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Raman microspectroscopy has been used to quantitatively study the effect of a mechanical deformation on the
conformation and orientation &amia cynthia ricini(S. c. ricinj silk fibroin. Samples were obtained from the
aqueous solution stored in the silk gland and stretched at draw rati@nging from 0 to 11. Using an appropriate

band decomposition procedure, polarized and orientation-insensitive spectra have been analyzed to determine
order parameters and the content of secondary structures, respectively. The data unambiguously show that, in
response to mechanical deformati&c. ricinifibroin undergoes a cooperatigehelix to 5-sheet conformational
transition above a critical draw ratio of 4. Thehelix content decreases from 33 to 13% wHeincreases from

0 to 11, while the amount gf-sheets increases from 15 to 37%. In comparison, cocoon silk is devaithelical

structure and always contains a larger amourf-eheets. Although the presence of isosbestic points in different
spectral regions reveals that the conformational change induced by mechanical deformation is a two-state process,
our results suggest that part of the glycine residues might be incorporatef-ptly(alanine) structures. The
pB-sheets are initially isotropically distributed and orient along the fiber axisinsreases, but do not reach the

high level of orientation found in the cocoon fiber. The increase in the orientation level gfsheets is found

to be concomitant with the. — 8 conformational conversion, whereashelices do not orient under the applied

strain but are rather readily converted it@sheets. The components assigned to turns exhibit a small orientation
perpendicular to the fiber axis in stretched samples, showing that, overall, the polypeptide chains are aligned
along the stretching direction. Our results suggest that, in nature, factors other than stretching contribute to the
optimization of the amount gf-sheets and the high degree of orientation found in natural cocoon silk.

Introduction maintained by the primary amino acid sequence combined with
processing conditions during spinning. Since similar control is
Fibers rank among the stiffest and strongest materials desirable when processing silk-based biopolymers, it is of crucial
manufactured by man or found in nature. Biological fibrous interest to fully understand the spinning process by which the
materials are currently under intense investigation to learn how bulk silk secretions are converted into an insoluble thread. In
to improve and produce novel fibers and other high-performance nature, the spinning occurs in an aqueous medium whose
materialst—2 In recent years, the tensile properties of spider and environment (pH, concentrations of ions) changes along the
lepidopteran silks have aroused considerable interest. Thespinning duct528 It has also been suggested that the formation
production of biopolymers derived from silk is an attractive way of a liquid crystalline state along the duct plays a pivotal role
to capitalize on silk's high strength, stiffness, and extensiGitity.  in protein self-assembly and microstructé#e?! However, other
By means of biotechnologies, there has been considerablejmportant physical factors, such as elongation flow, shear stress,
progress toward the production of recombinant spider silk pro- dehydration, and mechanical drawing, also need to be consid-
teins of high molecular weighit.*° Since the mass-production  gred. The importance of each of these parameters on the final
of recombinant silk proteins is now feasible, the greatest gjk structure still remains unclear, and they will have to be

challenge is to produce usable biomaterials with desired gygied to maximize our effectiveness in copying the natural
mechanical properties. The achievement of this goal dependSSpinning process.

on the processability of such proteins and our ability to mimic
nature’s perfection to self-assemble them into a thiéald.

The remarkable mechanical properties of natural silk are
intimately related to its structural organization. Indeed, the
conformation of proteins and their orientation in silk filaments
are judiciously adapted to create a highly structural material.
Precise control of the proteins’ hierarchical molecular order is

Molecular orientation in fibrous materials is known to
favorably influence the tenacity of the fibers. For example, the
impact of a mechanical deformation on the tensile properties
of regenerated silk fibers has already been n&#€dZ2" but
its effects on the conformation and orientation of the silk proteins
at the molecular level is far from being elucidated. Therefore,
further investigation of natural spinning systems, and especially

*To whom correspondence should be addressed. Phone: (418) 656 the effect of a mechanical drawing, is needed. In this respect,
2481, Fax. (418) 656.7916, E-mait michel.pezolet@chm.ule{vegl.ca.) the wild silkworm Samia cynthia ricini(S. c. ricin) is an

T UniversifeLaval. interesting species to study since the protein primary structure
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silk. Indeed, both types of silk contain alanine repetitive which took place at room temperature during 24 h. Note that the results
sequences interleaved with glycine-rich domains, although therelative to the fiber stretched at= 3 have been rejected because the
alanine motif is longer inS. c. ricini cocoon silk® (10—13 experimental data collected for this sample were above standard
residues) compared to that bfephila clavipes (N. clavipeg deviations and clearly deviated with respect to other samples. This might
dragline silk (5-7 residues§3° Although their amino acid be due to t'he fact that the s'tretching could not be .to.tally homegeneous
sequence is not exactly the same, it has recently been showrflong the fiber. For comparison, degumiffesl. c. ricinicocoon fibers
thatS. c. ricini cocoon silk andN. edulisspider dragline give ~ We'e also analyzed. _ _
similar polarized Raman specffathus suggesting similar Instrumentation. Polarized Raman spectra were obtained using a
secondary structures. LabRAM 800HR spectrometer (Horiba Jobin-Yvon, Villeneuve d’Ascq,

