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ABSTRACT: Silk fibroin is stored in the silk glands of Bombyx ' o\ e
mori silkworms as a condensed aqueous solution called liquid silk. 15kHz  10kHz  8kHz R i o) il s
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It is converted into silk fibers at the silkworm’s spinnerets under 1 (4.65MPa)(2.07 MPa) (1.32 MPa)

mechanical forces including shear stress and pressure. However, =

the detailed mechanism of the structural transition of liquid silk to 20'8 0
silk fibers under pressure is not well understood. Magic angle 5o4 NNL (
spinning (MAS) in solid-state nuclear magnetic resonance (NMR) & 2 @ ?;»‘ A
can exert pressure on liquid samples in a quantitative manner. In 0 2 o2 g,
this study, solid-state NMR was used to quantitatively analyze the L *5‘» T 3 i

impact of pressure on the structural transition of liquid silk. A

combination of *C DD-MAS and CP-MAS NMR measurements enabled the conformation and dynamics of the crystalline region of
the silk fibroin (both before (Silk I,) and after (Silk II,) the structural transition) to be detected in real time with atomic resolution.
Spectral analyses proposed that the pressure-induced structural transition from Silk I, to Silk II, proceeds by a two-step autocatalytic
reaction mechanism. The first reaction step is a nucleation step in which Silk I, transforms to single lamellar Silk II, and the second
is a growth step in which the single lamellar Silk II; acts as a catalyst that reacts with Silk I, molecules to further form Silk II,
molecules, resulting in stacked lamellar Silk II,. Furthermore, the rate constant in the second step shows a significant pressure
dependence, with an increase in pressure accelerating the formation of large stacked lamellar Silk IT,.

1. INTRODUCTION

Silkworms produce silk fibers from aqueous silk solutions at
ambient temperatures. As these fibers exhibit high strength,
toughness, and biodegradability, significant attention has been
directed toward investigating the process of fiber formation in
silkworms. The goal is to understand the mechanism by which
these robust fibers are produced naturally and how such
processes can be replicated on an industrial scale.' ™

The silk of Bombyx mori (B. mori) silkworms is composed of
two proteins: fibroin, which constitutes the fibers, and sericin,
which coats and adheres to the fibers. The fibroin molecule
consists of a 390 kDa heavy (H) chain, a 26 kDa light (L)
chain, and a glycoprotein, P25. The H and L chains are
connected by disulfide bonds, while P25 molecules associate
with the disulfide-linked H and L chains via noncovalent
interactions.”” The predominant amino acids in the H chain
are glycine (Gly; 42.9%), alanine (Ala; 30.0%), serine (Ser;
12.2%), and tyrosine (Tyr; 4.8%). The H chain consists of two
hydrophilic N- and C-terminal domains and a highly repetitive
sequence that consists of 12 repeating Gly- and Ala-rich
domains interspersed with conserved linker sequences in
between.’

The secondary structures of fibroin before and after the
structural transition are termed Silk I and Silk II, respectively.
Silk I has a repeated type II B-turn structure, as determined by
atomic-level conformational analysis via solid-state NMR of
model peptides,” "' and this result is supported by the solution
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NMR structural analysis of intact liquid silk."” In contrast, X-
ray crystallography results indicate that Silk II has an
antiparallel S-sheet structure. Interestingly, Marsh et al.'’
reported that the antiparallel S-sheets are stacked in a polar
manner, while Takahashi et al.'* reported that they are stacked
in an antipolar manner. Subsequently, solid-state NMR studies
with model peptides mimicking the fibroin crystal region have
suggested that Silk II has a lamellar structure consisting of
eight residue-length S-strands connected with turn structures
in an antipolar manner.">”"”

The structural transition in natural fiber spinning involves
several steps. The structure and function of the silk gland of a
silkworm are shown in Figure S1.'® The silk gland consists of a
narrow diverging posterior part (1), a wider S-shaped middle
part (2), and a narrow anterior part (3). The spinneret also
consists of three parts: a common tube (4), a silk press (5),
and a spinning tube (6). Fibroin molecules are secreted into
the posterior part as an aqueous solution known as liquid silk,
stored in the middle part, and flowed to the anterior part. In
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the silk gland, fibroin fiber formation is induced by a
combination of pH changes, ionic environment,'”*® and
mechanical forces.”"”*> However, the mechanism of the fibroin
fiber formation is not fully understood.

