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ABSTRACT: In our previous study, we have proposed a lamellar structure for Ala-Gly repeated copoly-
meric peptide, a model for crystalline region of Bombyx mori silk fibroin. Here, we propose the structure of
(AGSGAG); with silk II form which is a more mimic of the crystalline region of B. mori silk fibroin than
(AG);s. The local structure for each Ala residue was determined from '*C CP/MAS NMR spectra of 10
different [3-'*C]Ala-(AGSGAG)s peptides differing in their '*C labeling positions. The highest field peak for
the Ala Cf carbon (16.7 ppm) assigned to a distorted S-turn structure and/or random coil changes
significantly depending on the '*C labeling position. In addition, the fractions of the random coil and/or
distorted -turn component of each Ser residue were determined by REDOR experlments from the '*C—""N
atomic distances of five versions of the above peptide with different [1-'*C]Gly-Ser-['°N]Gly positions. By
combining the structural information of Ala and Ser residues from solid state NMR, with statistical
mechanical calculation previously used for (AG);s, the probable lamellar structures of (AGSGAG)s in the
solid state are proposed. The models of two turns in the central part of the sequence of (AGSGAG)s consist of
approximately 8—12 amino acids. The effect of the introduction of Ser residue on the local structure of Ala-
Gly copolymeric peptides is also discussed on the basis of the evidence from '*C solid state spin—lattice

relaxation experiments.

Introduction

Silks are fibrous proteins with properties that intrigue scientists
ranging from polymer chemists to biomedical researchers.'
Bombyx mori (B. mori) produces silk fibroin filaments with out-
standing mechanical properties including useful strength and
toughness, despite being spun from the aqueous solution at
ambient temperature and pressure. Silk fibroin has good bio-
compatibility, resistance to thermal and enzymatic degradation,
and mechanical resilience, and it can be formed into a wide range
of forms including nano- and microparticles, films, foams, sponges,
and composites. This portfolio of propertles suggests consider-
able potential in medicine and surgery.

The silk fibroin has two distinct structures in the solid state, silk
I (before spinning) and silk IT (after spinning). The conformation
of silk I has been shown to have a repeated type II S-turn structure
using solid state NMR approaches such as 2D spin diffusion
NMR under off magic angle spinning, rotational echo double
resonance (REDOR), and conformation- dependent 13C chemical
shift data as well as X-ray diffraction analysis.** Concerning the
structure of silk II, Marsh et al.’ were the first to propose an
antiparallel S-sheet model based on a fiber diffraction study of
native B. morisilk fiber. Even though the local protein conforma-
tion is still the basic S-sheet as proposed by Marsh et al., the
refined silk 1T model 1ncorporates stacking of the 5-sheet planes in
two different arrangements.® Synthetic peptides (AG),, have been
used in spectroscopic studies as a model system for analysis of the
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crystalline domain of B. mori silk fibroin. A detailed chain-folded
lamellar structure has been proposed for (AG)g4 in the silk IT form
on the basis of SAX and WAX scattering for a dried hydrogel of
regenerated silk fibroin slowly converted to a silk II structure.”
Solid state NMR has also been used to clarify the silk II
structure of (AG);s." '° Broad and asymmetric Ala Cf peaks
were observed in the CP/MAS NMR spectra, indicating a
heterogeneous structure in contrast to the single ordered second-
ary structure of silk I. The relative proportions of the various
heterogeneous components were determined from their relative
peak intensities of the deconvoluted line shape. For example, the
deconvoluted Ala Cf peaks yielded 27% distorted p-turn (16.7
ppm), 46% [3-sheet (alternating Ala residues) (19.1 ppm), and
27% B-sheet (parallel Ala residues) (22.4 pppm).” Moreover, '°C
solid-state NMR on selectively labeled peptides labeled singly
with 1*C at different Ala methyl carbons was used to examine the
silk IT structure of (AG); 5 indicating a lamellar structure contain-
ing p-turns.'" We also used 2D spin diffusion NMR technique
under off magic angle spinning condition, REDOR, and '*C
chemical shift contour plots of the Cf carbon of Ala residue to
study the lamellar structure in detail, as well as statistical mechanical
calculations.'? Thus, it has been shown that high resolution solid
state NMR study coupled with selective stable isotope labeling
of the peptide samples can provide a great deal of information on
the detailed structures of silk fibroins. The lamellar structure of
(AG);s revealed in this way is in good agreement with that of
(AG)g4 elucidated by X-ray diffraction.’
The primary structure of the heavy chain of B. morissilk fibroin
contains multiple repetitions of (G-A-G-A-G-S) which make up

