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ABSTRACT: Silk fibroin exists in a number of different states, such as silk I and silk II, with different
properties largely defined by differences in secondary structure composition. Numerous attempts have
been made to control the transitions from silk I to silk II in vitro to produce high-performance materials.
Of all the factors influencing the structural compositions, pH and some metal ions play important roles.
This paper focuses on the influence of pH and Ca2+ ions on the conformational transition from silk I to
silk II in regenerated (redissolved)Bombyx morifibroin. One- and two-dimensional correlation Raman
spectroscopy was used to describe qualitatively the transitions in secondary structure in silk I, silk II, and
their intermediates as pH and Ca2+ ion concentration were changed, while13C cross polarization magic
angle spinning (CP/MAS) solid-state NMR was used to quantify these changes. We showed that conditions
(low pH, pH 5.2; a defined range of Ca2+ ion concentrations; gradual water removal) that mimic natural
silk spinning promote the formations ofâ-sheet and distortedâ-sheet characteristic of silk II or silk II-
related intermediate. In contrast, higher pH (pH 6.9-8.0) and higher Ca2+ ion concentrations maintain
“random coil” conformations typical of silk I or silk I-related intermediate. These results help to explain
why the natural silk spinning process is attended by a reduction in pH from 6.9 to 4.8 and a change in the
Ca2+ ion concentration in the gland lumen as fibroin passes from the posterior division through the secretory
pathway to the anterior division.

Bombyx moriheavy chain fibroin, a major structural
protein of silk, is largely composed of repeats of the motif
(Gly-Ala-Gly-Ala-Gly-Ser)n (1). Within the lumen of the
posterior and middle divisions of the gland, the heavy chain
fibroin is thought to be present as a silk I-like conformation
lacking ordered secondary structure (2) and largely containing
extended chains repeatedly folded back on themselves (3-
5). During natural spinning, this conformation is thought to
be converted into silk II, which is largely formed from
crystallineâ-sheets (6). Theseâ-sheets are well orientated
along the axis of the fiber (7) except for the short disordered
regions, giving it a strength and stiffness comparable or even
superior to that of high-performance synthetic materials (8-
10). The fact that silk filaments are formed naturally under
physiological conditions at ambient temperatures, without
high hydrostatic pressure, and without the use of toxic
solvents has prompted us to inquire into the factors respon-

sible for the structural transition(s) involved in this remark-
able process.

It is now possible, through recombinant DNA technology,
to genetically engineerEscherichia colibacteria to produce
silk-like proteins with precisely specified amino acid se-
quences (11-13). Recently, Lazaris et al. (14) also produced
soluble recombinant (rc) silk proteins with molecular masses
of 60-140 kDa by expressing the dragline silk genes (ADF-
3/MaSpII and MaSpI) of two spider species in mammalian
cells. These were then extruded as monofilaments from a
concentrated aqueous solution of soluble rc spider silk protein
using alcohol coagulation. However, these filaments lack the
tenacity of natural dragline silks (14). This may stem from
the well demonstrated fact that the properties of naturally
formed silk fibers depend not only on their chemical
composition but also on their nanocomposite construction
(15, 16) and on the pH, water content and element composi-
tion (microenvironment) during spinning (8-30). The im-
portance of processing conditions in the definition of
mechanical properties is highlighted by the observation that
artificially reeling silk from immobilized silkworms at a
constant rate produced fibers that were superior to naturally
spun ones (10). This probably resulted from the variable
spinning speed and tension in natural spinning, a consequence
of the side-to-side movement of the silkworm’s head (10).
The silkworm produces stronger, more brittle fibers at faster
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spinning speeds, whereas slower speeds lead to weaker, more
extensible fibers (10).

Further evidence of the importance of processing condi-
tions was obtained by Seidel and collaborators (17, 18). They
produced an “artificial” silk spun from spider silk dissolved
in hexafluoro-2-propanol. The tensile properties of this
material were shown to be affected by the extent of draw
applied to it during processing. These authors also showed
that water plasticized the silk fibroin facilitating protein
crystallization during the postspin drawing processes.

Changes in element composition and pH as the silk dope
passes through the spinning duct have been investigated in
Nephila senegalensisspiders (19) and in Bombyx mori
silkworms (20). The pH changes progressively from pH 6.9
to 6.3 in the spider dragline silk spinning duct (19) and from
pH 6.9 to 4.8 in the silkworm (20). In both cases, it has
been suggested that metal cations help in some way to refold
the silk protein molecules while the secretion of H+ may
assist in this process by changing the ionization of charged
groups on the protein (19). In silkworms, shearing in the
silk press and extensional flow produced by moving the head
when spinning are also thought to facilitate the formation
of â-sheet (21, 22).

