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ABSTRACT: Peptides with a combination of hydrophilic and hydrophobic sequences mimicking the
]l:)rimary structure of Bombyx mori silk fibroin were synthesized and studied in the solid state by NMR using
3C selective labeling coupled with '*C conformation-dependent chemical shifts and 2D solid-state spin-
diffusion NMR. The hydrophilic sequence was poly(L-glutamic acid) (E),,, and the hydrophobic one was the
consensus sequence of the crystalline fraction of B. morisilk fibroin, (AGSGAG),. The balance of hydrophilic
and hydrophobic characters of the peptide was controlled by changing the relative length, n, of (E),, from 4 to
8. Whenn = 4 and 5, the structure of the hydrophobic sequence is basically Silk I (the structure of B. mori silk
fibroin before spinning in the solid state), and the polyglutamate sequences are random coil. On the other
hand, when n = 6—38, the structure of the polyglutamate sequence changes gradually from random coil to
p-sheet, and the hydrophobic sequence adopts a mixture of S-sheet and random coil/distorted -turn forms,
although the fraction of the latter form decreases gradually by increasing the number z from 6 to 8. Molecular
dynamics and molecular mechanics calculations were also performed to examine the stability of the
aggregated domains of the peptides in the solid state. The conformational change of (E)4(AGSGAG)4 was
monitored in the solid state by decreasing the pH of the aqueous solution during the sample preparation.

Introduction

The fibrous silk fibroin produced by the domestic silkworm
Bombyx morihas a number of outstanding properties not only for
textile applications but also for design and development of
various biotechnological and biomedical devices." Zhou et al.
reported the primary structure of the heavy chain which is the
main part of the B. mori silk fibroin chain and reported the
presence of unusual repeat sequences in the silk fibroin. The
primary structure can be divided into a repetitive region (R)
and an amorphous region (A) together with N-terminal and
C-terminal regions. The R region consists of highly repetitive
AGSGAG sequences constituting the hydrophobic crystalline
region, while the A region consists of a variety of amino acids
such as TGSSGFGPYVANGGYSGYEYAWSSESDFGT. The
latter region adds hydrophilic character to the silk fibroin. The
origin of the desirable qualities of the silk fibroin basically comes
from the combination of these unique amino acid sequences
which interact synergistically to make it an excellent natural fiber.

Two crystalline forms, Silk I and Silk II, have been reported as
the dimorphs of the silk fibroin, based on extensive investigations
from X-ray fiber diffraction, electron diffraction, conformational
energy calculations, infrared, and 13C and "N solid-state NMR
spectroscopy.®* Silk I is the silk fibroin structure in the solid state
before spinning and can be obtained as a silk film from liquid silk
stored in the silk gland of the silkworm, whereas the Silk 11 form is
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the structure after spinning and is obtained as mature silk fibers
from the cocoon. We have characterized the molecular structure
of Silk I by using a synthetic peptide (AG);5 as a simple model for
the highly repetitive crystalline domain employing several solid-
state. NMR techniques and X-ray diffraction analysis.”~’ A
repeat S-turn type II structure, stabilized by a 4 — 1 intramole-
cular hydrogen bond, was proposed for the Silk I form. This
unique structure has been suggested to be important to produce a
silk fibroin fiber with high strength and high toughness from the
aqueous solution of the silk fibroin. By using similar solid-state
NMR techniques, the Silk II structure was also clarified.®’ The
structure was heterogeneous in contrast to the Silk I structure and
consists of roughly 70% antiparallel S-sheet and 30% distorted
p-turn and/or random coil. In addition, the antiparallel structure
consists of two different intermolecular arrangements although
the torsion angles of the backbone chains are essentially the same
in both structures. A change in the fraction of Silk I and Silk IT
including random coil structures produces a variety of silk fibroin
samples with different physical properties which have been used
for biomaterials in several forms, that is, long fiber, nonwoven
fiber, film, sponge, powder, gel, and solution. 0

Recent developments in biotechnology make it possible to
produce new silk-like materials which are designed for bio-
materials."'~'* Since the B. mori silk fibroin chain consists of
approximately alternating sequences of the hydrophobic crystal-
line regions (AGSGAG),, and hydrophilic amorphous region,
the alternative introduction of poly(L-glutamic acid) (E), as the
hydrophilic region into the hydrophobic crystalline regions
(AGSGAG),, seems interesting as a mimic of the silk fibroin.'®

© 2009 American Chemical Society



Article

Moreover, many block copolymers with alternative hydrophilic
and hydrophobic sequences have been developed as new
biomaterials."®'® Since poly(L-glutamic acid) is involved in the
hydroxyapatite-nucleating domains of bone sialoprotein, the
resultant silk-like material may have potential use as bone graft
substitute materials.'®!” By changing the relative length n of (E),,
it is possible to control the structures and physical properties of
such silk-like materials.

