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ABSTRACT. Much attention has been paid to the natural mechanism of silkworm spinning due to the
impressive mechanical properties of the natural fibers. Our results in the present work show that the
fractional changes of the conformational components in regenerated silk fibroin (SF) extract&mirdnyx

mori fibers is remarkably pH- and Cu(ll)-dependent as demonstrated by Cu(l)’®PRMR, and Raman
spectroscopy. Cu(ll) coordination atoms in SF are changed from four nitrogens to two nitrogens and two
oxygens as well as to one nitrogen and three oxygens when the pH is lowered from 8.0 to 4.0. The
addition of a given amount of Cu(ll) into a SF solution could induce efficiently the SF conformational
fractional change from silk |, a soluble helical conformation, to silk I, an insolgkdéeet conformation.

This behavior is strikingly similar to that seen in prion protein and amyfefkptide. On the basis of the
similarity in the relevant sequence in SF to the octapeptide PHGGGWGQ in PrP, we suggest that at basic
and neutral pH polypeptide AHGGYSGY in SF may form a 1:1 complex with Cu(ll) by coordination of
imidazole N, of His together with two deprotonated main-chain nitrogens from two glycine residues and
one nitrogen or oxygen from serine. Such a type of coordination may make the interaction between two
adjacents-form polypeptide chains more difficult, thereby leading to an amorphous structure. Under
weakly acidic conditions, however, Cu(Hamide linkages may be broken and Cu(ll) may switch to bind
two N; from two histidines in adjacent peptide chains, forming an intermolecular His@u(Il)—His(N;)

bridge. This type of coordination may indu@esheet formation and aggregation, leading to a crystalline
structure.

Recently, more and more attention has been paid to naturalof the repeated -(Gly-Ala-Gly-Ala-Gly-Sef) amino acid
silk, which is produced by a wide variety of insects, such as sequences, and the other is composed of the unrepeated
silkworms and spidersl(-6). Although silk's impressive = amino acid sequence49). It has been accepted that there
mechanical properties are closely related to the primary are two types of crystalline states in the former motif, namely,
amino acid sequence, the silk spinning conditions, such assilk I, a helical conformation, and silk II, an antiparallel
temperature, pH, ionic strength, solvent composition, and -sheet conformationl(l, 20, 21). During the natural silk
mechanical stress, are possibly more importafit10). spinning from the spinneret of a silkkworm, the conformation
Indeed, it is interesting to note that a spider or silkworm of SF converts from helical tg-sheet 8).
produces such strong fibers merely at ambient temperature Magoshi et al. 8, 10) found that the pH changed gradually
and pressure from weakly acidic aqueous solution and inin the lumen of theB. morisilkworm from neutral (pH 6.9)
the presence of a small amount of metal ichs18). Among in the posterior division to weakly acidic (pH 4.8) in the
the numerous silksBombyx morisilkworm silk has been  anterior division adjacent to the spinneret. At the same time,
extensively studied. The primary amino acid sequence of its the concentration of inorganic ions such as Ca(ll), K(I), and
heavy chain, a predominating polypeptide in silk fibroin Mg(ll) varied within each division of the silk gland(22),
(SF)} consists of two amino acid motifs. One is composed which promotes the transition from gel to solution state and

the silk fiber formation 10). Moreover, our previous work
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silk fiber [(4.99+ 0.73) x 102 mg of Cu/g of SF] than in (14). This value is higher than that in silk gland and silk
the silk gland. We also found that a given amount of Cu(ll) fiber determined previoush2@) possibly because all of the
could induce the fractional change of conformation from silk sericin has been removed in the regenerated SF. The added
| to silk Il in regenerated SF membrang4. Meanwhile, Cu(ll) content in the series of prepared Cuti§F complex

we had also observed that the conformation transition of SF membranes is 0, 5, 10, 20, 35, 50, and 100 times the original
in solution followed a nucleation-dependent aggregation Cu(ll) content in the regenerated SF; that is, the added Cu(ll)
mechanism Z4). How the metallic ions, especially Cu(ll) content in the prepared CutSF complex membranes is
ions, and pH impact on the SF conformation transition, that 0, 0.09, 0.18, 0.36, 0.63, 0.9, and 1.8 mg of Cu/g of SF,
is, what mechanism is involved in the conformation conver- respectively.

sion, still remains unclear up to now. Cu(ll) is known to EPR ExperimentsEPR spectra of Cu(IySF complex
play a vital role in the folding and refolding processes in - membranes were recorded on a Bruker ER 200D-SRC
many proteins and polypeptides. For example, the cellular spectrometer equipped with an Aspect 3000 data system. The
isoform of prion protein (PrP) undergoes a conformational experimental temperature was 100 K as controlled by a
transition fromo.-helix-rich to-sheet-rich structure induced  Bruker ER 4111VT temperature control system. All of the
by the presence of Cu(ll) in weakly acidic solutions. samples were allowed to equilibrate after cooling to the
Abnormal aggregation of thg-sheet-rich isoform, PR required temperature. A 20 mW microwave power at a
causes the fatal neurodegenerative diseases includingrequency of 9.67 GHz was used with a modulation
Creutzfeldt-Jakob disease in humans and spongiform en- amplitude 61 G and frequency of 100 kHz. All EPR spectra
cephalopathy in animal2§—29). Also, amyloidj-peptide  were recorded at a sweep width of 1200 G (Figure 1). The
(AB), a major constituent of senile plagues in the brains of measured-values were corrected against a knaystandard
patients with Alzheimer’s disease, aggregates and accumu-sample, DPPH (diphenylpicrylhydrazyd, = 2.0036). The
lates to form amyloid fibrils possibly induced by Cu(ll) at EPR spectra were simulated (Figure 2) with the EprSimu

