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Temperature-induced Phase Transitions in the Silk Gland
of Bombyx mori Silkworm Lumen:; A High-resolution
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Abstract; In this contribution, the temperature-induced phase changes of the silk gland of Bom-
byx mori silkworm were studied using high-resolution ¥ C solid-state NMR spectroscopy. The
silk gland samples were obtained from alive silkworms which were stored under either normal
temperature or 6 C for 2 weeks. The results showed that storing the alive silkworms at 6 C
could induce a phase transition in the fibroin gland in the middle and anterior parts of the middle
division of the lumen, from an isotropic phase to an anisotropic liquid crystalline phase. Such
phase transition was not observed in the silkworms stored under normal temperature. Previous
studies have demonstrated, both experimentally and theoretically. lowering temperature can in-
duce an action equivalent to a shearing stress in many elastic polymers (including proteins), and
shearing stress may play an important role in the spinning of the silkworm. The results of this
study suggest that lowering temperature or applying strong shearing may be used as ways to

control the process to fabricate silk-like fibers of high performance.
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Introduction

Much attention has been paid to the spinning process of Bombyx mori silkworms
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under ambient temperature, normal pressure, and with water as solvent, which leads to
the production of natural insoluble silk fibers with exceptional mechanical proper-

L1797 Tt is amazing how the silkworm can stably keep its highly concentrated and

ties
stress-sensitive aqueous fibroin in its lumen without the formation of insoluble struc-
tures before spinning. Although some characterization for the liquid fibroin stored in the
silk gland has been reported, the interesting spinning mechanism of silkworm is still not
well understood™ 1%,

The sequence of the heavy chain for silk fibroin of Bombyx mori silkworm has been
determined recently by Zhou''”’. This structural protein is largely composed of repeti-
tions of the motif (Gly-Ala-Gly-Ala-Gly-Ser),. Like the general synthetic polymers and
biopolymers, the stereo regularity and orientation of these repeated amino acid motifs
could determine the functional properties of these structural biopolymers™® 1, There
are usually 3 conformations for silk fibroin of Bombyx mori silkworm: random coil, o
form (silk D™ *Y, and p-form (silk 1D **!, The conformation of silk fibroin in solu-
tion is dominated by the random-coil'™, whereas the conformation of silk fiber is domi-

]

nated by the well-oriented B-form". A liquid crystalline intermediate state has been

postulated to explain the process from random coil in aqueous solution to insoluble high-

511121 - Magoshit' suggested that there exists a nematic liquid crystal-

ly oriented fiber
line order in the anterior division based on the birefringence observation under the polar-
ized light at 20 ‘C. Li""* also proposed a nematic liquid crystalline phase in the middle
part and anterior part of middle division but no liquid crystalline phase in the posterior
part of middle division based on the birefringence results. Willcox™! observed the silk
spinning process along the way of a silk gland achieved by cryogenic quenching using
transmission electron microscopy (TEM), electron diffraction (ED), and atomic force
microscopy (AFM), which demonstrated the presence of a cholesteric liquid crystalline
phase with periodically spaced size of 200~600 nm for silk fibroin in the proximal part
of duct portion of the silk gland. Vollrath and Knight'?*' 2] proposed that the spiders and
silkworms could spin the fiber with outstanding mechanical properties in a benign envi-
ronment because the spinning dope was in liquid crystalline state.

The spinning process of the silkworm accompanies many changes such as in

[4 [4] [25, 27, 28]

pH! 20, fibroin concentration", shearing stress™’! and metal ions , etc. In this
contribution, we focused in detail on the phase behaviors of silk gland in different divi-
sions of the silkworm lumen at ambient as well as low temperatures with the method of
high-resolution "*C solid-state NMR spectroscopy. It has been demonstrated experimen-
tally and theoretically that for many elastic polymers, decreasing temperature could in-
duce an action equivalent to a shearing stress if the polymer phase diagram had a pattern
with an upper critical solution temperature (UCST) and meanwhile the formation of the

29]

liquid crystalline polymer was subjected to a nucleation-dependent processt Interest-

ingly, the phase diagram of the viscous silk gland does show a UCST pattern®! and the
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t). Therefore, we investigated the

fibroin aggregation process is nucleation-dependen
temperature influence in vivo on the phase behaviors of silk fibroin in the silkworms
which were lively stored at a low temperature of 6 C, slightly higher than 4 C to avoid
the high density effect of water herein. An alternative approach was attempted to pro-
duce a shearing stress on the fibroin by lowering-temperature. The result may help us to
get insight into the fibroin properties and spinning mechanism of natural silkworm, and

it could give us a hint to control the phase behaviors of in vitro artificial biopolymer.