There are several reports concerning the effect of pH and
metal ions on silk fibroin conformations (23-30). Magoshi
et al. (27) found that silkworm formed fibers from the
nematic liquid crystalline state, which was transformed from
a gel state to a sol state in the anterior division of the gland.
The viscosity, pH, and freezing point depression fell from
the posterior division of gland to the anterior division, while
the Ca2+ ion concentration increased somewhat. Recently,
these authors investigated the effect of Ca2+ ion concentration
based on the rheology and dynamic light scattering of silk
fibroin in posterior division (P) and posterior (MP), middle
(MM), and anterior (MA) parts of the middle division of
Bombyx morisilkworm (29, 30). They found that Ca2+ ion
concentrations increased from P division to MM part and
then decreased in the MA part of middle division, inducing
a sol-gel conversion coupled with molecular aggregation.
Thiel and Viney (26) used inductively coupled plasma mass
spectrometry (ICP-MS) to investigate the effect of spinning
rate on the metal ion contents of spider dragline filaments.
Fast spinning produced a marked reduction in the Ca2+ ion
content of the silk filament. They speculated that the metal
ion Ca2+ facilitated the formation ofâ-sheet (28). They
claimed that Ca2+ was exclusively located in theâ-sheet
crystallites, but their evidence from transmission electron
microscopy is open to other interpretations. They also
speculated on the possible role of calcium in stabilizing (or
even nucleating) the crystalline component of silk fiber
microstructures. Li et al. (25) investigated the effect of K+,
Ca2+, Cu2+, and Zn2+ ions on the secondary structures of
silkworm fibroin, reporting that all these ions at certain
concentrations could promote the random coil toâ-sheet
transition.

Although the above observations strongly suggest that
reduction in pH and an increase in the defined concentration
of some metal ions could induce theâ-sheet conformation,
the effect of different concentrations of these ions on the
kinetics of this transition has not been elucidated. Under-
standing these issues would provide further insight into the
refolding mechanism of this remarkable protein with rel-

evance to natural and biomimetic spinning. Accordingly, we
report here the effects of pH, Ca2+ ion concentration, and
water removal on the conformational transition in a model
silk protein, regenerated silk fibroin.

Raman spectroscopy is a powerful and speedy method for
studying the secondary structure of silk fibroin qualitatively
(31, 32, 33). On the other hand,13C solid-state NMR is
widely used to analyze quantitatively the protein secondary
structure (34-36). Accordingly we used Raman spectroscopy
as a rapid way of identifying secondary components in the
fibroin together with13C cross polarization magic angle
spinning (CP/MAS) NMR to quantify these components.

MATERIALS AND METHODS

Sample Preparation. Bombyx moricocoons were de-
gummed in boiling aqueous Na2CO3 (0.5 wt %) solution for
half an hour. After thorough rinsing, the regenerated silk
fibroin solution was prepared by dissolving 10 g of de-
gummed silk in a 100 mL of 9.3 M LiBr solution for 1 h at
room temperature. The resulting solution was dialyzed
against deionized water at ambient temperature for 3 days
to remove LiBr. The deionized water was changed every 4
h during dialysis. This yielded a 4 wt %silk fibroin stock
solution. This was used to prepare 1 wt % regenerated fibroin
solutions at a pH of 5.2, 6.9, and 8.0 by mixing equivalent
volumes of 2 wt % fibroin solution and NaH2PO4-Na2HPO4

buffer with the defined pH values.
Fibroin solutions containing different concentrations of

Ca2+ ion at different pHs were prepared by mixing 1 wt %
fibroin buffer solutions with desired pH and different
volumes of 0.01 M CaCl2 aqueous bulk solutions to give
defined Ca2+ ion concentrations. The low solubility of
CaHPO4 made it impossible to add Ca2+ ion to phosphate-
buffered fibroin at a pH of 8.0, so different volumes of 0.01
M CaCl2 solution were added to 1 wt % fibroin solution
before adjusting the pH to 8.0 with 0.01 M NaOH and HCl
solution while relying on the buffering capacity of the
protein.

All the prepared solutions were left to dry at room
temperature to form membranes on the polyester surfaces
for about 3 days, partially imitating the process of water
removal during natural spinning by the silkworm. The
original Ca element content of dried regenerated silk fibroin
membranes prepared in this way was found to be 1.040(
0.046 mg of Ca per gram of fibroin determined by particle
induced X-ray emission (PIXE) (25), which is comparable
to the Ca content in the dried contents of the lumen of the
posterior division of theBombyx morisilk gland as measured
by Nemoto and co-workers (30). Accordingly, we prepared
fibroin membranes containing about 1, 5, 10, 20, 50, and
100 times the original Ca content in the dried regenerated
silk fibroin by adding 0, 5.0, 10.0, 20.0, 50.0, and 100.0 mg
of Ca2+ per gram of fibroin into the fibroin solutions.

