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ABSTRACT: The structure of silk fibroin fiber from a wild silkworm, Samia cynthia ricini, whose amino
acid sequence is similar to the spider (major ampullate) silk, was determined with solid-state NMR. The
15N and 3C labelings for the dominant amino acids, alanine and glycine, residues of S.c.ricini silk fibers,
were performed by oral administration of [**N]alanine, [1-'*C]alanine, [**N]glycine, or [1-!3C]glycine to
the fifth instar larvae of the silkworm, S.c.ricini. The blocks of the oriented silk fibers, stretched by about
10 times the original length of the sample, were prepared, and the >N and *3C solid-state NMR were
observed by changing the angles of the oriented silk fiber axis and the magnetic field. All of the oriented
spectra of [**N]glycine silk fibroin fiber and [1-13C]glycine silk fibroin fiber were slightly broader than
the corresponding spectra of alanine isotope-labeled silk fibers. The fraction of alanine residues in oriented
domains in the silk fiber samples was 75%, and that of glycine residues was 65%. The specific orientations
of NH, NC’, C'O, and C'N bonds for alanine and glycine residues in the oriented domain were determined
from the angle-dependent spectra. The conformational space for the alanine and glycine residues was
substantially reduced with these bond orientations, and the best fit torsion angles, ¢ and v, within the
reduced conformational space were determined. The torsion angles of these two residues were within

antiparallel -sheet structural region.

Introduction

The silk fibroins from silkworms can produce strong,
stiff fibers at room temperature and from an aqueous
solution, whereas synthetic materials with comparable
properties must be processed at higher temperatures
and/or from less benign solvents. The properties of
natural silk fiber are the consequence not only of the
chemical composition but also of the conditions under
which the bulk silk secretions are converted into fiber—
they depend on the molecular order in the fiber. Thus,
it is important to study molecular structure of the silk
including the molecular alignment in order to clarify the
origin of the impressive mechanical properties.!

The silk fibroin from the domesticated silkworm,
Bombyx mori, is a well-known fibrous protein whose
amino acid composition (in mole percent) is 42.9%
glycine, 30.0% alanine, 12.2% serine, 4.8% tyrosine, and
2.5% valine.?2 The detailed primary structure has re-
cently been reported by Mita et al.® The secondary
structure of the silk fibroin fiber was proposed by Marsh
et al.* to be antiparallel -sheet, on the basis of X-ray
diffraction studies and by assuming that the sequence
was -(Gly-Ala),-. This structural model has been sup-
ported by more detailed X-ray diffraction analyses®>® and
IR studies’ as well as conformation-dependent 13C and
15N solid-state NMR chemical shifts.813

In contrast, the amino acid composition of silk fibroin
from a wild silkworm, Samia cynthia ricini, is different
from that of B.mori silk fibroin. The sum of Gly and Ala
residues is 82%, which is basically the same as that of
B.mori silk (71%), but the relative composition of Ala
and Gly is reversed.2 The proportion of Gly residues is
greater in B.mori silk fibroin, while the content of Ala
residues is greater in S.c.ricini silk fibroin. The primary
structure of the silk fibroin from S.c.ricini has recently
been determined by Yukihiro et al.,’* which was very
similar to the structure of silk fibroin from Antheraea
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pernyi.’®> Namely, the silk mainly consists of the re-
peated similar sequences by about 100 times where
there are alternative appearances of polyalanine region
and glycine-rich region like spider (major ampullate)
silk. From the solution 13C and >N NMR studies of
S.c.ricini silk fibroin in aqueous solution, it is evaluated
that about 70% of Ala residues form o-helices, while the
conformation of the other Ala residues is random
coil.16-18 The solution structure of most of the other
residues including Gly residue seems to be random coil
because there was no significant chemical shift changes
indicative of a helix—coil transition, with increasing
temperature, although 70% of the Ala residues exhibited
a chemical shift change due to fast exchange between
the two conformations.’®17 The antiparallel j-sheet
structure has also been proposed for the Ala residues
of S.c.ricini silk fiber in the solid state on the basis of
the conformation-dependent 13C chemical shift.8 How-
ever, there is no structural information for the Gly
residues of S.c.ricini silk fiber because of the small
conformation-dependent chemical shift.1213.19