In the present paper, we designed water-soluble silk fibroin
model peptides, (Glu),(Ala-Gly-Ser-Gly-Ala-Gly)y; (E), (AGSG-
AG)4 where n = 4—8. The balance of hydrophilic and hydro-
phobic characters of the samples was controlled by changing the
relative length, n, of (E), from 4 to 8 with a fixed length of
(AGSGAG), in the peptides. The structure and structural change
were studied by solid-state NMR. Especially, 1*C selective iso-
tope labeling of several Ala and Gly carbons in the model
peptides coupled with '*C conformation-dependent chemical
shifts and '*C solid-state spin-diffusion NMR observations gives
detailed information on the local structures.*>"'* This was
applied to the detailed structural analysis of (E),(AGSGAG),
where n = 4 or 8. The alternation of hydrophilic and hydro-
phobic sequences is expected to produce phase-separated do-
mains in the aggregated state, in which the Silk I or fS-sheet
domains will be stabilized by hydrogen-bonding formation and
van der Waals interactions. In order to examine the stability of
these aggregated domains, molecular dynamics (MD) simulation
and molecular mechanics (MM) calculation'®*® were performed
based on the conformational information on these peptide
molecules obtained from solid-state NMR. The conformational
change from Silk I to Silk II for the peptide (E)4(AGSGAG), was
monitored using solid-state NMR by decreasing the pH in the
aqueous solution in the sample preparation process.

Experimental Part

Materials. The natural abundance model peptides, peptides
1-5 with the sequences (E) (AGSGAG), (n = 4—8), respec-
tively, were synthesized. The following "*C selectively labeled
peptides, peptides 6—11, were also synthesized for the de-
tailed structural analysis. 6: (E)sAGSGAGAGS[2-"*C]GA-
[1-13CIG[1-"*CJAGSGAG[3-*CJAGSGAG; 7: (E);AGS-
[1-3C]G[1-PCJAGAGSGAG[3-*CJAGSGAGA[2-*C]GSGAG;
8: (E)sAGS[2-*C]G[3-*CJAGAGSGAGAGSGA[1-*C]G[1-C)-
AGSGAG; 9: (E),AGSGAGAGSGA[1-*C]G[1-*CIAGSGAG-
[3-CIAGSGAG; 10:  (E),AGS[1-°C]G[1-°CIAGAGSGAG-
[3-*CJAGSGAGAGSGAG; 11: (E),AGSG[3-"*CJAGAGSGA-
GAGSGA[1-*CIG[1-*CJAGSGAG.

The synthesis was performed using the Fmoc-solid phase
method, and a fully automated Pioneer Peptide Synthesis
System (Applied Biosystems Ltd.) was used throughout. The
crude peptides were purified by RP-HPLC using acetonitrile/
0.1%TFA as an eluant. After purification, acetonitrile was
removed by evaporation, and then aqueous solutions of the
peptides were lyophilized for 24 h and used for solid-state NMR
observation. The peptides synthesized here are summarized in
Table 1.

In the experiment on conformational change of the peptide
11, the peptide was first dissolved in water at pH 8 and then the
pH was changed to 6, 4, or 2. Within short time, the sample was
adjusted to the desired pH, and then the aqueous solutions were
lyophilized. Thus, three forms of the peptide with different
conformations in the solid state were obtained.

