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’ INTRODUCTION

Silks are generally defined as fibrous proteins that are spun into
fibers by some lepidoptera larvae such as silkworms, spiders,
scorpions, mites and flies.1 Silk fiber has a long history of use in
textiles. Recently, silk fibroin from Bombyx mori (B. mori) has been
reported to have many inherently superior properties as biomater-
ials, in terms of mechanical properties, environmental stability,
biocompatibility, low immunogenicity, and biodegradability.2�10

In addition, by introducing the cell-adhesive sequence Arg-Gly-
Asp (RGD) from fibronectin into the silk fibroin by covalent
coupling or bioengineering techniques, better biomaterials have
been developed with themodified silk fibroin because of the ability
of RGD to promote cell attachment.11 In fact, recombinant silk
fibroin containing RGD in the primary sequence after cloning and
expression from Escherichia coli is now available as commercial
products, for example, Pronectin F.12

Research carried out in Kaplan’s group emphasized the
potential of the RGD-coupled silk fibroin in tissue engineering.
For example, silk fibroins coupled with RGD increased osteo-
blast-like cell adhesion and expression of both alkaline phospha-
tase and osteocalcin compared with those without RGD.2 The
RGD-coupled silk fibroins can also support human bone marrow
stromal cell attachment and are suitable for autologous bone
tissue engineering.13�15 RGD-coupled silk protein-biomaterial
lamellar systems were also used for corneal tissue engineering.16

In our previous studies,17�20 we designed and produced
several recombinant silk proteins containing the repeated se-
quences of RGD within the longer sequences, ASTGRGDSPA,
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ABSTRACT: It is well established that by introducing the cell-
adhesive sequence Arg-Gly-Asp (RGD) from fibronectin into
Bombyx mori silk fibroin by covalent coupling or bioengineering
techniques, excellent biomaterials have been developed with the
modified silk fibroin. However, there is no report about the
structure and dynamics of the RGD moiety in the silk fibroin.
To clarify the origin of such a high cell adhesion character and to
design new recombinant silk protein with higher cell adhesion
ability, it is necessary to characterize the structure and dynamics
of the RGDmoiety introduced into silk fibroin. In this study, the
structure and dynamics of the RGD moiety in a recombinant
silk-like protein, SLPF10, consisting of the repeated silk fibroin sequence (AGSGAG)3 and the sequence ASTGRGDSPA including
the RGD moiety, were studied using solution NMR. The 1H, 15N, and 13C chemical shifts indicate that the RGD moiety, as well as
the silk fibroin sequence, takes a random coil form with high mobility in aqueous solution. Next, a 13C solid-state NMR study was
performed on a 13C selectively labeled model peptide, AGSGAG[3-13C]A7GSGAGAGSGGT[2-13C]G19R[1-13C]G21DSPAG-
GGAGAGSGAG. After formic acid treatment, an increase in the β-sheet fraction for the AGSGAG sequence and peak narrowing of
the residues around the RGDmoiety were observed in the dry state. The latter indicates a decrease in the chemical shift distribution
although the RGD moiety is still in random coil. A decrease in the peak intensities of the RGD moiety in the swollen state after
immersing it in distilled water was observed, indicating high mobility of the RGD sequence in the peptide in the swollen state. Thus,
the random coil state of the RGDmoiety in the recombinant silk-like protein is maintained in aqueous solution and also in both dry
and swollen state. This is similar to the case of the RGD moiety in fibronectin. The presence of the linker ASTG at the N-terminus
and SPAGG at the C-terminus seems important to maintain the random coil form and the flexible state of the RGD sequence in
order to permit access for binding to various integrins.
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by expression in E. coli. The other parts of the repeated sequences
in the proteins were the crystalline regions of several silk fibroins:
(AGSGAG)3 from B. mori,19 A12 from Samia cynthia ricini,18 and
(AG)9 or (AAG)6 from Anaphe20 together with a part of elastin
(GVPGV)2 and B. mori silk fibroin (AGSGAG)3.

