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ABSTRACT: In an attempt to produce mineralized composite materials with potential use as biomaterials or
scaffolds for tissue engineering, we designed silklike peptides based on Ala-Gly repeated sequences with a lamellar
structure and Asp as a Ca binding site in the turn part as in Tirrell's work (for exanvderomoleculed996

29, 1540-1553). We further modified the design of the lamella structure by introducing a Ser residue between
(GlyAla)s and (AlaGly) sequences. At first, we synthesized three labeled versiods$®DSDS (GlyAla)sSer-
(AlaGly)z:Asp(GlyAla)ySer(AlaGlyrAsp(GlyAlaySer(AlaGlyy, with 13C labeling in different positions to
characterize the lamellar structure usig CP/MAS and spin-diffusion solid-state NMR. Tfesheet fraction

in Ala residues increased with increased distance from the Asp residue in the turn part. The introduced Ser
residue took almost 1009%-sheet structure probably because it forms an extra hydrogen bond stabilizing the
stem part of (AlaGly). Thus, position-selective and sensitive information useful to characterize the detailed lamella
structure with heterogeneous local conformations, can be obtainé&¥Clselective labeling of the peptide and
determining’3C conformation-dependent NMR chemical shifts. We then produced an analogous recombinant

protein, 14DS16 ThrSer[(AlaGly}Asp(GlyAla)Serls in

Escherichia colias a possible biomaterial. Films of

this protein treated with simulated body fluid were rapidly mineralized with hydroxyapatite.

Introduction

Bombyx morisilk fibroin is capable of being extruded into
fibers with exceptional tensile propertie$hese properties are
thought to depend on the ability of this protein to fold into a

and alanine-glycine copolypeptides (A@)ave been used as
models in spectroscopic studi€s’

We found that the Ala 8 peaks in the CP/MAS NMR spectra
of both theB. morisilk fibroin fiber and in (AG)s in the silk

structure largely composed (approximately 60%) of well ordered !l form are broad and asymmetric, reflecting a heterogeneous

B-sheet crystald2 This imparts a wet strength and toughness
to naturally spurB. morisilk considerably in excess of that of
collagenous materialsThese considerations have prompted
numerous investigations into the potential of fibroin in implant-
able biomaterials and scaffolds for tissue engineeting.

structurel®17 The relative proportions of the various heteroge-
neous components were determined from their relative peak
intensities after line shape deconvolution. For example, the
deconvolution of (AG)s gave 27%distorteds-turn (16.7 ppm);
46% S-sheet (alternating Ala residues)(19.9 ppm); and 27%

Furthermore, collagen-based synthetic biomaterials for bone/A-sheet (parallel Ala residues)(22.1 ppm). Panitch et®al.
repair generally have poor compressive properties and areProduced (AGgs from recombinantEscherichia coli and
therefore limited to acting as carriers for osteoinductive factors Presented SANS and WAXS evidence for the chain-folded

for applications in which rapid load bearing is not requifed,

lamella structural model of this peptide in the silk Il form. The

suggesting that silk-based materials may be stronger and toughegtructure consists of polar antiparalfgisheets with repetitive

than collagen-based ones in bone rep&?

Marsh et a3 were the first to propose an antiparajtesheet
structural model for nativ®. morisilk fiber based on a wide-
angle X-ray scattering. Takahashi etateported a more refined
X-ray fiber diffraction analysis oB. mori silk fibroin. These
authors proposed that silk Il, the form present in the fiber,
consists of antipolar antiparallgtsheet structures, as proposed
by Marsh et al., but statistically stacked together in two different
ways with a ratio of 1:2 to form the crystals. For the structural
analysis oB. morisilk fibroin, poly(alanylglycine) (poly(AG))

folding throughy-turns from every eighth amino acid (including
the fold), stacking with like surfaces together. In our recent
papers:>20using3C high-resolution solid-state NMR coupled
with selectivel3C isotope-labeling of the Ala methyl groups,
we showed that (AG) in the silk Il structure had the folded-
lamella structure. This contained a combination of distorted
p-turns with a large distribution of the torsion angles and
antiparallel-sheets. Namely, the fraction of the peak at 16.7
ppm in the Ala @ region increased appreciably at the positions
9 and 11, suggesting a folded lamellar structure wiff+tarn

at these positions and then the decreased fractions after the 11th
position remain unchanged until the 17th position, and the