13C CP/MAS NMR Measurements. '°C CP/MAS NMR
experiments were performed on a Chemagnetics Infinity 400
spectrometer and a Bruker DSX-400 AVANCE spectrometer
with an operating frequency of 100.0 MHz for '*C at a sample
spinning rate of 8 kHz in a 4 mm diameter ZrO; rotor. A total of
20K —30 K scans for the nonlabeled sample and 2K—3K scans
for *C-labeled samples were collected over a spectral width of
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Table 1. Natural Abundance Model Peptides, Peptides 1—5, and '*C
Selectively Labeled Peptides, Peptides 6—11, Synthesized in This
Work

1: (E)4(AGSGAG),

2: (E)s(AGSGAG),

3: (E)s(AGSGAG),

4: (E),(AGSGAG),

5: (E)s(AGSGAG),

6: (E)sAGSGAGAGS[2-"*CIGA [1-"*CIG[1-"*C] AGSG AG[3-'*C]-
AGSGAG

7:(E)sSAGS  [1-*C]JG  [1-°C] AGAGSGAG[3-"*CJAGSGAGA-
[2-'*CIGSGAG

8: (E)sAGS[2-*CIG [3-"*CJAGAGSGAGAGSGA[I-'*C]  G[1-1C]
AGSGAG

9: (E),AGSGAGAGSGA [1-*C]G [1-"*CJAGSGAG [3-'*CJAGSGAG

10:(E),AGS [1-CIG  [1-*CIJAGAGSGAG  [3-'*CJAGSGAGA-
GSGAG

11: (E),AGSG
AGSGAG

[3-"CIJAGAGSGAGAGSGA  [1-"CIG  [1-"Cl-

35 kHz with a recycle delay of 3 or 4 s. All spectra were obtained
using a cross-polarization time of 2 ms and broadband proton
decoupling. Phase cycling was used to minimize artifacts. '*C
chemical shifts were represented relative to TMS (tetra-
methylsilane).?!

2D Spin Diffusion °C Solid-State NMR Measurements and
Simulation. The 2D spin-diffusion NMR spectrum was obtained
using a Varian Unity INOVA 400 NMR spectrometer with a 7
mm Jakobsen-type double-tuned MAS probe at off magic angle
condition (6, — 6.2°) at room temperature.’ The sample spin-
ning rate was 5 kHz. The scaling factor of the 2D spin-diffusion
spectra is '/»(3 cos*(0m — 6.2°) —1) = 0.158. The mixing times
were set to 2 s. The contact time was set to 2 ms using the
variable-amplitude CP technique. The principal values of the
chemical shift tensors for the carbonyl carbon nuclei of the '*C-
labeled Ala and Gly residues were determined by analysis of the
spinning sidebands under slow MAS conditions using a Varian
Unity INOVA 400 NMR spectrometer.”? For simulation of
2D spin-diffusion NMR spectra, the calculations were per-
formed using a grid of 15° for ¢ and ¢ values. A calculation
program developed in our laboratory was used to simulate the
2D spin-diffusion NMR spectra.” The rmsd value was used to
quantify the difference between the experimental and calculated
spectra.”

MD Simulation. MD and MM calculations were performed
for aggregated (E)4(AGSGAG), or (E)s(AGSGAG), molecules
by using the “Discover” module in Materials Studio 4.1
(Accelrys Inc.)."*?* All of the simulations were performed by
using a pcff force field in vacuo. MD calculations were per-
formed under a periodic boundary condition including 16
molecules with NPT ensemble, that is, number of the peptide
molecules is constant, and pressure is controlled at 0.2 GPa
along the chain and temperature is controlled at 398 K. The
calculations used 50 000 steps over 50 ps. The initial structures of
these peptides for MD and MM calculations are shown in
Figure 1. If the sequence in the peptide takes a specified
conformation, Silk T or f-sheet, based on solid-state NMR
results as described later, this conformation was adopted as
the initial conformation. The coordinates reported previously
for Silk 17 or S-sheet® were used. If the conformation of the
sequence is in random coil, an extended structure (¢ and ¢ =
—180°, 180°) was used as the initial one. Thus, the initial
conformations of (E)s(AGSGAG), and (E)4(AGSGAG), are
shown in parts a and d of Figure 1, respectively. Then, the
aggregated initial state models were built up. For
(E)s(AGSGAG)4, both parallel and antiparallel S-sheet ar-
rangements of the sequence (E)g both within sheet and in the
stacked state were set as shown in parts b and ¢ of Figure 1,
respectively. On the other hand, for (E)4(AGSGAG),, the
coordinates of Silk I reported previously'® were used for the
structure of the sequence (AGSGAG),, as shown in Figure le.
Then the MD simulation was performed. The change of these
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Figure 1. Initial models of (E)s(AGSGAG), and (E)4(AGSGAG), for MD and MM calculations. (a) Initial conformation of an (E)s(AGSGAG),
molecule with extended structure (¢ and 1 = —180°, 180°). The side chains are also extended structure. (b, ¢) Aggregated initial state models of
(E)s(AGSGAG), with parallel and antiparallel chain arrangements within one sheet, respectively, and the sheet was stacked four times. (d) Initial
conformation of an (E)4(AGSGAG), molecule with extended structure for the sequence (E)4 and Silk I structure for the sequence, (AGSGAG),. (e)
Aggregated initial state model of (E);(AGSGAG), where the aggregated Silk I structure for (AGSGAG), was assumed and the sequence (E)4 was
attached at the N-terminal with extended structure. In (b), (c), and (e), the left structures are side view and the right ones are end view.