mildly acidic pH @0, 31). program developed in our group based on the second-order
These strikingly similarities in pH- and Cu(ll)-dependent perturbation theory32).
protein refolding between SF and PrP of-peptide lead Raman Spectroscopigaman spectra were recorded using

us to attempt to reveal the refolding mechanism of SF , pjjor | abRam-1B spectrometer, operating at a resolution
induced by pH and Cu(ll) ions in present work. Cu(ll) EPR 4 1 ¢t The Spectra Physics Model 164 argon ion laser
spectroscopy was used to determine the coordination modeg, 55 operated at 632.8 nm with about 6 mW of power.

of Cu(ll)—~SF complexes, and Raman afi solid-state 13C CP-MAS NMR and Spectral Simulatié?C CP-MAS
NMR spectroscopies were used to determine qualitatively NMR measurements were performed on the prepared mem-

gg&ggﬁnu;atgloeg dti?sltii'; r%%rgggg?tggs;h;rf'?é'fgssmp branes using a Varian InfinityPlus-400 NMR spectrometer,
pH, ) . piexes, operating at 100 MHz with a CP contact time of 1 ms and

and SF conformations is assessed here. These findings will . C -
pulse repeat time of 2 s, which is long enough for sufficient

be significant to medical research, on one hand, as SF, . .
! . relaxation of the interested nucleus. Over 1000 scans were
extracted in large amounts froB. mori silkworm gland, . . -
accumulated with a 7.5 mm rotor at a magic angle spinning

could be a proper model to study the mechanisms and _— . . i
medicaments for the nervous system disease. On the otheFate of 5 kHz and high-poweiH decoupling during signal

. ) acquisition with a'H 90° pulse width of 4.Qus. Chemical
hand, these results will serve as guidance for the controllable _, .
. i . A shifts were reported as referred to the methyl carbon (17.4
design of high-performance materials as silk fibers.

ppm) in hexamethylbenzene as an external reference. The
MATERIALS AND METHODS NMR peak of G (chemical shifts between 10 and 30 ppm)
for alanine residues was simulated using Gaussian functions
to quantitatively analyze the relevant contents of the con-
formation components (Figure 5) as this peak provides a
sensitive discrimination between silk | and silk Il as well as
other secondary structures in fibroi2Q{ 33, 34).

Sample PreparatiorRawB. morisilk fiber of the cocoon
was treated with boiling aqueous X&0; (0.5 wt %) solution
for half an hour to remove the sericin coating on the raw
silkk fiber. The degummed silk fibers were washed with
copious amounts of water and allowed to air-dry at room
temperature. The regenerated SF solution was prepared byregy TS
dissolvirg 8 g ofdegummed silk into a 100 mL 9.3 M LiBr
solution fa 1 h atroom temperature. This resulting solution pH-Dependent Cu(ll) Coordination Mode with Regener-
was dialyzed against deionized water at ambient temperatureated SF.Figure 1 shows the EPR spectra of the Cu{lBF
for 3 days to remove LiBr. The deionized water was changed complex membranes prepared with an added Cu(ll) concen-
evely 3 h during dialysis, and an-3% (w/v) regenerated  tration of 1.8 mg of Cu/g of SF at pH 4.0, 5.2, 6.9, and 8.0,
silk fibroin bulk solution was obtained. respectively. It is evident that the spectra are remarkably
A series of Cu(Il)-SF solutions were prepared by mixing sensitive to pH variation. The quadruplex hyperfine splittings
of the 3% (w/v) regenerated SF solution and a certain amountare shifted to upfield in the low-field region, a parallel region
of agueous CuGlsolution. The pH of the solutions was in the spectrum, as the pH is increased from 4.0 to 8.0. The
adjusted to the desired value by 0.01 M aqueous hydrochloricEPR spectra show characteristic type Il Cufiprotein
acid (HCI) and sodium hydroxide (NaOH). The solution was complexes with tetragonal coordination geometry, either as
cast on a polystyrene surface and dried at room temperaturesquare planar or as square planar with a weak longitudinal
for 3 days. axial ligand @5). Theoretically, theg-factor of EPR char-
The original content of Cu(ll) ions in the regenerated SF acterizes the detailed information on the intramolecular
is 0.0184+ 0.002 mg of Cu/g of SF as detected by PIXE interactions. The EPR spectrum for an axial symmetric Cu(ll)
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marizes the extracted parameters from the deconvoluted EPR
traces, such agy, Ay, g, and go, and the deconvoluted
components for the Cu(H)SF complexes prepared with an
added 1.8 mg of Cu/g of SF at different pH values.