*To whom correspondence should be addressed. E-mail: asakura@fraction reached the next maximum at the 19th position again.
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These changes in the fraction of the peak at 16.7 ppm indicate
the presence of lamellar structure. A statistical mechanical
analysis of (AG)sin the silk Il state was in excellent agreement
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with this lamellar structure. The 2D spin diffusid?C solid-
state NMR spectra of two doubly labeled peptides;{a}Gly1*
[1-1C]JAlal® and [113C]Gly!® [1-13C]Alal®- of (AG);s and
REDOR measurements of five kinds of atomic distances
between doubly labeled®C and >N nuclei in five labeled
versions of (AG)s were consistent with the lamellar structure
containing a combination of antiparall@isheets and distorted
pB-turns with a large distribution of the torsion angles. Thus,
these solid-state NMR analyses coupled with the preparation
of selectively stable isotope labeled peptides are very powerful
methods to analyze the lamella structure in detail.

For design and control of the molecular and supermolecular
properties of polymeric systems, Tirrell et%t23 have previ-
ously reported the biosynthesis of highly repetitive, monodis-
perse, artificial silklike protein analogs, including derivatives
containing nonprotein amino acids or elastomeric domains. For
example, they producddAlaGly)sGluGly(GlyAla)sGluGly)} 10
and poly(AlaGly}GluGly in E. coli by genetic engineering. The
purified proteins were prepared as crystalline mats with formi
acid through gel formation and the structures were analyzed
mainly by detailed X-ray diffraction and solid statéC CP/
MAS NMR methods. The X-ray diffraction patterns of these
crystallized proteins were consistent with the folding periodicity
in-phase with the amino acid sequence and with jtterns

and the Glu residues confined to the lamella surfaces. Crystal-

lization induced changes in the chemical shift @f €arbon of
the Glu residue, but the dynamic behavior of the Glu side chain

Macromolecules, Vol. 40, No. 25, 2007

Figure 1. Design of lamellar structure of the silklike peptide based

¢ OnAla-Gly repeated sequences with antipargieheet structure, where
Asp (D) is a Ca binding site in the turn part and a Ser (S) residue is

located between (GlyAlg)and (AlaGly} sequences to strengthen the
stem part of the lamella.

systematically arranged Ser residues are indeed fouBRdnmori
heavy chain fibroing® This introduction of Ser is a novel
approach in the design of synthetic silklike materials based on

Ala-Gly repeated sequences with a lamellar structure. At first,

in order to characterize the lamellar structure in detail, we

carbons was unchanged. These NMR data indicate that this sideobserved3C CP/MAS NMR spectra of thre€C doubly labeled
chain is excluded from the crystalline region and supports the versions 0#41SDSDS(GlyAla);Ser(AlaGlyy-Asp(GlyAla)Ser-

assignment of Glu to turn positions at the lamella surface. In
the Ala @3 carbon region of these proteins, the 16.8 ppm peak

(AlaGly)sAsp(GlyAla)Ser(AlaGlyy, and 2D spin diffusiofC
solid-state NMR spectrum of the peptide labeled at two

was assigned to reverse turn structures which is consistent withsuccessive carbonyl carbons. We then produced a much larger

the X-ray diffraction results and IR and Raman analy3es.

In a previous attempt to produce novel mineralized bioma-
terials we introduced the calcium-binding site from the protein
MSI60 found in the nacreous layer of pearl oystemctada
fucata? into artificial silklike proteins®® This calcium binding
site has an Asp rich sequence, EYDYDDDSDDDDEWDG and
was introduced between Ala-Gly repeats derived from the
primary sequences of several lepidopteran and spider silk
fibroins. C&" binding assays on these modified silklike peptides
showed that the ability of the MSI60 domain to bind calcium
was highest when the flanking silklike Ala-Gly sequences were

analogue of this peptidel4DS16 ThrSer[(AlaGly}Asp-
(GlyAla)sSer}s by overexpression ir. coli to examine the
potentiality of this artificial protein with unique sequence for
mineralization by hydroxyapatite.