structures in the aggregated state including changes in the
conformations was monitored . Then MM calculations were
performed to obtain the energy-minimized structure in the
aggregated state.

Results and Discussion

13C CP/MAS NMR Spectra of Nonlabeled Peptides,
(E).(AGSGAG)4 (n = 4—8). Figure 2 shows a comparison
of the '*C CP/MAS NMR spectra of (E),(AGSGAG), (n =
4—38), in order to examine the effect of the length of poly-
glutamic acid (E), at the N-terminal site on the structure of
the peptides in the solid state. The chemical shift data of the
peptides 1 and 5 together with the assignments are summar-
ized in Table 2. The sharp peaks observed at 16.7, 51.1, and
176.8 ppm assigned to Ala CfB, Ca, and CO carbons,
respectively, indicate that the sequence (AGSGAG), takes
exclusively Silk I form,'® which is the case of both peptides 1
and 2 (Figure 1, a and b, respectively). The chemical shifts of
Gly Ca (43.5 ppm), C=0 (170.4 ppm), and Ser Ca (55—60
ppm), Cf (60.3 ppm), and C=O (173.7 ppm) indicate that
these residues are also in Silk I form.'® The peptide
(AGSGAG), without (E), was insoluble in water and took
Silk IT form even if the solvents and/or methods for pre-
cipitation were changed.®* Thus, the presence of (E),, (n =
4 or 5) at the N-terminus makes the sequence (AGSGAG),
soluble and induces a Silk I form of the sequence.

The Ala Cp peak changes dramatically between n = 5 and
6 as shown in Figure 2b,c. The spectral characterization of
such an Ala Cf peak of (AGSGAG),, when n = 6 has been
reported by us previously.?'?*7?® Namely, the broad com-
ponent at 16.4 ppm was assigned to a distorted S-turn
structure, which is characterized by a large distribution in
the torsion angles around an average conformation of a type
11 S-turn. The chemical shift of this peak is also in agreement
with that of the random coil peak of Ala in aqueous solution
as discussed previously.?'?*?” Thus, this component is as-
signed to random coil/distorted S-turn. The other compo-
nent with a chemical shift around 19.2 ppm is assigned to
p-sheet structures. The details of the assignments have also
been reported previously.?’**"?® Thus, by changing the
length of poly(L-glutamic acid) from n = 5 to 6, the Silk I
structure of the sequence (AGSGAG), changes to a mixture
of random coil/distorted S-turn and f-sheet structure. The
fraction of B-sheet structure increases slightly by increasing
the number 7 from 6 (Figure 2¢) to 8 (Figure 2e). The peak of
the Gly Ca carbon shifts to higher field slightly with peak
broadening. The Ser CS peak also shifts to lower field
with remarkable peak broadening. These results indicate
that the conformations of these residues in the sequence
(AGSGAG), also change to a mixture of random coil/
distorted S-turn and -sheet structure. The carbonyl carbons
also show the conformational change.
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Figure 2. '*C CP/MAS NMR spectra of natural abundance (E),(AGSGAG), (n = 4—8). The spectra from (a) to (e) correspond to the samples from

n = 4ton = 8§, respectively.