In general, the primary contributing method for high-
resolution determination of structure has been X-ray
diffraction from single crystals, which has provided
detailed blueprints of the molecular architecture of
numerous proteins. However, the application of X-ray
crystallography has been restricted to proteins from
which well-ordered crystals can be grown. This difficulty
has excluded a large number of biologically relevant
proteins and has been the impetus for the development
of new techniques for determining atomic resolution
structures. Fibrous proteins are particularly difficult to
study using standard structure determination tech-
niques. The X-ray diffraction from fibers in which
proteins are aligned along the long axis of the fiber
typically yields general features of molecular organiza-
tion and packing but lacks atomic resolution details.
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High-resolution solution NMR techniques are not ap-
plicable to fibrous proteins, since the solution-state
structure is generally not representative of the structure
in the fibrous state. However, the natural alignment of
the protein within the fiber provides an important
advantage that can be analyzed by solid-state NMR.20-22

The solid-state >N NMR spectra of B.mori silk fiber
obtained from uniaxially aligned molecules placed with
the axis of alignment both parallel and perpendicular
to the magnetic field were reported and analyzed to
yield the orientations of specific molecular bonds. The
NMR-derived and the fiber diffraction-derived angles
between the NH and NC' bond vectors and the fiber axis
agree well for the [*®N]Gly site.?° Most recently, the
torsion angles, ¢ and vy, of Ala and Gly residues of
B.mori silk fibroin fiber were determined from 5N
and!3C solid-state NMR spectroscopies.?? For this pur-
pose, [*°N]Ala, [*°N]Gly, [1-13C]JAla, and [1-13C]Gly sites
of the silk fibroin were highly labeled by oral adminis-
tration of the isotope-labeled amino acids to fifth
silkworm larvae or by cultivation of the silk glands in
a medium containing the isotope-labeled amino acids.?3
The specific NH and NC' bond orientations relative to
the fiber axis were determined for both Ala and Gly
residues from the!®>N solid-state NMR spectra of the
uniaxially aligned *N-labeled silk fibroin fibers.2® Simi-
larly, the C'O and C'N bond orientations were deter-
mined for both Ala and Gly residues from the 13C solid-
state NMR spectra of 13C-labeled silk fibers.2* Subse-
quently, the torsion angles, ¢ and , were calculated
by combining these bond orientations for both Ala and
Gly residues.

In this paper, the solid-state NMR analyses developed
for the structural determination of B.mori silk fibers
were applied to determine the torsion angles, ¢ and vy,
of Ala and Gly residues in the oriented domain of
S.c.ricini silk fibroin fiber. The 1°N and 13C labelings of
the S.c.ricini silk fiber were performed for the Ala and
Gly residues by oral administration of isotope-labeled
amino acids. The fraction of oriented and nonoriented
domains in the silk samples was determined from the
15N and 13C solid-state NMR spectra of the blocks of the
oriented silk fibers observed by changing the angles of
the oriented silk fiber axis and the magnetic field.
Because of the small conformation-dependent isotropic
chemical shift’213.19 for the Gly residue, the solid-state
NMR analysis which is characteristic of the oriented
structure used here is especially useful for the structure
determination of the Gly residues of S.c.ricini silk fiber
where large amounts of Gly residue are present in a
variety of the Gly-containing sequences in the chain. In
addition, the structure of the Gly residues in spider silk
will be also discussed by reference to the structure of
the Gly residues in S.c.ricini silk fibroin determined
here because of the similar primary structures with each
other.

Materials and Methods

15N and 3C Labelings of Silk Fibroin. From eggs of
S.c.ricini (which were kindly supplied by Dr. Jun Saito,
National Institute of Sericultural and Entomological Science,
Tsukuba, Japan), larvae were reared on Ailanthus glandulosa
leaves in our laboratory.1%2526 A 100 uL aliquot of 10% (w/v)
[**N]alanine (99.9 at. % N enrichment, Mastrace, Inc.,
Woburn, MA) in aqueous solution was given by oral admin-
istration to fifth instar larvae from 3-day-old to 6-day-old for
4 days: two times, morning and evening, per day for a
silkworm. Then the 7-day-old fifth instar larva was anesthe-
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tized in ice-cold water for 10 min and sterilized by immersing
in 70% ethanol solution. The silk gland consisting of the
anterior, middle, and posterior divisions was pulled out with
forceps from a small incision on the abdominal side of the
head—thorax intersegment. The silk glands containing [*°N]-
Ala silk fibroins were then washed twice in ice-cold 1.15%
potassium chloride solution. Similarly, [**N]glycine (99.9 at.
% 5N enrichment, Mastrace, Inc., Woburn, MA), [1-3Clalanine
(99.9 at. % 3C enrichment, Mastrace, Inc., Woburn, MA), and
[1-3C]glycine (99.9 at. % C enrichment, Mastrace, Inc.,
Woburn, MA) were used to obtain [**N]Gly, [1-1*C]Ala, and
[1-13C]Gly silk fibroins, respectively.