© 2010 American Chemical Society



Article Macromolecules, Vol. 43, No. 22, 2010 9435
Table 1. Stable-Isotope Labeled Peptides of (AGSGAG)s for '>*C CP/MAS and REDOR Experiments

sample no. peptide method
Alal [3-"*CJAGSGAG AGSGAG AGSGAG AGSGAG AGSGAG 13C CP/MAS
Ala5s AGSG[3-*CJAG AGSGAG AGSGAG AGSGAG AGSGAG 13C CP/MAS
Ala7 AGSGAG [3-"*CIAGSGAG AGSGAG AGSGAG AGSGAG 13C CP/MAS
Alall AGSGAG AGSG[3-'*CJAG AGSGAG AGSGAG AGSGAG 13C CP/MAS
Alal3 AGSGAG AGSGAG [3-'*CIAGSGAG AGSGAG AGSGAG 13C CP/MAS
Alal7 AGSGAG AGSGAG AGSG[3-">*CIAG AGSGAG AGSGAG 13C CP/MAS
Alal9 AGSGAG AGSGAG AGSGAG [3-'*CIAGSGAG AGSGAG 13C CP/MAS
Ala23 AGSGAG AGSGAG AGSGAG AGSGI[3-'*CJAG AGSGAG 3C CP/MAS
Ala25 AGSGAG AGSGAG AGSGAG AGSGAG [3-">CIAGSGAG 13C CP/MAS
Ala29 AGSGAG AGSGAG AGSGAG AGSGAG AGSG[3-"*CIAG 13C CP/MAS
Ser3 A[1-BCIGS['*N]GAG AGSGAG AGSGAG AGSGAG AGSGAG REDOR
Ser9 AGSGAG A[1-*CIGS["*'NIGAG AGSGAG AGSGAG AGSGAG REDOR
Serls AGSGAG AGSGAG A[1-"*C]GS['’NIGAG AGSGAG AGSGAG REDOR
Ser21 AGSGAG AGSGAG AGSGAG A[l—”C]GS['SNJGAG AGSGAG REDOR
Ser27 AGSGAG AGSGAG AGSGAG AGSGAG A[1-CJGS['*N]GAG REDOR

approximately half of the total silk fibroin.'* Then, the aim of
the present paper is to describe the solid-state structure of the
sequential peptide model, (AGSGAG)s, a better model for the
crystalline region of B. morisilk fibroin than (AG);s. The effect of
introduction of Ser residues on the lamella structure of an Ala-
Gly copolymer will be emphasized. The fractions of the random
coil and/or distorted 5-turn component of each Ala residue were
determined using *C CP/MAS NMR spectra of versions of
[3-*C]Ala-(AGSGAG)s with 10 different '>C labeling positions.
In addition, the fractions of the random coil and/or distorted /-
turn component of each Ser residue were determined from the
3C—'N atomic distances of five versions of the above peptide
with different [1-'*C]Gly-Ser-["°*N]Gly positions determined by
REDOR experiments. The probable structures of the silk IT form
of (AGSGAG)s in the solid state were proposed by combining the
structural information of Ala and Ser residues from solid state
NMR, and statistical mechanical calculations. The '*C solid state
spin—lattice relaxation times were observed to obtain informa-
tion on the effect on the local structure and chain mobility of
introducting Ser residue into an Ala-Gly copolymer.

Experimental Section

Sample Preparations. The 10 [3-'*C]Ala-sequential peptides,
(AGSGAG)s, and five peptides with different [1-'*C]Gly-Ser-
['*N]Gly positions together with natural abundance peptide as
listed in Table 1 were synthesized by the solid-phase method as
described elsewhere.* After synthesis, the samples were dis-
solved in 9 M LiBr aqueous solution and then dialyzed against
distilled water for three days at 4 °C. The precipitate was then
collected and dried for solid-state NMR observation.