Table 2. Summary of Chemical Shifts (in ppm) of Nonlabeled Peptides E, (AGSGAG), Where n = 4,8

peptide 1 peptide 5 Silk T Silk 11

residue E4(AGSGAG), Eg(AGSGAG), random coil film fiber
GlyCa 43.5 42.6 42.7 43.8 42.5
Gly C=0 170.4 169.5 171.3 170.7 169.3
Ala Ca 51.1 48.9 50.1 514 48.9
Ala Cp 16.7 16.4,19.2 16.6 16.5 16.6,19.6,21.9
Ala C=0 176.8 174.4 175.2 177.0 172.2
Ser Cat 55—60 (br)* —b 55.9 58.0 54.6
Ser Cf8 60.3 60—65 (br)* 61.3 60.7 63.9
Ser C=0 173.7 172.6 172.4 173.7 172.3
GluCa — 53.3 55.2 53.2
GluCp 27 (br)* 29.9 26.9 30.0
GluCy 30 (br)* 30 30.5

“br, broad peak. ® Overlapped with Glu Ca peak. ¢ Overlapped with Ser Ca peak.

In order to monitor the conformational transition from
random coil to S-sheet of the sequence (E),, the Glu Cf and
Glu Cy peaks can be used because there are no other peaks in
this area. Both peaks of Glu CS (27 ppm) and Cy (30 ppm)
were broad in (E)4(AGSGAG),, and therefore we observed
one broad overlapped peak at the center of these two peaks.
In this case, the conformation of (E)4 is random coil. With
increasing the number 7 of (E),, the Glu Cy peak (30 ppm)
does not shift because of the conformation-independent
character, but the Glu CpB peak shifts from 27 ppm
(random coil in ((E)4—5(AGSGAG),)) to 30 ppm (S-sheet
in ((E);—s(AGSGAGQG),)). This is in agreement with the
reported chemical shift data of random coil and fS-sheet
forms of poly(L-glutamic acid) (Table 2). Therefore, the
Glu Ca peak should also shift by this conformational

change. The Glu Ca random coil peak of (E)4(AGSGAG),
should appear at 55 ppm, but it is difficult to assign clearly
because of the presence of Ser Ca peak and also broadness of
the Glu Ca peak. The latter broadness corresponds to the
broad peaks of Glu CB and Glu Cy carbons of
(E)4(AGSGAG),. The sharp Glu Ca peak at 53.3 ppm in
(E)s(AGSGAG)4 can be assigned to [-sheet peak. The
sharpness of the peak also corresponds to the sharp peaks
of Glu C§ and Glu Cy carbons. The Glu Ca peak of
(E)s(AGSGAG), is also broad, which corresponds to the
broad peaks of Glu Cf and Glu Cy, and therefore it is
difficult to point out the peak position clearly. Thus, the
chemical shift behavior including shape of the peak can
monitor the conformational change of the region (E), with
increasing the number of 7.
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Figure 3. '3C CP/MAS NMR spectra of the peptide 5 ga) and a series of
13C-labeled peptides, Es(AGSGAG), with different '°C labeling posi-
tions, namely the peptides, 6 (b), 7 (c), and 8 (d).

13C CP/MAS NMR Spectra of >C Selectively Labeled
Peptides Eg(AGSGAG),. The '*C CP/MAS NMR spectra of
the peptide 5 and a series of '’C-labeled peptides, Eg-
(AGSGAG), with different '*C labeling position, the pep-
tides 6—8, are shown in Figure 3. The local conformations of
Ala?’, Ala®', and Ala'® residues in (AGSGAG), are dis-
cussed from the '*C-labeled Ala Cf peaks (Figure 3b—d),
respectively. Although the conformation of these residues
is a mixture of -sheet and random coil/distorted B-turn,
the fraction of S-sheet is the largest for Ala®” and decreases
slightly toward the N-terminal sequence (E),. Figure 4
shows the deconvolution of these Ala CS peaks to deter-
mine the fraction of random coil/distorted S-turn and
[B-sheet structure. Here, the former fraction was deter-
mined from the relative peak intensity at 16.4 prm
(shaded in gray). As discussed in previous papers,®’ the
lower field peak at 19.2 ppm can be deconvoluted into two
peaks, and the deconvolution was performed by assuming
two peaks as shown in Figure 4. However, the sum of
fractions of these two peaks is considered to be the frac-
tion of S-sheet. This fraction decreases 55% (a), 43% (b),
and 25% (c) in Ala?’, Ala®', and Ala'?, respectively.
The '*C labeling was also performed for the Ca carbons
of Gly'®, Gly?*®, and Gly'? residues in peptides 6—8. How-
ever, there are no significant changes in both the chemical
shift and peak broadening. This is due to the small
conformation-dependent chemical shift of the Gly Ca
carbon.”
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Figure 4. Deconvolution of Ala Cf peaks of peptides 6 (a), 7 (b), and 8
(c) to determine the fraction of random coil/distorted -turn and f3-sheet
structure.