The most likely ligands coordinating to Cu(ll) in our
studied samples are oxygen and nitrogen atoms, based on
the obtainedy, andg, values 86, 37). In general, whem,
> 160 x 10*cm ! andg, < 2.30, the ligand is supposed
to be nitrogen coordinated, while whey < 180 x 104
cmtandg, > 2.30, it is supposed to be the oxygen atom
coordinating to Cu(ll). In addition, the value &f would be
extremely small if sulfur were the coordination atom with
Cu(ll) (36, 37). It has been suggested that the ragitd,
can be viewed as an empirical measure of the amount of the
tetrahedral distortion in Cu(ll) complexe3§). If this ratio
is in the range of 105135 cm, a square-planar geometry is
suggested 39, 40). The ratios ofg/A; shown in Table 1
FIGURE 1& %z%Spe?r‘i‘_‘Of tlhe C”(g])s': ccan;p:jeéeslfmembrart]est.) therefore confirm the Cu(ll) bonding with four ligands in
g;ef%r?ngaoflcirlzno? SI\:/éXﬁss\glect?; \;a\lleree colre(ct)e((:joggelnoz)all(c,m an approximately Square-planar configuration hag: 40).
vo = 9.67 GHz, and a sweep width of 1200 G. At a pH of 8.0 (Figure 1 and Table 1), the spectrum shows
qguadruplex hyperfine splitting witly, = 2.200 andA; =
202 x 10% cm™ (197 G). According to the Peisaeh
Blumberg (PB) plot 85), these values fall in the range
expected for a four-nitrogen coordination mode {N).

At a pH of 6.9, the quadruplex hyperfine splitting shifts to
a higher field withg, = 2.235 and4; = 190 x 104 cm™?
(182 G), for which we propose a three-nitrogen and one-
oxygen coordination mode (Gt8N10), but Cu-4N or Cu-
2N20 coordination could not be ruled o&5j. At a pH of
5.2, three sets of hyperfine splittings are superposed in the
spectra, namely, aj = 2.250 andA; = 168 x 104 cm?
(160 G), which we refer to as the two-nitrogen and two-
oxygen coordination mode (Gt2N20, component 1, 40%),
atg, = 2.327 andd; = 172 x 104 cm™! (158 G) to a one-
2400 | 2000 | 2800 3000 | 3200 | 3400 | 3600 . 3800 nitrogen and three-oxygen coordination mode {GN30,

0 — — 4
Ficure 2: Experimental and simulated EPR spectra of the Cu(ll) Corplponent 2, 30%), and gt. 2.290 andﬁq‘_ 173x 107
SF complex membranes prepared in a pH 5.2 SF solution with an ¢M * (162 G) to a second (different) one-nitrogen and three-
added Cu(ll) concentration of 1.8 mg of Cu/g of SF: experimental 0xygen coordination (C41N30O, component 3, 30%),
spectrum (bold solid red line), simulated spectrum (bold solid blue respectively. Finally, at a pH of 4.0, two sets of hyperfine

line), and deconvoluted component traces (component 1, blue gpjittings are observed superposed in the spectra with values
dashed line; component 2, red dashed line; component 3, green g1 = 2.256 andA, = 168 x 10* cm! (160 G) (Cu-

dashed line). The relevant error in all reported coordination contents
is less ﬂl]an) 204 Y I P nat 2N20, component'landg, = 2.317 andy, = 177 x 10™*

cm! (164 G) (Cu-1N30O, component'?, respectively.

Concentration-Dependent Cu(ll) Coordination with Re-
complex shows a strong resonance at the higher field regiongenerated SPWVe also recorded the EPR spectra of a series
with go and a weak resonance at the lower field region with of samples with different contents of Cu(ll) prepared at
g The hyperfine coupling constants; and Ay, arise from various pH values as above. Because it is difficult to observe
the perpendicular and parallel interactions, respectively, the EPR signal when the Cu(ll) concentration is too low,
between the nuclear magnetic moment of Cu(ll) and that of the spectra were only recorded when added Cu(ll) concentra-
the electronic spin. Thg, andA, extracted from the parallel  tions varied from 0.18 to 1.8 mg of Cu/g of SF. Compared
region in the spectrum are sensitive to the changes in thewith the spectra of Cu(lty SF complexes with added Cu(ll)
ligands around the environment of Cu(ll) and can give insight of 1.8 mg of Cu/g of SF (Table 1), the resulting EPR spectra
into the type of coordination involve®5). and extracted EPR-related parameteys,An, g, and gn,

The EPR spectra of Cu()SF complexes were simulated exhibit no obvious changes as the Cu(ll) contents are varied
using the EprSimu program. Figure 2 shows an example of (figures and simulated parameters not shown here). However,
the experimental and simulated spectra and deconvolutedat a pH of 5.2 and 4.0, the contents of the different
traces for a membrane prepared in a solution with a pH of coordination modes are changed as Cu(ll) concentration is
5.2 and an added Cu(ll) concentration of 1.8 mg of Cu/g of increased. For example, at a pH of 5.2, when the added Cu(ll)
SF. The peak resonance positions and intensities in theconcentration is lower than 0.36 mg of Cu/g of SF, the
simulated spectrum (bold solid blue line in Figure 2) in the amount of the coordination mode €@N20 is 50%, while
parallel region are in good agreement with those in the when the added Cu(ll) content is increased further from 0.63
experimental spectrum (bold solid red line). Table 1 sum- mg of Cu/g of SF, the content of this coordination mode

L L 1 L 1 R I N 1 . 1 . 1 . |
2400 2600 2800 3000 3200 3400 3600 3800

Magnetic Field (Gauss)
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Table 1: Summary of EPR Parameters and Coordination Modes for E&fH)Complexes Prepared at Different pH Values with an Added
Cu(ll) Concentration of 1.8 mg of Cu/g of SF

Al AF relevant coordination
pH component G 10cm? G 10“4cm™? aP o° alA contents (%) modes
8.0 197 202 18 17 2.200 2.063 109 100 -@IN
6.9 182 190 16 15 2.235 2.068 117 100 -&N10
5.2 1 160 168 10 10 2.250 2.063 134 40 -2aN20