Many studies have been conducted to understand the
structural transitions that occur during silk fiber formation by
examining the influence of fibroin flow and the resulting shear
stress.”> > Several simulation analyses have shown that
extrusion pressures greater than 30 MPa are required to
generate the shear stress to fibrillate fibroin at natural spinning
rates (0.02 m/s).”>*”*" However, this pressure was several
orders of magnitude higher than the internal pressure of the
silkworm. Simulations by Moriya et al. performed under in vivo
pressures equivalent to the silkworm blood pressure (0.017
MPa) and atmospheric pressure (0.1 MPa) showed no fiber
formation due to the low extrusion pressure.”” Simulations by
Sparkes and Holland that incorporated biological constraints
revealed that silk fiber extrusion occurs under extrusion
pressures in the range of 6—13 MPa and pultrusion pressure
(axial stresses) of 3—12 MPa were generated during forced
winding in experiments.”* Moreover, it has been suggested that
fibroin fibril formation was triggered by exceeding the criteria
of ener§y accumulation from shear stress, shear rate, or
time.”>”

Evidently, the current understanding of fibroin fiber
formation based solely on shear stress is insufficient, and
there is a need to explore additional mechanical factors that
may contribute to fibrillation. In the spinning duct of a
silkworm, there is a silk press, which is a region covered with
chitin plates. A 3D structure of the spinning duct shows that
the cross-sectional area decreases sharply at the site where the
silk press begins. Thus, the chitin plates compress the duct and
fibroin may be subjected to significant external forces at this
site. Moreover, there is a sharp increase in birefringence due to
fibrillation near the boundary between the common duct and
the silk press.”” This suggests that the pressure applied to
liquid silk in the silk press, in addition to shear stress, may
cause fibroin fiber formation. Therefore, this work focuses on
pressure as a key parameter for understanding the structural
transition from liquid silk (Silk I) to solid silk (Silk II).”

NMR experiments in which pressure is applied by magic
angle spinning (MAS) are an excellent means of introducing
pressure to liquid samples in a quantitative manner®’~** while
simultaneously measuring the pressure-induced changes in the
structure and dynamics of biomacromolecules. For example,
fast MAS NMR has been used to investigate the influence of
pressure on retinal chromophore, revealing that a pressure-
induced shift in the local dynamics of retinal triggers its
isomerization. In addition, the pressure-adapted state of
bacteriorhodopsin in the vicinity of retinal was successfully
characterized using this technique.”’~*” The structural change
of the liquid silk of Samia cynthia ricini was studied using *C
MAS NMR, and molecular aggregation was observed.”” Other
NMR experiments have been performed in which the pressure
is applied by a pressure pump. A notable example is an
experiment in which hen lysozyme with an amyloid fibril
structure, which was initially prepared at 0.1 MPa, was shown
to almost fully return to its native state at 0.1 MPa when
subjected to a high pressure of 400 MPa.*'

In this study, we investigated the impact of pressure on the
structural transition of B. mori liquid silk using "*C solid-state
MAS NMR. Pressure was applied to the sample by MAS at an
appropriate frequency, which enabled us to accurately control

the pressure and detect the structural transition and
morphological changes of the liquid silk in real time. We
employed a combination of "*C cross-polarization (CP)-MAS
and direct excited and dipolar decoupled (DD)-MAS NMR
measurements to observe the conformation and dynamics of
the crystalline region during the transition from the condensed
fluid state to the solid state. Upon dehydration of the
condensed fluid state of liquid silk, crystalline and amorphous
components emerge. The crystalline component in the solid
state is called Silk I. In this article, we labeled the molecular
structure of liquid silk with a repeated type II S-turn structure
in the fluid condensate state precursor Silk I (Silk 1) (Figure
S2a). When the liquid silk is spun into fibroin fibers, the
crystalline component of the fiber (that is, Silk II) has a
stacked lamellar structure formed by antiparallel $-sheet and f-
turn structures and was designated herein as Silk II, (Figure
S2b). In this study, we investigated the real-time structural
transition from Silk I, to Silk II, in the hydrated state under
pressure induced by MAS using solid-state NMR experiments.
Notably, this is the first time that the pressure-dependent
structural transition of liquid silk has been monitored in vitro
using NMR. Furthermore, the detailed mechanisms of the
pressure-induced conformational transition from Silk I, to
single lamellar Silk II, and the molecular assembly from Silk I,
to stacked lamellar Silk I, were detected and analyzed for the
first time.

2. MATERIALS AND METHODS

2.1. Sample Preparation. B. mori larvae were received on the
first day of the fifth instar (Ehime Sanshu Co. Ehime, Japan).
Uniformly "*C-labeled liquid silk was biosynthetically prepared by
feeding the larvae with 100 mg of U—"2C p-glucose (99% enrichment,
CIL, USA) and 2 g of an artificial diet (Silk Mate 2M, Nippon Nosan
Kogyo Co., Tokyo, Japan) per day from the third to fifth day of their
fifth instar. From the sixth day to maturity, only the artificial diet was
fed. Silk glands containing liquid silk were extracted from the mature
larvae. The posterior part of the middle silk gland was placed in an
NMR rotor with a 3.2 mm outer diameter. The inserted sample
volume was 30—50 mg. Caps were glued to the sleeve with an epoxy
adhesive (Araldite), and NMR measurements were conducted after
the adhesive had thoroughly dried.