13C CP/MAS NMR Measurements. '*C CP/MAS NMR
experiments'* were performed on a Chemagnetics Infinity 400
MHz spectrometer with an operating frequency of 100.0 MHz
for *C at a sample spinning rate of 7 kHz using a 4 mm diameter
Zr rotor. We used the following: 10240 scans for nonlabeled
sample and 1,024 scans for [3-'3C]Ala labeled samples, 1 ms CP
contact time and 5 s recycle delay. 50 kHz radio frequency field
strength was used for "H—"'C decoupling with the acquisition
period of 12.8 ms. '*C chemical shifts were calibrated indirectly
through the adamantane methylene peak observed at 28.8 ppm
relative to TMS (tetramethylsilane) at 0 ppm. For performing
the deconvolution of Ala CS peak, we initially assumed the
chemical shift and line width of the three components to be
fixed. But thereafter we changed the value of these parameters
slightly to obtain a closer simulation of the observed spectra.
Gaussian line shape was assumed in all simulations.

REDOR Measurements. '*C-detected '*C—'"N° REDOR
experiments'> were performed on a Bruker DSX-400 AVANCE
spectrometer operating at 400.1 MHz for 'H, 100.6 MHz for '*C
and 40.5 MHz for '*N using a BL 4 mm Bruker MAS probe. The
MAS spinning speed was 7 kHz and the recycle delay was set to

5. o pulses for *C and >N channels were 16.0 and 12.8 us, res-
pectively and a total of 512 acquisitions were collected. REDOR
evolution times ranged up to 24.3 ms. The REDOR results were
corrected for the natural abundance background by calculation.
Values of AS/Sy = 1—5/S,, where Sy and S represent the '*C
signals obtained respectively in the absence and presence of
dipolar dephasing, were computed as the ratios of peak inten-
sities in the REDOR spectra.

PDB Analysis. X-ray crystallographic data from the Protein
Data Bank at the Research Collaboratory for Structural Bioin-
formatics (RCSB) were used to search the torsion angles of Gly-
Ser-Gly sequences in natural proteins.'® Only structures deter-
mined at 2.0 A resolution or better and R factor <20% were
used. A subset of 310 occurrences was obtained from the
database after excluding multiple entries of proteins with a
similarity greater than 50%. Then, the atomic distance between
the carbonyl carbon of the first Gly residue and the amide
nitrogen of the third Gly residue in the Gly-Ser-Gly sequence
was calculated.'”

B¢ Spin—Lattice Relaxation Time (7;) Measurements. 3¢
spin—lattice relaxation times were observed using a Bruker
DSX-400 AVANCE spectrometer. We used a Pulse sequence for
13C T determination developed by Torchia.'® The MAS spin-
ning speed was 8 kHz. The 'H 90° pulse, '*C 90° pulse, contact
and repetition times were 3.9 us, 5 us, 1.2 ms, and 5 s, respec-
tively. Spectra were accumulated 5120 times with arrayed vari-
able delay range of 0.05—8.0 s at 24, 40, 60, and 80 °C.

Results

13C CP/MAS NMR Spectra of (AGSGAG)s. Figure 1
shows the '*C CP/MAS NMR spectra of (a) [3- °C]Ala' -
(AGSGAG)s, (b) nonlabeled (AGSGAG)s and (c) difference
spectrum (a — b) as an example. In general, the Ca and Cf
carbons in proteins and peptides exhibit conformation-de-
pendent '3C chemical shifts.'” ! These chemical shifts have
been used for structural anala/ses of silk fibroins by us.?*~
The Ala Cf peak of Ala'""-(AGSGAG)s obtained from
samples precipitated by dialysis of 9 M LiBr solution of the
peptide, was asymmetric and broad as shown in Figure 1.
This spectral pattern indicates a silk II structure although the
sample, (AG);s prepared by the same treatment has been
reported to be a silk I.** Thus the introduction of repeated
Ser residues in the sequence (AG);5 to give (AGSGAG)s is
evidently responsible for its structural change from silk I to
silk IT during precipitation. The Ala Cf peak can be decon-
voluted into three components reflecting the local conforma-
tion and intermolecular arrangements of the chains as
mentioned in the introduction. The highest field broad peak
at around 16.7 ppm was assigned to a distorted S-turn
structure, which is characterized by a large distribution in
torsion angles around an average conformation of a type II
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Figure 1. '°C CP/MAS NMR spectra of (a) (AGSGAG),Ala-Gly-Ser-
Gly-[3-"*C]Ala'"-Gly(AG-SGAG), and (b) natural abundance
(AGSGAG);s and (c¢) the difference spectrum, spectrum a — spectrum b.