Raman Spectroscopy and Two-Dimensional Correlation
Analysis. Raman spectra were recorded using a Dilor
LabRam-1B spectrometer, operating at a resolution of 1
cm-1. The Spectra Physics model 164 argon ion laser was
operated at 632.8 nm with about 6 mW of power. The region
of 1600-1700 cm-1 for amide I (stretching C)O) was
investigated because of its high intensity and low interference
from other molecular vibrations. In addition, this band has
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been widely used to distinguishâ-sheet from random coil
or R-helix in biological material (37) including silk fibroin
(31, 32). The following attributions are commonly em-
ployed: 1670( 5 cm-1 to â-sheet; 1660( 5 cm-1 to silk
I or random coil conformation (32), and 1654( 5 cm-1 to
R-helix (37).

Most of the Raman spectra that we observed were broad
and of low resolution (Figure 1). We, therefore, used
generalized two-dimensional correlation spectroscopy (38)
to resolve the secondary structures in fibroin. This method
is widely used recently in temperature- (39) and dynamics-
dependent (40) spectroscopy to enhance effectively the
spectral resolution and reveal details on the hydrogen bonding
and conformational change that are not easily detected by
the traditional one-dimensional spectroscopy. Both synchro-
nous and asynchronous spectra (38) were used to follow
qualitative changes in the secondary structure components.
Two-dimensional correlation Raman spectra were analyzed
by a 2D Pocha software composed by Daisuke Adachi

(Department of Chemistry, Kwansei Gakuin University). 1D
reference spectra were shown at the side and top of the 2D
correlation maps for comparison (Figure 2). In the 2D
correlation maps, unshaded regions indicate positive cor-
relation intensities, while shaded regions indicate negative
ones.

13C CP-MAS NMR and Spectral DeconVolution. 13C CP-
MAS NMR experiments were carried out on prepared
membranes using a Varian Infinityplus-400 spectrometer
operated at 100 MHz with cross polarization contact time
of 1 ms, pulse repeat time of 2 s, accumulation of 1000 scans,
and high-power1H-decoupling of 62.5 kHz during signal
acquisition with a1H 90° pulse width of 4.0µs. Sample was
spun at a rate of 5 kHz in a 7.5 mm spin rotor. Chemical
shifts were reported relative to the external reference of
methyl carbon (17.3 ppm) in hexamethylbenzene. The NMR
peak of Câ (chemical shifts between 5 and 30 ppm) for
alanine residue was deconvoluted using Gaussian functions
to analyze quantitatively the secondary structure components
(Figure 3) because this peak provides sensitive discrimination
between silk I and silk II and other secondary structural
components in fibroin (34-36). To prove the quantified
results, we measured the longitudinal relaxation timeT1 of
13C for the silk fibroin membrane and obtained a single-
exponential decay withT1 of 0.57 ( 0.03 s for the Câ
nucleus. That implies that the components existing in the
Câ peak may have similar dynamics. In addition, we also
compared the lineshapes of Câ with pulse delays of 2 and 5
s, as well as with contact time from 0.8 to 1.2 ms. We found
that there were identical lineshapes under these experimental
parameters. Therefore, we thought it reliable to analyze
quantitatively the components deconvoluted in the Câ peak.

RESULTS AND DISCUSSION

Influence of pH on Silk Fibroin Conformation.Figure 1
shows the Raman spectra of membranes prepared at different
pH values. These broad and highly overlapped spectra
include conformations corresponding to the peaks around
1645, 1655, 1666, and 1685 cm-1. The peak around 1616
cm-1 is attributed to the residues of phenylalanine, tyrosine,
and tryptophan (32). This peak was normalized for intensity

FIGURE 1: 1D Raman spectra of a series of membranes prepared
from regenerated fibroin solutions buffered at pH 5.2 (a), 6.9 (c),
and 8.0 (d) and from unbuffered solution at pH 6.6 (b) (see Materials
and Methods section).

FIGURE 2: 2D synchronous (A) and asynchronous (B) Raman correlation spectra of silk fibroin corresponding to pH decrease from pH 8.0
to pH 5.2. Unshaded regions indicate positive correlation intensities, while shaded regions indicate negative correlation intensities.
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comparison during the study for the Raman spectra. Among
these spectra, Figure 1b shows the spectrum of a membrane
prepared from the original regenerated silk fibroin solution
(pH 6.6) without phosphate buffering. The peak intensity at
1666 cm-1 has been assigned to a silk II (â-sheet) conforma-
tion and the peak at 1655 cm-1 to a typical silk I conforma-
tion (41). Asakura et al. (34) proposed on the basis of13C
solid-state NMR that the silk I has multipleâ-turns, while
Zhou et al. (42) assigned it to a 31-helix-like structure based
on density functional theory (DFT) calculation for the
chemical shifts. The peak at 1666 cm-1 was highest in the
membrane prepared at the lowest pH (Figure 1a), suggesting
that low pH favorsâ-sheet formation in silk fibroin.