Experimental Section

Peptide Preparations.For 13C CP/MAS NMR we used solid-
phase Fmoc-chemistry to prepare a non-labéle8DSDSand three

versions of the same peptide with double labeling as follows:

(a) [1+3C]Alat%, [3-13C]Alale-/(b) [1-13C]Alato-, [3-12C]Alate-/(c)
[1-13C]Ala8-, [3-13C]Ala2- (see Table 1). For 2D spin diffusidfC
solid-state NMR we prepared the same peptide doubly labeling as

in the S-sheet structure. This indicated that structural stability fo|jows: (f) [1-13C]Gly25[1-1°C]Alals- (see Table 1). A fully

of flanking domains was important for calcium binding.

automated Pioneer Peptide Synthesis System (Applied Biosystem

For the present paper we sought to produce novel biomaterialsLtd.) was used throughout. After synthesis, these samples were

with potential as bone repair materials based on the work

described above but using a simpler and improved approach to

confer calcium binding. We designed two novel artificial silklike
materials 41SDSDSand the much larget4DS16)both based
on Ala-Gly repeated sequences with a lamellar structure, Asp

dissolved m 9 M LiBr followed by dialysis against water and
lyophilization and then dissolved in formic acid followed by
precipitation in methanol and thoroughly dried before use in NMR
experiment$?2°0ur approach to the design of a lamellar structure
is essentially the same as that reported by Wang ét fdr

{ (AlaGly)sGluGly(GlyAla);Glu-Gly)} 10 and poly(AlaGly}GluGly

as a Ca binding site in the turn part, and a Ser residue betweemyt with the systematic introduction of Ser (see above).

(GlyAla)s and (AlaGly} sequences to strengthen the stem part.
We introduced a single Asp between the (A@nd (GA)
hexapeptides with the intention that the flanking Gly residues
would provide flexibility for a turn centered on this Asp. In
addition we introduced a single Ser residue between §@AJ

(AG)s sequences as there is evidence that the presence of thes

residues stabilizes th@sheet structure iB. morisilk fibroin
in the silk 1l structure by hydrogen bonding between their side
chain OH and backbone carbonyl grodps’® The palindromic

13C CP/MAS NMR Measurements.*3C CP/MAS NMR experi-
ments were performed on a Chemagnetics Infinity 400 MHz
spectrometer with an operating frequency of 100.0 MHZ%Grat
a sample spinning rate of 8 kHz & 4 mmdiameter ZrQ rotor. A

total of 16 300 scans for the nonlabeled sample and 44800

cans for labeled samples were collected over a spectral width of
5 kHz with a recycle delay of 3 s. A 50 kHz radio frequency

field strength was used féH—13C decoupling with the acquisition

period of 12.8 ms. A 90pulse width of 3.25s with 1 ms CP
contact time was employed. Phase cycling was used to minimize

structure of the peptide was selected to provide for a systematicartifacts.13C chemical shifts were calibrated indirectly using the

arrangement of thg-sheet and turn regions thus favoring an
ordered lamellar structure (Figure 1). Palindromic regions with

adamantane methine peak observed at 28.8 ppm relative to TMS
(tetramethylsilane) at 0 pp#§:.17:19.20.29
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Table 1. Samples for CP/MAS NMR and 2D Spin Diffusion!3C Solid-State NMR

sample preparation methods

(a) (GARS(AG)[1-13C]AT2GDG[3-13C]AE(GA)S(AGED(GA)3S(AG) solid-phase synthesis CP/MAS

(b) (GA);SAG[1-C]A'GAGDGAG[3-13C]ABGAS(AG):D(GA)3S(AG)s solid-phase synthesis CPIMAS
(€) (GA)S[1-13C]ASG(AG)2D(GA),G[3-1°C]AS(AG)D(GA)S(AG ) solid-phase synthesis CPIMAS