2 158 172 10 10 2.327 2.063 135 30 €1N30
3 162 173 10 10 2.290 2.063 132 30 €1N30
4.0 1 160 168 20 20 2.256 2.094 134 50 €2N20
2 164 177 20 20 2.317 2.094 131 50 €1LN30

aA (cm™) = (0.46686 x 10 %)gA (gauss), and the absolute error in all reporfedalues is less thas-2G. ? Absolute error ing-values is
40.002.¢ Relevant error in all reported contents is less than 2%.
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0.0 05 1.0 15 20 FiGURE 4. Raman spectra of a series of SF membranes prepared
added Cu(ll) concentration (mg Cu/g SF) into regenerated SF at a pH of 5.2 with added Cu(ll) concentrations of 0, 0.09, 0.18,

0.36, 0.63, 0.90, and 1.80 mg of Cu/g of SF.
Ficure 3: Dependence of Cu(ll) coordination modes determined
by EPR on the added Cu(ll) concentrations in the Cu{8}F . .
complex membranes prepared at pH 5.2. The relevant error in all changes. However, when the concentration of Cu(ll) is

reported coordination contents is less than 2%. increased to 0.36 mg of Cu/g of SF, the amide | band of the
SF shift from 1657 to 1667 cm means that th¢s-sheet
conformation is getting an increase in SF. With further
decreases, and the other two coordination modes increaseddition of Cu(ll), i.e., 0.63 and 1.80 mg of Cu/g of SF, the
(Figure 3). strongest peak moves to 1657 ¢hor even broadens again.
Conformation Studied by Raman Spectroscdphe Ra- Contents of Conformations Analyzed by the Simulation of
man spectrum of protein in the amide | region (16AJ00 the 3C NMR Spectrum.To quantitatively analyze the
cm-1) shows high intensity and little interference from other components of the conformations formed upon changing the
group vibrations and is susceptive to the protein conformation Cu(ll) concentration, we simulated th&C CP-MAS solid-
changes 41, 42). Although there are other Raman bands, state NMR spectra. The experimental and simulated NMR
for example, the amide Il region (146500 cn') and spectra and deconvoluted traces for the alanipau®leus
amide Il region (1206-1300 cn?), often used as marker at a chemical shift between 5 and 30 ppm are shown in
bands for identifying the protein structure, these bands suffer Figure 5, and the extracted chemical shifts and contents of
interference from bands from the side groups of amino acids the corresponding conformation are summarized in Table 2.
in silk fibroin and make it difficult to analyze the conforma- Originally we simulated the NMR spectrum with two
tion transition of the protein4@). Thus the amide | region  components at chemical shifts of 12:00.5 and 20.Gt 0.5
has been used widely to estimate the secondary structurgppm (not shown here), but it did not fit well with the

elements of proteinstd) as well as silk fibroin 45, 46). In experimental spectrum. However, we found that there were
general, a peak at 167D 5 cn1! is ascribed tgs-sheet, at more than two different conformations in our studied samples
1660+ 5 cm ! to silk | and/or random coil and at 1654 based on the Raman spectra (Figure 4). Thus, we deconvo-
5 cm! to a-helix (43). luted the NMR line shape with four components at chemical

Raman spectra of regenerated SF membranes prepared ahifts of 15.0+ 0.5, 17.0+ 0.5, 20.0+ 0.5, and 21.5 0.5
a pH of 5.2 in the presence of Cu(ll) are shown in Figure 4. ppm. The analysis of the conformation contents shows that
They demonstrate that the addition of Cu(ll) obviously when Cu(ll) content is changed from 0.09 to 0.36 mg of
influences the SF conformation transition in Cu{i§F Cu/g of SF at a pH of 5.2, the silk fibroin conformation
complex membranes. Upon addition of Cu(ll) from 0.09 to undergoes fractionally a transition from typical silk | structure
0.18 mg of Cu/g of SF, the amide | band of SF becomes (17.0 £ 0.5 ppm) to typical silk Il structure (20.8- 0.5
broader, suggesting that the conformation of SF dramatically ppm); that is, the typical silk I content increases from 26%
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FIGURE 5: 13C CP-MAS NMR spectra (solid line), simulated spectra (hollow squares), and their deconvoluted traces for glahijrig, C

C, D, E, F, and G are the membranes prepared from regenerated fibroin in a pH 5.2 fibroin solution with added Cu(ll) concentrations of
0, 0.09, 0.18, 0.36, 0.63, 0.90, and 1.80 mg of Cu/g of SF, respectively. The deconvoluted traces give (a) typical sitk D(EHpm),

(b) typical silk Il (20.0+ 0.5 ppm), (c) silk 1l related intermediate (21450.5 ppm), and (d) silk | related intermediate (13:0.5 ppm).

