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During silk spinning by silk worms and spiders, aqueous
fibroin protein solution is converted into silk II type filaments.'~
The conversion process is driven by changes in pH, cations
concentration, dope concentration, and shearing effects in the
spinning duct."? Structural models of silk II fibers based on
X-ray and neutron scattering techniques suggest a hierarchical
organization of antiparallel 3-sheet and short-range order
domains forming nanofibrils in a random protein matrix.* ®

fB-Sheet formation in silk fiber assembly shows structural
similarities to cross-f3 sheet formation in amyloid fibril assembly.
At the origin is a partially unfolded protein, which like fibroin
either exists in its native form® or has been formed by
misfolding.'® A prefibrillar state with increased structural order
seems to be essential in both cases. The formation of a fibroin
aggregate preceding ordered f3-sheet material formation has been
suggested by several in vitro studies.''~'* Modeling of amyloid
formation in aqueous environment suggests a two-step conden-
sation-ordering mechanism of peptide chains into an intermedi-
ary oligomeric aggregate followed by the formation of an
ordered cross-f structure.'” The direct formation of cross-A
assemblies is a special case, realized at low peptide concentra-
tion'>'® (for further experimental data see ref 15).

In most of the cases the action of high pressure on protein
oligomers induces association/dissociation reactions including
amyloid fibril formation.'”'® Since generally the monomers
occupy a smaller volume, protein complexes tend to dissociate
under high pressure. As with conformational changes, the global
volume change of a dissociation reaction is the sum of several
contributions such as intra- and intermolecular interactions and
solvation contributions.'*** Hydrostatic pressure weakens elec-
trostatic interactions between protein subunits due to electros-
triction. On the other hand, the strength of hydrophilic bonds
are increased due to the shortening of bonding length.*'
Preferred protein—water interactions lead to hydration of
proteins. As a consequence, unfolded or partly folded protein
conformations with a higher accessible surface area for water
are stabilized under pressure.”” High-pressure experiments offer
therefore the unique possibility to increase the population of
partially folded amyloidogenic intermediates* without a preced-
ing aggregation step, resulting in disordered aggregates.”® After
pressure release the subsequent formation of amyloid fibrils or
amorphous aggregates has been studied (see for example refs
24 and 25). Different types of quaternary fibrillar folds have
been observed, ranging from straight strands to wound, branched
and circularly shaped amyloidic fibrils.'®?® The pressure stability
of fibers ranges from highly susceptible to insensitive depending
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on their hydration states and molecular packing.?”*® In view of
the analogies between silk II fiber and amyloid fibril assembly,
we were interested verifying whether fibroin solution would
behave in a similar way upon pressure treatment.

Fibroin solution was prepared from Bombyx mori cocoons
as described elsewhere'* (see also Supporting Information). The
solution was pressurized up to 700 MPa at 293 K in a diamond
anvil cell (DAC).?® After decompression the cell was opened,
and the formed aggregate or fibrous material formation was
studied by Raman spectroscopy. For this the fibrous material
was dried on the diamond window of the DAC. Details on the
DAC cell performance, the Raman spectrometer, and the
analysis of the Raman spectra are reported in the Supporting
Information.

Figure 1A—D shows micrographs of the pressure-generated
fibers at ambient pressure after a pressure treatment at 700 MPa
for 5 h. Single straight fibers of 300 um length and 3 um
diameter are observed. Some fibers show branching with Y-
and T- shaped junctions (Figure 1B,C). A similar branching
has also been observed for amyloid fibril formation.'® Besides
single and branched fibers more disordered networks of fibers
can also be observed (Figure 1D). Figure 2 shows the Raman
spectra obtained from the fibers after incubation of fibroin
solution at 100 or 700 MPa. A zoom in the region sensitive to
the silk I/II transformation (1070—1090 cm™') is shown in
Figure 3A. The bands at 1103 and 1083 cm™! are attributed to
a silk T a-helical intermediate®® and silk IT B-sheets.®' Our data
suggest that after a pressure treatment of 100 MPa silk I is
generated. By contrast, silk II has been formed after a pressure
treatment of 700 MPa. An evolution to a more hydrophilic
environment of the tyrosine groups is suggested by the band in
the range 830—850 cm™'.** During this process, tyrosine groups
buried in an o-helical environment could rearrange into a more
accessible 5-sheet environment. The analysis of the amide I band
(Figure 3B) is complicated by the multiple contributions to this
band.*® The amide I band was decomposed using 11 and 12