Both synchronous and asynchronous 2D Raman correlation
spectra corresponding to a pH decrease from 8.0 to 5.2
clearly confirmed the existence of peaks at 1645, 1655, 1666,
and 1685 cm-1 (see Figure 2). There was a strong autopeak
(defined whenν1 ) ν2 in cross-peakψ(ν1,ν2)) centered at
1666 cm-1 and a weak autopeak centered at 1655 cm-1 on
the diagonal, along with two negative cross-peaks at (1685,
1655) cm-1 and (1666,1645) cm-1 above the diagonal in the
synchronous spectrum (Figure 2A). Although the 2D Pocha
analysis software required an equal increment of, for
example, pH or Ca2+ concentration to stack the individual
1D spectra to form a 2D map, our 2D Raman spectrum
stacked without this requirement gave an identical result with
that from 1D spectra. This implies that our 2D Raman
correlation spectrum could be used to provide a qualitative
analysis of the components in our samples. Based on the
theory of generalized two-dimensional correlation spectros-
copy (38), the results indicated that the 1666 cm-1 peak was
very sensitive to pH change. The negative cross-peak, (1666,
1645) cm-1, in the synchronous spectrum indicated that the
component of peak 1666 cm-1 increased in parallel with a
reduction in the 1645 cm-1 peak as pH values decreased.

Similarly, the 1685 cm-1 peak increased as the 1655 cm-1

peak decreased. The 1645 cm-1 peak is often considered to
arise from theR-helix conformation in some proteins or
polypeptides (43, 44). However, previous studies (2, 45)
demonstrated that there was little ofR-helix conformation
existing in nativeBombyx morisilk fibroin solutions, so we
inferred that the 1645 cm-1 peak might originate from a silk
I-related state or an intermediate between random coil and
silk I conformation. The 1685 cm-1 peak might arise from
a silk II-related state, such as distortedâ-sheet (34, 46), or
an intermediate between random coil and silk II conforma-
tion. There were at least three positive cross-peaks (1685,
1666), (1666,1655), and (1655,1645) cm-1 in the region from
1700 to 1630 cm-1 above the diagonal in asynchronous 2D
Raman correlation spectra (Figure 2B). A positive asynchro-
nous cross-peakψ(ν1,ν2) above the diagonal indicated that
the bandsν1 andν2 varied out of phase with each other and
the bandν1 changed prior to the bandν2. The absence of
such a peak suggested that the bandsν1 and ν2 changed
synchronously based on the Noda theory (38). Therefore,
our results shown in the asynchronous spectrum (Figure 2B)
indicated that two conformations corresponding to the
individual cross-peaks did not change simultaneously with
a reduction in pH and there was a delay time between these
two conformational changes. For these cross-peaks, the
conformations represented by the following peaks changed
in the following sequence as pH was decreased: 1685f
1666f 1655f 1645 cm-1. The silk II related intermediate
(1685 cm-1) and the typical silk IIâ-sheet conformation
(1666 cm-1) were the first to be induced as pH was
decreased. Thus these in vitro observations suggested that
in vivo a reduction in pH in the silkworm’s duct might help
to convert the random coil toâ-sheet during the formation
of the silk thread.