2.2. Solid-State NMR Measurements. All solid-state NMR
experiments were conducted by using a 600 MHz JEOL
RESONANCE ECAG600-II spectrometer equipped with a 3.2 mm
outer diameter double-resonance MAS probe. The *C DD-MAS
NMR spectra were recorded with a 6.0 us *C 90° pulse, 57 kHz two-
pulse phase-modulated (TPPM)** 'H decoupling during acquisition,
and S s recycle delay. The '*C CP-MAS NMR spectra were recorded
with a 3 ms constant CP pulse, 108 kHz TPPM "H decoupling, and a
S s recycle delay. In the DD- and CP-NMR measurements, 1000
transients were accumulated. Consecutive '*C DD- and CP-MAS
experiments were performed alternately to monitor the structural
transition of the liquid silk. Signals of the mobile groups (Silk I,) were
obtained using the DD-MAS method, and those of the rigid groups
(Silk 11,) were obtained by using the CP-MAS method. To examine
the effect of pressure variation induced by the MAS frequency on the
kinetics of the structural transition, a set of '*C DD- and CP-MAS
NMR spectra was collected at MAS frequencies of 8, 10, and 15 kHz.
The "*C spin—lattice relaxation times (T,) were measured for liquid
silk samples that had been subjected to time-course *C MAS NMR
for 92.9 h. We used a pulse sequence developed by Torchia et al.** for
the T, measurements, which were conducted with a 3 ms ramped CP
pulse, 108 kHz TPPM 'H decoupling, 8 kHz MAS frequency, and 5 s
recycle delay. NMR spectra were collected with 1000 scans using an
arrayed variable delay of 0.01-2.0 s followed by Fourier trans-
formation. The "*C chemical shifts were calibrated externally by using
the methylene peak of adamantane at 28.8 ppm, referenced to the
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Figure 1. Series of *C DD- and CP-MAS NMR spectra of U—'*C-labeled B. mori liquid silk conducted alternately at an MAS frequency of 8 kHz
(1.32 MPa). Spectra measured 1.4, 38.0, 77.5, and 91.5 h (DD-MAS) and 2.8, 39.4, 78.9, and 92.9 h (CP-MAS) after the start of the series of
measurements are shown. A, G, and S denote alanine, glycine, and serine, respectively.

TMS peak at 0 ppm. All spectra were processed using JEOL Delta
software.

2.3. Application of MAS-Induced Hydrostatic Pressure to
Liquid Silk. MAS-induced hydrostatic pressure was applied to the
liquid silk samples. A liquid silk sample of mass m was packed into a
cylindrical MAS rotor with an inner radius of r, (Figure S3a). When
the liquid silk sample spins with an angular velocity w, the centrifugal
force F at a distance r from the center of the rotor is given by

F = mro® = 4n’mr? (1)

where v denotes the MAS frequency. When a liquid-state sample is
inserted into a cylindrical tube with length I, the volume V of the
sample in a cylindrical layer of radius r and layer width dr is given by

V = 2zlrdr ()

The mass m of the sample can thus be calculated by using its

density p:
m = pV = 2zlprdr 3)

Then, the centrifugal force at a distance r from the center of the
cylindrical layer, dF, can be calculated as

dF = 8z°lpviridr (4)

The total centrifugal force F, on the inner walls of the entire sample
in the sample tube can be obtained by integrating r from r = 0 (at the
center of the tube) to r = r, (at the inner walls):

Ry = (87°/3)lpvry’ (5)

Finally, the pressure P on the inner walls of the sample tube can be
obtained by dividing F, by the area A = 277yl of the inner sample
tube:>’

B = E/A = (47°/3)r,)V*p (6)

Various MAS frequencies were used for the pressure variation
experiments using an MAS sample tube with an inner diameter of 2.2
mm (Figure S3b). The sample density was found to be 1.30 g/cm’.
Thus, using eq 6, the applied pressures at MAS frequencies of 8, 10,
and 15 kHz were calculated to be 1.32, 2.07, and 4.65 MPa,
respectively. Because the MAS frequency was accurately controlled,
the pressure applied by the MAS frequency was stable during the
NMR observations.