Table 2: Summary of Simulated Results'd€ NMR Spectra for
Membranes Prepared at pH 5.2 in Regenerated Silk Fibroin
Solutions with Different Added Cu(ll) Concentrations

Table 3: Summary of Simulated Results'8€ NMR Spectra for
Membranes Prepared at pH 6.9 in Regenerated Silk Fibroin
Solutions with Different Added Cu(ll) Concentrations

relevant conformation contents (%6)

added Cu(ll) added Cu(ll) relevant conformation contents (%)
(mg of Cu/ (c) (d) (mg of Cu/ (c) (d)
g of SF) silk 1l silk | g of SF) silk 11 silk |
into (®) (b) related related (a+d) (b+c) into (a) (b) related related (a+d) (b+c)
regenerated typical typical inter- inter- total total regenerated typical typical inter- inter- total total
silk fibrion  silkl  silk 1l mediate mediate silk1  silkll silk fiborion  silkl  silk 1l mediate mediate silk1  silk 1l
0 59 26 6 9 65 35 0 61 20 9 10 71 29
0.09 49 32 7 12 61 39 0.09 52 25 10 13 65 35
0.18 40 39 8 13 53 47 0.18 50 30 11 9 59 41
0.36 35 45 9 11 46 54 0.36 40 32 11 17 57 43
0.63 38 44 7 11 49 51 0.63 51 37 8 4 55 45
0.90 44 40 6 10 54 46 0.90 53 22 7 18 71 29
1.80 52 33 9 6 58 42 1.80 66 20 8 6 72 28

2 The relevant error in all reported conformation contents is less than

2The relevant error in all reported contents is less than 2%.
2%.

to 45% whereas that of typical silk | decreases from 59% to Table 4: Summary of Simulated Results*8¢ NMR Spectra for
35% (Table 2). At the same time, there are another two Meml_)ranes_ Prepared at pH 8.0 in Regenerated _S|Ik Fibroin

) . T Solutions with Different Added Cu(ll) Concentrations
components present at chemical shifts of 1%@®.5 and

215+ 0.5 ppm, respectively. On the basis of previous added Cu(ll)

relevant conformation contents (%)

reports 83, 47—50), the chemical shift at 15.8- 0.5 ppm (mg of Cu/ ©) (d)

is_ attributed to a silk I_related intermedi_ate (p_erhaps a g?rItiF) @ (b) rsel:;tleld r2'|!ft'ed @+d) (b+0)
distorteds-turn conformation), and the chemical shift at 21.5 regenerated typical typical inter- inter- total total
+ 0.5 ppm is assigned to a silk Il related intermediate, silk fibrion  silk| silk Il mediate mediate silk| silk Il
possibly a distortegB-sheet conformation. Table 2 shows 0 71 17 5 7 78 22
that the total content of silk Il (typical silk 1l and silk Il 0.09 61 19 9 11 72 28
related intermediate) increases from 35% to 54% as the  0.18 52 24 14 10 62 38
concentration of Cu(ll) is increased from 0.09 to 0.36 mg 8'22 Z‘g gi 13 ig’ g? jg
of Cu/g of SF. On the other hand, further addition of Cu(ll) 0.90 65 18 10 7 72 28
up to 1.8 mg of Cu/g of SF leads to a decrease in the total  1.80 67 12 13 8 75 25

content of silk Il down to 42%.

Moreover, we performed Raman al€ CP-MAS NMR
experiments for the samples prepared at two more pH values
of 6.9 and 8.0. Tables 3 and 4 summarize the simulated conformational components are similar to those at a pH of
results of'3C CP-MAS solid-state NMR spectra at a pH of 5.2. However, the maximum silk Il content is achieved at a
6.9 and 8.0, respectively (Raman spectra not shown here).Cu(ll) content of 0.63 mg of Cu/g of SF for pH 6.9 or 8.0
The results indicate that there are also four conformations as compared to a Cu(ll) concentration of 0.36 mg of Cu/g
present and the trends of the fractional changes of theof SF at a pH of 5.2.

aThe relevant error in all reported contents is less than 2%.
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DISCUSSION

pH-Dependent Cu(ll) Coordination Modes and Sites in
Cu(ll)-SF ComplexesCu(ll) has been shown to have a
strong affinity and can form stable complexes with biological
molecules, such as copper proteif$)( prion proteins 25—
29), amyloid-peptides 80, 31), sericin £2), and silk fibroin
(53-55). In general, the most likely ligands coordinating

with Cu(ll) are histidine, tyrosine, serine, tryptophan residues,

etc. 66).
The simulated results for the EPR spectra of Ce{8)F

Biochemistry, Vol. 43, No. 38, 2004.1937

deprotonated amide nitrogens of the peptide main chain. The
chelating of Cu(ll) by His and main-chain amide groups
results in a soluble Cu(lhAS complex @0). Doorsaer et

al. (62) did the pulse EPR and ENDOR studies for the Cu(ll)-
bound mPrP(23231) complex at a pH range from 3 to 8.

They demonstrate that there is no interaction between Cu(ll)

and nitrogen atom in the mPrP(2231) peptide at lower
pH. However, at pH 5.6 and 7.4, the interaction between
Cu(ll) and one or more nitrogen atoms happens.

In the amorphous region dd. mori silk fibroin, which
links two crystalline regions, there exist three AHGGYSGY

complexes at pH 8.0 and 6.9 (Table 1) indicate that the Cu(ll) peptides in a silk fibroin heavy chaig), which are similar
coordination with SF forms predominantly a square-planar to the peptide sequence of PHGGGWGY in PEO-60).

complex with coordination modes of €4N at a pH of 8.0
and Cu-3N10 at a pH of 6.9. As we know, the number of

The pH-dependent Cu(ll) EPR and coordination modes in
the Cu(ll)y-PrP @6, 28) and Cu(ll>-Ap (30) complexes are

deprotonated nitrogens will increase at higher pH, resulting strikingly similar to that of the Cu(IFSF complexes

in more possibilities for Cu(ll) coordination to nitrogen
atoms. Evidence has indicated that an increasg mould
be accompanied by a decreas@ijiif an oxygen ligand were
replaced by a nitrogerb{). Therefore, compared with the

observed here. Therefore, we suggest that there may be
coordination modes and sites of Cu(ll) with the amino acid
residues in regenerated SF similar to those in PrP protein.