(d) (GA)3S(AG)RD(GA)3S(AG)KD(GA)S(AG) solid-phase synthesis CP/MAS

(e) TS[(AG)D(GA)3She E. coli CP/MAS
() (GA)3sS(AG)D[1-13C]G[1-13C]A(GA),S(AGED(GA)sS(AG) solid-phase synthesis spin-diffusion
2D Spin Diffusion 13C Solid-State NMR MeasurementsThe Results and Discussions

2D spin-diffusion NMR spectrum was obtained using a Varian

Unity INOVA400 NMR spectrometer wita 7 mmJakobsen-type .
double-tuned MAS probe at off magic angle conditiép, - 6.2°) Figure 2shows thé’C CP/MAS NMR spectra of thre&C

at room temperaturé. The sample spinning rate was 5 kHz. The doubly labeled versions @1SDSDa~—c), nonlabeled version

scaling factor of the 2D spin-diffusion spectralig3 cog (0m — of the same peptide (d), and the nonlabeled silklike protein

6.2°) — 1) = 0.158. The mixing times were set to 2 s. The contact analoguel4DS16produced inE. coli (e). The'*C chemical

time was set to 1 ms using the variable-amplitude CP technique. shifts are summarized in Table 2. In general, @ chemical

The principal values of the chemical shift tensors for the carbonyl shifts of the @ and @3 carbons in proteins and peptides exhibit

carbon nuclei of the'3C-labeled Ala and Gly residues were conformation-dependent changes and therefore have been used

determined by analysis of the spinning sidebands under slow MAS to monitor the conformation and conformational Cha?@é7

conditions using a Varian UniNOVA400 NMR spectromete¥, These conformation-dependent chemical shifts have been used
Gene Construction and Protein ExpressionThe oligonucle- for structural analyses of silk fibroins by us and other

otide fragment encoding the His-taggedDS16was annealed by investigator$7:28.3840 |n addition, in thel3C CP/MAS NMR

heating at 95C and cooling slowly to room temperature over about - gpectra of8. morisilk fibroin and related model peptides, the

3 h. The monomer was constructed by inserting the duplex DNA Ala CB peak becomes asymmetric and broad, and can be

into theSpelandNhetdigested pUC118-linker. The multimers were deconvoluted into three components reflecting the local con-

obtained using previously reported strategies involving head-to- formation and intermolecular arranaements of the chiins

tail ligation and orientation foNhel and Spelsites31-33 Octamer rangem L

DNA fragments were inserted inBamH | and Hindlldigested The broad component at the highest field has essentially the

expression vector pET30a. The ligated mixture was used to

transform theE. coli expression host strain BL21(DE3)pLysS. Ala C=0

Protein expression, under control of a bacteriophage T7 promoter,

was induced by addition of IPTG to a final concentration of 1 mM

in Luria—Bertani broth containing chloramphenicol (25 uL/mL) and

kanamycin (25 uL/mL) at 37C. His-tagged fusion proteins were (a)

purified on a nickel chelate affinity column under native conditions

after charging the His tags with M. The identity of the construct

was confirmed by MALDI using an Applied Biosystems Voyager

DE PRO. This showed a single high molecular weight peak at 24.1

kDa in agreement with the theoretiddl, of 23.8 kDa for the His-

tagged construct. The final yield of the purified protein was about (b)

20 mg/L of the medium.

Mineralization of the Cast Films. Cast films were prepared by
dissolving the genetically engineered protein in formic acid followed
by precipitation with methanol. Prior to mineralization, films were
heated to 100°C for 30 min to increases-sheet structure.
Calcification was performed by pretreating films in 200 mM CacCl (c)
(pH 7.4) solution fo 1 h atroom temperature followed by soaking
at room temperature in 1.5 strength simulated body fluid (SBF)
solution buffer for up to 7days at 2« using a similar protocol to
that described in a previous stugfyAfter rinsing with distilled
water and air drying, the surface of films were monitored with an
SEM (VE-7800, KEYENCE). Films were observed after soaking (d)
in 1.5 SBF solution buffer for 1, 3, 5, and 7 days. For high-
resolution SEM, films mounted on aluminum stubs using adhesive
carbon pads were sputter coated with platinum to a thickness
between 10 and 20 nm. Both a JEOL JSM 5600 SEM and a JEOL
JSM 6330 FEG SEM were used. Samples were examined under
high vacuum (104 mbar) and images were recorded digitally. For (e)
energy dispersive X-ray analysis (EDXA) both microscopes were
fitted with an Oxford Instruments X-ray Analysis ISIS 300 with
an atmospheric thin window for light element detection. EDXA o B ——
was performed at an accelerating voltage of 20 KV and a working 180 70 60 "50 40 30 20 10
distance of 15 mm. For FT-IR, samples were pressed into discs ppm from TMS