Preparation of Oriented Block Samples. The silk glands
containing silk fibroins were immersed in the dilute acetic acid
(1%) for 15 min. The glands were washed carefully by gently
agitating the acid solution to remove contaminants, and the
structure of the silk at the surface was changed to S-sheet
structure. Then the silk glands containing silk fibroins were
stretched by about 10 times the original length of the sample
under constant speed with a motor and wound onto a glass
tube. During the process, the lining of the silk glands was
easily removed by gently applying pressure to the surface of
the silk gland. To prepare blocks of oriented fibers, the silk
fibers were placed on a treating apparatus with handle, which
produces sheets of highly oriented fibers. These sheets were
fixed in place with quick-setting epoxy and then cut into 6 mm
x 10 mm pieces, stacked together, and fixed with epoxy to form
an 6 mm x 10 mm x 4 mm block that fit within the radio-
frequency coil of the NMR probe. This winding procedure
ensures essentially uniform alignment of the macroscopic fiber
axis; any further misalignment can be attributed to local
orientational distributions of the polypeptide backbone relative
to the macroscopic fiber axis. Four kinds of silk fibroin fiber
blocks—[**N]JAla, [**N]Gly, [1-**C]Ala, and [1-3C]Gly silk
fibroins—were prepared for NMR observation.

NMR Observation. The static and magic-angle spinning
(MAS) solid-state ®N NMR and *3C experiments were per-
formed at 25° C with a CMX Infinity 400 NMR spectrometer
(Chemagnetics) operating at 40.3 and 100.0 MHz, respectively.
Cross-polarization was employed for sensitivity enhancement
with high-power H decoupling during the signal acquisition
period. Typical NMR parameters were as follows: 7 us 90°
pulse with a 1 ms mixing time, 5 s repetition delay, and 10 000
scans for >N NMR, and 5.9 us 90° pulse with a 1 ms mixing
time, 5s repetition delay, and 10 000 scans for *C NMR. Phase
cycling was used to minimize artifacts. The orientation-
dependent **N and *3C solid-state NMR spectra were observed
when the fiber axis was arranged at various angles between
0° and 90° to the magnetic field direction. The **N chemical
shifts were referenced to *®*NH4;NO3 by setting the signal of
solid ®NH,CI to 18.0 ppm, and 3C chemical shifts were
referenced to (CHj3)4Si by setting the signal of solid adaman-
tane to 29.5 and 38.6 ppm. The chemical shift tensor compo-
nents were determined from the slow MAS sideband intensi-
ties by the Herzfeld and Berger method.?”

Simulations of Solid-State NMR Spectra. The orienta-
tion-dependent *N and *3C solid-state NMR spectra were
simulated on the basis of the chemical shift anisotropy to
determine the Euler angles, o and S, that relate the principal
axis system (PAS) to the fiber axis coordinate system. A trial-
and-error process was utilized to simulate the solid-state NMR
spectra by varying ar and Se. A Gaussian probability distribu-
tion of fiber axis orientations, p, was employed to account for
the spectral broadening. The Euler angles, ap and fp, for
transforming the PAS to molecular symmetry axis (MSA)
system, determined from the simulation of 13C—!°N dipolar
modulated powder pattern of the [1-13C]—[*°N] doubly labeled
model peptides?®2® were also used. The specific orientations
of NH, NC’, C'O, and C'N bonds for Ala and Gly residues in
the oriented domain of the silk fibroin fiber were determined
with a combination of these Euler angles. The conformational
space for the Ala and Gly residues of the silk fibroin fiber was
substantially reduced with these bond orientations, and the
best fit torsion angles, ¢ and 1, within the reduced conforma-
tional space were determined. Details of the simulation
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Figure 1. Solid-state >N CP/MAS NMR spectra of (A) [**N]-
Ala and (B) [**N]Gly labeled S.c.ricini silk fibroin fibers.