FIGURE 3: 13C CP/MAS NMR spectra (solid line) and simulated ones (hollow squares) and their deconvoluted traces for alanine Câ.
Membranes were prepared from regenerated fibroin solutions buffered at pH 5.2 (A), 6.9 (B), and 8.0 (C) and from unbuffered solution at
pH 6.6 (D) (see Materials and Methods section). Deconvolution gives typical silk I (17.0( 0.5 ppm, a), typical silk II (20.0( 0.5 ppm,
b), silk II-related intermediate (21.5( 0.5 ppm, c), and silk I-related intermediate (15.0( 0.5 ppm, d).
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13C CP-MAS solid-state NMR was used to analyze the
pH-induced conformation changes in the fibroin membranes
quantitatively. Figure 3 shows the experimental and simulated
spectra together with the deconvoluted traces. The magnetic
resonance of alanine Câ gave four dominant components in
the region from 10 to 25 ppm, identifying the presence of
four conformations determined in 1D and 2D Raman spectra.
In general, alanine residues of silk I-related conformations
or random coil conformation give chemical shifts from 14.5
to 17.5 ppm, while those of silk II give shifts from 18.5 to
21.5 (42). Our previous work (42) using density functional
theory showed that the chemical shift around 17.0( 0.5
ppm corresponds to a typical silk I conformation with peptide
torsion angles of〈æ〉 ) -59° ( 2°, 〈ψ〉 ) 119° ( 2°, and
〈ω〉 ) 178° ( 2° for alanine residues and〈æ〉 ) -78° ( 2°,
〈ψ〉 ) 149° ( 2°, and〈ω〉 ) 178° ( 2° for glycine residue.
These torsion angles fit a 31-helix-like structure, while the
chemical shift around 20.0( 0.5 ppm fits the typical silk II
(â-sheet) conformation (35, 47-50) with peptide torsion
angles of〈æ〉 ) -143° ( 6°, 〈ψ〉 ) 142° ( 5°, and〈ω〉 )
178° ( 2° for both alanine and glycine residues. The
chemical shift at 15.0( 0.5 ppm possibly arose from random
coil conformation, which we assigned to a silk I-related
intermediate in the present paper. We also assigned the shift
at 21.5( 0.5 ppm to a silk II-related intermediate, possibly
a distortedâ-sheet conformation. Table 1 shows the content
for every component extracted from the deconvoluted traces.
The total silk II content (including typical silk II and silk
II-related intermediate) was higher (34%) at a pH of 5.2 than
that at pH of 6.9 (22%) and 8.0 (20%) and that of unbuffered
regenerated silk fibroin (18%) prepared (see methods section)
at a pH of 6.6.

In the Bombyx morisilk gland, the pH of the silk dope
falls from 6.9 to 4.8 as it flows from the posterior division
to the distal part of the duct (20). This gradient in pH
probably results from a proton pump found in the spinning
duct (anterior part of the anterior division) (51) and a proton
sink in the secretory part of the silk gland, which appears
not to contain a highly active proton pump (Knight, D. P.,
personal communication). Our in vitro observations presented
above suggested that the progressive reduction in pH in vivo
may initiate a progressive increase in theâ-sheet content in
the fibroin as it flows from the posterior division through
the spinning duct. They also suggested that the relatively
high pH (6.9) found in the posterior gland that secretes and
stores the fibroin provided a suitable environment for
stabilizing this protein in the silk I or random coil conforma-
tion. A similar hypothesis has been advanced for the storage

andâ-sheet transformation in the natural formation of spider
dragline silk (52). It is also of interest that Aggeli et al. (53)
have demonstrated that protonation of a single glutamic acid
carboxyl side chain in a short synthetic silk-like peptide could
promote a transformation from an isotropic to a nematic
liquid crystalline state. In this case, the reduction in charge
produced by protonation of the carboxyl group presumably
promoted aggregation by permitting the chains to approach
closely enough to enable hydrophobic interactions between
them. The mechanism by which a decrease in pH initiates
the transformation from the silk I-like state to the silk II state
in vitro and in vivo is not fully understood; however,
reduction in negative charge by protonation of acidic amino
acid side chains may promote a refolding to a more ordered
state stabilized by hydrogen bonding between chains and
accompanied by an exclusion of water (27). If a similar
transformation occurred in the silk fibroin, the resulting
orientation of the molecules and decrease in intermolecular
distance could promote the formation of the silk II state. Such
a mechanism could account for the nucleation dependency
of the aggregation and secondary structural transformation
of fibroin observed in vitro and postulated to occur in vivo
(54). Thus dehydration may promote the formation of the
silk II state. Conversely the addition of water may promote
the formation of silk I by disrupting hydrogen bonds between
chain segments (55).

Influence of Ca2+ on the Silk Fibroin Conformation.We
used Raman spectroscopy and13C CP-MAS solid-state NMR
spectroscopy to investigate the effect of Ca2+ ion concentra-
tion on the secondary structure formation in the fibroin
membranes prepared at different pH values. Figure 4 shows
the effect of different additional Ca2+ ion concentration (0,
5.0, 10.0, 20.0, 50.0, and 100.0 mg of Ca2+ per gram of
fibroin) on the amide I region of the 1D Raman spectrum
for the membranes prepared from the silk fibroin solution
buffered to pH 5.2. Ca2+ ion concentration has a profound
effect on the secondary structures present within the protein.
2D asynchronous Raman spectroscopy was used to identify
the conformations most sensitive to the elevated Ca2+ ion
concentrations (Figure 5). Figure 5A shows a broad band
varying from 1700 to 1630 cm-1. Figure 5B shows a slice
trace at the wavenumber of 1659 cm-1 along thex-axis in
the 2D map, which was highly sensitive to the changes in

Table 1: Summary of the Deconvolution Results of13C NMR
Spectra for the Membranes Prepared from Fibroin Solutions at
Different pH Values

relative conformation contents (%)a

conformations pH 5.2 pH 6.6 pH 6.9 pH 8.0

typical silk I (a) 61 77 71 71
typical silk II (b) 27 14 17 15
silk II-related intermediate (c) 7 4 5 5
silk I-related intermediate (d) 5 5 7 9
total silk I (a+ d) 66 82 78 80
total silk II (b + c) 34 18 22 20

a The relative error in all reported conformation contents is less than
2%.