19 Recombinant
silk films prepared on a plastic plate by cell culture or recombi-
nant silk fibers after electrospinning were used for cell-adhesive
experiments with NHDF or VERO cells. In addition, we con-
structed transgenic silkworms, inserting modified fibroin light-
chain genes for making recombinant silks containing RGD.21,22

In all cases, remarkably higher cell adhesion activities were
obtained for the recombinant silk fibroin compared with natural
silk fibroin without RGD.

To clarify the origin of such a high cell adhesion character and
to design new recombinant silk protein with higher cell adhesion
ability, it is necessary to characterize the structure and dynamics
of the RGD moiety introduced into silk fibroin. To date, no
details have been reported. NMR is a very powerful technique for
this purpose. Solution NMR coupled with 15N and 13C/15N
labeling has been used to study the structural significance of
module�module interactions in the RGD-dependent cell bind-
ing region of human fibronectin, comprising the 9th and 10th
fibronection type III, by Campbell’s group.23 NMR chemical
shifts and 15N relaxation data together with equilibrium and
kinetic unfolding experiments have shown nonspecific protein�
protein interactions which provide the bulk of the thermody-
namic stabilization and the motional constraint between the two
modules.T2 spin�spin relaxation times of 15N nuclei in the F�G
loop in the human fibronectin type III module which contains the
RGD sequence are significantly longer relative to the overall T2,
indicating that this loop is highly flexible. Copie et al.24 have also
reported the solution structure of the mouse fibronectin cell
attachment domain consisting of the linked 9th and 10th type II
modules. The 10th module contains the RGD cell attachment
sequence while the 9th contains the synergy region, which has
the cell attachment activity of intact fibronectin. The NMR
results suggest that the two modules form a less extended and
more flexible structure than the fully extended rod-like crystal
structure. The relaxation parameters indicate that several loops in
this domain including the RGD loop are flexible on the nanose-
cond to picosecond timescale in solution. Thus, the RGD
sequence in fibronectin is flexible and exists as random coil with
high cell attachment activity.

Because silk modified with RGD is usually used in both dry
and swollen states as a scaffold for biomaterials, it is necessary to
obtain information on the RGD moiety in the dry and swollen
states. NMR studies of modified silks are not straightforward
because of the presence of the His-tag in SLPF10 and peak
broadening in the solid state. For this purpose, solid-state NMR
coupled with selective stable isotope labeling is useful. Earlier we
have already reported detailed studies of the structure of the silk
fibroin using several solid-state NMR techniques and appropriate
model peptides with selective stable isotope labeling. The con-
formation-dependent 13C chemical shifts in the solid state were
used effectively to distinguish two crystalline forms of B. mori silk
fibroin, Silk I and Silk II.25,26 By adding other solid-state NMR
techniques such as REDOR or spin-diffusion NMR to the
chemical shift information, the Silk I structure of B. mori silk
fibroin before spinning was clarified to be a repeated type-II β-
turn in the solid state.27�29 The structure after spinning, which is
now Silk II, was found to be heterogeneous.30,31 This structure
was determined to contain about 70% antiparallel β-sheet, and

30% distorted β-turn and/or random coil, based on the Ala Cβ
line shape in the 13C CP/MAS NMR spectra of the crystalline
region of B. mori silk fibroin in Silk II form. The antiparallel
β-sheet region can also be divided further into two forms with
different intermolecular arrangement. Thus, it has been shown
that solid-state NMR coupled with the use of the appropriate
model peptides and selective stable isotope labeling is very useful
for structural analysis in the solid state.