with KBr using a hydraulic press prior to examination with a Perkin- _. 1 12741
Elmer Spectrym 1 spectrometer drlyen by Spectrpm Analysis Zglljsre(g)' [1_3?3C]C:AF|);%A[\3S 13’\(13'}AAF|ealsspe;rt1:da(§)f[SgcgiAal(;]spf? 13’([2?AI<':13CZ!’
software. A Siemens D500 powder diffractometer with a Gu K 3h616d41SDSDS (d) nonlabelect 1SDSDS and (e) silklike protein
radiation source A( = 0.15405 nm) was used to demonstrate analoguel4DS16together with assignments. A total of 4168300
hydroxyapatite in the films. Samples were powdered before placing scans were used for the labeled samplescjaand 16 300 scans for
in a sample holder. the nonlabeled samples (d and €).

13C CP/MAS NMR Spectra of 41SDSDS and 14DS16.

Ala CB

Ala Ca
Asp Ca l Gly Cat

Ser Coc
Ser CB

Gly =0

S

ok
i
N
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Table 2.13C CP/MAS NMR Chemical Shifts (ppm from TMS) of 41SDSDS and 14DS16 Together with the Fractions Determined for Each
Deconvoluted Peak oft3C-Labeled Ala Co. and C=0 Carbons in the 13C CP/MAS NMR Spectra of 13C-Labeled 41SDSDS(Figure 4), Where the
Uncertainty of the Percentages Is Aboutt-1%

41SDSDS

14DS16
(a) [145CIATA[3-15CJAL (D) [I-SCJAL[3-15CIAL  (c) [1-°CIAR[3-5CIA® 4y honlabeled (e) non-labeled
carbon ppm fraction (%) ppm fraction (%) ppm fraction (%) ppm ppm random cofl  silk II¢

Ala C 16.6 49 16.5 30 16.4 21 16.9 16.2 16.6 16.7

20.1 39 20.2 48 20.3 57 20.0 20.6 19.9

22.0 12 21.9 22 22.2 22 22.1
Ala C=0 172.6 47 172.3 67 172.4 68 172.3 172.4 175.5 172.2

174.8 53 174.4 33 174.1 32

Ala Ca 49.0 49.0 48.9 49.0 49.0 50.0 48.9
Gly Ca 42.3 42.3 42.4 42.3 42.6 42.9 42.5
GlyC=0 168.6 168.6 168.6 168.7 168.7 171.3 169.3
Ser Gx 54.6 54.7 55.8 54.6
Ser @@ 63.7 63.3 61.2 63.9

a41SDSDS(GlyAla)sSer(AlaGlyyAsp(GlyAla)kSer(AlaGlyyAsp(GlyAlakSer(AlaGlyy. b 14DS16:ThrSer[(AlaGlyyAsp(GlyAlakSer}s. ¢ References

16, 17, and 2729.