pB-turn. The chemical shift of this broad peak is also in agree-
ment with that of random coil peak of the Cf3 carbon of Ala
residues of proteins in aqueous solution as discussed previ-
ously.”!” In order to determine quantitatively the fraction of
conformation assigned to the 16.7 ppm peak, we obtained
the difference spectrum c by subtracting natural abundance
spectrum b from the '*C-labeled peptide spectrum a. This
subtraction (a — b) provides local structural information
exclusively for selectively '*C labeled Ala residues.

Determination of the Fraction of Distorted Type II f-Turn
and/or Random Coil for Ala Residues from the Relative
Intensity of 16.7 ppm Peak in [3-'>C]Ala-(AGSGAG)s with
Different ">C Labeling Positions. Figure 2 shows the differ-
ence Ala Cp spectra of 10 [3-"*C]Ala-(AGSGAG)s peptides,
with different labeling position together with the deconvolu-
tions assuming Gaussian distributions. Previously we reported
13C T values of three components of Ala '*CH; peak. The
values were 550 ms (21.9 ppm), 270 ms (19.6 ppm) and 430 ms
(16.5 ppm).® Thus, the highest field peak which was assigned
to random coil or distorted S-turn had a 7 value between
that of the other two components. In addition, we observed
3C CPMAS and '*C DDMAS Ala Cf spectra, noting that
the relative intensities of these three components are the same
between two kinds of spectra within experimental error. We
therefore, used '3C CPMAS spectra to obtain the fraction of
p-sheet and random coil.

The fraction corresponding to the 16.7 ppm component
was determined to be 75% for the Cf carbon of Ala’ in the
peptide indicating that the Ala residue at the start of the
sequence has a high probability of forming random coil. The
fraction was markedly lower (26%) at Ala’ but rose to a
second maximum (44%) at Ala'®. The fractions for the Ala
residues located centrally in the peptide (Ala'!, Ala'?, Ala'’,
and Ala'®) were higher than those closer to the ends (Ala®,
Ala’, Ala®, and Ala®). It was also noted that in each of the
four cases, the two Ala residues located between two Ser
residues in the sequence, —SGAGAGS— in the peptide
showed similar fractions of the 16.7 ppm component. Ala*’
adjacent to the C-terminal Gly residue showed a higher
fraction (33%) compared with the two preceding Ala residues
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Figure 2. Fraction (%) of the 16.7 ppm peak calculated from the
deconvolution of Ala Cf peaks in the '*C CP/MAS NMR spectra
of 10 [3-"*CJ(AGSGAG)s with different [3-'*CJAla labeling sites as a
function of the '*C labeled position.
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F i%ure 3. Observed and calculated REDOR plots of (AGSGAG),Ala-
[1-*C]Gly-Ser-[°N]Gly- AlaGly(AGSGAG), named Ser15. The solid
lines represent the REDOR curves calculated by changing the fraction
of random coil (3.80 A) and f-sheet (4.75 A) forms and the fractions of
random coil are labeled. The broken line corresponds to 5-sheet (4.75 A).

Ala? (26%) and Ala® (23%). This probably results from a
higher probability of the residue adjacent to the C-terminus
to form random coil.