In this paper, we obtain structural and dynamic information on
the RGD moiety in the recombinant silk protein SLPF10 con-
sisting of repeated (AGSGAG)3 and the sequence ASTGRGD-
SPAGG. For comparison, the structure of repeatedTGRGDSPAAS
sequences, RGD8, was also analyzed.We used at first solutionNMR
coupled with 15N and 13C/15N labeling. Conformation-dependent
chemical shifts are used to probe the local conformation of the
RGD-containing sequence ASTGRGDSPAGG in aqueous solu-
tion. Next, solid-state NMRwas used for getting information on the
structure of the RGD moiety and silk fibroin sequence in dry and
swollen states before and after formic acid treatment to induce Silk II
formation. A solid-state NMR study was performed on the model
peptide, AGSGAG[3-13C]A7GSGAGAGSGGT[2-13C]G19R[1-13C]-
G21DSPAGGGAGAGSGAG, in dry and swollen states. Here,
[3-13C]A7 labeling gives information on the silk fibroin part and
the two Gly labelings, [2-13C]G19 and [1-13C]G21,
information on the RGD moiety. Dynamic information on the
RGD moiety in the swollen state in silk-like proteins was also
obtained indirectly using solid-state NMR through changes in
the effectiveness of 13C�1H cross-polarization (CP).19,20,32

’MATERIALS AND METHODS

1. Production of Proteins. Two recombinant proteins, SLPF10
and RGD8, were used for NMR observation. The primary structure of
SLPF10 is MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDS-
PDLGTDDDDKAMADIGSSRTS[TGRGDSPAGG(GAGAGS)3AS]

10MSRVDLKLAAALEHHHHHH and that of RGD8 is MHH-
HHHHSSGLVPRGSGMKETAAAKFERQHMDSPDLGTDD-
DDKAMADIGSSRTS(TGRGDS-PAAS)8MSRVDLKLAAAL-
EHHHHHH. Details on the preparations of SLPF10 and RGD8

were reported previously.19,22 In this paper, larger-scale cultiva-
tion by E. coli was performed in a 2.4-L TB medium using a
fermenter (Marubishi Bio Eng., Japan), and expression of the
recombinant proteins was induced with IPTG. The proteins
were purified with nickel-chelate chromatography, and identified
by SDS�PAGE.
2. Stable-Isotope Labeling of Proteins. For solution NMR

analysis, uniformly 15N- and 13C/15N-labeled SLPF10 and RGD8 were
expressed as His-tagged protein from E. coli BL21(DE3)pLysS in 15N-
rich or 15N- and 13C-rich CHL (Shoko Co., Ltd., Japan) medium and
purified by Ni2+ column, followed by gel filtration chromatography.
3. Peptide Synthesis. The peptides (AGSGAG)5 and (AG)15

were prepared as model peptides for the crystalline region of B. mori silk
fibroin as reported previously.27�31,33 The peptide (AGSGAG)2AG-
SGGTGRGDSPAGGGAG(AGSGAG)2 and 13C selectively labeled
peptide AGSGAG[3-13C]A7GSGAGAGSGGT[2-13C]G19R[1-13C]G21-
DSPAGGGAGAGSGAG were prepared as models of the silk-like
protein, SLPF10. The TGRGDSPAG sequence was inserted by adding
a GG unit at the N- and C-terminal ends of this model peptide into the
crystalline region of B. mori silk fibroin. These model peptides were
synthesized by the F-moc solid phase method. A fully automated
Pioneer Peptide Synthesis System (Applied Biosystems Ltd.) was used
throughout. The crude peptides were purified by RP-HPLC using 0.1%
TFA-H2O and 0.08%TFA-acetonitrile as eluent. After purification,
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acetonitrile was removed by evaporation and then aqueous solutions of
the peptides were lyophilized for 24 h. The lyophilized peptides were
dissolved in aqueous solution and the pH was adjusted to 10.6. The
peptides were also dissolved in formic acid (FA) and then air-dried to
produce Silk II (Treatment: FA).30,31

