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Silk fibroins from different species have original primary structure and

the fibers show different mechanical properties. Bombyx mori silk fibroin

fiber is a well-known natural fiber which has good tensile properties

including high strength and Young’s modulus. In the past decade, B. mori

silk has come to the forefront as a biomaterial with high environmental

stability, good biocompatibility and workability.

In our previous paper,1 we reported detailed structural characteristics of

the silk fibroin from Anaphe reticulata, one of the wild silkworms which is

highly abundant in equatorial and southern Africa. The stress-strain curve

of the Anaphe silk fiber is similar to that of B. mori silk fiber, but the amino

acid composition is simpler; the sum of Ala and Gly content accounts for

more than 91mol%, which is in contrast to the case of B. mori silk fibroin

(72.9mol%). The main sequence of Anaphe silk fibroin was only mixture

of (AAG)n1 and (AG)n2. Thus, these simple sequences detected in Anaphe

silk fibroin will be candidates of fundamental sequences in molecular

design of silk-like materials for tissue engineering.

The short sequence, Arg-Gly-Asp (RGD) has been used as an effective

cell adhesion sequence for development of biomaterials and we reported

several cell adhesive silk-like proteins by introducing the sequence

TGRGDSPA from fibronectin into several fundamental sequences from

silk fibroins.2,3 This RGD unit has been reported to lie on the conforma-

tionally mobile loop in fibronectin.4 Therefore, it seems important to

examine whether the flexibility of the RGD unit still remain after

introduction it into the silk fibroin sequence and reversely, influence of

the presence of RGD unit on the local structure of the silk fibroin

sequence.

In this paper, we synthesized the peptides where the sequences (AAG)n1
or (AG)n2 present in both N- and C-terminal parts and the cell-adhesive

sequence, ASTGRGD-SPAAS in the central part.2,3 The 13C CP/

MAS NMR was used to characterize these structures in the solid state.

Especially, the conformation-dependent 13C chemical shift coupled with
13C selective labeling of the peptides is used here to obtain structural

information in detail.

EXPERIMENTAL

Sample Preparations

The peptide 1: (AG)7ASTGRGDSPAAS(AG)7 and peptide 2: (AG)3[3-
13C]AG(AG)3AST[2-

13C]GR[1-13C]GDSPAAS-(AG)7 were synthesized

by the F-moc solid-phase method. Similarly, peptide 3: (AAG)5ASTGR-

GDSPAAS(AAG)5 and peptide 4: (AAG)2A[3-
13C]AG(AAG)2AST[2-

13C]GR-[1-13C]GAS(AAG)5 were synthesized. The peptides were then

dissolved in 55w/w% lithium thiocyanate aqueous solution and dialyzed

against distilled water for 4 d at 4 �C using cellulose tubes (MWCO;1000),

and freeze-dried (Treatment: Dialysis). The lyophilized peptides were

dissolved in trifluoroacetic acid (TFA) and precipitated by addition of

diethyl ether (Treatment: TFA). The peptides were also dissolved in formic

acid (FA) and then air-dried (Treatment: FA).

Solid State 13C CP/MAS NMR Observation

The solid state 13C CP/MAS NMR spectra were observed on a

Chemagnetics CMX-400 spectrometer operating at 100.04MHz for the
13C nucleus, with TPPM decoupling, a CP contact time of 1ms, a recycle

delay of 4 s, and magic angle spinning rate of 7 kHz. The chemical shifts

were calibrated indirectly through the adamantine peak relative to TMS.