Table 1. 13C and ®N Chemical Shift Tensors and
Isotropic Chemical Shifts for Gly and Ala Residues

[15NJAla2  [B5N]Gly2  [1-13C]JAla®  [1-13C]Glyb
o1 34.2 21.0 85.5 89.2
022 67.6 53.0 190.3 178.0
033 200.8 182.1 241.4 2415
Tiso 101.0 84.6 172.4 169.5

a pParts per million (ppm) from external 1SNH;sNOg. ° Parts per
million (ppm) from external TMS.

including the definition of these Euler angles are described
eleswhere.?? All of the calculations were performed with a Mips
Fortran 77 compiler on a Unix workstation (Silicon Graphics,
Inc., Indy R4400, IRIX5.3).

Results

Isotropic ®N and *3C Chemical Shifts. Figure 1
shows 1N CP/MAS NMR spectra of [1°N]Ala and [*°N]-
Gly silk fibroin fibers stretched by about 10 times the
original silk fiber. The isotropic chemical shift ois, value
of the [\°N]Ala residues is larger than the value of [*°N]-
Gly residues by 15.4 ppm (Table 1),22 which is in
agreement with the previous chemical shift data. It is
clear that the isotopic enrichments of [1°*N]Ala and [*°N]-
Gly labeled samples are high enough for >N NMR
analyses of each site. The isotropic chemical shift oig
value of the [**N]Ala residues,101 ppm, indicates that
Ala sequences in the chain take $-sheet structure.1?2 On
the other hand, a broader peak than the Ala peak by
about 2 times indicates there are several kinds of
structures reflecting the chemical shift distribution for
the Gly sites.'® Actually, four peaks split into several
sequences are observed in the Gly peak region of the
15N solution spectrum of S.c.ricini silk fibroin. The 13C
CP/MAS NMR spectra of [1-13C]Ala and [1-13C]Gly silk
fibroin fibers (10 times stretching ratio) are shown in
Figure 2. The chemical shift, 20 ppm, of the Ala Cg
peaks in both samples indicates the Ala sequences take
the g-sheet structure, which was the same as the results
from 1N NMR mentioned above.? The carbonyl carbon
chemical shifts of Ala residues are also in agreement
with the -sheet structure. These data indicate that the
structure is basically the same between the silk fiber
prepared by stretching the silk stored in a silk gland
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Figure 2. Solid-state 3C CP/MAS NMR spectra of (A) [1-1*C]-
Ala and (B) [1-3C]Gly labeled S.c.ricini silk fibroin fibers.

by a factor of 10 and the spun silk obtained from a
cocoon.

Chemical Shift Tensors. In analyzing the local
structure of Ala and Gly sites, it is necessary to
determine the chemical shift tensors of 15N and carbonyl
13C nuclei for both Ala and Gly sites. With spinning
sideband analysis developed by Herzfeld and Berger,?”
the chemical shift tensor values were determined: The
15N CP/MAS NMR spectra of [*°N]Ala and [**N]Gly silk
fibroin fibers were observed and simulated by changing
the spinning rates from 1400 to 1800 Hz. The similar
observations and simulations were performed for [1-13C]-
Ala and [1-12C]Gly silk fibroin fibers. The chemical shift
tensors determined are listed in Table 1. The ois, value
calculated from three chemical shift tensors is in agree-
ment with o5 value determined with CP/MAS NMR.
These data can be used for further structure analysis
of S.c.ricini silk fibroin fibers.

15N CP NMR Spectra of Oriented Samples. Figure
3 shows the 1N solid-state NMR spectra of [\°N]JAla and
[**N]Gly silk fibroin fiber blocks aligned with the fiber
axis, which are set as a function of the angle between
the fiber axis and magnetic field B, together with the
powder pattern spectra. The 15N spectra of silk blocks
change largely by changing the angles, indicating that
both samples are oriented significantly. This observation
is the same as those for [1°>NJAla and [**N]Gly B.mori
silk fibroin fibers reported previously although the
sequence of S.c.ricini. silk fibroin is quite different from
B.mori silk fibroin. Namely, for B.mori silk fibroin, Ala
and Gly residues are mainly present in the alternative
sequences such as ...-Ala-Gly-Ala-Gly-Ala-Gly-.2 How-
ever, S.c.ricini silk fibroin mainly consists of the re-
peated similar sequences by about 100 times where
there are alternative appearances of polyalanine region
and glycine-rich region like spider (major ampullate)
silk.1430-33 For the Ala sequence, it is well-known that
there is a strong tendency to form an a-helix which was
predicted using the Chou—Fasman scheme?®* for pre-
dicting secondary structure. Actually, in the aqueous
solution of the silk fibroin, the sequence takes an a-helix
as reported previously from the solution NMR of the silk
fibroin stored in the silk gland of S.c.ricini silkworm.
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Figure 3. Solid-state >N CP NMR spectra of an oriented
block of (A) [**N]Ala and (B) [**N]Gly S.c.ricini silk fibroin
fibers as a function of the angle between the fiber axis and
the magnetic field Bo.