2D Spin-Diffusion NMR Analyses of '*C Selectively Dou-
ble-Labeled Peptides Eg(AGSGAG),. 2D spin diffusion *C
solid-state NMR was used to investigate the structures in
more detail through the determination of the torsion angles
of the labeled residues.*>"-'® Figure 5 summarizes the theo-
retical spin-diffusion patterns of Ala residues as a function of
the torsion angles, ¢ and y. The pattern changes significantly
depending on the torsion angles, and therefore it is possible
to obtain information on the torsion angle from the observed
spin-diffusion NMR spectrum. For this purpose, we synthe-
sized the peptides 6—8, where the carbonyl carbons of the
Gly*°Ala”!, Gly'?Ala'"®, and Gly**Ala®’ residues were '*C
double-labeled. The observed 2D spin-diffusion NMR spec-
tra are shown in Figure 6a—c for peptides 6—8, respec-
tively. However, because of a mixture of random coil/
distorted fS-turn and fS-sheet structure, it is difficult to
determine the torsion angles of these Ala residues exactly
by matching the spin-diffusion spectra. Therefore, we tried
to reproduce the spectral patterns by using the fractions of
random coil/distorted f-turn and f-sheet structure that
were determined from Figure 4 discussed above. For
example, for the Ala®’ residue using the spin-diffusion
spectrum of Gly*°Ala®’ in peptide 8, the fractions deter-
mined from the Ala?’ Cf peak in peptide 6 were used.
Similarly, for the Ala*' residue using Gly*’Ala®' in peptide
6, and Ala'? residue using Gly'?Ala'’ in peptide 7, the
fractions determined from the Ala®'Cg peak in peptide 7
and Ala'® Cf peak in peptide 8, respectively, were used. In
the selection of the spectral patterns from Figure 5, -sheet
structure is assumed to take the torsion angle (¢, y) =
(—150°, 150°), and the random coil/distorted S-turn is the
torsion angle (¢, 1) = (60°, 125°).'® The agreement be-
tween the observed and simulated spectra is good as shown
in Figure 6d—f, confirming that the fractions of random
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Figure 5. Theoretical '*C spin-diffusion NMR spectral patterns of Ala
residues as a function of the dihedral angles, ¢ and .

coil/distorted S-turn and S-sheet structure determined are
dpPrommdtely correct.
3C CP/MAS NMR Spectra of '3C Selectively Labeled

Peptides Ey(AGSGAG)s. The °C CP/MAS NMR spectra of
Peptldes with n = 4, namely the peptide 1 and a series of

3C-labeled peptides, E4(AGSGAG), with different '*C
labeling position, peptides 9— 11 are shown 1n Figure 7.
The local conformations of Ala** Ala17 and Ala’ residues in
(AGSGAG), can be discussed from the 13C-labeled Ala
Cp peaks in parts b, ¢, and d, respectively. Contrary to the
spectra of peptides 6—8, the spectra do not change among
peptides 9—11. This means that the Silk I structure of
(AGSGAG), was basically maintained independently of
the position. However, the peak is slightly broader for Ala’
Cp carbon as shown in Figure 7d, which suggests that this
has the highest amount of random coil form among the three
labeled Ala residues.

2D Spin-Diffusion NMR Analyses of '*C Selectively Dou-
ble-Labeled Peptides E4(AGSGAG),. We synthesized pep-
tides 9—11, where the carbonyl carbons of the Gly'®Ala'’,
Gly®Ala’, and Gly %Ala® residues were '*C double- ldbeled
The observed spin-diffusion NMR spectra are shown in
parts a-1, a-2, and a-3 of Figure 8 for peptides 9—11,
respectively, which are significantly different from the spec-
tra in Figure 6. The conformation is basically Silk I judging
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Figure 6. 2D spin-diffusion '°C solid-state NMR spectra of the ex-
panded carbonyl reglon of (a) [1-*CIG*[1-1*C]A?! in 6peptlde 6. (b)
[1-°CIG[1-BCIA” in peptide 7, and (¢) [1-°CIG*[1-PCIAY in
peptide 8 observed under oft- MAS conditions. The correspondmg
simulated spectra are shown as (d), (e), and (f), respectively. In the
simulation, the fraction of random coil/distorted S-turn and f-sheet
structure determined from Figure 4 was used.