Determination of the Fraction of Distorted Type II f-Turn
and/or Random Coil for the Ser Residues by the REDOR
Method. To investigate the whole conformation of (AGSG-
AG)s in silk IT form, it is necessary to determine the local
conformation of Ser residues as well as Ala residues. In this
study, the information was obtained from the inter nuclear
atomic distances between [1-'*C]Gly and [*N]Gly nuclei in
the sequence, [1-'>C]Gly-Ser-['°N]Gly, indirectly because
the distance reflect the local conformation of the Ser residue
between two Gly residues. REDOR was used for the pur-
pose. The experimental AS/S, values were plotted against
di})Olar evolution time for (AGSGAG),Ala[l-"*C]GlySer-
[*N]Gly-AlaGly(AGSGAG), (see Figure 3 for an example)
and some of the plots have already been reported previously.?®
As a starting point, the theoretical REDOR curve was
calculated by assuming the distance, between [1-'*C]Gly
and [*N]Gly nuclei in the sequence, [1-'*C]Gly-Ser-['°N]Gly
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Figure 4. Observed relative intensities (black) of distorted 5-turn and/
or random coil structure component of (AGSGAG)s obtained from the
peak at 16.7 ppm of Ala Cf and REDOR bimodal fitting for Ser
residues were shown with different position. The observed relative
intensities (gray) of distorted S-turn and/or random coil structure
component of (AG),s were also shown for the comparison purpose.

of 475 A as in the antiparallel [-sheet structure obtained
from crystal structure of B. mori silk fibroin determined by
Takahashi et al.® However, the curve could not reproduce
the observed REDOR curve, indicating that the conforma-
tion of the Ser residue was a mixture of random coil and
antiparallel S-sheet structures as expected. It was therefore
necessary to obtain the information on the internuclear
atomic distance between [1-'*C]Gly and ['°N]Gly nuclei in
the sequence, [1-"*C]Gly-Ser-['*’N]Gly when the Ser residue
takes random coil conformation. As described in Experi-
mental Section (PDB analysis), 310 torsion angles of the Ser
residues in natural proteins selected from PDB database, and
the corresponding distances between the carbonyl carbon of
the first Gly residue and the amide nitrogen of the third Gly
residue in the Gly-Ser-Gly sequences were used. The atomic
distance for random coil conformation was calculated to be
3.80 A by averaging these distances. By assuming the fraction
of antiparallel 3-sheets and random coil, the REDOR curve
was calculated. The theoretical REDOR curve of the frac-
tion, 30% random coil and 70% antiparallel 5-sheet gave the
best-fit as shown in Figure 3. Thus, the fraction of random
coil for Ser'>'" residue was determined to be 30 + 5% and the
same fitting process was performed for the remaining four
peptides.

Change in the Fractions of the Distorted f-Turn and/or
Random Coil Components with Residue Position. The frac-
tions of the distorted S-turn and/or random coil components
were determined from the relative intensities of [3-'>C]Ala
Cp peaks at 16.7 ppm for Ala residues and for Ser residues
from the REDOR curves of the [1-'*C]Gly-Ser-['°N]Gly
labeled versions. Figure 4 shows these data (black) plotted
against the residue position within (AGSGAG)s and corre-
sponding plot (gray) for (AG);s reported previously.'"!?
Comparison of the plots for (AG);s and (AGSGAG)s show
that on the whole, the fractions of the distorted S-turn and/or
random coil component were higher in (AGSGAG)s except
for the two Ala residues at the N-terminal sites. The way the
fractions varied with position was slightly different in the two
peptides.

In the case of (AG);s the fraction decreased gradually
toward the inner part of the chain. The fraction then increased
at both the positions 9 and 11, indicating the appearance
of the folded lamellar structure with a S-turn at these
positions. After the 11th position, the fraction decreased
slightly. Moving from the 13th to the 17th position, the
fraction of the peak at 16.7 ppm was constant before reach-
ing a new maximum at the 19th position. Then the fraction
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decreased again. Toward the C-terminal, the fraction in-
creased again. Thus, we proposed lamella structure with
p-sheet structure and distorted S-turn at the 11th and 19th
Ala residues for (AG);s.! 12 In the case of (AGSGAGQG)s, the
general features of the plot were similar to that of (AG);s:
More than 70% non-f-sheet component at the first Ala
residue and two maxima at around the 11th and 19th Ala
residues. However, the fractions of the distorted -turn and/
or random coil component were generally higher throughout
for (AGSGAG)s except for Ala® close to the N-terminal site.
The plot of (AGSGAG)s suggests the appearance of the
folded lamellar structure with two S-turns, one at about
residue 11 and the other at about residue 19 like (AG);s
although the position of the f-turns may be less sharply
defined in (AG);s. Thus, the presence of Ser residues in the
peptide chain may result in a slight but significant perturba-
tion of the lamella structure seen in (AG);s.