However, the silk fibroin is converted into the -sheet
structure which is stabilized by the formation of inter-
molecular hydrogen bonding by stretching the silk by
10 times its original length. This seems reasonable
because the f-sheet structure can be formed for even
shorter sequence of Ala sequence in spider silk30-33 (5—7
Ala residues in spidroin 1 and 6—10 residues in spidroin
2, while 11—-14 Ala residues in S.c.ricini silk fibroin).

It is especially interesting to discuss the orientation
and conformation of Gly residues in S.c.ricini silk fibroin
fiber with the angle-dependent analytical method used
here because the 13C and 15N chemical shifts of Gly
residue are generally insensitive to the conformation of
the Gly residue. Figure 3B shows clearly there is
oriented Gly residue at the Gly-rich region by stretching
10 times. This spectral behavior is similar to that of the
Ala residue taking the -sheet structure. However, all
of the oriented spectra of [®*N]Gly silk fibroin fiber
blocks are slightly broader than the spectra of [*°N]Ala
silk fibroin fiber blocks, and the fraction of oriented
components is smaller than the latter case.

Figure 4 is a series of spectra of oriented components
of [*°N]Gly silk fibroin fiber blocks obtained by subtrac-
tion of the powder pattern component from the oriented
spectra along with the simulated spectra for determi-
nation of the Euler angles, ar and fg. Here, the angles
o and B are defined as angles which relate the
principal axis system to the fiber axis coordinate system.
The detailed definition and interpretation of these Eular
angles were described previously.2>?2 The oF and fr
values determined are listed in Table 2 along with the
value, p, which indicate the distribution of the fiber axis
obtained by assuming a Gaussian distribution. A similar
spectral analysis was performed for [1°N]Ala silk fibroin
fiber blocks, and the results are also listed in Table 2.
The fraction of oriented components is 75% for the Ala
site and 65% for the Gly site. The p values are larger
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Figure 4. Solid-state SN CP NMR spectra of an oriented
block of [*®*N]Ala S.c.ricini silk fibroin fibers(A) as a function
of the angle between the fiber axis and the magnetic field Bo.
Noncrystalline fraction in the silk fibroin fibers has been
determined by subtracting the powder pattern from these
spectra. The simulated spectra are shown in (B). The distribu-
tion of the fiber axis orientation, p, was determined to be 23°.
The Euler angles determined are listed in Table 2.

Table 2. Euler Angles, or, fr, and Distribution of Fiber
Axis, p, for [1°N]Ala, [°N]Gly, [1-13C]Ala, and [1-13C]Gly
Sites in S.c.ricini Silk Fibroin Fiber

[5NJAla [N]Gly [1-3CJAla [1-33C]Gly

p (deg) 23 31 23 31
oF (deg) 25 25 80 80
BE (deg) 73 70 160 165
oriented 75 65 75 65

component (%)

The fraction of Oriented Component is also listed.

for [**N]Gly silk fibroin fiber than [**N]JAla silk fibroin
fiber. The ar and Sk values are almost the same between
the two N sites and are almost the same as those for
B.mori silk fibroin fiber.