4. Cell Adhesion Inhibition Assay. The osteoblast cell adhesion
activities of SLPF10 and RGD8 in aqueous solution were examined using
an assay to monitor the inhibition of cell-spreading of osteoblast-like cell
line MC3T3-E1 (RIKEN, Japan). This assay is routinely used to
determine the biological activity of proteins containing cell binding
motifs. The 96-well tissue culture plates (Falcon, U.K.) were preincu-
bated with 50 μL of 25μg/mL human plasma fibronectin (Sigma-Aldrich,
Japan). Free binding sites on the plastic were blocked with 1% bovine
serum albumin (BSA)/phosphate buffered saline (PBS) (100 μL/well)
for 1 h at 37 �C.Fibronectin/BSA-only coatedwells were used as standard.
MC3T3-E1 cells (3000 cells/well) in 100 μL of α-minimal essential
medium (MEM) supplemented with 10% fetal bovine serum (FBS) were
added to each well, with 25 μL of protein solution in phosphate-buffered
saline. After 2 h incubation at 37 �C in a 5%CO2 atmosphere, unattached
cells were removed by gently rinsing the wells twice with warm PBS.
Attached cells were fixed with 2% paraformaldehyde in PBS (100 μL/
well) and stained with DAPI solution (0.005 mg/mL) in PBS (100 μL/
well). After 5-min incubation at room temperature, stained cells were
counted using a fluorescence microscope with appropriate filters. The
reported results are the mean values of triplicate determinations.
5. Cell Adhesion Assay on Tissue Culture Plate. The

osteoblast cell adhesion activities of silk fibroin and SLPF10 were
examined in 96-well tissue culture plates. The samples were dissolved
in FA (concentration 10% w/v) and then pipetted onto the plate. To
remove FA, the plate was dried in air for 12 h, then incubated in 50%
methanol for 10min and dried in air for 12 h again. It was also attempted
to use RGD8 to coat the plate in a similar manner. However, the coated
RGD8 was still soluble in water, and therefore, these experiments were
unsuccessful. The osteoblast cell adhesion activities of silk fibroin and
SLPF10 on the plate were determined using MC3T3-E1. The protein
amount was 0.4 mg/cm2. The number of cultured cells was 3000 cells/
well. After 2 h incubation at 37 �C in a 5%CO2 atmosphere, the attached
cells were fixed with 2% paraformaldehyde in PBS and stained with
DAPI solution in PBS. After 5 min incubation at room temperature,
stained cells were counted using a fluorescence microscope with
appropriate filters. The reported results are the mean values of triplicate
determinations.
6. Solution NMR Measurements. NMR spectra were recorded

for purified recombinant silk proteins dissolved in 50mMphosphate-Na
(pH 4.0 and pH 7.0), 50 mM EDTA, and 10% 2H2O. The protein
solutions were concentrated to 0.3�0.5 mM with an Amicon Ultra
device (Millipore, Bedford, MA). All NMR spectra were acquired at
30 �Con a Bruker DMX500 spectrometer equipped with cryoprobe and
a JEOLECX-400 spectrometer. 1H, 13C, and 15N sequential assignments
were obtained using two-dimensional (2D) and three-dimensional (3D)
heteronuclear NMR experiments: 2D 1H�15N HSQC, 2D 1H�13C
HSQC, 3D HNCO, 3D CBCA- (CO)NH, 3D HNCA, 3D HNHB,
HN(CO)CA, and 3D-HN(CA)NH. The spectra were processed using
NMR Pipe software34 and analyzed using SPARKY 3 software .35

7. Solid-State NMR Measurements. 13C CP/MAS NMR ex-
periments were performed on a Chemagnetics Infinity 400 spectrometer
and a Bruker DSX-400 AVANCE spectrometer with an operating
frequency of 100.0 MHz for 13C at a sample spinning rate of 8 kHz in
a 4 mm diameter ZrO2 rotor. The

1H 90� pulse was 3 μs and a 70 kHz rf
field was used during CP and decoupling. A total of 10�20K scans for
the nonlabeled sample were collected over a spectral width of 35 kHz
with a recycle delay of 3 s. All spectra were obtained using a CP contact
time of 2ms and TPPMdecoupling. The line broadening was 20Hz. 13C
chemical shifts were calibrated indirectly using the adamantane methine

peak observed at 28.8 ppm relative to TMS (tetramethylsilane) at 0
ppm. For preparation of the sample in the swollen state, the peptide
powder was first immersed in distilled water for 2 h and then transferred
to a sample tube. The tube was sealed using epoxy resin glue and allowed
to stand for one day before NMR observation.