from Figure 7 as mentioned above. Therefore, in this case it is
possible to estimate the exact torsion angles of the Silk I form
of the three Ala residues in the sequence (AGSGAG), in
peptides 9—11. For this purpose, an rmsd map was prepared
using the difference between the observed and calculated 2D
spin diffusion NMR spectra in the range of ¢ = —180°—0°
and v = —180°—180°. The simulated spectra b-1, b-2, and
b-3 are in excellent agreement with the observed ones. All the
rmsd maps c-1, c-2, and c-3 indicate that the torsion angles of
Silk T are (¢, y) = (—60°, 135°) for all three Ala residues
(white circle). These torsion angles obtained here are in
agreement with the angles (¢, ) = (—62°, 125°) reported
for Silk I form previously within experimental error.” The
relatively broad error distribution in the rmsd map c-2 was
obtained for the 2D spin-diffusion NMR spectrum of the
carbonyl carbons of Gly®Ala’ residues, which corresponds
to the slightly broader peak of Ala Cp carbon in Figure 7d.

This seems reasonable that Ala’ residue is the closest to the
N-terminal (E)4 and has the largest proportion of random
coil form among the three Ala residues.

MD Simulation. Using solid-state NMR, the conforma-
tions of the peptides (E)4(AGSGAG), and (E)g(AGSGAG)4
were clarified in detail. However, the information on the
aggregated states of these peptides is limited. Therefore, MD
simulation and then MM calculation were performed com-
plementarily to examine the stability of these peptide mole-
cules in the aggregated state based on the conformations
obtained from the solid-state NMR. For (E)s(AGSGAG),,
the conformation of the sequence (E)g is concluded to take
p-sheet structure clearly, but it is difficult to judge whether
the sheet is parallel or antiparallel. Thus, the initial structures
before MD calculation were placed in parallel or antiparallel
[-sheet forms for the aggregated state of the sequence (E)g, as
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Figure 7. '*C CP/MAS NMR spectra of the peptide 1 (‘a) and a series of
13C labeled peptides, E(AGSGAG), with different '°C labeling posi-
tions, peptides, 9 (b), 10 (c), and 11 (d).

shown in parts b and ¢ of Figure 1, respectively. On the other
hand, a mixture of -sheet and random coil/distorted S-turn
was the local conformation of the sequence (AGSGAG),,
and therefore an extended conformation for the sequence
was assumed as the initial structure. If an initial model of the
aggregated state changes to unstable state during the MD
simulation, the final structure will not be able to be obtained.
However, we could obtain the aggregated structures after the
MD simulation as shown in Figure 9a,b. These are the final
models of the aggregated (E)s(AGSGAG), molecules with
parallel or antiparallel arrangements after MD and then
MM calculations. Regular arrangements of the sequences
of poly(L-glutamic acid) with intermolecular hydrogen
bonding are formed and stabilized in both arrangements.
On the other hand, although an extended structure was used
for the sequence (AGSGAQG), in the initial state, the struc-
ture was destroyed and adopted random coil form after the
calculation.

A similar calculation was performed for (E)4(AGSGAG),
molecules. Figure 9¢c shows the final results of the aggregated
(E)4(AGSGAG)4 molecules. The initial structure was Silk I
for the sequence (AGSGAGQG),, and (E)4 takes an extended
form. After the MD calculation, the regular arrangement of
the sequence (AGSGAG), in Silk I form remains, with intra-
and intermolecular hydrogen-bonding formation. On the
other hand, the E4 sequence had an extended form in the
initial state, but the structure was destroyed and adopted a
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Figure 8. Three sets of spin-diffusion NMR analyses. 2D spin-diffusion
13C solid-state NMR spectra of the expanded carbonxl reggion of (a-1)
[1-3CIG'[1-1*C]A" in peptide 9, (a-2) [1-*CIG¥[1-°CIA” in peptide
10, and (a-3) [1-'3C]G*[1-"*C]A* in peptide 11 observed under off-
MAS conditions. The corresponding simulated spectra are shown as
(b-1), (b-2), and (b-3), respectively. The rmsd maps for the determina-
tion of the torsion angles, (¢, 1) of Ala residues from the 2D spin-
diffusion NMR sgectra are also shown as (c-1) for Ala'’, (c-2) for Ala’,
and (c-3) for Ala®*, respectively. The smallest rmsd regions, and there-
fore the most likely (¢, ) combination, are indicated as the area
enclosed by the white circle.

random coil form after the calculation. This is also the same
as observed by solid-state NMR.

