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Synthesis and Structural Characterization of Silk-Like Materials

Incorporated with an Elastic Motif
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Genetic engineering strategies were applied to synthesize silk-like materials,
[(GVPGV),GG(GAGAGS);AS],,. The primary structure of these materials represents
the repetitive crystalline region of Bombyx mori silk fibroins incorporated with an
elastic motif selected from animal elastin. The oligonucleotides were designed to
encode the desired recombinant proteins and then expressed in the Escherichi coli
system. The expression and purification conditions for the production of the recombi-
nant proteins were optimized. 13C CP/MAS NMR was used for structural characteriza-
tion in the solid state, where the isotope labeling was performed using a modified M9
medium. The secondary structures of these materials are primarily governed by the
designated amino acid sequence, where the B. mori silk fibroin block, (GAGAGS);,
tends to form the crystalline region, which is interrupted by the flexible (GVPGV),
block. The CD data suggested that the structure of these materials was length-depen-
dent in the solution state, i.e., a higher molecule weight leads to a higher ordered
structure.

Key words: Bombyx mori silk fibroin, circular dichroism, genetic engineering synthe-
sis, nuclear magnetic resonance, silk-like materials.

For centuries, nature has been testing biological poly-
mers as structural and functional materials. Proteins,
which are polymers with 20 different possible amino acid
monomers, have proved to be extremely adaptable as bio-
materials. Silk proteins are usually produced within spe-
cialized glands after biosynthesis in epithelial cells,
followed by secretion into the lumen of these glands,
where the proteins are stored prior to spinning into fibers
(1). As fibrous proteins, silks differ widely in composition,
structure and properties depending on the specific
source. The most extensively characterized silk is from
the domesticated silkworm, Bombyx mori. Silk fibers
from B. mori fibroin have been used as biomedical suture
material for a long time, because of their outstanding
mechanical properties, in contrast to the catalytic and
molecular recognition functions of globular proteins (2,
3). The relative environmental stability of this protein, in
combination with its biocompatibility, unique mechanical
properties, and options for genetic control to tailor
sequences, provides an important basis for exploiting this
protein for biomedical applications (4).

The unique properties of B. mori silk fibroin fibers
should be due to the distribution of crystalline and amor-
phous domains formed in the process of spinning through
protein—protein interactions. The complete primary struc-
ture of B. mori fibroin has been determined by Mita et al.
(), and more recently by Zhou et al. (6). Approximately
70% of the fibroin comprises the amino acid sequence,
GAGAGS. A more extended sequence has been reported
for the crystalline fraction precipitated after chymo-
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trypsin hydrolysis, i.e. GAGAGSGAAG[SG(AG),]5Y, where
n is usually 2 (7, 8). We recently clarified the heteroge-
neous structure of this crystalline fraction (GAGAGS),
after fiber spinning (silk II structure), as well as the het-
erogeneous structure of the natural fibers by means of
13C solid state NMR (8, 9). Although there is some dis-
torted structure, nearly 70% of the repeated sequences in
the crystalline fraction are B-sheet regular structures,
which could be responsible for the higher strength of
B. mori silk fibers.

Considering the high degree of utility of silk, man’s
desire to capitalize on the potential of silk products is an
obvious one. However, the lack of abundant sources has
been one of the barriers for further developments. Fortu-
nately, genetic engineering has opened a window for over-
coming this limitation, which is being actively explored to
construct, clone and express native and synthetic genes
encoding recombinant proteins (10-13). Moreover,
genetic engineering synthesis is a powerful method for
varying properties, through appropriate choice of the dif-
ferent units, the number of units in each multimer, the
spacing between them, and the number of repeats of the
multimer combination assembly. Thus, by varying the
number and arrangement of primary monomers, a vari-
ety of different physical and chemical properties can be
obtained.

In this work, we tried to introduce an elastic motif,
GVPGY, into this B. mori crystalline fraction to form a
new silk-like protein by means of a genetic engineering
synthesis method. This elastic motif, GVPGYV, found in
animal elastin has been produced in a polymeric material
that exhibits extraordinary elasticity (I4). A polypen-
tapeptide elastic material is capable of being stretched to
more than 300% of its testing length, with no deforma-
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Fig. 1. The designed oligonucleotide
sequences for silk-like proteins (B¢cEn).
(a) DNA sequence of the synthetic
adapter inserted into pUC118 to create
the pUC118-linker, (b) oligonucleotide 3
sequence of the elastin block, and (c¢) oli-
gonucleotide sequence of the B. mori silk
fibroin block used for cloning of the
hybrid proteins.