At neutral pH, Cu(ll) coordinates with SF as a mode of-Cu

results at pH 8.0 and 6.9, the assignments of a coordination3N10. The peptides AHGGYSGY in SF may form a

mode of Cu-2N20 (component 1), a coordination mode of
Cu—1N30 (component 2), and a coordination mode of-Cu
IN3O (component 3) at a weakly acidic pH of 5.2 are

complex with Cu(ll) by coordination via the imidazole,N
atom of the His side chain together with two deprotonated
main-chain amide nitrogens in the two glycine residues and

reasonable. Furthermore, at a more acidic pH of 4.0 thereone hydroxyl in the serine residue (see Chart 1). Under

are two coordination modes in the Cu(HyF complex,
namely, a coordination mode of E@N20 (component’]
and a coordination mode of GAN30 (component’?. On
the basis of the comparison of EPR parametérsa0dg)

weakly acidic conditions (pH 5:24.0), the Cu(ll) coordina-

tion mode may change to C&2N20 (component 1), and so
the Cu(ll)-binding site with His changes from,No N; to
share a Cu(ll) ion between two His residues of different

at pH 5.2 and 4.0 and the trend of the component change,peptide chains (see Chart 2). The coordination mode of Cu
we could suppose that coordination mode 1 at a pH of 5.2 1N30 may stem from Cu(ll) binding one.Nf the His

is the same as coordination modeat a pH of 4.0 and

residue and three oxygens from the carbonyl of glycine and

equally coordination mode 2 at a pH of 5.2 is the same as serine residues or from wate2). Unfortunately, because

coordination mode '2at a pH of 4.0. Because there is no

of such a diluted Cu(ll) element and low selected nitrogen

component 3 present at a pH of 4.0, we suggest thatatom numbers in the peptides AHGGYSGY Bf mori silk
component 3 might be an intermediate structure during the fibroin (molecular mass~390 kDa), further experimental

transition between component 1 and 2.

Interestingly, Cu(ll) also forms similar coordination with
amino acid residues in prion proteins (PrRg,(28) and
amyloid s-peptides 80) at different pH. It is evident that

evidence for the binding modes of Cu(ll) with nitrogen atoms
in SF is difficult to find.

In addition, we measured the fluorescence spectra for these
complexes. The fibroin samples were excited at 274 nm and

the His residues in the hydrophilic region of the peptides fluorescence was recorded between 290 and 400 nm for

play an important role in the coordination of metallic ions,
such as zn(ll) 81) and Cu(ll) 81, 58), thereby leading to
the conformation conversion from a solubdehelix-rich
isoform to an insolublg-sheet-rich structure. Cu(ll) forms

tyrosine residues, while the fibroin samples were excited at
295 nm and recorded between 300 and 450 nm for tryptophan
residues. We did not observe any significant changes
occurring as pH and Cu(ll) concentrations changed within

a square-planar geometry with PrP at neutral and basic pHthe given ranges. This indicates that most of the tyrosine

(25). Miura (28) and Aronoff-Spencer Z6) have proposed
that, at these pH values, Cu(ll) ion binds with the highly
conserved octapeptide PHGGGWGQ motif in PBR<61)
via the N, atom of a His imidazole side chain, two

and tryptophan residues do not coordinate with Cu(ll), except
for those tyrosine residues existing in peptides AHGGYSGY
which were possibly involved in the binding with Cu(ll).

However, the amount of these peptides is very low in silk

deprotonated amide nitrogens from two sequential glycine fibroin (19), therefore resulting in little change in fluores-
(G) backbone amides, and one oxygen from the tryptophancence spectroscopy.

(W) carbonyl side chain or from a water molecul6),
where the molar ratio of Cu(ll) to His is 1:28). Under
mildly acidic condition (pH~6), however, the Cu(ltyamide
linkage is broken, and the Cu(ll) binding site of His switches
from N, to N, the other nitrogen of the His, as a HisjN
Cu—His(N,) bridge, where the molar ratio of Cu(ll) to
His is 0.5:1, to link two His residues in different peptide
chains 28). Also, in amyloid s-peptide, Cu(ll) induces
Ap aggregation via IN-metal ligation as above at mildly
acidic pH @0). At neutral pH, Cu(ll) binds to Nand to

Relationship between Cu(ll) Coordination Mode and SF
ConformationBoth NMR and Raman spectra reported here
indicate that the introduction of a given amount of Cu(ll)
into the silk fibroin could induce fractional changes of the
conformational components from silk | to silk Il, and the
transition is pH-sensitive. Table 5 summarizes the relation-
ship between the different conformation contents and coor-
dination modes in Cu(Ity SF complexes prepared at various
pH values with added Cu(ll) concentration of 1.8 mg of Cu/g
of SF. Our results indicate that the total silk 1l content
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Chart 1: A Model for the Cu(Ih-SF Complex at Neutral pH

HO
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e
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Gly N
CH / \ /C\\
N e B ©
;o
O:C
Al \CH N
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3HC
aCu(ll) ion is coordinated with AHGGYSGY by the Natom of a histidine residue and two depronated amide nitrogens in the two glycine
residues and one oxygen atom of a serine residue.