’RESULTS AND DISCUSSION

1. Cell Adhesion Activities of SLPF10 and RGD8 in Aqueous
Solution. The osteoblast cell adhesion activities of SLPF10 and
RGD8 in aqueous solution were examined because the solution
structure of the RGD moiety in the two proteins is compared in
the next section. In this way, the correlation between the activity
and structure is examined. For this purpose, the ability of SLPF10
and RGD8 to inhibit cell adhesion was examined. MC3T3-E1
cells were plated on fibronectin. Both SLPF10 and RGD8

inhibited about 40% of the MC3T3-E1 cell adhesion to fibro-
nectin at a concentration of 0.5 mM (Figure 1). Thus, these
experiments demonstrate that SLPF10 and RGD8 are promising
inhibitors of MC3T3-E1 cell adhesion. There was no significant
difference between the two proteins within the limits of
experimental error.
2. Solution NMR.The conformations of SLPF10 and RGD8 in

aqueous solution were studied by solution NMR. The 1H, 15N,
and 13C NMR spectra were assigned by combination of 1H�15N
HSQC, 1H�13C HSQC, CBCANH, CBCA(CO)NH, HNCA,
HN(CO)CA, HNCO, and HN(CA)CO.
Figure 2a shows a 1H�15N HSQC spectrum of SLPF10 in

aqueous solution together with the peak assignments. The
sequential assignments were performed only for the residues
within the repeated sequence in SLPF10, which have identical
shifts within each repeat because of peak overlap. In general, the
15N chemical shift is affected largely by the amino acid at the
N-terminal side of the given amino acid, but also by the local
conformation around the 15N nucleus.36,37 The observation of
the same chemical shifts for the sets of Gly,13,15,19,21,34,36

Ala,12,14,18,20,33,35 and Ser16,22,37 residues indicates that the
AGSGAG region in SLPF10 is in a similar chemical environment
for each repeat and, thus, that the local conformation is the same
for each repeated sequence. In addition, judging from the 15N
and 1HN chemical shifts of these peaks, it is suggested that the
AGSGAG region is in the form of random coil.37�40 The
chemical shift values are summarized together with the line
widths in Table 1 of the Supporting Information. From the
chemical shifts, the R3G4D5 moiety is also in the random coil

Figure 1. Inhibition effects of cell-spreading of the osteoblast-like cell
MC3T3-E1 by SLPF10 and RGD8 in aqueous solution. Details are
described in the text.
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region. Thus, the RGD part in SLPF10 has a random coil conforma-
tion when the AGSGAG region is in the random coil form.
Figure 2b shows the 1H�15N HSQC spectrum of RGD8 in

aqueous solution and the chemical shifts are also listed in Table 1
of the Supporting Information. Thus, the chemical environment
can be compared between the cell-adhesive RGDparts in SLPF10
and RGD8 through the chemical shifts. The 15N chemical shifts
of the six residues of the sequence TGRGDS in SLPF10 and
RGD8 are in agreement with each other within less than 0.1 ppm.
Similarly, the NH proton chemical shifts are also in agreement
within 0.02 ppm. In particular, the NH proton chemical shifts are
sensitive to the spatial environment through C�N or CdO
bond anisotropy effects,38 and therefore, the local conformation
of the sequence TGRGDS in SLPF10 and RGD8 is concluded to
be the same. The chemical shifts of the 13Cα carbons, which are
also sensitive to the conformation, are also the same as listed in
Table 1 of the Supporting Information. Thus, in view of the
conformation-dependent chemical shift,38�40 TGRGDSPA to-
gether with silk fibroin sequence is in random coil for both
proteins. Both proteins are also in a highly mobile state judging
from the narrow line widths listed in Table 1 of the Supporting
Information. The RGD loop in both proteins can therefore adjust
to accommodate variations in integrin structure or other envir-
onments due to its high flexibility in both proteins. In turn, no
effect has been seen of the presence of the sequences of B. mori
silk fibroin (AGSGAG)3 adjacent to the RGD unit at bothN- and
C-sites in SLPF10 on cell adhesion in aqueous solution. Thus, the
proteins SLPF10 and RGD8 are promising inhibitors of MC3T3-
E1 cell adhesion and there was no significant difference between
the two proteins.
3. Cell Adhesion Assays of SLPF10 and RGD8 in the Solid