Statistical Mechanical Calculation. We used statistical
mechanical calculation®” to investigate possible lamella structures
in (AGSGAG)s. This approach has been successfully applied
to (AG);s for the same purpose.'? The calculations were
initially based on the following assumptions:

(1) After S-turn formation along the chain there is at least
one pair of the intramolecular hydrogen-bonded strands
forming a f-sheet structure. Therefore, of the Ala residues,
the first residue which can form the S-turn is the third, while
the 29th Ala is unable to form the S-turn. (2) The direction of
the B-turn formation along the chain is always from the
N-terminal to the C-terminal. (3) There are one or two turns
in the peptide. Under these assumptions, 147 possible struc-
tures were produced with one or two -turn positions in one
chain of (AGSGAG)s. The occurrence probability, p(i), of
the ith structure for (AGSGAG); was calculated as

pli) = exp(—AE(i)/kT)

where AE(i) is the potential energy of the ith structure, k is
the Boltzmann’s constant, and 7'is the absolute temperature.
The relative potential energy of the ith structure, AE(P) is
estimated with the stabilization energy, AEy, due to the
formation of inter-residue hydrogen bonds for each residue
with 3-sheet structure AEg, due to Ser residues incorporated
in f$-sheet and the destabilization energy, and AEt, due to
formation of turn structure is calculated as

AE(i) = nu(i)AEq + ns(i)AEs + n1 (i) AET

where ny(i), ns(i), and nr(i) are the numbers of hydrogen
bonds, Ser residues incorporated in S-sheet and turns in the
ith structure, respectively.

Then the occurrence probability, P(j), where the Ala and
Ser residue jin the (AGSGAG)s molecules do not contribute
to the intermolecular hydrogen-bonding formation within a
[-sheet structure is calculated as

P(j) = Z0(ij) exp(— AE(i)/kT) /Z exp( — AE(i) /kT)

where 6(ij) = 0 when the Ala and Ser residue j in the ith
structure is involved in the inter-residue hydrogen bonds
with -sheet structure, while d(ij) = 1 when the same Ala and
Ser is not involved in the inter-residue hydrogen bonding
formation with fS-sheet structure. The values of AEy, AFEs,
and AEt were optimized with the minimum root-mean-
square deviation of observed and calculated P(j).

The fraction of non-f-sheet conformations calculated
with optimized AEy, AEs, and AET was plotted against the
residue position (Figure 5a). However, agreement between the
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observed and calculated plots was not satisfied compared to
the same analysis for (AG);s. Therefore, the calculations
were performed again by changing the assumption slightly as
follows: The residues incorporated into [-sheet structure
next to the B-turn positions form one hydrogen bond instead
of two. Other assumptions are the same as those described
above. Under these assumptions, 147 possible structures
with one or two S-turn positions in one chain were taken
into account. Figure 6 shows the contour plots to obtain
AEy, AEs and AET from the minimum root-mean-square
deviation of observed and calculated P(j). The values for the
energies, AEy = —0.35,AEs = —0.10,and AET = 0.90 kcal/
mol (1 cal =4.183 J) were obtained from the optimization.
With optimized AEy, AEs, and AET_ the fraction of non-3-
sheet conformations calculated was plotted against the
residue position (Figure 5b). A considerably better agree-
ment between the observed and calculated plots was ob-
tained compared with the first calculation.