1 Experimental
1.1 Materials and sample preparation

Silk fibroin was obtained from silk glands
of fifth instar larvae 6 ~ 8 day old domestic
Bombyx mori silkworms. The epithelial sur-
face was gently removed from the gland which
then was immersed in the deionized water for
12 hours to remove sericin layers. 3 sections
were separated from the middle division of the
silk gland: that is, anterior part (AM, toward
the spinneret), middle part (MM) and poste-
rior part (PM) (Fig. 1). In order to study in
vivo the temperature influence on silk fibroin,
the silkworms were kept alive in a refrigerator

at a temperature of 6 C for 14 days and then

dissected as above. As native fibroin is a kind
Fig.1 TImage of middle division of the silk gland

of highly unstable and shearing-sensitive mate-
ghly g extracted from a silkworm which was lively stored

rial, the experiments were performed for sev- in a refrigerator at temperature of 6 C for 14

eral times and consistent results were Ob-  days. The bar in the bottom of the illustration in-
tained. dicates 500 mm
1.2 Methods

NMR spectra were recorded on a Varian Infinityplus-300 spectrometer with 7. 5 mm
double-resonance magic-angle spinning ( MAS) probe. Carbon- and proton-field
strengths of 35 kHz were applied for the 90° pulses. The field strength was reduced to
15 kHz for proton decoupling. The recycle delays for carbon spectra were set to 10 s for
the sufficient relaxation of the nuclear spins. Experiments were carried out at a tempera-
ture of 296 K and a magic angle spinning frequency was stabilized at 1 00045 Hz. The

chemical shift was referenced to an external tetramethylsilane (TMS, §=0).
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2 Results and Discussion
2.1 Phase behavior of silk gland in the middle division of the lumen

The physical state of middle division of silk gland was transparent gel-like dope
with average concentration of silk fibroin ~ 25 wt% at room temperature"'’. One-pulse
B C static NMR spectra of AM part of silk gland are shown in Fig. 2(a) (without proton
decoupling) and Fig. 2(b) (with proton decoupling), and the one-pulse *C MAS NMR
spectrum with proton decoupling is shown in Fig. 2(c). Assignments of the spectra are
summarized in Table 1 based on the literature™®!. The broad line-shape from & 100 to &
120 in Fig. 2(a) and 2(b) arises from the chemical shift anisotropic (CSA) of benzene
ring of tyrosine residues in the silk fibroin. As seen in Fig. 2, the line widths of the
proton-decoupled *C NMR spectrum in Fig. 2(b) are significantly reduced in Fig. 2(c¢)
after the application of magic angle spinning, and no changes in central position of the
broad lines away from their isotropic chemical shift are observed, indicating that the res-
idue chemical shift anisotropic and residual dipolar couplings are not observed™"”. The
reduction in line width under magic angle spinning results from the averaging of macro-
scopic susceptibility effects arising from the inhomogeneous sample distribution in the
filled rotor rather than residual chemical shift anisotropic and dipolar couplings™. We
have also checked the effect of spinning rate on the samples from 500 to 1 000 Hz. It
demonstrated that only line width was reduced. In general, for a liquid crystal, whose
axially asymmetry of 5. is <1, one would expect the chemical-shielding anisotropy
(CSA), in a static sample, to lead to an inhomogeneous line-broadening and a change in
the peak position away from the isotropic shift®®". Therefore, our results indicate that
AM part of silk gland is an isotropic liquid solution rather than an ordered liquid crystal
within such a domain size that NMR can observe. The same results for MM and PM
parts were observed as well (data not shown). It has been determined by Asakura that
the mean correlation time (z.) of the segmental motion of silk fibroin in the middle divi-
sion is in the order of 107 s at 40 ‘C%, that is pertinent to a molecular weight of 500