[1-13C] CP NMR Spectra of Oriented Samples.
The 13C CP spectra can be obtained within shorter
accumulation times than the ®N CP spectra because of
the higher sensitivity of 13C nuclei. However, the peaks
from the bonding reagents for preparation of the silk
fiber blocks are also observed together with the natural
abundance spectra of the silk fibroin fibers. Thus, the
13C spectra shown in Figure 5 are obtained by subtract-
ing the spectra of oriented natural abundance silk
fibroin fibers containing the bonding reagents from the
original spectra of [1-13C]Ala and [1-13C]Gly silk fibroin
fiber blocks. Similar to the >N NMR spectra in Figure
3, the 13C spectra of oriented silk blocks change signifi-
cantly by changing the angles between the fiber axis
and magnetic field By. This also indicates that both
samples are well-oriented although the appearance of
the peak at around 180 ppm in the oriented [1-13C]Gly
silk fibroin fiber blocks at the angles of 0° and 30°
indicates that there are relatively larger amounts of
powder pattern components in the Gly sites in the
oriented samples compared with the oriented [1-13C]Gly
silk fibroin fiber blocks.
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Figure 5. Solid-state *3C CP NMR spectra of an oriented block
of (A) [1-13C]Ala and (B) [1-**C]Gly S.c.ricini silk fibroin fibers
as a function of the angle between the fiber axis and the
magnetic field Bo.
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Figure 6. Solid-state *3C CP NMR spectra of an oriented block
of [1-3C]Gly S.c.ricini silk fibroin fibers (A) as a function of
the angle between the fiber axis and the magnetic field Bo.
Noncrystalline fraction in the silk fibroin fibers has been
determined by subtracting the powder pattern from these
spectra. The simulated spectra are shown in (B). The distribu-
tion of fiber axis orientation, p, was determined to be 31°. The
Euler angles determined are listed in Table 2.

Figure 6 is a series of spectra of only the oriented
components of [*®N]Gly silk fibroin fiber blocks obtained
by subtraction of the powder pattern components from
the original oriented spectra in Figure 5 along with the
simulated spectra for determination of the Euler angles,
or and Sg. The fraction of the powder components was
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also determined to be 35%, which is the same value
determined from oriented [*®*N]Gly silk fibroin fiber
blocks in Figure 3. Similar simulation was also per-
formed for [1-13C]Ala silk fibroin fiber blocks. The aF,
Br, and p values for both sites are summarized in Table
2. The fraction of powder pattern components decreased
to 25%, which is in agreement with the 1°N Ala data.
The p value for [1-13C]Ala silk fibroin fiber block is 23
and also became smaller than the value, 31, for [1-13C]-
Gly silk fibroin fiber block. The p value reported for
oriented B.mori silk fibroin fibers was 10, and therefore
the distribution of the fiber axis is larger for S.c.ricini
silk fiber than for B.mori silk fiber even in the Ala sites.

Determinations of ¢ and y Angles of Ala and Gly
Residues in the Oriented Domain. The of and g
values determined for the Ala and Gly residues in the
oriented components can be used for determination of
the torsion angles, ¢ and vy, by the combination of the
Euler angles of the 13C and 15N CSA PAS system,
relative to the MSA system for [1-13C]Ala, [1-13C]Gly,
[**N]Ala, and [*>N]Gly sites. These Euler angles for each
site were already reported with the model compounds
for B.mori silk fibroins, Boc-Gly-Ala-[1-13C]Gly-[**N]Ala-
Gly-Ala-OPac and Boc-Ala-Gly-[1-13C]Ala-[**N]Gly-Ala-
Gly-OPac.?® For example, the 13C powder pattern spec-
trum of [1-13C]Gly is modified by the dipolar interaction
with [*®*N]Ala. The same dipolar interaction is also
observed in thel>N powder pattern spectrum. The Euler
angles of the >N CSA PAS relative to the MSA system
for the [1-13C]Gly-[*°N]Ala doubly labeled model peptide
can be determined from the simulation of the 13C—15N
dipolar modulated powder pattern using the approach
described by Teng and Cross. Using the simulation for
the >N powder pattern spectrum including the dipolar
interaction, the Euler angles of the >N CSA PAS
relative to the MSA system, opnc and PBpne, were
determined as apne = 0 £ 5° and fpne = 109 + 2° for
the 15N Ala site. These angles indicate that there is the
o33 component of 1°N nuclei in the C—N—H plane. On
the other hand, the Euler angles of the 13C CSA PAS
relative to the MSA system for the [1-13C]Gly-[°*N]Ala
doubly labeled model peptide, opcn and Bpen, for the
Gly site were determined as apcy = 0 + 5° and fipen =
35 4 2° from the simulation of the 2C powder pattern
spectrum.?® These Euler angles indicate that there is
the 022 component of 13C nuclei in the N—C—O plane.?®
Similarly, the Euler angles of the 15N Gly site were
determined as apnc = 0 + 5°, and those for the 13C Ala
site, OpcN — 0 4+ 5° and ﬁDCN = 33 £ 2° . Then the bond
orientations with respect to the fiber axis, Onn, One for
15N Gly and 5N Ala sites and 6co, 6cn for [1-13C]Gly
and [1-13C]Ala sites, are calculated by the combination
of these Euler angles as reported previously.??2 The
angles are Oyn = 86°, Onc = 42° for the [1°N]Gly site
and Oy = 85°, One = 44° for the [*°N]Ala site. Similarly,
Oco = 88°, Ocn = 140° for the [1-13C]Gly site and 0co =
86°, Ocn = 139° for [1-13C]Ala. By taking into account
the experimental error, the ¢—1 constraints for Ala and
Gly residues are determined as shown in Figure 7.
These results suggest that the ¢—1 constraints are able
to be reduced. The final ¢—v values are summarized in
Table 3.