State. The osteoblast cell adhesion activities of silk fibroin and
SLPF10 were examined on 96-well tissue culture plates in order to
obtain further information on the RGD moiety in dry and
swollen states which is usually used as a scaffold. It was also
attempted to use RGD8 to coat the plate with FA, but the coated
RGD8 was still soluble in water, making measurements impos-
sible. The observed cell adhesion activities on silk fibroin coated

and SLPF10 coated plates are shown in Figure 3 as histograms
relative to untreated plates. The activity of SLPF10 was signifi-
cantly higher than that of the parent protein, B. mori silk fibroin
without RGD sequence. The experimental error for SLPF10 is
relatively large compared with that of silk fibroin. This is due to
the fact that the SLPF10 film tends to be slightly heterogeneous
compared with silk fibroin. However, it is clear that high cell
adhesion activity was obtained by introducing the cell-adhesive
sequence RGD into the silk fibroin.
4. 13C CP/MAS NMR Spectra of Nonlabeled Peptides. The

structure of the silk fibroin sequence and the RGD moiety in
SLPF10 must also be examined in the solid state with solid-state
NMR because the recombinant silk protein is usually used as a
scaffold. However, it was difficult to obtain such information clearly
because of the presence of the His-tag in SLPF10 and peak
broadening. Therefore, we synthesized amodel peptide for SLPF10,
(AGSGAG)2-AGSGGTGRGDSPAGGGAG(AGSGAG)2.
Figure 4 shows the 13C CP/MAS NMR spectra of (AG)15,

(AGSGAG)5, and the model peptide of SLPF10 in the solid state.
These peptides were observed after dialysis of 9 M LiBr aqueous
solutions. Conformation-dependent 13C chemical shifts in the
solid state can be used to distinguish clearly between Silk I and

Figure 2. 1H�15N HSQC spectra of (a) SLPF10, which consists mainly of the repeated sequence (T1G2R3G4D5S6P7A8G9G10G11A12G13A14G15S
16G17A18G19A20G21S22G23A24G25A26G27S28A29S30)10 and (b) RGD8, which contains the repeated sequence (T1S2T3G4R5G6D7S8P9

A10S11)8, in aqueous solution together with the peak assignments. Only the parts of the repeated sequences in both proteins are shown.
The P peak could not be observed because there is no NH proton. The S2 peak in (b) seems to be overlapped with other S peaks. The
1HN and 15N chemical shift values are summarized in Table 1 of the Supporting Information together with 13C chemical shift values.

Figure 3. Histograms showing the numbers of adhered MC3T3-E1
cells after 2 h cultivation on untreated plates (none), plates coated by
B. mori silk fibroin without RGD (silk fibroin), and with RGD (SLPF10).
Details are described in the text.
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Silk II.25�31 A sharp peak at 16.7 ppm in the Ala Cβ region,
together with a sharp peak for Ala Cα (50.7 ppm) and Ala
carbonyl carbons (176.8 ppm), indicates Silk I form. Two peaks
observed at 19.6 and 22.2 ppm, together with a broad peak at 16.7
ppm in the Ala Cβ region, can be assigned to Silk II form of
B. mori silk fibroin. The 22.2 ppm peak is assigned to a conforma-
tion in which all methyl groups of Ala residues point in the same
direction, whereas the 19.6 ppm peak comes from a conformation
inwhich themethyl groups alternately point in opposite directions
in adjacent sheets.31 Thus, the conformation is Silk I for (AG)15
because of the sharp peak at 16.7 ppm observed for the Ala Cβ
carbon, and that of (AGSGAG)5 is Silk II judging from the
asymmetric Ala Cβ peak at around 20 ppm.
In our previous paper,33 we reported that the presence of the

