.7 ppm of the Ala
Cf carbon in theAnaphespectrum in the present study. Thus,
the length, a of (AG)., in Anaphesilk fibroin is likely to be

less than 6. As is expected, there are no peaks corresponding
to Silk I structure in the spectra of (AAGAand (AAAGAG)

(see Figure 7, parts d and e), which are similar to the spectrum
of Anaphesilk fibroin in the solid state.
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Figure 9. Powder Wide-angle X-ray diffraction spectra of fa)aphe
outer layer after subtraction of the amorphous pattern from Figure 8a,
(b) (AGhs, (c) (AAG)10, and (d) (AAAG).
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3.4. Differences in Higher-Order Structure in the Solid-
State Revealed by WAXD.The results of WAXD of the four
different silk fibroin samples are summarized in Table 3 and
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(Figure 8a) and individual cocoons (Figure 8b)Anapheas
expected from thé3C CP/MAS NMR data (see above). In
addition, the patterns are also similarAnapheandsS. c. ricini

silk fibroin fibers (Figure 8d), but are quite differentB mori
fibers (Figure 8c). The hydrogen-bonding distances within
pB-sheet planes were almost the sameAoaphe S. c. ricini
andB. morisilk fibers; That is approximately 4.3 A, the#g
being 20.7, 20.5, and 20.8 deg, respectively. However the inter-
sheet distances were considerably different; 4.6768%219.C°)

for B. mori, 5.01 A (2 = 17.7) for Anapheand 5.25 A (& =
16.9) for S. c. ricini The value forAnaphelies between those

of the two other silks, but is closer to that 8f c. ricini. The
half-height-peak width corresponding to the intgfsheet
distances increased in the orcrc. ricini < Anaphe< B. mori
indicating an increase in the distribution of inter-sheet distance.
The crystal sizes of the silk fibers calculated using the Scherrer
formula decreased in the same order. The X-ray diffraction
patterns were also observed for (A& )YAAG)10, and (AAAG),

as shown in Figure 9. The results are in agreement with WAXD
inter-sheet distance data for different poly peptides reported by
Lotz et al®? The WAXD pattern ofAnaphesilk fibroin fiber

can be reproduced qualitatively by the mixtures of the patterns
of (AG)15 and (AAG) in agreement with the above analysis
of the 13C CP/MAS NMR of Anaphefibroin.

4. Summary

Comparison of thé3C solution NMR spectra oAnaphesilk
fibroin and several model peptides indicates that the sequence
of this silk’'s heavy chain fibroin predominantly contains a
mixture of (AAG)ry and (AG)n. In addition the fibroin may
also contain (A), (wherem > 2) contained in sequences such
as (AAAG)ns;, (AAGAG)Nn4 and (AAAGAG)rs, while GG was
not present at concentrations detectable by NMR. Lucas and
co-workers? proposed the sequence Ahaphesilk fibroin as
((G=A)p1—A)p2, but in contrast to their proposal, our data
indicates that (AAG)pand (AG)n are the main sequences. This
is supported by the Ala content of approximately 60% which
shows that there must beAA — sequences in this fibroin. Our
results conclude tha&naphesilk is intermediate in primary and
higher order structure between the Ala-Gly silkBafmoriand
the polyalanine silks typified byAntheraeaand SamiaWild
silks and the MaSp1 silk fibroins of spiders. This difference
may be useful in the design of biomedical materials.
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