Figure 1. Micrographs of fibrous material found in a diamond anvil
cell after pressure treatment of a fibroin solution: (A) single fiber with
a diameter of 3 um; fiber with a Y-shaped junction (B) and a T-shaped
junction (C); disordered network of fibers (D).
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Figure 2. Raman spectra of fibers obtained from fibroin solutions
incubated at 100 MPa (black) and 700 MPA (red).

components for the silk I and silk II type spectra, respectively.
Bands at 1664 and 1669 cm™! are assigned to f3-sheet confor-
mation.>*?' The bands at 1643/1644 cm~' and those at
1680—1709 cm™! correspond to peptide bonds in type I and
type III B-turns.** Assignment of the other bands is less
straightforward. While the band at 1659 cm™! could correspond
to an unordered structure,>® further assignments were done for
the bands at 1651 cm™! (o-helices®”) and 1634/1636 cm™! (B3-
turns, 3-sheet or unordered structures**) as well as for the bands
between 1600 and 1624 cm™! (vibrations of the aromatic amino
acids, including tyrosine side chains®*). The Raman spectra
shown in Figure 3B were decomposed into almost the same
bands. The upper spectrum shows a supplementary band at 1664
cm™!, corresponding to [-sheet conformation. The [-sheet
content was analyzed in detail. The fractions of secondary
structure were determined using the relative areas of the single
bands. The analysis revealed 30% [3-sheet structures in the upper
spectrum of Figure 3B and 17% f-sheet structure for the
spectrum shown below. In contrast, the estimated percentages
for unordered structures were 17% and 30%, respectively. About
equal results were obtained in case of the fS-turns (43% and
48%, respectively) and the a-helix content (10% and 6%,
respectively). According to the analysis of the Raman spectra,
the fibrous material formed after a high-pressure treatment of
700 MPa correspond to silk II structure. In contrast, the
aggregates formed after a treatment of 100 MPa show similari-
ties to a silk I spectrum.

On the basis of research into high-pressure effects on amyloid
fibril formation®* and similarities to silk fiber formation
mentioned above, we can speculate about a possible reaction
mechanism under pressure. First, the secondary structure of
fibroin should unfold under high pressure due to penetration of
water molecules and protein hydration.?? The resulting fibroin
conformation differs from the original fibroin conformation in
its high aggregation propensity. After pressure release protofibrils
could be formed'® which assemble to silk 1T fibers at ambient
pressure.

In conclusion, we have shown the formation of silk II fibers
at ambient pressure after a high-pressure treatment of 700 MPa.
The minimum-pressure treatment which is necessary to generate
silk IT fibers has not yet been determined. It is, however, evident
that a high-pressure treatment of 100 MPa is not sufficient to
generate silk II, since only amorphous aggregates (picture not
shown) with a silk I type Raman spectrum were observed. The
observation of silk II fiber formation after high pressure implies
a higher volume of the silk II fiber compared to the state of
fibroin under high pressure, which could be attributed to water
excluded cavities in the fiber in analogy to amyloid fibril
formation.?
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Figure 3. (A) Zoom into the range 800—1110 cm™! range; the black
curve corresponds to silk I type material obtained after 100 MPa
pressure treatment; the red curve corresponds to silk II type material
obtained after 700 MPa pressure treatment. (B) Spectral deconvolution
of amide I band for silk I type material (lower picture) and silk II type
material (upper picture) (see text and Supporting Information). The
experimental data curve (in green) and the global fitted curve (in blue)
are largely overlapping. The colors of the individual fitted curves have
been chosen for a better visual separation.
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