Ser residue in the sequence AGSGAG has a role in changing the
structure from Silk I to Silk II in the crystalline region of B. mori
silk fibroin after dialysis of a 9 M LiBr solution against distilled
water. The structure of the model peptide of SLPF10 is basically
Silk II judging from the asymmetric Ala Cβ peak at around 20
ppm, although the line shape is slightly different from that of
(AGSGAG)5. Thus, the characteristic of the AGSGAG sequence
including the role of the Ser residue seems to be maintained even
if the sequence, TGRGDSPA, is inserted at the center of the
model peptide. Thus, the repeated AGSGAG sequences have a
strong propensity to form β-sheet structure. The Gly Cα peak of
the model peptide of SLPF10 is slightly broader than that of
(AGSGAG)5, but it is difficult to discuss the structure in detail
from these spectra including the RGD moiety because of a
mixture of several Gly peaks in the model peptide. Therefore,
selective 13C isotope labeling of the model peptide of SLPF10 was
performed and is discussed in the next section.
5. 13C CP/MAS NMR Spectra of 13C Labeled Model Pep-

tides of SLPF10. The
13C selectively labeled model peptide

of SLPF10, AGSGAG[3-
13C]A7GSGAGAGSGGT[2-13C]G19-

R[1-13C]G21DSPAGGGAGAGSGAGAGSGAGwas synthesized.
A more detailed structural analysis was performed by subtracting
the nonlabeled spectrum (broken line) from the 13C selectively
labeled spectrum shown in Figure 5a. The difference spectrum is

shown in Figure 5b. The 13Cβ labeling of A7 provides structural
information on the surrounding sequence, (AGSGAG)2, in the
solid state.34 The line shape of the Ala 13Cβ peak (Figure 5a) is
similar to that of the Ala Cβ peak of the nonlabeled peptide
(Figure 4c), implying that each Ala residue in the peptide adopts a
similar β-sheet structure. As shown in Figure 5c after treatment of
FA which was applied to prepare Silk II structure, the broad
component at the upfield side of the 13Cβ peak of Ala7 residue
decreases in intensity, indicating that the random coil component
has largely changed to β-sheet due to the FA treatment.

13C labeling of Gly Cα and CO carbons in the sequence
[2-13C]G19R[1-13C]G21D22 also gives local structural informa-
tion on the RGD sequence located in the center of the peptide,
although the range of the conformation-dependent Gly chemical
shift is relatively small compared with that of Ala.40 A chemical
shift of 170 ppmwas observed for the G21 residue, indicating that
G21 assumes a random coil form, although the line width
decreased by 10% after treatment with FA. The most remarkable
change with FA treatment was observed for the Cα carbon of
G19. The chemical shift of the peak center, 42.7 ppm, is basically
the same before and after FA treatment; however, the line width
is quite different (Figure 5). Since the label is specific to G19, the
broadening does not originate from overlapping resonances due
to multiple Gly residues. Thus, the broadening means that the
G19 residue takes on many conformations with different torsion
angles.40 After FA treatment, the number of conformations
decreases, although the structure is still random coil in the
solid state.
A deconvolution of the Ala7 Cβ peak in the difference spectra

(Figure 5b,d) is shown in Figure 6 together with the fraction (%)
of each conformation. The assignment of the Ala Cβ peak of B.
mori silk fibroin and their model peptides has been reported
previously.30,31 The two peaks observed at 19.6 and 22.2
ppm together with the broad peak at 16.7 ppm in the Ala Cβ
region can be assigned to the Silk II form of B. mori silk fibroin.
The 22.2 ppm peak can be assigned to a conformation in which
all methyl groups of Ala residues point in the same direction,

Figure 4. 13C CP/MAS NMR spectra of (a) (AG)15, (b) (AGSGAG)5,
and (c) SLPF10 in the solid state. These peptides were observed after
dialysis of 9 M LiBr aqueous solutions. From the chemical shift and the
line shape of Ala Cβ carbons, the conformation is Silk I in (a), and Silk II
for (b) and (c).