13C Solid State Spin—Lattice Relaxation Time Observation.
In order to obtain information on the dynamics of Ser residue
introduced in the peptide (AG), experimentally, '*C spin—
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Figure 5. Observed (black) and calculated relative intensities (gray) of
the S-turn and/or random coil structure component with different
position. (a) The first calculation was performed according to the similar
method applied to (AG)s reported previously.'>!* The agreement
between the observed and calculated plots was not satisfied compared
to the same analysis for (AG);s. (b) The revised second calculation was
performed by changing the assumption slightly as follows: The residues
incorporated into S-sheet structure next to the S-turn positions form
one hydrogen bond instead of two. The agreement between the observed
and calculated plots was satisfied.
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lattice relaxation time of Ser Cf carbons was observed for
(AGSGAG)s. A plot of a series of partially relaxed spectra of
natural abundance (AGSGAG)s sample is shown with delay
times in Figure 7. The experimental decay curve, represented
by solid circles, is indicated not to be a single exponential and
it has been resolved into plural exponentials with different 7'
values by the least-squares method. Since the two compo-
nents agreed well with the observed data and also two
components have been previously reported for the relaxation
data for the Ser Cf carbons of B. mori silk fibroin,?® it was
concluded that there exist two components with different 7'
values. The two components are given as

M(1)/M(0) = Lexp(—7/Ti")+ (1= &) exp(—7/T1%)

where T,F and 7,5 denote that longer and shorter 77, respec-
tively, and & denotes the fraction of Ser C8 with 71" and (1 — &)
denotes the fraction of Ser CS with T,5. The effect of
temperature on the behaviors of the two Ser Cf T} compo-
nents can be used to discover whether both lie within the slow
mobility region on the plot of 77 intensity versus correlation
time.? Our results are summarized in Table 2. Over the
temperature range 24—80 °C, the fraction of 7" relative to
7,5, denoted by ¢, were mostly constant at approximately
60%. Both T values decreased with a rise in temperature
indicating that both 77 components of Ser Cf3 carbons lay
within the slow mobility region on the plot of 7 intensity
versus correlation time and that T,“ component has a
relatively slower mobility than the 7,° component. The
existence of two different T, components clearly shows that
Ser residues exist in two states with different molecular
dynamics. Curve fitting suggests 40% of the Ser residues
in (AGSGAG)s are in the T," less mobile state. The lower
mobility of the 7} component compared with the 7}5 is
thought to result from a combination of intermolecular
hydrogen bonding through the Ser-OH groups and high
steric hindrance of the Ser side chains that are located
between two f-sheet planes while the 7)5 state is that of the
more mobile non-hydrogen bonded Ser side chains.

Discussion

We show that (AGSGAG)s when precipitated by dialysis of a 9
M LiBr solution of the peptide, took a silk II structure while
(AG);s treated in the same way has been shown to be a silk I.
However introducing a single serine residue into the central
position of (AG);s to give (AG);SG(AG); does not result in a
silk IT structure after the same treatment; it stays in silk I.'° Thus
the introduction of several regularly arranged serines into (AG);5
is required to obtain a silk I structure indicating that this
arrangement is required to destabilize the silk I form.

The fractions of the distorted S-turn and/or random coil
components were determined from the relative intensities of

Figure 6. Contour plots used to obtain AEy, AEs, and AEr from the minimum root-mean-square deviation in the calculations of observed and
calculated the occurrence probability, P(j). The values for the energies, AEy = —0.35, AEs=—0.10, and AET=10.90 kcal/mol (1 cal =4.183 J) were

obtained from the optimization. Details are described in the text.
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Figure 7. Observed plot (solid squares) of a series of partially relaxed
13C peak intensities for Ser CB in natural abundance(AGSGAG)s vs
delay time. A double exponential function gave a good fit to the
experimental results (R> = 0.98). After fitting, the longer 7} (dashed
line), shorter 7 (dotted line), and the fraction of Ser Cf with each T}
were determined.