Chart 2: A Model for the Cu(Ih-SF Complex at Weakly Acidic pH
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aCu(ll) ion is coordinated with AHGGYSGY by the HisgN-Cu(ll)—His(N,) bridges.

(including typical silk Il and silk Il related intermediate) fractional variation of different conformational components
increases from 25% to 42% with the decrease in pH from of regenerated SF is possibly induced by the different modes
8.0 to 5.2, which means that the weakly acidic regeneratedof Cu(ll) binding with SF at different pH values.

SF sample is more favorable for the silk Il conformation.  Notably, the silk | and silk 1l related conformational
Also, interestingly, the variation in pHs within the range from components are not influenced regularly by Cu(ll) and pH.
6.9 to 5.2 results in the changes of the coordination mode Unfortunately, we are not quite clear about the reasons yet.
of the Cu(ll)-SF complex from Ct&3N10O to Cu-2N20 Maybe the responded conformations, distorfgturn or

and Cu-1N30. Such a pH range is just in that of the
silkworm gland from its posterior division to anterior division
in physiologic condition§). Therefore, we believe that the

distortedf-sheet, are too flexible and easily changed. The
conformation change of PrP in the presence of Cu(ll) as
revealed by CD spectra was not consistent withelix or



pH- and Cu(ll)-Dependent Conformation of Silk Fibroin

Table 5: Relationship between Conformation Contents and
Coordination Modes for Cu(ltySF Complexes Prepared at
Different pH Values with an Added Cu(ll) Concentration of 1.8 mg

of Cu/g of SF
relevant conformation contents (%)
silk I silk |
related related
typical typical inter- inter- total coordination

pH silkl silkll mediate mediate silk Il modes
8.0 67 12 13 8 25 Cu4N
6.9 66 20 8 6 28 Cu3N10O
52 52 33 9 6 42  Cu2N20 (40%),

Cu—1N30 (60%}

a Summary of contents of component 2 and component 3 in Table
1. The relevant error in all reported contents is less than 2%.

f-sheet conformation; it was more characteristic of turns and
loops at neutral and basic pia5). Stackel et al. also found
that the binding of Cu(ll) promoted the conformational shift
of PrP from a solublex-helical to an insolublg-sheet-rich
structure $8). Cu(ll) in silk fibroin may also induce the
formation of ag-form by the stable complex with amino
acid residues vig-turn. However, such a type of coordina-
tion complex at neutral and basic pH may make the
interaction between twg-form peptide chains more difficult,
leading to a flexible macromolecular structure. On the other
hand, under weakly acidic conditions (pH 5420), an
intermolecular His(W—Cu(ll)—His(N,) bridge may be
formed, inducing3-sheet formation and-sheet aggregation
and forming a rigid structure.

Cu(ll)/Histidine Stoichiometry and SF Conformation.
Although EPR-related parameter valugsandA, show no
obvious change with the variation of Cu(ll) concentration
at a pH of 5.2 or 4.0, a change is observed in the ratio of
different coordination modes. In the heavy chairBoimori
SF, the ratio of the His residue in the AHGGYSGY peptides
to the total amino acid residues (5263 residues) is only 5.7
x 1074 (19). In addition, in the regenerated SF studied in
this work, Cu(ll) content of 0.018 mg of Cu/g of SF

Biochemistry, Vol. 43, No. 38, 200411939
60
55—-
50
45-.
w0+

35

total silk Il content(%)

30

25

20

15 r 1 ~rr 1T 1T 1T+ 71 71T 1T 717"
00 02 04 06 08 10 12 14 16 18
added [Cu(ll)] (mg Cu(ll)/g SF) into regenerated SF
Ficure 6: Dependence of total silk Il conformations determined
by 13C CP-MAS NMR for the silk fibroin membranes on the
prepared conditions at different Cu(ll) concentrations and pH values.
Curves a, b, and c represent total silk Il conformation at pH 5.2,
6.9, and 8.0, respectively. The relevant error in all reported
conformation contents is less than 2%.

-0.2 2.0

Cu/g of SF) results in a gradual reduction in the total silk Il
conformation content, but there is still more total silk Il
present in SF samples with added Cu(ll) than that without
added Cu(ll). Notably, there is a similar trend at a pH of
5.2 between the Cu(ll) coordination mode-€N20 (Figure
3) and the SF conformation transition (Figure 6) when the
Cu(ll) concentration is increased. Figure 3 shows that the
content of coordination mode Ci2N20 is highest when
the Cu(ll) concentration is 0.36 mg of Cu/g of SF and that
it also reduces upon further addition of Cu(ll). This implies
that the coordination mode €i2N20O may relate to the
formation of silk Il conformation, and the other coordination
mode, Cu-1N30 (Figure 3), may lead to the formation of
silk | conformation and/or silk | related intermediates.