Figure 5. 13C CP/MAS NMR spectra of (a) 13C labeled peptide,
AGSGAG[3-13C]A7GSGAGAGS-GGT[2-13C]G19R[1-13C]G21DSP-
AGGGAGAGSGAG (solid line) and nonlabeled peptide (broken line).
By subtracting the spectrum of nonlabeled peptide from that of the 13C
selectively labeled peptide, the difference spectrum (b) was obtained.
Similarly, 13C CP/MAS NMR spectra were observed after formic acid
treatment and are shown in (c), producing the difference spectrum (d).
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whereas the 19.6 ppm peak derives from a conformation in which
the methyl groups point alternately in opposite directions in the
adjacent sheets. Before FA treatment (Figure 6a), the fraction of
antiparallel β-sheet at 22.2 ppm was determined to be 41%, the
fraction of antiparallel β-sheet at 19.6 ppm to be 37%, and
the fraction in the distorted β-turn and/or random coil at 16.7
ppm was 22%. Thus, in spite of the presence of the cell-adhesive
sequence TGRGDSPA in the molecule, the repeated AGSGAG
sequence at the N- and C-terminal sites tends to form antiparallel
β-sheet structure. After FA treatment (Figure 6b), the fraction of
the upfield component decreases from 22% to 7%. On the other
hand, the fraction of the center peak at 19.6 ppm increases from
37% to 49%. Thus, a conformational transition from random coil
to β-sheet in the repeated AGSGAG sequences occurs on FA
treatment, although the fraction of the downfield peak is almost the
same (41% before FA treatment and 44% after FA treatment). The
local structure of the RGD part is still random-coil after FA
treatment, but the number of the conformations with different
torsion angles decreases as evidenced by the peak narrowing.40

6. 13C CP/MAS NMR Spectra of Labeled Peptides under
Wet Conditions.The 13C labeled model peptide of SLPF10 after
FA treatment was observed with solid-state NMR under the
swollen conditions in order to reproduce the cell-adhesion
experiment. Thus, SLPF10 was coated onto the plate during its
cultivation in the aqueous solution. Figure 7 shows 13C CP/MAS
NMR spectra of themodel peptide in dry (solid line) and swollen
states (broken line). The peak intensities of the Cα carbon of the
Gly residue just before the RGD sequence and the CO carbon of
the Gly residue in the RGD sequence of TGRGDSPA decreased
remarkably, although that of Ala Cβ in the AGSGAG region did
not change. These results indicate that the CP effect from 1H to
13C nuclei is not effective because of the high mobility in the
TGRGDSPA region in the swollen state.32 This indicates that the

RGD is in flexible and mobile states, which provides an explana-
tion for how the activity can be still high as in aqueous solution. In
contrast, the line shape of the Ala7Cβ peak in the sequence
AGSGAG does not change and still indicates β-sheet conforma-
tion. The repeated sequence of AGSGAG in antiparallel β sheet
conformation is considered to be adsorbed onto the plate by
hydrophobic interaction which is not affected by the water in the
swollen state. However, the region TGRGDSPA is in random
coil conformation with high mobility in the swollen state as well
as in aqueous solution. Thus, the cell-adhesive activity is still
maintained.

’CONCLUSION

Since there is no report about the structure and dynamics of
the RGD moiety introduced into recombinant silk-like proteins,
we obtained such information using both solution and solid-
state NMR.

The RGD moiety takes a random coil form and is in a highly
mobile state in aqueous solution. A 13C solid-state NMR study on
the 13C selectively labeled model peptide indicates that random
coil state of the RGDmoiety ismaintained in aqueous solution and
also in both dry and swollen state. This is similar to the case of the
RGD moiety in fibronectin. The presence of the linker ASTG at
theN-terminus and SPAGG at theC-terminus seems important to
maintain the random coil form and the flexible state of the RGD
sequence in order to permit access for binding to various integrins.
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