The pressure P, obtained from eq 6 corresponds to the pressure at
the inner wall of the cylindrical sample tube. However, when the
liquid sample fills the cylindrical tube, the applied pressure at the
sample during MAS varies from P, (at the inner walls (,)) to zero (at

the center of the tube) as a function of the square of the radius, as
shown in Figure S3c. Therefore, the pressure values used in this work
represent the maximum pressures within the tube (at the inner walls),
and the reaction occurs under a pressure gradient as exerted by MAS.
Nevertheless, previous studies have shown that protein molecules are
typicallz concentrated near the inner walls during MAS experi-
ments;"* therefore, these values are expected to accurately represent
the MAS-generated pressures on the liquid silk molecules.

3. RESULTS

3.1. Time-Course *C DD- and CP-MAS Spectra of
Liquid Silk under MAS. Alternating sequential *C DD- and
CP-MAS measurements were performed for U—"°C glucose-
labeled liquid silk. A time-dependent structural transition from
Silk I, to Silk II, was observed under the pressure applied by
MAS. Figure 1 shows the '*C DD- and CP-MAS spectra
obtained at a MAS frequency of 8 kHz together with the
assignments of the major peaks; the spectra shown correspond
to the first (DD-MAS: 1.4 h, CP-MAS: 2.8 h), 14th (38.0, 39.4
h), 28th (77.5, 789 h), and 33rd (91.5, 92.9 h) NMR
measurements.

The B. mori fibroin crystalline region mainly consists of
repetitive (GAGAGS), sequences, with Gly accounting for
46%, Ala for 30%, and Ser for 12% of the total amino acid
content. All these peaks were observed in both the CP- and
DD-MAS spectra of the same sample, and the assignments of
these peaks were accomplished based on previous studies.'” In
the first DD-MAS spectrum, the peaks were assigned to the
Gly, Ala, and Ser residues in Silk I; the intensities of these
peaks decreased over time. In the first CP-MAS spectrum, all
of the peaks were derived from Silk L, similar to those in the
DD-MAS spectrum. However, in the 14th measurements (38.0
and 39.4 h after the start of the DD- and CP-MAS
measurements, respectively), a small peak appeared at 20.2
ppm in both the DD- and CP-MAS spectra. This signal is
attributed to an intermediate in the pathway from Silk I, to Silk
II, and corresponds to a f-sheet structure based on the
chemical shift values. This intermediate was hypothesized to be
a single lamellar Silk IL,, which consists of both f-sheet and f3-
turn structures (Figure S2b). At 78.9 h, strong, broad peaks
appeared in the CP-MAS spectrum. These peaks were assigned
to the Gly, Ala, and Ser residues of stacked lamellar Silk 11,
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molecules, which have larger molecular sizes; the intensities of
these peaks grew over time, as can be seen from the spectrum
measured at 92.9 h.

3.2. Silk Il, Structure Formed under MAS. To confirm
that the structure that formed under MAS conditions was Silk
I, we deconvoluted the 3C CP-MAS spectrum of Ala Cj
measured at the end of the transformation was deconvoluted.

Figure 2 shows the expanded Ala Cf peak with deconvoluted

B-sheet
(Silk I1p) type II B-turn

(Silk Tp)

distorted B-turn
(Silk 11p)

25 20 15 ppm

Figure 2. Deconvoluted Ala Cf peaks from the '*C CP-MAS
spectrum of liquid silk were measured 92.9 h after the start of the
measurements at a MAS frequency of 8 kHz (1.32 MPa). It consists of
a sharp Silk I, peak (t*: 16.5 ppm), a broad f-turn peak in Silk II,, (t:
16.7 ppm), and two antiparallel -sheet peaks in Silk I, (A: 20.0 ppm,
B: 21.9 ppm). Peaks A-t are assigned to the peaks of Ala(A), Ala(B),
and Ala(t) in Silk 1L, respectively, as shown in Figure S2. Peak t* is
assigned to the type II f-turn in Silk L.

peaks of the *C CP-MAS spectrum measured 92.9 h after the
start of the measurement at a MAS frequency of 8 kHz (1.32
MPa). The deconvolution showed that the Ala Cf peak was
composed of four components: two f-sheet components
derived from stacked lamellar Silk II, (Ala(A): 20.0 ppm;
Ala(B): 21.9 ppm), a distorted 5-turn component derived from
stacked lamellar Silk IT, (Ala(t): 16.7 ppm), and a sharp f-turn
component derived from Silk I, (Ala(t*): 16.5 ppm).