Structural Change of the Peptide (E)4(AGSGAG)4 by
Changing the pH Value in the Aqueous Solution. The con-
formational transition from Silk I to Silk II of B. mori silk
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Figure 9. Final results of (a) (E)s(AGSGAG), parallel, (b) (E)s(AGSGAG), antiparallel, and (c) E4(AGSGAG), molecules in the aggregated states
after MD and then MM calculations. The initial structures are shown in (b), (c), and (e) of Figure 1, respectively, in detail.

fibroin is important in relation to the fiber formation me-
chanism to prepare silk fibroin fiber with high strength and
toughness.'”?” We have reported MD and MM calculations
about the conformational change of the model peptides for
the crystalline domain as well as many experimental works
with model peptides.>®*1%?° However, peptides like
(AGSGAGQG),, are generally insoluble in water because of
their hydrophobic character. Therefore, it seems interesting
to monitor the structural change from Silk I to Silk II for the
sample (E)4(AGSGAG),, which is soluble in water and takes
Silk I structure in the solid state. For this purpose, we used
peptide 11: (E);AGSG[3-"*CIAGAGSGAGGSGA[1-"*C]-
G-[1-">*CJAGSGAG. The *Cp peak from Ala’ gives infor-
mation on the local conformation close to the N-terminal
(E)4 sequence, while the carbonyl peaks from both Gly** and
Ala* give information on the local conformation away from
the N-terminal sequence. The peptide was dissolved in water
at pH = 8, and then the pH was changed to 6, 4, or 2 in order
to monitor the structural change to Silk II structure. The '*C
CP/MAS NMR spectra are summarized in Figure 10. At
pH = 6, the structure seems to be mainly random coil/dis-
torted S-turn judging from the chemical shift and broadening
of the Ala’® Cf carbon (Figure 10b) although the spectrum
(Figure 10a) shows Silk I structure when the peptide was
lyophilized after acetonitrile was removed by evaporation.
Namely, a structural transition from Silk I to random coil/
distorted S-turn occurs with decreasing pH slightly. With
further decreasing of pH value, a conformational change from

random coil/distorted f-turn to S-sheet occurs. From the
peak simulations of the spectra b—d, the fraction of
p-sheet was determined as 0% (pH = 6), 27% (pH = 4),
and 44% (pH = 2). Similar tendencies were observed for the
carbonyl carbons of both Gly** and Ala® residues although
the fraction of S-sheet seems slightly increased because of an
increase in the intensities of the sharp peaks assigned to
[-sheet structure.

Thus, we could monitor the structural change from Silk I
to Silk II in the solid state for the model peptide of the
crystalline domain of B. mori silk fibroin, (AGSGAG),,
dissolved in water by the presence of a hydrophilic sequence
such as poly(L-glutamic acid) in the chain. A change in the
pH in the aqueous solution is one of the factors to prepare the
silk fibroin with -sheet structure when poly(L-glutamic acid)
is present in the chain.

Conclusion

For design of various biotechnological and biomedical devices
based on the excellent properties of B. mori silk fibroin, the
introduction of hydrophilic sequences to the hydrophobic se-
quences of the fibroin is important to develop such a material by
mimicking the primary structure of the silk fibroin. We synthe-
sized water-soluble silk fibroin model peptides, (E),(AGSGAG),4
where n = 4—8. The balance of hydrophilic and hydrophobic
characters of the samples was controlled by changing the relative
length, n, of (E), from 4 to 8 with a fixed length of (AGSGAG), in
the peptides. The alternation of hydrophilic and hydrophobic
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Figure 10. °C CP/MAS NMR spectra_of the 3peptide 11, (E),-
AGSG[3-*CIAGAGSGAGAGSGA-[1-"*C]G[1-"*CIAGSGAG: (a)
lyophilized after acetonitrile was removed by evaporation; (b) lyophi-
lized after the aqueous solution was adjusted to pH 6; (c) lyophilized
after the aqueous solution was adjusted to pH 4; and (d) lyophilized
after the aqueous solution was adjusted to pH 2.

sequences produced phase-separated domains in the aggregated
state, in which the Silk I or f-sheet domains was stabilized by
hydrogen-bonding formation and van der Waals interactions.
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