Xbal

(b) Elastin block

EcoR | Spel
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(a) DNA sequence of synthetic adapter inserted into pUC118 to creat pUC118-linker

Spel Apal Nhel Xbal
5" CTAGA ATG ACT AGT GGG CCC GCT AGC ATGT 3

T TAC TGA TCA CCC GGG CGA TCG TAC AGATC 5’
Met Thr

Ser Gly Pro Ala Ser Met

5 AA TTC ACT AGT GGT GTA CCA GGT GTT GGC GTTCCG GGT GIG 3’
3'G TGA TCA CCA CAT GGT CCA CAA CCG CAAGGC CCA CAC CCC CCA 5

Thr

Gly Val Pro Gly Val Gly Val pro Gly Val Gly Gly

(<) B.morisilk fibroin block

5" GGG GGT GGT GCA GGT GCT GGC TCC GGT GCC GGC GCG GGG AGC GGG GCA
3" CCA CGT CCA CGA CCG AGG CCA CGG CCG CGC CCC TCG CCC CGT
Gly Gly Gly Ala Gly Ala Gly Ser Gly Ala Gly Ala Gly Ser Gly Ala

Nhel BamH |

GGC GCA GGT TCT GCT AGC G 3’
CCG CGT CCA AGA CGA TCG CCT AG 5’

Gly Ala Gly Ser Ala Ser

tion. Its capacity to be modified by design has yielded a
set of new materials that are able to change their
mechanical properties either as the external conditions
change or as chemical modifications occur (14, 15). Thus,
the amino acid sequence of the new silk-like protein is
designated as [(GVPGV),GG(GAGAGS);AS], (defined as
BcEn), where the elastic block selected from elastin (En)
interrupts and reduces the crystallinity of a synthetic
protein formed by the B. mori crystalline fraction (Bc). As
a result, the insertion of this elastic motif that is unable
to form B-sheet could impart flexibility, and change the
mechanical properties of the protein polymers. Here, we
described a synthetic method for these recombinant silk-
like proteins. After optimization of the production condi-
tions, structural characterization of these silk-like mate-
rials was carried out by means of 13C CP/MAS NMR in
the solid state and CD measurement in the solution
state.

EXPERIMENTAL PROCEDURES

Materials—E. coli strain DH50 was used for the propa-
gation and construction of plasmids, and E. coli strain
BL21(DE3)pLysS for the production of proteins. Synthe-
sized DNA fragments with phosphorylation were pur-
chased from Sigma Genosys, Japan. Restriction enzymes
and ligase were purchased from Takara Shuzo. Plasmid
pUC118 was obtained from Takara Shuzo, and pET30a
from Novagen. All other chemicals were of analytical
grade.

General Methods—Bacterial growth in rich medium,
DNA manipulations, and transformation were performed
as described in Sambrook, Frisch, and Maniatis (16).
DNA sequencing was performed with an ABI PRISM™
377 Auto Sequencer according to the user’s manual. Cell
density was measured with a Hitachi U-3200 spectropho-
tometer in quartz cuvettes with a path length of 1 cm at 2
= 600 nm. Batch cultures were performed in an MDL-6C
Fermentor (B.E. Marubishi), with a 1.2 liter working
volume.

Construction of the pUC118-Linker—The sequence
shown in Fig. 1a was obtained as two fragments, which
when annealed so as to have Xbal compatible ends. Com-
plementary oligonucleotides were mixed in equimolar
ratios in TE (10 mM Tris-HC1, 1 mM EDTA, pH 8.0) and
heated to 95°C, and then slowly cooled for annealing over
3 h and the formation of duplexes. The duplex DNA was
ligated into pUC118, which had been digested with Xbal
and dephosphorylated with Calf Intestine Alkali Phos-
phatase (CIAP), with a DNA Ligation Kit Ver. 2 by incu-
bation at 16°C for 3 h. Ten microliters of the ligation
mixture was transformed to E. coli strain DH5a cells
(100 pl), which were grown on LB medium containing
ampicillin, B-isopropyl thiogalactoside (IPTG), and chro-
mogenic substrate 5-bromo-4-chloro-3-indolyl B-D-galac-
topyranoside (X-Gal), respectively, for blue-white
screening. The pUC118-linker plasmid was isolated from
1.5 ml 2x YT medium.