After applying pressure to the liquid silk by MAS, the
percentages of the Ala(A), Ala(B), Ala(t), and Ala(t*)
components were determined to be 52, 26, 14, and 8%,
respectively (Table 1). The chymotrypsin treatment of fibroin

Table 1. Chemical Shifts of Ala Cf in the CP-MAS NMR
Spectrum at 92.9 h”

chemical shift  fraction  Cp fraction secondary
type of Cf (ppm) (%) (%) structure
Ala(t*) 16.5 8 type II f-turn
(silk Ip)
Ala(t) 16.7 14 32 distorted
(silk HP) p-turn
Ala(A) 20.0 52 45 P-sheet
(silk IIP)
Ala(B) 21.7 26 23 P-sheet
(silk 11,)

“The positions of Ala(t), Ala(A), and Ala(B) in the lamellar structure
are shown in Figure S2b.

fibers yields fibroin with only a crystalline component (Cp
fraction), that is, only fibroin-forming Silk IL* In the
deconvoluted Ala Cf spectrum, the Cp fraction of Ala(A)
(peak A at 20.0 ppm), situated at the center of the f-sheets in
the lamellar structure (see Figure S2b), was 45%; that of
Ala(B) (peak B at 21.9 ppm), which corresponds to the /-
sheet regions next to the turns in the lamellar structure, was
23%; and that of Ala(t) (peak t at 16.7 ppm), which
corresponds to the distorted f-turns of stacked lamellar Silk
11, (Figure S2b), was 32%.'° Therefore, the f-sheet(A)-to-f-

sheet(B) ratio of the Cp fraction was approximately 2:1. The
P-sheet(A)-to-f-sheet(B) ratio of the structure formed under
MAS conditions was also approximately 2:1. The lower
fraction of the distorted S-turn(t) component is likely due to
differences in hydration rates between fibroin in the NMR
sample and fibroin fibers. Thus, the higher mobility of the
distorted f-turn component compared to that of the S-sheet
region may have reduced its CP efliciency, resulting in a
relatively lower fraction of the distorted f-turn component.
These results clearly show that the product of the MAS
experiments was stacked lamellar Silk II,, which had the same
Cp fraction as the generated fibroin fiber.

3.3. Time Dependence of Peak Intensity for Silk I,
and Silk Il, under MAS. Figure 3 shows plots of the Ala Cf

70 70
2 * ] w2
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Figure 3. Time dependence of Ala Cf} peak integrals of liquid silk for
Silk I, peak (O) observed in the 3C DD-MAS NMR spectra, Silk II,
peak (@) observed in the >C CP-MAS NMR spectra, and Silk II,
peak (A in blue) observed in the *C DD-MAS NMR spectra with a
MAS frequency of 8 kHz (1.32 MPa).

peak intensities for the Silk I, (O) and single lamellar Silk II,
(A) components in the DD-MAS spectra and the stacked
lamellar Silk 11, (@) component in the CP-MAS spectra versus
time at a MAS frequency of 8 kHz (1.32 MPa). In the CP-
MAS spectra, a stacked lamellar Silk II, peak (@) appeared
after 60 h and then rapidly increased in intensity between 60
and 92.9 h. Correspondingly, in the DD-MAS spectrum, the
intensity of the Silk L, peak slightly decreased from the start of
the measurement to 60 h and then decreased rapidly from 60
to 92.9 h. This decrease in the intensity of the Silk I, peak after
60 h is consistent with the growth of stacked lamellar Silk IL,,
as inferred from the CP-MAS spectra. Similar changes were
observed for the Gly Ca, Ala Ca, Ser Ca, and Ser Cf peaks in
the CP- and DD-MAS spectra, as shown in Figure S4. This
result demonstrates that the crystalline region consisting of
(GAGAGS), sequences underwent a structural transition from
Silk I, to stacked lamellar Silk II, structures.

In addition to the Silk I, peak, a small peak corresponding to
single lamellar Silk II, was observed at 20.2 ppm in the DD-
MAS spectrum (Figure 1; 38.0 h). This peak appeared after
approximately 14 h and slightly increased in intensity until
approximately 40 h, as shown by the blue triangles in Figure 3.
However, its intensity was lower than that of the Silk I, peak
and remained constant until the end of the measurement.
Therefore, based on the DD-MAS spectra, Silk II is expected
to have a mobile single lamellar f-sheet structure. Based on the
change of the Silk I, peak integral in the DD-MAS spectra, the
following model can be proposed for the structural transition
of Silk I, to Silk II,: Silk I, molecules transform into single
lamellar f-sheet structures, which produce a Silk II, peak in the
DD-MAS spectra. These structures act as intermediates that
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react with Silk I, to form Silk II, with stacked lamellar f-sheet
structures, as indicated by the Silk II, peak in the CP-MAS
spectrum.

3.4. T, Measurements of Liquid Silk after the
Pressurization. The signal intensity decay due to T,°
relaxation was measured after the structural transition by
applying pressure to the sample via MAS (Figure 4). The T,“

almost the same, indicating that the motion of the backbone in
the fJ-sheets was similar at both the Ala Ca and Ser Ca
positions.