~1 000"% and it means that the corresponding molecular chain domain would be in the

Table 1 " C chemical shifts (§) assignment of silk gland™"

C, Cy C=0 Others

Ala 50.1 16.7 175.7¢

Gly 42.7 171. 6¢

Ser -¢ 61.3 172. 4¢

Tyr 56.0 36.2 173.7 115.7 (Co)
128.1 (Cy)
130. 8 (Cp)
154.7 (Co)

a. The accuracy of the chemical shift is § 0. 2; b. The chemical shifts are referenced to TMS; c. Could not be determined unambiguous-

ly
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range of 10~20 nm if an average molecular weight of each amino acid in silk fibroin were
considered being 78*, Therefore, we propose that the fibroin in the middle division of
silk gland in the silkworm lumen may be in an isotropic liquid phase within the domain
of several tens of nanometers, which is equivalent to a random coil polymer in the mid-

dle divisiont",

(a)

(b)

200 180 160 140 120 100 80 60 40 20 0
de

Fig. 2 One-pulse '*C NMR spectra of AM part of silk gland. (a) and (b) were reaorded on static samples without and
with proton decoupling, respectively; (c¢) was recorded on a spun sample at spin rate of 1000+5 Hz with proton de-

coupling

(b)
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e

Fig. 3 Aliphatic region of one-pulse '*C static NMR spectra with proton decoupling for the parts of PM (a), MM (b)

and AM (c¢) in middle division of the silk gland

However, there are some differences between the spectra of the 3 gland parts of the
lumen. The aliphatic region of one-pulse ' C static NMR spectra with proton decoupling

for the parts of PM, MM and AM are shown in Fig. 3(a)., (b), and (c¢), respectively.



22 O S N %526 &

The line widths of the AM part (Fig. 3(c)) and the PM part (Fig. 3(a)) are almost the
same, but the line width of the MM part (Fig. 3(b)) is narrower than those of the AM
and PM parts. It may indicate that the molecular motion is faster in the wide MM part
than in the others.
2.2 Influence of lowering-temperature on the phase behavior of silk fibroin in vivo

In order to observe the temperature influence, the silkworms were kept alive in a
refrigerator at the temperature of 6 C, slightly higher than 4 'C where water has the
highest density. It was found surprisingly that, the PM part shown in Fig. 1 remained
in liquid state, the AM part looked like an opaque rubber, and the MM part formed a
core-shell structure where the core was in a liquid state and the shell was in a rubber-like
state. Both the PM and the core of the MM parts treated at low temperature were ana-
lyzed by *C NMR using the above techniques (data not shown). And it is also demon-
strated that the PM and the MM phase behaviors are in an isotropic liquid phase, which
are the same as those of the PM and MM parts at normal temperature. When comparing
the C NMR spectra of low-temperature-treated AM part (Fig. 4(b1l) and 4(b2)) with
those treated at normal temprature (Fig. 4 (al) and 4(a2)), it is found that the line
width of low-temperature-treated rubber-like AM part is broader (Fig. 4(b1)) than that
of normal AM part (Fig. 4(al)), and the peak positions (denoted by dot lines) in Fig.
4(bl) deviate away from the isotropic shifts in Fig. 4(al), 4(a2) and 4(b2), which in-
dicates that an elastomer of liquid crystal state is formed in the low-temperature-treated
AM part. This kind of liquid-crystal state elastomer maybe formed by water compart-
mentalization and induced by B-sheet formation due to the temperature cooling. The
same effect was also observed for the shell of low-temperature-treated MM part (data
not shown). The fact that the intensities of serine residue (§ 61. 3) are somewhat high-
er in the low-temperature-treated samples than those in the normal temperature treated
ones is a result of the sericin not being totally removed from the gland. Thus, it is sug-
gested that lowering-temperature does induce the phase transition of the gland in vivo
from the isotropic phase to the anisotropic liquid crystalline phase, which is similar to a
shearing stress effect on the polymer.