same chemical shift as the sharp Alg @eak at 16.7 ppm of
silk | (the solid-state structure d8. mori silk fibroin before
spinning)¢1”However, the corresponding structure cannot be assuming Gaussian distributio¥s.” For calculation of fractions
attributed to the well-define@-turn [type II] structure of silk
I, because the diagnostic sharp peaks at 50.8 ppm (&lp C 20.3 and 21.922.2 ppm) in the Ala @ spectrum were summed
and 176.8 ppm (Ala carbonyl) are missing, and instead broad to give the total fraction gf-sheet while peaks at 172:372.6
lines with low intensity are observed. Therefore, we assigned and 174.3-174.8 ppm for the Ala &0 spectra gave fractions
the broad component at around 16.7 ppm of Afafeak to a
distorted g-turn structure, which is characterized by a large mined in this way from peak deconvolution are summarized in
distribution in torsion angles around an average conformation Table 2 for the'3C-labeled Ala B and carbonyl carbons. The
of a type Il -turn. The chemical shift of this broad peak is
also in agreement with that of random coil peak of tifec@rbon
of Ala residues of proteins in agueous solution as discussed41SDSDS Thus, for both Ala residues located closest to the
previously16.17.28.37.384The other two components (chemical
shifts of 19.9 and 22.1 ppm) of the multicomponent Al C
peak are both assigned to an antiparafietheet structure,

difference spectra of three peptides-@ with different labeling
positions together with the aspects of the peak decovolution

in different conformations (see Figure 4) the two peaks (20.1

for p-sheet and random coil respectively. The fractions deter-

fraction of 8-sheet was found to be 47% for Afaesidue and
51% for Ala® residue in the threé3C labeled versions of

Asp'4 residue, distorteg@-turn and/or random coil accounted
for half the conformations. If the Asp residue is located at the
center of the turn, half of these Ala residue fofiisheet with

however, the methyl groups are oriented differently between intermolecular hydrogen bonding, but half of them take a
the adjacent sheets. The details on the assignments have beetiistorted structure under the influence of the adjacent Asp
reported previously®*’ The Ala carbonyl and Ala methyl peaks  residue. The high fraction of random coil strongly suggests that
of (Figure 2c) [11°C]A8, [3-13C]A?0- 41SDSDSgives informa-  Aspl4is at the center of the turn as discussed by Wang & al.
tion on the local conformation of Afaand Ale° residues,  for the Glu residue in the related peptide. In contrast, the fraction
respectively. However, there are also contributions from the of s-sheet increased to 67% for Aband 68% for Al& residues.
corresponding carbons of the nonlabeled other Ala residues inSimilarly, the3-sheet increased to 70% for Afeand 79% for
41SDSDS Therefore, we obtained the difference spectrum (c) Ala2° residue. Thus, apart from proximity to the turn position
by subtracting the natural abundance spectrum (b) fror®@e  (Asp!4) the fraction of-sheet was high. The fraction Sfsheet
labeled peptide spectrum (a) as shown in Figu&28.This was slightly higher for Al Alal® and Al&° compared with
subtraction provides exclusively local structural information for - Ala,12 Ala, 10 and Al& indicating that the proportion @-sheet
selectively’®C labeled Ala residues. Figure 4 summarizes the sjightly increased for the Ala residues located in the central parts
of the stem region of the lamellar structure. As shown in Figure
2 and listed in Table 2, the SeroQ54.6 ppm) and B (63.7
ppm) peaks indicated that the Ser residuedi8DSDStake
almost solely g3-sheet structuré The deuterium solid-state
NMR study of [3,32H,]SerB. morisilk fibroin fiber suggested
that the hydroxyl groups of Ser interact with carbonyl groups
on adjacent chains and thereby contribute to the intermolecular
hydrogen-bonding network of the fib& Thus, the Ser residues

in the 14DS16may similarly contribute an additional intermo-
lecular hydrogen bond thus further stabilizing tfiesheet
structure of the stem part @1SDSDS Our results from'3C
CP/MAS NMR indicated that there were still around 30%
distorteds-turn and/or random coil in the Ala residues adjacent
to the Ser residues. Parts d and e of Figure 2 show!ie
CP/MAS NMR spectra of nonlabeletilSDSDSand 14DS16

) respectivelyln the latter sample the His-Tag part used to purify
Figure 3. 3C CP/MAS NMR spectra of (a) [$C]A8,[3-13C]A?"- : :
Iageled 41SDSDSand (b) nonlgbeled41S(ID)SI[DS %’he[ diffe]rence the protein sample was removed by cyanogen bromide cleavage.

spectrum (c) was obtained by subtracting spectrum b from spectrum a.Th_e two spectr_a are very s.imilar; for example, 'the chemical
The asterisk means spinning side band. shifts of the main peaks are identical. ThigDS16is thought

Ala CB
Ala C=0

Gly Ca
Ala Ca l

(a) Gly C=0 Ser Ca
ré «Ser (:\[3A \
(b) .