3.5. Influence of MAS Frequency on Structural
Transition. The growth behaviors of the normalized Ala CS
peak intensities of Silk IL, in the 3C CP-MAS spectra at 8, 10,
and 15 kHz were plotted against elapsed time (Figure S). The
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Figure 4. Spectra of C spin—lattice relaxation time in an Ala Cf
region with a variable delay of 0.01 to 2.0 s. Both Silk I, and Silk I,
peaks were observed because the measurements were conducted using
a CP pulse after alternating *C CP- and DD-MAS measurements.

values for both the Silk I, and Silk II, Ala and Ser peaks are
listed in Table 2. For all of the peaks, the T, values for Silk 11,

Table 2. '*C Spin—Lattice Relaxation Times of Ala and Ser
Residues in Silk I, and Silk II, Molecules

silk I, silk IT,

T,° (s) T, (s)
Ala Ca 0.98 + 0.058 2.56 + 0.045
Ala Cp 0.52 + 0.013 1.50 + 0.032
Ser Ca 0.98 + 0.034 3.09 + 0.015
Ser Cf 0.29 + 0.029 3.64 + 0.019

were longer than those for Silk I, indicating that Silk IT, was
less mobile than Silk L. Silk II, consists of a f-sheet structure
with hydrogen bonds between the intermolecular main-chain
amide and OH groups; as the formation of the stacked f-sheet
structure enlarges the molecular size of Silk IL,, it is less mobile
than Silk I, Furthermore, Ser Cf had both the lowest T,¢
value in Silk I, and the highest T,€ value in Silk 11, implying
that Ser Cf has the highest mobility in Silk I, and conversely
the lowest mobility in Silk II,. This is attributed to the OH
groups of the Ser side chains, which interact with the water
molecules in Silk L. Moreover, the OH groups form intra- and
intermolecular hydrogen bonds through water molecules,
which limits the dynamics of Ser Cf in Silk II,. In the dry
state, parts of Ser Cf in Silk II, form hydrogen bonds with
intra- and/or inter-f-strands, while other parts of Ser Cf do
not form hydrogen bonds, indicating that there are two
components each with separate T, values for Ser CA."* It was
also noted that the T, values of Ala Ca and Ser Ca were
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Figure 5. Time dependence of normalized Silk II, peak integrals
observed in the *C CP-MAS NMR spectra for Ala Cf at various
MAS frequencies (8, 10, and 15 kHz). The data were fit to a two-step
kinetic model (solid lines).

fractions of Silk II, at 8 kHz were extrapolated based on the
final fraction of 0.375 obtained from the decay of the DD-MAS
signal. The higher the MAS frequency, the greater the pressure
applied to the sample. The pressure was calculated using eq 6
to be 1.32, 2.07, and 4.65 MPa at 8, 10, and 15 kHz,
respectively. Notably, the growth rate of stacked lamellar Silk
II, increased at higher pressures. Although the mechanism of
the two-step process from nucleation to structural transition is
suggested to be the same at 8, 10, and 15 kHz, the speed of the
transition varied significantly. The lag times for the structural
transition from Silk L, to Silk I, were 62, 36, and 17 h at 8, 10,
and 15 kHz, respectively. Importantly, the structural transition
accelerated significantly with increasing MAS frequency,
corresponding to an increasing pressure. Clearly, the greater
the pressure applied to the liquid silk, the shorter the lag time
required for nucleation and the faster the structural transition
progresses.

4. DISCUSSION

4.1. Pressure Generation in Protein Solution by MAS.
It has been reported that MAS leads to protein sedimentation
on the inner wall of the MAS rotor.** Consequently,
researchers have raised concerns that variations in the MAS
frequency could introduce differences not only in pressure but
also in the protein concentration gradient. Therefore, to
understand the effect of pressure on the protein solution
during the MAS experiments, we examined the relationship
between the fibroin concentration and distance from the
rotating axis in our experiments using previously published
formulas.** As shown in Figure SS, fibroin molecules are
proposed to concentrate on the inner wall of the MAS sample
tube with a width of 0.15 mm and protein concentration of
4.0C,, where C, is the initial concentration of fibroin without
spinning. The relationship between the distance from the
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rotating axis and the fibroin concentration is calculated to be
almost the same at 8, 10, and 15 kHz, corresponding to
pressures of 1.32, 2.07, and 4.65 MPa, respectively. From this,
it was concluded that the main factor affecting fibroin at
different MAS frequencies was the static pressure at the inner
wall of the MAS rotor. It should be mentioned that condensed
fibroin molecules remain in the fluid state under MAS
conditions because the DD-MAS signals of Silk I, were
much stronger than the CP-MAS signals during the initial
stages of sample spinning.