Table 2. Shorter and Longer '*C-T; Relaxation Times and Fraction
(%) of each T; Component of Ser Cf Carbon at Variable

Temperatures
24 °C 40 °C 60 °C 80 °C
shorter T 0.74(60%)  0.72(60%)  0.25(70%)  0.16(60%)
longer T 10.60 (40%)  8.16(40%)  6.90(30%)  2.12(40%)

[3-1*C]Ala Cp peaks at 16.7 ppm for Ala residues and from the
REDOR curves of [1-"*C]Gly-Ser-['°N]Gly parts for Ser resi-
dues. Comparison of the plots for (AG);s and (AGSGAG); show
that on the whole, the fractions of the distorted f-turn and/or
random coil component were higher in (AGSGAG)s except for
the two Ala residues at the N-terminal sites. Close examination of
our previous studies'® on '*C CP/MAS NMR of the Ala CA
region of nonisotope labeled (AG), and (AGSGAG),,, shows that
the fraction of random coil/distorted S-turn region in Ala CS
peaks was slightly higher in (AGSGAG),, than in (AG),. These
observations taken together indicate that the presence of repeated
Ser residues in the peptide chain may result in some disturbance
to the fB-sheet-distorted S-turn lamella structure. In this connec-
tion it is interesting to note that Fraser et al.*>>! reported that unit
cell dimensions (a, b, ¢) of (AG), and (AGAGSG),, are 9.42,6.95,
8.87 A and 9.39, 6.85, 9.05 A respectively. In the c-axis, the
direction perpendicular to the plane of the pleated sheet the unit
cellin (AGAGSG),, was 9.05 A, markedly larger than the 8.87 A
in (AG),. This data strongly supports our hypothesis that side
chains of Ser residues in (AGSGAG);s stick out perpendicular to
the plane of the 5-sheet producing a larger c-spacing compared to
(AG),s. We suggest that this larger separation allows looser, less
regularly located turns in the lamella structure.

The "C spin—lattice relaxation time observations of Ser Cf
carbons of (AGSGAG)s indicate that there are two components
in the Ser side chain dynamics. This has already been noted in B.
mori silk fibroins using '*C 7| studies of Ser Cf carbons®™ and
solid state “H NMR observation of the [3,3-’H,]Ser residues.****
The slower component was shown to have more restricted
motion. Curve fitting for the spin—lattice relaxation data indi-
cated that the slow component accounted for approximately 40%
of the Ser residues. The slower mobility of this component is
thought to result from intra- and intermolecular hydrogen bond
formation through Ser OH groups and/or from steric hindrance
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Table 3. Eleven Structures with Higher Occurrence Probabilities over
0.03 Selected from 147 Possible Structures Used for the Second
Statistical Mechanical Calculation”

probability turn position

0.133 15
0.062 11,23
0.044 7,15
0.044 9,19
0.044 9,21
0.044 11,21
0.044 10, 20
0.041 17
0.035 13
0.035 14
0.035 16

“The turn position of each structure is also listed. Details are
described in the text.

of the Ser side chains as a result of their location between two
p-sheet planes.

Among the 147 possible structures used for statistical mechanical
calculation, the structures with occurrence probabilities over 0.03
after the second calculation (see above) were listed in Table 3. The
sum of the fractions of the five structures with one turn was 0.279
and that of the six structures with two turns was 0.282. Recently
Gong et al. proposed a tentative structural model for cross-f3 proto-
fibrils prepared from regenerated B. mori silk fibroin solution on the
basis of X-ray diffraction, TEM, and AFM images.** The nano-
fibrils were approximately 5 nm in width while the GS or GA at the
C-end of a typical segment GAGAGSGAGAGS gave rise to a
single turn between a f-strand dimer. The laminated f5-sheet length
proposed by them is reasonably consistent with our models which
consists of turns and f-strand with approximately 8— 12 amino acids
at the central sequence of the proposed lamella structure with two
turns for the peptide, (AGSGAG)s.

In conclusion, our findings suggest a novel model for the
structure of the crystalline regions in B. mori fibroin in which the
serine side chains, bulkier and more hydrophilic compared with
those of (AG), increase the separation between the [-sheets
creating space for the formation of looser, more distorted, and
less regularly located turns. These differences may have implica-
tions for chain mobility and the size regularity of the crystallites in
silk with important implications for the mechanical behavior. To
obtain further information on the structure and dynamics of the
Ser residue, we are now seeking to prepare (AGSGAG)s with
stable isotope-labeled Ser residues.
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