FIGURE 4: Raman spectra of a series of membranes prepared from
regenerated fibroin solutions buffered at a pH 5.2 with the addition
of 0, 5.0, 10.0, 20.0, 50.0, and 100.0 mg of Ca2+ per gram of fibroin.
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Ca2+ ion concentration. Four conformations represented by
peaks 1693, 1666, 1655, and 1638 cm-1 changed with Ca2+

ion concentration in Figure 5B. The positive and negative
intensities of peaks indicated different change in phase with
the changes in Ca ion concentration during casting. The peaks
1685 and 1645 cm-1 seen in the membranes without
additional Ca2+ ions shifted, respectively, to 1693 and 1638
cm-1 in membranes cast with additional Ca2+ ions possibly
because of distortions produced by the binding of Ca2+ ion
onto the fibroin. The peaks 1666 and 1655 cm-1 were still
the most sensitive to the addition of Ca2+ ions (Figure 5B).
A peak at>1680 cm-1 in amide I has often been observed
in proteins and has been attributed toâ-sheet (56), â-strand
(57), and extended conformation (58). Because the contents
of sensitive conformations changed bidirectionally with
increase in Ca2+ ion concentration (Figure 4) contrasting with
the unidirectional change with pH reduction, interpretation
of cross-peaks in using out of phase theory (38) is not
possible for the former.

Quantitative changes in the components produced by the
different calcium concentrations were determined by the
deconvolution of13C CP/MAS NMR spectra of alanine Câ

(Figure 6 and Table 2). Also, four components were
separated as in the above study. Total silk II contents
(including typical silk II and its related intermediate) changed
as Ca2+ ion concentration increased. The total silk II showed
a maximum content (46%) when 10.0 mg of Ca2+ were added
per gram of fibroin. A further increase in Ca2+ ion led to a
progressive dramatic decrease in silk II falling at Ca2+ ion
concentration of about 20 mg of Ca2+ per gram of fibroin
even beneath that (34% total silk II) of control, which was
lack of additional Ca2+ ions.

We also investigated the combined effects of changing
pH and Ca2+ contents on the secondary structures of
regenerated fibroin. The results of13C CP/MAS NMR of
membranes prepared at pH 6.9 and 8.0 were summarized in
Tables 3 and 4, respectively. Figure 7 summarizes the trends
of total silk II conformations on the changes in different Ca2+

ion concentrations and pH values. The highest total silk II
content was seen at 10 mg of Ca2+ per gram of fibroin at all
three pH values studied. However at this level of Ca2+

addition, there was a progressive decrease in total silk II

content with increase in pH: 46% at pH 5.2 (Figure 7a);
40% at pH 6.9 (Figure 7b); 37% at pH 8.0 (Figure 7c). Thus,
as has been shown by Magoshi et al. (20) for native silk
fibroin, our results for the regenerated fibroin showed that a
low pH value favored the silk II conformation more than a
neutral or alkaline one.

Furthermore, our results also showed that although a
certain amount of additions of Ca2+ ion (e10 mg of Ca2+

per gram of fibroin) promoted the silk II conformation, silk
I-related conformations predominated even in the membranes
prepared at the optimum pH (5.2) and optimum Ca2+ content
(10 mg of Ca2+ per gram of fibroin) for silk II formation
(see Table 2). This suggests that some additional factors such
as extensional flow and wall shear and other metallic ions
are required to complete the transition from silk I to silk II
during natural spinning.

On the other hand, we observed that concentrations of Ca2+

ion g20 mg of Ca2+ per gram of fibroin partially prevented
the formation of the silk II conformation (Figure 7). In the
silkworm gland, Nemoto and co-workers (30) demonstrated
a rereduction of the Ca2+ ion content in the anterior division
of the spinning duct, resulting from outward diffusion or
active transport. The rereduction of Ca2+ ion content could
be necessary to promote the gel to sol transition for reducing
the gel strength in native fibroin solutions and to permit it
to flow through the spinning duct in the latter part of the
secretory pathway (20, 29, 30). The relatively high Ca2+ ion
concentration and elevated pH in the posterior and middle
divisions compared with that in the anterior division of the
gland lumen may promote a safe storage of the fibroin by
helping to prevent the premature formation of silk II. Terry
et al. (59) have made a similar suggestion. The authors
thought that a higher concentration of Ca2+ ions could induce
a gel formation (59). The immobilization of chains in the
gel state within the early parts of the secretory pathway may
prevent the chain movements required to form intermolecular
â-sheets and therefore prevent the premature and irreversible
formation of solid silk II. Safe storage of the silk protein
may be further enhanced by the neutral pH (6.9) in these
regions (59). In these circumstances, the low predicted
isoelectric point (4.2) of heavy chain fibroin (59) may
maintain a net negative charge on the molecules providing