(©

*
A

100 50 0
ppm from TMS

200 150
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Ala C=0 Ala CB
B-sheet
random coil B-sheet /_A_\ distorted B-turn

and/or random coil

\

/

190 185 180 175 170 165 160 28 26 24 22 20 18 16 14 12 10
ppm from TMS
Figure 4. Expanded Ala @ and G=0 peaks in thé3C CP/MAS difference spectra of (a) [#C]Ala'3[3-13C]Alalé-, (b) [1-13C]Alalf,[3-15ClAlate-,
and (c) [1#3C]Ala8,[3-3C]Ala?*-labeled41SDSDSThese spectra were obtained by subtracting the natural abundance spectrum fré@x the

labeled peptide spectrum (Figure 3). Peak deconvolution was performed for€aldbeled carbon assuming Gaussian distributions, and the
fraction of each peak are summarized in Table 2. The uncertainty of the percentages isa¥out

to take a structure similar to that dfLlSDSDS Asp residues (a) 150 (b)
are exposed on the surface of the lamellar structure and are not
incorporated into thg-sheet structure.

2D Spin Diffusion 3C Solid-State NMR Spectrum of

160

41SDSDS, [1C]G15[1-13C]A 6(GA) 3S(AG)D(GA)sS(AG)sD- 170

(GA)3S(AG)s. 13C spin diffusion NMR has been used to 180

determine the precise structures of silk fibroins and their model

peptides in the solid state through the determination of the 190

torsion angles of the specified residues and also the fraction of 190 180 170 160 150
each conformation where the specified residue have several ppm from TMS

conformations$®42The chemical shift and peak deconvolution
study of*3C-labeled41SDSDSconcluded that the Ala residue (C)
closest to the turn (AR) takes 49% distorteg-turn and/or

random coil, and 51%p3-sheet structure (see above). We
therefore used3C spin diffusion NMR to analyze the local
structure of Al&8 residue in order to confirm this determination.

The 2D spin-diffusion NMR spectrum of the expanded carbonyl
region of [143C]G!5,[1-13C]A6-41SDSDSobserved under off

MAS conditions is shown in Figure 5a. Simulated 2D spin-
diffusion spectra are shown in Figure -58. The simulation Figure 5. 2D spin diffusion3C solid-state NMR spectrum of the
assuming exclusivelg-sheet structuref(andg = —150¢ and expanded carbonyl region of (a) [3€]G™,[1-1*C]A'*-labeled41SDS-

+150°) (Figure 5c)!5 gave much weaker diagonal components DS observed under off MAS condition. The simulated spectra are shown
. . _assuming (b) 5196-sheet and 49% distortgtiturn, (c) 100%53-sheet
than that of the observed spectrum. In contrast the simulation structure ¢ andg = —150° and-+150"), and (d) 100% distortef-turn

using exclusively the distortgéturn and/or random coil (Figure  structure and/or random coil. The method of simulation of spectrum d
5d) gave more diagonal components compared with the observedwvas reported in our previous pagér.

spectrum. The simulated spectrum assuming values of 51%

pB-sheet and 49% distorteétturn contents (determined from  confirms our CPMAS evidence for the location of the statistical
chemical shift and peak deconvolution'é€-labeled41SDSDS) location of the turn structure centered on the Asp residue.
(Figure 5b) was in good agreement with the observed spectrum Mineralization of Films of 14DS16 in SBF.The 14DS16,
though 2D spin-diffusion does not permit an accurate measureanalogous t@gl1SDSDSbut considerably larger, was produced
of the f-sheet fraction content. Thus, spin-diffusion NMR by genetic engineering and overexpressionEn coli. We

(d)
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Figure 6. (a) EDX spectrum 0f4DS16film pretreated with calcium chloride and incubated in SBF for 7 days. (b) FT-IR spectrum and (c) X-ray
diffractometry for the same material.