Cloning and Amplification of Oligonucleotides—Two oli-
gonucleotide fragments for both B. mori crystalline (Bc)
and elastic motif (En) blocks were designed, as shown in
Fig. 1, (b) and (c), respectively, and annealed by the same
method as that described for construction of the pUC118-
linker. The duplex DNAs were ligated into BamHI-
EcoRI-digested pUC118 with a DNA Ligation Kit Ver. 2,
and then used to transform E. coli strain DH5a. Cells
were grown at 37°C overnight on LB medium containing
ampicillin, with blue-white screening. After isolation of
the recombinant plasmid from 1.5 ml 2x YT medium, the
DNA was digested with Nhel-Spel and the fragments
were separated by nondenaturing agarose gel electro-
phoresis. The DNA monomer was extracted from an aga-
rose slice by low-speed centrifugation.

Polymerization of the DNA Monomer—Purified mono-
meric DNA was ligated into the Nhel-Spel-digested
pUC118-linker with a DNA Ligation Kit Ver. 2. The
amplification of pUC118-linker-BcEnl was referred to
the amplification of oligonucleotides. The obtained
pUC118-linker-BcEn1 was digested with both Nhel and
Nhel-Spel to obtain linear pUC118-linker-BcEnl and
monomer DNA, respectively. The above process was
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repeated to obtain the dimer, tetramer, octamer, hexa-
decamer, etc.

Construction of the Bacterial Expression Vector—Recom-
binant plasmids, pUC118-linker-BcEn-multimers, were
digested with BamHI and HindIII to release the
multimers. The recovered DNA multimers were ligated
into BamHI and HindIII-digested, dephosphorylated
pET30a, and then used to transform E. coli strain DH5¢..
Recombinant plasmids, pET30a-BcEn-multimers, were
used to transform the expression host, E. coli strain
BL21(DE3)pLysS.

Protein Expression by Batch Culture and Protein Purifica-
tion—A culture was grown at 37°C in TB medium con-
taining chloramphenicol (25 ul/ml) and kanamycin (25 pl/
ml) in a 2 liter fermentor. Protein expression was induced
when the ODgj, reached 0.6-0.8 by the addition of 0.2
mM IPTG at 30°C. Then, the culture was grown for
another few hours prior to harvesting by centrifugation
(8,500 rpm, 40 min, 4°C). The cells was collected and
stored at —70°C until the next processing.

Frozen cells were thawed, resuspended in 3 ml of lysis
buffer [50 mM NaH,PO, (pH 8.0), 300 mM NaCl, 10 mM
imidazole] per gram of cells (wet weight), and then dis-
rupted by supersonication. After centrifugation (14,500
rpm, 30 min, 4°C), the supernatant was applied to a Ni-
NTA agarose column, which was charged with Ni2* to
purify the fusion protein by using His-tags. The column
with the protein was lysed with the lysis buffer, washed
with a wash buffer [50 mM NaH,PO, (pH 8.0), 300 mM
NaCl, 20 mM imidazole], and then eluted with an elution
buffer [50 mM NaH,PO, (pH 8.0), 300 mM NaCl, 250 mM
imidazole]. The solution obtained on elution was dialyzed
against distilled water for 3 days and then lyophilized.

Cleavage of the Fusion Protein—Cyanogen bromide cleav-
age of the fusion proteins was accomplished by the
method of Smith (17). Approximately 62 mg of fusion pro-
tein was dissolved in 10 ml of 99% formic acid and then
diluted to 70% formic acid with distilled water. The mix-
ture with 100 mg of CNBr crystals added was stirred at
room temperature for 24 h and then transferred to a dial-
ysis membrane with a molecular weight cutoff of 3,500.
The solution was dialyzed against distilled water for 3
days, and the cleaved protein (38 mg) was recovered by
lyophilization.

Isotopic Labeling of Proteins—To obtain structural
information on the (GAGAGS); region in the recombinant
proteins, 13C isotope labeling was carried out by supple-
menting a modified M9 medium with [3-13C]Ala (50 mg/
liter). The composition of the modified M9 medium is
shown in Table 1. The expression conditions were as for
the cultivation of cells in TB medium. Protein purifica-
tion was carried out by nickel-chelate chromatography, as
described above.