FIGURE 5: The effect of casting membranes from fibroin solutions at pH 5.2 with varied Ca2+ concentration (from 0 to 100.0 mg of Ca2+

per gram of fibroin): asynchronous 2D Raman correlation spectrum (A) and a single slice at 1659 cm-1 along thex-axis of the 2D map
(B).
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more sites for the ionic binding or coordination of Ca2+ ions
thus enhancing its stabilizing action for silk I-related
conformations.

Ca2+ ions are known to play an important role in
conformational change of many other proteins (60-62). For
example, fibrinogen is a flexible molecule, and its conforma-
tion and flexibility are influenced by the Ca2+ ion concentra-
tion (60). These effects in fibrinogen are mediated through
Ca2+ binding to low-affinity sites. The C-terminal region of
the fibrinogen [A]R chain is more exposed at higher Ca2+

concentrations creating a molecule that is more liable to form

intermolecular interactions. Lilie et al. (61) studied a repeated
glycine-rich motif GGXGXDX(L/F/I)X in the N terminus
of the secreted fibrinogen, which acts as the Ca2+ ligand. It
formed a parallelâ-helix (parallel â-roll), where the first
six residues of each motif form a turn that bound Ca2+ ion
and the remaining three residues build a shortâ-strand. The
consecutiveâ-strand chains are connected in such a way that
a right-handed helix of parallelâ-strands is formed. One turn
of this helix consists of two consecutive nine-residue motifs.
The highly regular super-secondary structure of the parallel
â-roll is dependent on the bound Ca2+ ions. A further

FIGURE 6: 13C CP/MAS NMR spectra (solid line), simulated spectra (hollow squares), and their deconvoluted traces for alanine Câ. Panels
A, B, C, D, E, and F are membranes prepared from regenerated fibroin at pH 5.2 fibroin buffer solution with additional Ca2+ ion concentrations
of 0, 5.0, 10.0, 20.0, 50.0, and 100.0 mg of Ca2+ per gram of fibroin, respectively. Deconvolution gives typical silk I (17.0( 0.5 ppm, a),
typical silk II (20.0 ( 0.5 ppm, b), silk II-related intermediate (21.5( 0.5 ppm, c), and silk I-related intermediate (15.0( 0.5 ppm, d).

Table 2: Summary of the Deconvolution Results of13C NMR Spectra for the Membranes Prepared at pH 5.2 from Regenerated Silk Fibroin
Solutions with Different Ca2+ Ion Contents

relative conformation contents (%)a

additional Ca2+

(mg of Ca2+ per
gram of fibroin)
into regenerated

silk fibrion
typical

silk I (a)
typical

silk II (b)
silk II-related

intermediate (c)
silk I-related

intermediate (d)

total silk I

(a + d)

total silk II

(b + c)

0 58 27 7 8 66 34
5.0 51 34 6 9 60 40

10.0 44 40 6 10 54 46
20.0 59 26 6 9 68 32
50.0 67 18 6 9 76 24

100.0 68 15 6 9 79 21
a The relative error in all reported conformation contents is less than 2%.
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example of a protein of which the conformation is dependent
on calcium binding is the Alzheimer-linked neural protein
S100B, a member of the EF-hand calcium binding proteins
(62). Ca2+ binds to S100B with two loops causing a
conformation change that exposes a hydrophobic surface
allowing target peptides to bind by hydrophobic interactions
to two exposedR-helices. Combining the way in which
calcium ions induce secondary structure transitions in these
nonsilk proteins with the highly repetitive -GAGAGS- motif
of silk fibroin and its sensitivity to pH and Ca2+ ion, we
suggest that Ca2+ ions might promote the silk II conformation
by binding to the fibroin causing it to adopt aâ-turn

conformation. Alternatively Ca2+ ions might promote the
formation of a 31-helix-like structure linking twoâ-strand
chains and promotingâ-sheet formation between them. Ca2+