4.2, Kinetic Analysis for the Mechanism of the
Transition from Silk I, to Silk I, under Pressure. In
this section, detailed kinetic analyses of the transition from Silk
L, to Silk II, under pressure are discussed. Figure 5 shows the
rate of the transition from Silk I, to Silk II, under different
pressures. At each pressure, there was a lag before the
transition began. After the lag period, the transition from Silk
I, to Silk II, accelerated. As the CP-MAS signal intensity
increased, the oligomerization of Silk IL, which enlarges the
stacked lamellar structure, occurred simultaneously with the
transition of Silk I to Silk I, as shown schematically in Figure
6. This kinetic behavior is similar to that of amyloid fibril

§L§g§§+§ﬁ.%

Silk Ip Silk IIp Silk Ip Silk IIp
(single lamellar) (stacked lamellar)
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Figure 6. Schematic of proposed models for the pressure-induced
structural transition from Silk I, to stacked lamellar Silk IL,. (a) Two-
step transformation of Silk I, to stacked lamellar Silk II; k; and k,
represent the rate constants of the first and second reactions,
respectively. (b) Time course of the pressure-induced structural
transition of Silk I, to Silk II, via a two-step autocatalytic reaction.

formation in human calcitonin (hCT):***” hCT monomers
(a-helix) first form an oligomeric fibril intermediate (f-sheet),
which then reacts with hCT monomers to elongate the hCT
fibrils by acting as a catalyst in the second step. This is known
as a two-step autocatalytic reaction.

In the case of silk fibroin, the mechanism behind the
formation of stacked Silk I, from Silk I, was assumed to be a
similar two-step autocatalytic reaction. In the liquid silk fibroin
system, liquid silk initially forms a Silk I, structure (Figure
S2a), which is a repeated type II f-turn structure ~7 Silk L
molecules are very mobile, as observed in the DD- MAS
experiments, with short relaxation times, as shown in Table 2.
In the first step, the Silk L molecules change into Silk IL,,
hypothesized to have a single lamellar structure, which is an
intermediate in the first step of the reaction (Figure 6a). This
reaction is expressed as a nucleation step with the rate constant

ky:

Silk I, — Silk IT (single lamellar state) )

22930

This can be expressed using the following differential
equation:

(df/dt)l = kr(l _f) (8)

where f is the fraction of Silk II, molecules and k; is the rate
constant of the first reaction step In the second step, Silk II, (n
stacked lamellar) molecules react with Silk L, molecules, and
Silk I, changes to Silk II, (n + 1 stacked lamellar):

Silk IIP(n stacked lamellar) + Silk I,

— Silk IIP(n + 1 stacked lamellar) 9)

This can be expressed using the following differential
equation:

(df/dt), = kpaf(1 = f) (10)

where k; is the rate constant of the second reaction step and a
is the initial concentration of Silk I, molecules. This occurs
because the polypeptide unit (GAGAGS),, (n > 3) can form a
Silk I, (repeated f-turn structure) unit and transforms into a
smgle lamellar structure,'®'” as shown in Figure 6a. We
considered the unit number of the lamellar-forming sequence,
(GAGAGS), (n > 3), as the concentration of Silk I, molecules
that changed to Silk IL, (lamellar) molecules. In th1s reaction,
Silk I, molecules act as catalysts to convert Silk I, into Silk IL,.
Therefore, the reaction from Silk I, to stacked Silk II, is
proposed to be a two-step autocatalytic reaction, similar to that
of hCT amyloid fibril formation.

We analyzed the rate constants k; and k, using the following
equation after integrating the sum of the differential equations
of the first and second reaction steps:*®*”

ofexp[(1 + o)kt] — 1}
{1 + cexp[(1 + o)kt]}

/ (11)
where f is the fraction of Silk I, molecules in the fibril form at
time t, o represents a dimensionless description of rates k; to k,
(6 = k;/k and k = ak,), and a is the initial concentration of Silk
L, units. In the estimation of the initial concentration, we took
the number of (GAGAGS), (n > 3) units, which are the 48
units existing in the H chain of silk fibroin molecules (7.8 X
10~* M). Furthermore, it is anticipated that the fibroin
molecules become four times more concentrated on the inner
wall by MAS. Then, the initial unit concentration a was
estimated to be 0.15 M.