Peptide Synthesis—To obtain structural information on
the mono-blocks, peptide (VPGVG); was synthesized by
means of solid phase F-moc chemistry with a fully auto-
mated Pioneer Peptide Synthesis System (Applied Bio-
systems) (9, 18). The peptide was assembled on F-moc-
Gly-PEG-PS resin and then the coupling of F-moc amino-
acids was performed. After synthesis, the free peptides
were released from the resin by treatment with a 40 ml
mixture of TFA, phenol, triisopropylsilane and water
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Table 1. Recipe for 1 liter of modified M9 medium.

NH,Cl1 lg

KH,PO, 3g
Na,HPO,7H,0 6g

Glucose 4¢g

MgSO, 1ml 1M (120 mg)
NaCl 05¢g

CaCl, 10 mg

VB, 10 mg

(88:5:2:5% by volume) for 2 h at room temperature. The
crude peptide was precipitated, washed with cold diethyl
ether, and then dried under vacuum. The peptide was
purified by HPLC and collected by lyophilization.
Because of its solubility in water, this sample is consid-
ered to take on silk I form without LiBr treatment (18).
Silk IT form treatment was carried out by dissolving the
powder in formic acid, followed by drying under vacuum
9).

Cp Fraction of B. mori Silk Fibroin—To obtain struc-
tural information on the mono-block, (GAGAGS);, the Cp
fraction of B. mori silk fibroin [predominantly
(GAGAGS),, (1, 6)] was prepared from a regenerated silk
fibroin solution as described elsewhere (8, 9). Chymo-
trypsin (40 mg), dissolved in a few milliliters of water,
was added to an aqueous solution of about 4 g of fibroin
buffered with Na,HPO,-12H,0 and NaH,PO,-2H,0 at pH
7.8. The solution (200 ml) was incubated at 40°C for 24 h,
and the precipitate that formed (Cp fraction) was sepa-
rated by centrifugation at 10,000 rpm, followed by wash-
ing with 0.03 N HCI to stop the enzyme reaction. Then
the precipitate was washed several times with distilled
water, ethyl alcohol, and ethyl ether. Finally the precipi-
tate was dried under vacuum, yielding 55% of original
fibroin. The structure of this Cp fraction is silk II (8, 9).
The Cp fraction in the silk I form was prepared by dialyz-
ing the Cp fraction in 60% aqueous LiBr against similar
solutions of LiBr diluted progressively with water (8, 9).

NMR Observation—Solid state 3C CP/MAS NMR spec-
tra were acquired with a Chemagnetics CMX-400 spec-
trometer operating at 100 MHz, with a CP contact time of
1 ms, TPPM decoupling, and magic angle spinning at 5
kHz. A total of 10,000-25,000 scans was collected over a
spectral width of 60 kHz, with a recycle delay of 3 s.
Chemical shifts are reported relative to TMS as a refer-
ence.

Circular Dichroism (CD) Measurements—The solution
state CD spectra (185-260 nm) of the proteins were
recorded in HFA-xH,0 with a JASCO J-805 spectropola-
rimeter. A cylindrical quartz cell of 0.1 ¢cm in path length
was used for spectral measurements. The spectra were
recorded at ambient temperature and each spectrum is
presented as the average of eight consecutive scans mea-
sured with a 1 nm resolution.

RESULTS AND DISCUSSION

Gene Construction—In order to produce the tandem
repetitive polypeptides, the DNA sequences shown in Fig.
1, (b) and (c), were designed with the following consider-
ations. The 5'-EcoRI site at the elastin-like block and the
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Fig. 2. Spel and Nhel digestion analysis of multimerized clon-
ing vectors. Lane 1, pUC118-linker-BcEn8; lane 2, pUC118-
linker-BcEn16; and lane 3, PCR markers.