might produce these structural transitions by disrupting the
hydrogen bonds in silk fibroin chains lacking an ordered
secondary structure thereby allowing freer chain movement
to facilitate chain refolding. Because there is wide binding
selectivity of Ca2+ to many amino acids in the protein, we
are not sure at present which amino acids in the silk fibroin,
a protein with 5263 amino acid residues and∼390 kDa
molecular weigh for its heavy chain (1), are more preferable
to the Ca2+ binding resulting in the formation of silk II
conformation. Since the calcium content (1040( 46 ppm
per gram of fibroin) in the regenerated silk fibroin is much
higher than other metal elements, such as K (255( 73 ppm
per gram of fibroin), Cu (18( 2 ppm per gram of fibroin),
and Zn (13( 1 ppm per gram of fibroin) (25), the amino
acids that are likely to coordinate Ca2+ may have a higher
ratio in the silk fibroin. These amino acids may involve
glycine, alanine, serine, tyrosine, valine, etc. being of higher
ratio (1). However, we did not find a significant change in
the fluorescence spectra at a range of 290-400 nm excited
at 274 nm typical of the tyrosine residue when Ca2+ content
was changed (data not shown). This indicates that the
tyrosine may not be involved into the coordination with Ca2+.
The conformation sensitivity to the pH and Ca2+ content may
imply that the Ca2+ binding sites in the silk fibroin are
dependent on these conditions. The further work that we will
undertake is to study the Ca2+ binding mechanism and
binding ratio in the silk fibroin by using the model peptides.

In conclusion, we have demonstrated that the conformation
conversion of regenerated silk fibroin is dependent on the
pH and Ca2+ ion concentration. A lower pH (5.2) and a

Table 3: Summary of the Deconvolution Results of13C NMR Spectra for the Membranes Prepared at pH 6.9 from Regenerated Silk Fibroin
Solutions with Different Ca2+ Ion Contents

relative conformation contents (%)a

additional Ca2+

(mg of Ca2+ per
gram of fibroin)
into regenerated

silk fibrion
typical

silk I (a)
typical

silk II (b)
silk II-related

intermediate (c)
silk I-related

intermediate (d)

total silk I

(a + d)

total silk II

(b + c)

0 71 17 5 7 78 22
5.0 62 21 14 3 65 35

10.0 54 23 17 5 59 41
20.0 56 25 14 5 61 39
50.0 62 10 19 8 70 30

100.0 67 10 16 7 74 26
a The relative error in all reported conformation contents is less than 2%.

Table 4: Summary of the Deconvolution Results of13C NMR Spectra for the Membranes Prepared at pH 8.0 from Regenerated Silk Fibroin
Solutions with Different Ca2+ Ion Contents

relative conformation contents (%)a

additional Ca2+

(mg of Ca2+ per
gram of fibroin)
into regenerated

silk fibrion
typical

silk I (a)
typical

silk II (b)
silk II-related

intermediate (c)
silk I-related

intermediate (d)

total silk I

(a + d)

total silk II

(b + c)

0 72 15 5 8 80 20
5.0 60 23 8 9 69 31

10.0 55 28 9 8 63 37
20.0 63 13 20 4 67 33
50.0 64 8 17 11 75 25

100.0 76 5 16 3 79 21
a The relative error in all reported conformation contents is less than 2%.

FIGURE 7: Dependence of total silk II conformations in silk fibroin
membranes cast at different Ca2+ ion concentrations and pH values.
Lines a, b, and c represent total silk II conformation at pH 5.2,
6.9, and 8.0, respectively. The relative error in all reported
conformation contents is less than 2%.
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certain amount of Ca2+ ions (10 mg of Ca2+ per gram of
fibroin) favored the formation of silk II and silk II-related
intermediate. These results, although still lacking structural
analysis in detail, may help to account for the role of pH
and Ca2+ ions in the natural spinning process of silkworms.
We have also demonstrated that higher concentrations of
Ca2+ ions partially inhibited the formation of silk II-related
conformation probably by introducing strong electrostatic
interaction between molecular chains. On the other hand,
the relatively higher Ca2+ ion concentrations in the posterior
division and middle part of the middle division than that in
the anterior part of the middle division in the silkworm gland
may prevent prematureâ sheet formation. In addition, a
subsequent redecrease in Ca2+ in the anterior division may
produce a sol form of the fibroin allowing it to flow through
the duct. This together with the application of strain, the
secretion of other ions, such as K+, Mg2+, and Cu2+ ions,
etc., as well as the removal of water, may encourage more
the formation of silk II-related conformations and the
consequent formation of a solid silk. Thus our results may
have important implications for understanding the natural
silk spinning process and how that may be mimicked to
produce useful materials. Finally, our results suggest that
regenerated silk fibroin may be a useful model system for
studying the role of Ca2+ ions and pH in controlling the
aggregation, orientation, and formation of intermolecular
â-sheets in clinically important proteins such as those of
prions and amyloid.
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