We propose that Cu(ll) binds with regenerated SF through
the AHGGYSGY peptides at a pH of 5.2 via two modes,

corresponding to a molar ratio of Cu(ll) to total amino acid one is via a bridge of His(N—Cu(ll)—His(N;) in which the
residues is 2.2 10°° (taking into account the Cu atomic  ratio of Cu(ll) to His is 0.5:1, and the other is via a mode of
weight as 64 and the average molecular weight of every Cu—1N30 in which the ratio of Cu(ll) to His is 1:1. Figure
amino acid as 78). Therefore, the molar ratio of Cu(ll) to 6 shows that the silk Il content is highest when the added
the His residues in SF is very low (0.038:1) in the regenerated Cu(ll) concentration is 0.36 mg of Cu/g of SF at a pH of
SF, predominated by random coil conformation. The added 5.2, which corresponds to a molar ratio of Cu(ll) to His of
Cu(ll) concentration of 0.09, 0.18, 0.36, 0.63, 0.9, and 1.8 about 0.76:1; this is very close to the ratio of 0.5:1 in the
mg of Cu/g of SF in the regenerated SF means that the molarcoordination mode His(N—Cu(ll)—His(N;) if one considers
ratios of Cu(ll) to His increase gradually as 0.19:1, 0.38:1, that there may be a few Cu(ll) ions in other coordination
0.76:1, 1.33:1, 1.90:1, and 3.80:1 [ignoring the original Cu(ll) modes. Furthermore, the total silk Il content at a pH of 5.2
content in SF, i.e., 0.018 mg of Cu/g of SF], respectively. gets to reduce above an added Cu(ll) concentration of 0.63
Figure 6 represents the dependence of the total amount ofmg of Cu/g of SF, which corresponds to a molar ratio of

silk Il conformation extracted from the NMR spectra on the
addition of Cu(ll) at pH values of 5.2, 6.9, and 8.0,
respectively. Interestingly, we find that a small amount of
Cu(ll) addition leads to an increase in the content of silk Il
conformation and that the content of total silk 1l is highest
when the Cu(ll) concentration is 0.36 mg of Cu/g of SF at
a pH of 5.2; i.e., the molar ratio of Cu to His is 0.76:1, which

Cu(ll) to His of 1.33:1; this is close to the ratio of 1:1 in the
coordination modes of CulN30 at a pH of 5.2 as well as
Cu—3N10 at pH values of 6.9 and 8.0. Recently, we also
investigated the interaction of cupric ions with silk fibroin
in solution state by the neutral red (NR) fading method, one
of the applications of UV spectrophotomet@]. The UV
results indicate that Cu(ll) is significantly bound onto SF

matches with the qualitative observation in Raman spectramacromolecular chains while the weight ratio of SF to Cu(ll)

(Figure 4). Also, the content of total silk Il is highest when
the Cu(ll) concentration is 0.63 mg of Cu/g of SF at pH

is between 2500 and 25000; i.e., the molar ratio of Cu(ll) to
His is between 0.85:1 and 0.085:1. Hence, the Cu(ll):

values of 6.9 and 8.0; i.e., the molar ratio of Cu to His is AHGGYSGY stoichiometry at approximately 0.5:1 may be

1.33:1. However, further addition of Cu(ll=0.63 mg of

rationalized by considering that a small amount of Cu(ll)
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may efficiently induce the SF conformation transition from REFERENCES

silk I to silk Il via the formation of the Cu2N20
coordination complex, while further addition of Cu(ll) leads
to an increase in other coordination complexes, thereby
reducing the content of silk Il. On the other hand, at pH 6.9
and 8.0, Cu(ll) is more likely to bind SF as a coordination
complex of Cu-3N10 or Cu-4N. In this way, the total silk

Il content is lower in neutral and basic pH values, and the
optimum silk Il content is reached at a higher added Cu(ll)
concentration of 0.63 mg of Cu/g of SF.

In conclusion, we find that the introduction of a small
amount of Cu(ll) induces the fractional changes of the
conformational components of regenerated SF although the
original concentration of Cu(ll) is much lower than that of
other metal elements, such as Ca(ll) (1.64@.046 mg of
Cal/g of SF) 14). This effect is possibly caused by the strong
coordination ability of Cu(ll) in biosystems. We demon-
strated that the coordination modes and contents of Cu(ll)
in Cu(Il)—SF complexes are pH- and Cu(ll) concentration-
dependent, and they are strikingly similar to those in the prion
protein and 4 peptides. Cu(ll) may form a stable coordina-
tion with SF via the AHGGYSGY peptides in the heavy
chain of B. morisilk fibroin. The predominant coordination
modes observed are €4N at a pH of 8.0, Ctt3N10O at a
pH of 6.9, and Ct-2N20 and Cut-1N30 at a pH value of
5.2-4.0. At neutral and basic pH, the peptides AHGGYSGY
in SF may likely form a 1:1 complex with Cu(ll) by
coordination via the imidazole Natom of His together with
two deprotonated main-chain amide nitrogens in the two
glycine peptides and one oxygen from the serine hydroxyl
or from water. Such a type of coordination complex may
make the interaction between twform peptide chains
difficult, thereby leading to a flexible macromolecular
structure. However, under weakly acidic conditions (pH-5.2
4.0), the Cu(ll}-amide linkages may be broken and the metal
binding site of His changes from;No N, to share a Cu(ll)
ion between two His residues in adjacent peptide chains. The
formation of a Cu(ll)-SF complex with a His(—Cu(ll)—
His(N;) bridge may induce thg-sheet formation and further
[-sheet aggregation, forming a rigid structure. Actually, silk
fibroin is a very large polypeptide, whose structure is
influenced by a number of factors. Among them, Cu and
pH play some important role as discussed above. But the
results reported here still need further validation. We are
considering using model peptides derived from the silk
fibroin sequence targeted by the Cu ions and more advanced
analytical techniques. These results will be helpful for us to
understand in depth the mechanism of the natural silk 18
spinning process in the silkkworm. Additionally, regenerated
silk fibroin can be used as a suitable model to investigate 19,
other medical and clinical proteins, such as prion proteins
and A5 peptides, for diagnosis and drug development.
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