3'-BamHI site at the B. mori silk-like block are positioned
at each end for insertion of the DNA into cloning plasmid
pUC118 between the EcoRI and BamHI sites. The Spel
and Nhel restriction sites encoding Thr-Ser and Ala-Ser
were inserted after the EcoRI and before the BamHI site,
respectively, in order to isolate monomer DNA from the
recombinant plasmid. Optimal codons for each amino
acid are possibly selected using codon usage in E. coli as
previously reported (19). Since the base composition and
sequence of the DNA can influence the polypeptide
expression level and the stability of the DNA itself, the
codons with as high A-T contents as possible were
selected. The monomer DNA was inserted into the Nhel
and Spel-digested pUC118-linker, flanked by an ATG
codon encoding methionine at each site in order to obtain
the periodic portion of BcEn by cleavage of the expressed
recombinant proteins with cyanogen bromide (CNBr).
Multimers were formed by insertion of Nhel-Spel frag-
ments into either Nhel- or Spel-digested vectors, since
these enzymes generate identical cohesive ends, to build,
in a tightly controlled fashion, larger genes of any desired
degree of multimerization.

Figure 2 shows the 1.5% agarose electrophoresis
results for the Nhel and Spel-digested recombinant clon-
ing vectors, pUC118-linker-BcEn8 (lane 1) and pUC118-
linker-BcEn16 (lane 2), corresponding to the construction
of 8 and 16 repeats of the monomer DNA, which comprise
768 and 1,536 bp, respectively, and were verified by the
PCR markers (lane 3).

Optimization of the Expression and Purification of BcEn
Recombinant Proteins—In this study, purified polymer-
ized DNA fragments were inserted into commercially
available expression plasmid pET30a between the
BamHI and HindIII restriction sites. Therefore, the
resulting recombinant expression plasmid encodes the
BcEn DNA sequence of interest, flanked by N- and C-ter-
minal extensions of 53 and 19 amino acids, respectively,
as shown in Fig. 3. These terminal regions are derived
from the transfer and expression vectors, and can be
removed by CNBr cleavage at flanking methionine resi-
dues.

dJ. Yao and T. Asakura

{N-terminal)
MHHHHHHSSGLVPRGSGMKE TAAAKFERQHMDSPDLGTDDDDKAMADIGSSRM
TS[(GVPGV),GG(GAGAGS),AS],

MSRVDLKLAAALEHHHHHH

(C-terminal)
l CNBr treatment

TS[(GVPGV),GG(GAGAGS);AS],

Fig. 3. Amino acid sequences of recombinant proteins and
their cleavage polypeptides.

The host used for protein expression was E. coli strain
BL21(DE3)pLysS. In this strain, a gene encoding T7
RNA polymerase is incorporated into the bacterial chro-
mosome under lacUV5 control, and protein production is
induced by the addition of IPTG (20). The pLysS plasmid
provides low levels of T7 lysozyme, which inhibits T7
RNA polymerase and suppresses the basal level of pro-
tein expression.

The protein expression level of BcEn8 at 30°C in rich
medium (TB) was checked at different induction times.
Aliquots of cultures representing approximately equal
numbers of cells (as determined from the optical density
at 600 nm) were removed periodically after induction of
protein synthesis (¢ =0, 0.5,1, 1.5,2,2.5, 3, 3.5, 4, and 4.5
h), and loaded onto a 15% polyacrylamide gel for SDS-
PAGE by the method of Laemmli (21). Figure 4 shows the
Western blotting results after transferring the proteins
from the above SDS-polyacrylamide gel, which suggest
the expression level increases with the induction time till
4 h, however, further induction is not likely to provide
any additional benefit as to the level of expression. More-
over, a single band was observed in each lane, suggesting
that there are no other His-tagged proteins due to degra-
dation of the target protein under these expression condi-
tions.

Protein expression of BcEn8 by batch culture was
performed as described under “EXPERIMENTAL PROCE-
DURES.” Optimization of fermentation can be performed
by changing one variable, such as medium, temperature,
pH, air-supply (oxygen), concentration of IPTG, etc.,
while fixing all the others at certain levels. But actually,

Inductiontime o 05 1 152 25 3 35 4 45
(hrs)

Fig. 4. Western-blotting analysis of the expression level of
BcEn8 after different induction times.
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Table 2. Fermentation conditions for the production of BcEn8.