Discussion

The ¢—y angles of Ala and Gly residues in the
oriented domain of S.c.ricini silk fibers were deter-
mined. These angles were almost the same as those
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Figure 7. Variation in bond orientations, Onn, Onc, Oco, and
fcn, as a function of torsion angles (¢, ¥) constrained by the
Cai-1—Cui+1 axis being parallel to the FAS and by NMR
orientational constraints for (A) Ala and (B) Gly residues. The
conformational space is restricted to an experimental error of
+5° for each bond orientation.

Table 3. Torsion Angles (¢, y) of S.c.ricini Silk Fibroin
Fibers Determined from Solid-State NMR

¢ (deg) y (deg)
Ala —142 to —122 135—-146
Gly —140 to —125 131-148

obtained for B.mori silk fibroins. It is easily predicted
that the Ala sequences in the S.c.ricini silk fibers take
the f-sheet structure from the N isotropic chemical
shift ois, value of the [*°N]Ala nitrogen and 13C isotropic
chemical shifts of Ca, CS and carbonyl carbons in the
CP/MAS NMR spectra. However, from the more detailed
structural analysis used here, the ¢— constraints were
obtained in the fS-sheet region of the Ramachandran
map. These angles are for the Ala residues in the
oriented regions, which is 75% of the total Ala residues.
The other Ala residues give powder pattern spectra,
indicating that these are in a nonoriented region.

Since the 13C and N chemical shifts of Gly residue
are generally insensitive to the conformation of the Gly
residue, the solid-state NMR analysis which is charac-
teristic of the oriented structure used here is especially
useful for the structure determination of the Gly resi-
dues of S.c.ricini silk fiber. The conformation of most
of the Gly residues in S.c.ricini silk fibroin in aqueous
solution which is stored in the silk gland is random coil.
This conclusion was derived from our solution NMR
study: The Gly carbonyl carbon peak, which was split
into 10 peaks depending on the different Gly environ-
ments in the sequences of the chain, did not change
through the helix—coil transition of the Ala se-
guences.16.17.35
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In the solid state, the Gly-rich region of the S.c.ricini.
silk fibroin fiber stretched by 10 times takes the 5-sheet
structure as well as the Ala sequences, which was
derived from a detailed analysis of the oriented NMR
data as mentioned above. This observation is the same
as those for [1°N]Ala and [**N]Gly B.mori silk fibroin
fibers reported previously although the sequence of
S.c.ricini. silk fibroin is quite different from B.mori silk
fibroin. Namely, Gly residues are present in the X-Gly-
Gly-Gly-Y or X-Gly-Gly-Y sequence, as well as isolated
in the Gly-rich sequences for S.c.ricini silk.** Here X
and Y are the amino acids except for Gly residue. On
the other hand, Gly residues are mainly present in the
alternative sequences such as ...-Ala-Gly-Ala-Gly-Ala-
Gly- in B.mori silk fibroin.

There is controversy about the conformation of the
Gly residue in the Gly-rich sequence region of spider
silk which is similar to the Gly-rich region of S.c.ricini
silk fibroin.30.32

The Gly-rich region has been considered to be respon-
sible for elasticity of spider silk.%? Judging from the
similar primary structure including Gly residues be-
tween S.c.ricini silk and spider silk, the sequences in
spider silk seem to be mainly g-sheet. Actually, Thiel
et al.33 showed recently the presence of -sheet structure
including the Gly residue is required in order to
interpret large crystal size predicted from careful X-ray
diffraction analysis. Fukushima3637 prepared the seven
repetitive polypeptides with a repeating sequence of the
Gly-rich sequence of spider dragline silk by the recom-
binant DNA technique. The FT-IR data of the samples
prepared as a cast film from formic acid showed j-sheet
structure. Our conclusion is in agreement with these
results.
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