1, the higher concentration

Based on the rule of nucleation-dependent aggregation™
will speed up the proliferation of crystal once the crystalline nucleus is formed. It has
been previously measured that the fibroin concentration of posterior division, PM, MM,
AM parts in the middle division, and anterior division in the silk gland is about 12%,
12%, 25%, 30% . 30%, respectively™™. The increase in the fibroin concentration from
the PM to the AM parts benefits the formation of liquid crystal through molecular colli-
sion, thus, allowing the fibroin to assemble itself into a liquid crystalline phase in the
AM part?® when the shearing force resulted from the stress of the silkworm duct in-

duces the formation of liquid crystalline nucleus. For spontaneous nucleation in static

conditions, cylindrical nuclei consisting of the bundle of molecules folded into the length
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of 100~200 nm are generally assumed, and theories have been derived on it. Under
shearing force, one can expect that the molecules are extended and forced to align paral-
lel. For the silk fibroin, a cholesteric liquid crystalline phase with a length of 200~600
nm was observed in the duct portion of the silk gland™!. The high content of the repeat-
ed hydrophobic units of Gly-Ala-Gly-Ala-Gly- (11% in all 5 263 amino acid residues of
[17

heavy chain silk fibroin"') makes the formation of the liquid crystal possible as in a

synthetic polymer.

200 180 160 140 120 100 80 60 40 20 0

de

Fig. 4 Comparison between '*C NMR spectra of the normal AM part (al, a2) and those of the low-temperature-trea-
ted AM part (bl, b2). (al) and (bl) are proton-decoupled static spectra, (a2) and (b2) are proton-decoupled MAS
spectra at spinning rate of 1 00045 Hz. The highest peak positions in (b1) (dot lines) deviate away from the isotropic

shifts in (b2). indicating that liquid crystalline phase is formed in the low-temperature-treated AM part

2.3 Phase behavior model of silk fibroin

Over a domain of several hundreds of nanometers that the usual techniques such as
birefringence, TEM, AFM and ED can observe, the phase behavior of silk fibroin in the
middle division looks like being in an ordered anisotropic liquid crystal state; however,
over a domain of several tens of nanometers, it is in an isotropic state observed by

NMR. This type of hierarchical aggregate behavior is actually present in many self-as-
L35=37] B8] most possibly leading to the for-

sembled biopolymers and synthetic polymers
mation of liquid crystalline phase when the environmental conditions are proper. During
the silkworm spinning, the silk fibroin in the posterior division is in an isotropic liquid
phase with a random coil conformation because of its lower concentration herein, but in
the anterior division it is likely to aggregate and assemble into an ordered liquid crystal-
line state in a large molecular motif under a higher fibroin concentration and stronger
shearing force in the narrow duct. The gel-like fibroin in the MM part, a wider gland
part in the lumen, undergoes a gel-sol transition when passing through the AM part to-

ward to the anterior division, and then the aggregates are extended longer and thinner
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due to the strong shearing stress and the water removal close to the spinneret of the silk-
worm, finally forming a §-sheet conformation. These phase behaviors indicate that high-
ly concentrated viscous silk fibroin could exist stably in the silkworm lumen. In addi-
tion, the formation of the self-assembled liquid crystalline phase is possibly facilitated by

the metal ions, such as K™ 27, Ca®" %, Cu?*' ¥ and Zn*" P etc.

3 Conclusion

The phase behavior of the fibroin in the silk gland is very sensitive to temperature,
shearing stress as well as fibroin concentration in the different divisions of silkworm lu-
men. Normally the fibroin in all the 3 divisions (A, M and P divisions) are present as an
isotropic liquid phase. This kind of isotropic liquid state may help the highly concentrat-
ed silk fibroin to remain stable in the silkworm lumen. For an efficient spinning, the fi-
broin in the AM part and the anterior divisions aggregate and assemble into the liquid
crystalline phase caused by the shearing stress. Here shearing stress acting on the gland
in the lumen in vivo, induces a faster aggregation of the fibroin than that without shear-
ing force. The phase transition also occurs in the MM part, possibly preparing the liquid
crystal for the AM part. Therefore, we now understand the reason that the spinning
process of natural silkworm can undergo at ambient temperature is mainly due to the
shearing force. The silkworm spinning process indicates that lowering temperature or
strong shearing stress could be used as an approach to control the process to fabricate

the silk-like fibers of high performance.
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