Temperature before induction 37°C
Temperature after induction 30°C

Induction point ODgjy = 0.6-0.8
Concentration of IPTG 0.2 mM
Induction time 4h

Agitation speed 500 rpm
Air-flow 1 liter/min

it is extremely time consuming and expensive for a large
number of variables. In this study, terrific broth (TB)
medium was used, which contains K phosphate as a
buffer and also as a nutrient source. Lower level expres-
sion usually occurs because the protein is toxic or unsta-
ble, or because the expression construct is not
maintained in the cells during growth. To reduce the
effects of protein toxicity on cell growth prior to induc-
tion, the level of basal transcription that occurs in the
absence of induction should be repressed as much as pos-
sible, and the number of generations before induction
should be kept to a minimum. Problems related to the
loss of plasmids can sometimes be overcome by growing
the cells in the presence of high levels of kanamycin (50—
100 pg/ml). For instable expression constructs, overnight
pre-cultures should be avoided. Colonies from a fresh
plate should be inoculated into a small pre-culture and
grown for 2—4 h, until the mid-log phase. The pre-culture
should then be diluted with prewarmed medium and
grown to an ODg, of approximately 0.5 before induction.
Moreover, the proteins designed in this study contain
hydrophobic regions, (GAGAGS);, which have a toxic
effect on host cells due to the association of the proteins
with or incorporation into vital membrane systems. This
intermolecular association of hydrophobic regions is also
believed to play a role in the formation of inclusion bodies
(i.e., insoluble proteins), which can be overcome by reduc-
ing the growth temperature. In this study, lowering of the
growth temperature to 30°C before induction was carried
out in order to reduce the toxic effect and to produce solu-
ble proteins. Alternatively, if the production of soluble
proteins only is desired, the culture can also be grown to
a higher cell density before induction and the expression
period can be kept to a minimum. Also the reduction of
the IPTG concentration from 1 to 0.005 mM can be
selected, which would reduce the expression level by 90—
95%.

In this study, the conditions shown in Table 2 were
selected. The yield in wet weight of cells was 22 + 5 g per
liter of TB medium under these conditions. The Hisg-
BcEn8 protein was purified by immobilized nickel chelate
affinity chromatography through the [His]; sequences
positioned at the N- and C-terminals, being synthesized
as a soluble protein in the host (data not shown); none
appeared to accumulate in inclusion bodies on reduction
for the growth temperature following induction. Conse-
quently, the protein was purified under native conditions
given under “EXPERIMENTAL PROCEDURES.” The yield
of the purified protein was 38 + 3 mg/liter.

Production of Recombinant Protein BcEn16—Based on
the confirmed expression and purification of recombinant
protein Hisg-BcEn8, another expression vector contain-
ing a large gene with 16 repeats of the monomer DNA
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Fig. 5. SDS-PAGE analysis of purified proteins stained with
Coomassie Blue R-250. Lane 1, Perfect Protein™ Markers; lane 2,
recombinant protein Hisg-BcEn8; lane 3, recombinant protein Hisg-
BcEn16; and lane 4, CNBr-cleaved protein, BcEn16.

was constructed for protein production. The yield of puri-
fied recombinant protein Hisg-BcEnl6 was 36 + 3 mg/
liter.

Figure 5 shows the results of SDS-PAGE analyses of
synthesized proteins stained with Coomassie Blue R-250.
Each purified protein was obtained as a single band, the
molecular weights being 29 kDa for Hisy-BcEn8 (Fig. 5,
lane 2), and 52 kDa for His;-BcEn16 (Fig. 5, lane 3),
respectively. The periodic portion of Hisg-BcEn16 was lib-
erated from the flanking sequences by cleavage with
CNBr. The SDS-PAGE gel stained with Coomassie Blue
R-250 for the cleaved protein is shown in Fig. 5 (lane 4).
The cleaved product was observed as a single predomi-
nant band and the uncleaved protein did not remain
under the cleavage conditions. The molecular weight of
the cleaved protein, BcEnl16, is around 48 kDa. The
molecular weights of all the proteins, as determined by
electrophoresis, were a little higher than the expected
values, which could be due to the anomalously low mobil-
ity of silk-like periodic proteins, as previously reported
22).