The best-fit curves were evaluated using eq 11, as indicated
by the solid lines in Figure S, and the rate constants (k; and k,)
were calculated and are summarized in Table 3. The k; values
were very small, and those at the highest pressure (4.65 MPa)
were much smaller than those under pressures of 2.07 and 1.32
MPa. In contrast, the k, value was significantly higher at 4.65
MPa than those at 2.07 and 1.32 MPa. The large difference

Table 3. Reaction Rate Constants k; and k, from the
Kinetics Curves for the Structural Transition from Silk I, to
Silk II, under Various MAS Frequencies

MAS
frequency pressure
(kHz) (MPa) k (s7Y) k, M~ s7h)
8 1.32 1.10 (% 2.16) x 1078 1.44 (+ 0.09) x 107
10 2.07 7.16 (£ 0.23) x 107* 1.70 (+ 0.09) x 107*
15 4.65 8.68 (+ 0.40) x 1073 1.70 (+ 0.08) x 1073
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between k, and k, caused a lag time for the transition from Silk
I, to Silk II; however, the production of Silk II, fibrils
increased sharply after the lag time, and the lag time became
shorter at larger k, values.

The kinetic analysis of the transition from Silk I, to Silk II,
under pressure revealed the following points. (1) The
transition from Silk I, to Silk I, can be considered to be a
two-step autocatalytic reaction. (2) In the first step, Silk I,
transforms into single lamellar Silk I, which acts as an
intermediate. (3) In the second step, single lamellar Silk 11,
reacts with Silk I, units to form larger stacked lamellar Silk IT
regions, where the single lamellar Silk II, units act as catalysts.
This second-step reaction indicates that the pressure-induced
structural change affects not only the secondary structure but
also the stacking size of stacked lamellar Silk II, resulting in
the production of a robust silk fiber. (4) The rate constant k,
in the second step is strongly dependent on the pressure: a
higher pressure results in a much larger k, value. (S) However,
the k, values are much smaller than the k, values, which causes
a long lag time for the growth of stacked lamellar Silk IL,. (6)
Notably, at 4.65 MPa—the pressure most similar to the actual
extrusion pressure applied at the spinneret in silkworms—the
lag time is the shortest and the growing speed the highest,
despite the k; value being the lowest at this pressure. The
result that the k, value at 4.65 MPa is several orders of
magnitude smaller than those at 2.07 and 1.32 MPa seems
excessively small. This can be justified by improving the
precision of the experiment, such as conducting more accurate
measurements of the sample concentration or by considering a
revision of the fitting model.

It is of interest to discuss how Silk I, molecules transition to
Silk II, fibrils in the spinneret to form silk fibers. Fibril
formation has been shown to occur in the spinneret at
pressures of 1—50 MPa,*® a range that was later refined to 6—
13 MPa under more natural conditions.>* Briefly, our results
indicate that silk fibroin undergoes a structural change from
Silk L, to Silk II, in this pressure range (Figure S1).

We observed that pressurization accelerates the reaction rate
of the second step of the autocatalytic stacking reaction in the
structural transformation from Silk L, to Silk I, although there
is a long lag time before the onset of the formation of stacked
lamellar Silk II,. Based on these results, the natural spinning
process of silkworms is proposed as follows. When new liquid
silk is transported to the silk press, some of the Silk II,
molecules that were formed previously in the spinneret will
also be present. It is postulated that after the liquid silk is
transported to the silk press in the spinneret and pressurized
via the extrusion process, stacked lamellar Silk II, can be
produced very quickly without lag time. This process has been
reported as seeding effects in the amyloid fibril formation.*®
This hypothesis explains how silkworms quickly produce Silk
IL, fibrils at the spinneret during the spinning process.

5. CONCLUSIONS

The mechanism of the structural transition of B. mori liquid
silk fibroin was investigated using solid-state NMR under
pressure applied by MAS. The transition from Silk I, to Silk IT,
was observed in liquid silk by detecting the changes in the
positions of the Ala Cf signals in the CP-MAS spectra. The
formation of stacked lamellar Silk II, begins after a certain lag
time and consequently accelerates to form the larger stacked
lamellar Silk II,. This kinetic profile proposes that the
transition from Silk I, to Silk II, occurs via a two-step

autocatalytic reaction in which repeated f-turn Silk I, changes
to single lamellar Silk IL, as an intermediate in the first step,
after which single lamellar Silk II; reacts with Silk I, to form
stacked lamellar Silk II, in the second step. The single lamellar
Silk II, units, therefore, act as catalysts to accelerate the
formation of the larger stacked lamellar Silk IL,. In addition, we
found that the rate of the second step became faster under
higher pressures. Based on these results, we proposed that the
transition from liquid silk (Silk I) to silk fibers (Silk IT) occurs
rapidly after a very short lag time in the spinneret of silkworms
by applying a pressure of approximately S MPa in the presence
of lamellar Silk I units, which serve as seeds. We believe that

p
these findings will aid in the development and production of

robust silk-like fibers.
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