RESULTS AND DISCUSSION

The 13C CP/MAS NMR spectra (upper spectra; a, c and e) of the

peptide 2 (solid line) and peptide 1 (broken line) after several sample

treatments, Dialysis, TFA and FA were shown together with the difference

spectra (peptide 2 � peptide 1: lower spectra, b, d and f) in Figure 1. The

difference spectra give clearly the information on the local structure of the

7th Ala residue in (AG)n sequence part by the
13C-labeled Ala C� peak. The

spectra are quite different among Dialysis, TFA and FA treatments, which

is a similar tendency reported for the 13C CP/MAS NMR spectra of

(AG)15 without RGD sequence previously (Figure 2). The sharp peak at

16.7 ppm in Figures 1b and 2a indicates that the structure is silk I (type II

�-turn structure).5 However, additional broad peak was observed at lower

field in Figure 1b, which means the presence of �-sheet structure.6 Thus,

the cell-adhesive sequence, ASTGRGDSPAAS in the central part disturbs

Figure 1. 13C CP/MAS NMR spectra of peptide 1 (broken lines), peptide 2
(solid lines of a, c and e) and the difference spectra (b, d and f)
after Dialysis (a and b), TFA (c and d) and FA treatments (e and f).
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partially the local conformation of the 7th Ala residue and promotes the

structural change from silk I to �-sheet structure.

As shown in Figure 1d, the structural change to random coil occurs by

TFA treatment, which can be noted by the broad Ala 13C� peak with the

same chemical shift as the silk I.7 The small peak assigned to �-sheet was
observed together with the broad random coil peak for (AG)15 (Figure 2b).

Thus, contrary to the case of Dialysis treatment, the presence of the cell-

adhesive sequence in the peptides 1 and 2, prevents the structural change

from random coil to �-sheet at the 7th Ala residue. Figure 1e and 1f show

that the Ala7th residue took mostly �-sheet structure by FA treatment.

However, the main peak in Figure 1f is slightly broader than the main peak

of (AG)15 after FA treatment in Figure 2c. The smaller peak at the lower

field of Ala C� in Figure 2c could not be observed in Figure 1f and the

chemical shifts of the main peaks are slightly different between two

Figures. Thus, distorted �-sheet structure can be proposed for the (AG)n
part of the peptides 1 and 2 as discussed previously.6 Thus, the structure of

(AG)n part changes largely by several solvent treatments although the

presence of the cell-adhesive sequence, ASTGRGDSPAAS in the central

part disturbs slightly the regular structure of (AG)n. This several solvent

treatments can be used for change the structure and property depending on

the use of biomaterials.

Contrary to these Ala C� peak behavior, both the chemical shifts and

line widths of the Gly 13C� peak of the Gly18th residue and Gly 13CO peak

of the Gly20th residue do not change by these treatments, Dialysis, TFA and

FA (Figure 1b, d and f). And these peaks are broader compared with the

case of Figure 2. This means the cell adhesive sequence took random coil

structure, that is, in conformationally mobile state, independent on the

solvent treatment and the presence of (AG)n sequence at both terminal

sides in the peptide 1 and 2. This is suitable for maintaining the cell-

adhesive character.

The 13C CP/MAS NMR spectra of the peptide 4 (solid line) and

peptide 3 (broken line) after several sample treatments, Dialysis, TFA and

FA were shown together with the difference spectra (peptide 4 � peptide

3) as shown in Figure 3.

The local structure of the 8th Ala residue in (AAG)n sequence part can

be discussed by the chemical shift and line width of the Ala 13C� peak in

the difference spectra. The peak shapes are similar between Dialysis and

FA treatments (Figures 3b and 3f). Namely, the Ala residue took mostly

distorted �-sheet structure. On the other hand, the structure is random coil

after TFA treatment (Figure 3d). In addition, as shown in Figure 3, both the

chemical shifts and wide line widths of the Gly 13C� peak of the Gly19th

residue and Gly 13CO peak of the Gly21th residue does not change by

solvent treatments. Similar to peptides 1 and 2, the cell adhesive sequences

in peptides 3 and 4 took random coil structure independent on the solvent

treatment, which is also suitable for biomaterials with high cell-adhesive

character.
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Figure 2. 13C CP/MAS NMR spectra of (AG)15 without RGD unit after
Dialysis (a), TFA (b) and FA treatments (c).

Figure 3. 13C CP/MAS NMR spectra of peptide 3 (broken lines), peptide 4
(solid lines of a, c and e) and the difference spectra (b, d and f)
after Dialysis (a and b), TFA (c and d) and FA treatments (e and f).
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