Structural Characterization of Recombinant Proteins in
the Solid State—Figure 6 shows the 3C CP/MAS NMR
spectra of recombinant protein Hisg-BcEnl16 with LiBr
treatment (Fig. 6a) and methanol treatment (Fig. 6b).
These treatments usually induce the silk fibroin proteins
and model peptides to take on the silk I and silk II struc-
tures, respectively (8, 9, 18, 23, 24). Each treatment for
the recombinant protein Hisgc-BcEn8 and BcEnl16 led to
similar spectra to those for Hisg-BcEnl6 (data not
shown). The target proteins produced in this study are
flanked by N- and C-terminal extensions of 53 and 19
amino acids, respectively, as shown in Fig. 3. Both of
these sequences are relatively hydrophilic and so in the-
ory should not interfere with the protein tertiary struc-
ture. In general it appears that target proteins retain full
activity even if His-Tag peptides are still attached. For
comparison, the 3C CP/MAS NMR spectra of (VPGVG),
and the Cp fraction [predominantly (GAGAGS), (1, 6)],
which correspond to the two mono-blocks of this recombi-
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Ca

Pro, Val,

=0
O

Ala C;
Ser C=
Gly C=0

/—rrrn—rn—n—rrn—rrrrn—rn—n—rrn—v—rrrﬁ-rrrnj
190 180 170 160 80 70 60 50 40 30 20 10 O

ppm from TMS

Fig. 6. 13C CP/MAS NMR spectra. a, Hisg-BcEn16 after 9M LiBr
treatment; b, Hisg-BcEn16 after methanol treatment; c, lyophilized
(VPGVG)g; d, (VPGVG); after formic acid treatment; e, Cp fraction
in silk I form; and f, Cp fraction in silk IT form.

-3

[TITT I T FIT T[T I T[T I[P I T TIrarrrTT]

80 70 60 50 40 30 20 10 0

ppm from TMS

Fig. 7. 13C CP/MAS NMR spectra. a, [3-13C]Ala-Hisg-BcEn16 after
9 M LiBr treatment; and b, [3-13C]Ala-Hisg-BcEn16 after methanol
treatment.

nant protein, are also shown in Fig. 6 (c—f). The 13C NMR
peak assignments have been reported previously (8, 25,
26). The assignment of two mono-blocks was performed
based on their chemical shift values and peak intensities.

dJ. Yao and T. Asakura
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30 25 20 15 10
ppm from TMS

Fig. 8. Comparison of Ala Cp peaks. a, difference spectrum
obtained by subtracting Fig. 6a from Fig. 7a; b, difference spectrum
obtained by subtracting Fig. 6b from Fig. 7b; ¢, expanded Ala CB
peak of the Cp fraction in the silk I form; and d, expanded Ala Cj
peak of the Cp fraction in the silk IT form. The broken lines indicate
the peak deconvolution performed by assuming Gaussian, suggest-
ing there are three kinds of structural component in the silk IT form
of the Cp fraction (8, 9).

The structural transition of the Cp fraction from silk I to
silk IT is obvious, while no transition occurs for (VPGVG)g
with the treatments. The broad peaks for (VPGVG)4 sug-
gest that it may take on several conformations, which is
supported by our 2D spin-diffusion NMR data (Asakura,
T. et al., Polymer J., submitted). The structural transition
from silk I to silk II for Hisg-BcEn16 can also be observed
in the change in the line-shapes, for example, the methyl
group region (around 15-20 ppm) and the carbonyl
region (around 169-177 ppm). However, these regions
are not well resolved because of peak overlapping.

To obtain more structural information, 13C isotope
labeling was applied to the recombinant protein produc-
tion. Figure 7 shows the 13C CP/MAS NMR spectra of the
recombinant protein [3-13C]Ala-Hisg-BcEn16 with LiBr
treatment (Fig. 7a) and methanol treatment (Fig. 7b),
respectively, where only Ala CB peaks were 13C-enriched.
The difference spectra obtained on subtracting the natu-
ral abundance spectra from the corresponding enriched
spectra are shown in Fig. 8 (a and b). On comparison of
these two difference spectra with the Cp fraction (Fig. 8, ¢
and d), it can be concluded that Hisg-BcEn16 after LiBr
treatment predominantly takes on the silk I structure
(type II B-turn), and after methanol treatment, the mate-
rial takes on heterogeneous structures although the silk
II structure is predominant (8, 9, 18). Some signals were
observed on the low field side (24-27 ppm) of Ala CB in
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Fig. 9. Comparison of the CD spectra of Hisg-BcEn8 (open tri-
angle) and Hisg-BcEn16 (open circle) in HFA-hydrate. Spectra
were recorded at protein concentrations of 15 uM for Hisg-BcEn8
and 10 uM for Hisg-BcEn16, respectively.

both Fig. 8 (a and b) due to the amino acid conversion
from Ala during the cell metabolism process, which could
be assigned to Asp CB, for example. Thus, the B. mori silk
fibroin block (GAGAGS); tends to form the crystalline
region of a BcEn silk-like material, which is interrupted
by the flexible (GVPGV), block.