investigated the mineralization of cast films of this recombinant platelike crystals were seen lying flat on the film. By day 5 the
in simulated body fluid (SBF). An EDX spectrum @#DS16 mineral appeared at low magnification as patches of a thin fairly
film pretreated with calcium chloride and incubated in SBF for smooth mineral coating of uniform thickness. The patches
7 days showed prominent peaks for P and Ca indicating heavybecame practically confluent after 7 days suggesting a progres-
mineralization with calcium phosphate (Figure 6a). An FT-IR sive growth of the mineral coating over the film. High-resolution
spectrum for the same material (Figure 6b) showed prominent SEMs showed that films incubated for 7 days were coated with
peaks at 562 and 603 crhassigned to P£*~ v4 bending and numerous roughly spherical aggregates of platelike crystals
at 1034 cm? assigned to asymmetric G~ v3 stretching. (Figure 8, parts a and b) closely similar to those of hydroxya-
These peaks have been observed for hydroxyapatites andpatite deposited from SBF as described elsewffe&imilar
confirm heavy mineralization. X-ray diffractometry of the same particles deposited at a similar density have been seen on natural
materials (Figure 6¢) gave a peak # 2 28.47 @ = 3.13) silk fibroin films incubated for 7 days in SBF using a closely
assigned to the 210 plane of hydroxyapatite and a major peaksimilar protocoP* In addition to the spherical aggregates, Figure
at 20 = 2.77 assigned to the 211 plane. A slight shoulderdat 2 8b shows small flat mineral crystals whose epitaxial growth
= 24.7 d = 3.60) may represent the 002 plane. Thus, X-ray had clearly been defined by the surface of the film. Native
diffractometry demonstrates a high level of mineralization with fibroin is known to be capable of nucleating the formation of
hydroxyapatite. hydroxyapatite and controlling its epitaxial grow#h#6 This
Figure 7 shows SEM micrographs of the film surfaces after ability may largely depend on calcium ions binding to the free
1, 3,5, and 7 days in 1.5 SBF solution. After 1 day the surface carboxyl groups of the heavy chain fibroin. The published
showed no obvious sign of mineralization but after 3 days small sequence of this proteihhas 12 Asp and 8 Glu residues in the
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Figure 8. (a) High-resolution SEMs showing mineralization on the
surface of a film of 14DS16retreated with calcium chloride and
incubated for 7 days in SBF (Figure 7). (b) SEMs with arrows indicating
small rather regular crystals with their flat surface in contact with the
recombinant protein film.

Conclusions

We investigated the structure of the silklike peptidddS16
containing Asp as a Ga binding site in the turn regions and
Ser between (GA)and (AG) sequences usinfC CP/MAS
NMR and 2D spin diffusioC solid-state NMR. The propor-
tion of -sheet evaluated bYC selective isotope labeling was
high except in close proximity to the turn position A¥pin
addition, we showed that SeroCand Ser @ chemical shifts
indicatef-sheet structure for the serine residues. Evidence from
spin diffusion NMR indicated that Atawas present in a mixture
of distorted3-turn andS-sheets. Together these observation
provide strong evidence for a lamellar structure in which the
(GA)3S(AG) motifs form the stem of the lamella mainly in
the f-sheet conformation while the Asp residues are present in
the turn region and not in the stems. The silklike protein

100um analogue,14DS16 designed on the basis of our structural
Figure 7. SEM micrographs of a film surface a4DS16 () 1, (b) analysis of4lSDSDSwas rapidly anq heavily m?ne.ralized in
3, (c) 5, and (d) 7 days after immersing the films in SBF solution. ~ SBF solution and may have potential for use in implantable
biomaterials, particularly as a bone graft substitute or in other
N-terminus and usually 1 Asp and 2 Glu residues in each of applications where mineralization is important.
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at the turn positions and exposed on the surface of the lamellarfrom a Grant-in-Aid for Scientific Research from the Ministry
structure are responsible for calcium binding and the acceleratedof Education, Science, Culture, and Sports of Japan (18105007).
formation of hydroxyapatite. Our films of recombinant silklike D.K. and A.M.C. acknowledge support from the EU FP6
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