Structural Characterization of Recombinant Proteins in
the Solution State—The use of hydrates of fluoroketones,
as ‘special’ solvents for synthetic polypeptides and some
proteins, has been reported in other literature (27-30),
because they induce and stabilize the helical structure of
the peptides. Recently, HFA-hydrate was proposed to be a
suitable solvent for the preparation of regenerated silk
fibers (31). Because of the hydrophobicity of the trifluo-
romethyl groups, HFA molecules effectively seclude the
peptide in a non-interacting environment, in which
intramolecular hydrogen bond formation is energetically
favored (30). Consequently, the existence of predominant
molecular structures of the recombinant proteins is
investigated by means of the CD method in a HFA-
hydrate solution. Such analysis may provide an opportu-
nity to directly correlate the secondary structural fea-
tures of silk-derived peptides in the specific hydrophobic
environment.

Figure 9 compares the CD spectra of the recombinant
proteins, His¢-BcEn8 and Hisg-BcEn16. The observed CD
spectrum of Hisg-BcEn8 (open triangle) is characterized
by the presence of two negative bands: a shoulder at 222
nm ([0]y; = —13000 deg cm? dmol!) and a relatively sharp
band at 202 nm ([0]y; = —19000 deg cm? dmol?), as has
been found for unordered peptides with a few percentage
of helical structure (32). However, the spectral features in
the case of Hisg-BcEn16 (open circle) are dramatically
pronounced, with a change in the short wavelength nega-
tive band position, i.e., a negative band at 202 nm shifted
to 204 nm, and a positive peak at 190 nm, which are the
characteristics of helical structures (32). While the CD
pattern of Hisg-BcEn8 exhibits a clear inclination for the
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helical structure, the observed spectrum of Hisg-BcEn16
clearly indicates the predominance of helical conforma-
tions stabilized by intramolecular hydrogen bonds. On
the contrary, based on the results of CD studies on elas-
tin-like peptides (VPGVGQ), (where n varies between 1 to
5), a lack of co-operative effects has been suggested (33).
Moreover, the ‘cooperative unit’ did not seem to exceed
more than one repeat. Thus, this length-dependence
structural transition may result from the (GAGAGS)
block.

CONCLUSION

In the past decade, the design and synthesis of artificial
proteins have been an emerging area of research with
important implications for structural biology, materials
science, and biomedical engineering. Significant progress
has been reported in the design of fibrous proteins that
adopt predictable secondary structures and have higher
order protein folding. With virtually absolute control of
sequence, chain length, and stereochemical purity, the
artificial proteins can be designed to represent a new
class of macromolecular materials, with properties poten-
tially quite different from those of the synthetic polymers
currently available and in widespread use. Tirrell’s group
(11, 34) was interested in artificial fibrous proteins able
to form crystals of defined thickness, and bearing func-
tional groups at their surface. For instance, Glu residues
were inserted in (Ala-Gly), at intervals varying between
8 and 14 (11). The great size of Glu compared to Ala and
Gly should prevent its insertion in the lamellar crystal.
Therefore, when crystals form, the Glu residues must be
found on the surface. This is facilitated by the fact that,
among the 20 amino acids, Glu is the one that has the
lowest tendency to form B-sheet. Cappello et al. (10, 35)
focused on the production of synthetic protein analogs of
B. mori silk, and other well-known structural protein
materials, and tried to reproduce defined properties of
their natural counterparts. Also, by combining structural
blocks from different natural proteins, they hoped to
obtain new properties found in neither the synthetic
homoblock polymers nor the natural proteins.

In this study, the conditions were optimized for the pro-
duction of silk-like materials by using a genetic engineer-
ing method, which is expected to be a benchmark for the
production of other silk-like materials. The structural
characterization suggested that this recombinant protein
BcEn captures the structural features of native B. mori
silk fibroin. So the final hurdle is the development of an
appropriate technology capable of converting these raw
materials into useful forms. Recently, we developed a
technology in which native silk fibroins are used for the
preparation of non-woven nanofibers (36). It appears
encouraging to apply this technique for the further pro-
cessing of recombinant proteins produced in this study.

The authors are greatful to Mr. K. Ohgo for synthesis
of the model peptides.
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