Several studies have shown thasheet is the dominant F_rance) coupled to an Olympus BX 30 T'XEd stage microscope. The
T . 3133 silk samples were mounted onto glass microscope slides using double-
conformation in cocoon silk spun . c. ricini However,

h heli be the domi dered f h sided tape and aligned with the coordinate system used for the
t.ea- elix seems to be the dominant or.ere. structure of t e orientation measurements (see inset in Figuré! Hpectra were
highly concentrated aqueous dope solution in the gland. This

T e . ) ; ) obtained from three acquisitions of 30 s using the 514.5 nm line of an
structure was first identified by circular dichroism and infrared argon laser (Spectra-Physics, model 2020, Mountain View, CA)

spectroscopy of diluted solutions of the ddpe.ater, NMR generating an energy of approximately 2 mW at the sample with a
-  3Brea7 11 33,38,39

spectroscopy studies of dope solutighs’’ cast films;=35- 50x objective (0.75 NA-Olympus). A 100 objective (0.90 NA-

and model peptidé*! confirmed the presence ofhelices in Olympus) was used for the cocoon fiber since it has a smaller diameter

the silk gland ofS. c. ricini According to these results, the  (~10 um) compared to that of the fibroin fibers (diameters between
repetitive alanine sequences would adopt this conformation in 125 and 291um). In this configuration, approximately 5 mW was
the gland. Interestingly, common factors such as hydration with focused on the sample. The confocal hole and the entrance slit of the
aging, mechanical force, and solvent interaction (methanol in monochromator were fixed at 200 and 100, respectively. By using
particular) were identified as agents capable of inducingtan @600 lines/mm holographic grating, it was possible to acquire a spectral
— B conformational transition it$. c. ricinisilk samples. This ~ window of 1650 cm™ in one exposure~<30 s acquisition time) on a
transition has been observed in the solid st&ie, solution?? 1-in. open electrode Peltier-cooled CCD detector (182256 pixels)

and in stretched fibroin fiber43In addition. a similar strain- (Andor Technologies, Belfast, Northern Ireland). Four polarized spectra
induced conformational transition has beee found for fibers of Were obtained in the backscattering configuration for each sample using
poly(L-alanine)** keratin4 and hagfish sliméé These studies a half-wave plate and_ an analyzer respectively placed before end after
question the universality of the — 3 transition in fibrous the sample as described elsewh@r&hree series of four polarized

proteins and show that further insight is needed to understandSPectra were recorded for eattas well as for the cocoon fiber.

the mechanism underlying this phenomenon. Spectral Treatments.UnIess otherwise stated, all data_ manlpulatlens
In this work, polarized Raman microspectroscopy has been V&' Performed using GRAMS/AI 7.00 (ThermoGalactic Corporation,

used to determine the extent of conformational and orientational Salem, NH). Following the correction for the polarization dependence

modifications induced by the mechanical drawing of samples of the optics in the Spewomeﬁm he spectra were Corr-eCted for a

obtained from the spinning dope of the silkwosnc, ricini A small fluorescence background with a polynomial baseline. Thanks to

. . e a homemade program run in Mathcad 7 professional (MathSoft Inc.),
reliable and rational band-fitting procedure has been developedne three series of spectra were averaged in each polarization after

for the amide | band that is composed of strongly overlapping intensity normalization based on tX& spectrum and a bandshift offset
components corresponding to different secondary structures. Bypased on the 1615 crhtyrosine band.
using this method, it has been possible to determine the order Foliowing the work of Frisk et al? a method has recently been

parameterd P, andP,L]and to estimate the level of orientation  developed in our laboratory to calculate a spectrum that is independent
of each secondary structure present in the samples as a functionf protein orientation (hereafter called an isotropic spectrum) from the
of the draw ratio. In addition, spectra that are only sensitive to four polarized spectra. The calculation is valid for a uniaxial system
conformation, and not to orientation, have been calculated, thusand is fully described elsewhetf&ln the present case, the method was
permitting the determination of the content of the different used to generate isotropic spectreSot. ricinifibroin fibers stretched
secondary structures. Such quantitative and qualitative informa-at different draw ratios to monitor the conformational changes
tion should contribute to a better understanding of the spinning independently of chain orientation.
process of silk and improve the production of silk fibers made  To quantify the level of orientation of th@-sheets in fibroin fibers,
from recombinant proteins. the order parametef®,Cand[P,Cwere calculated following a method
previously describeéf: Briefly, this method is based on the determi-
nation of two intensity ratiof = I/l and R, = |/l that can be
Experimental Section measured in the backscattering configuration of the Raman microscope.

It is only applicable to a vibrational mode for which the Raman tensor
Materials. S. c. ricini silkworms were reared in Professor T. () is cylindrical in a uniaxial system:

Asakura’s laboratory (Tokyo University, Japan). The silk glands were
excised from fifth instar larvae following a known procedé#éEach o a
gland was cut and immersed in distilled water. Due to osmotic stress, ! .

an insoluble effluent in the shape of a small translucent fibroin ribbon a= ! =05 a [witha=o,/ag

(~0.5 mm in diameter) was expelled from the gland. This gel, referred O3 1

to as the dope solution, was then cut into smaller pieces with the same

initial length. The samples were gently transferred into a diluted acidic whereoy and as are the principal components of the Raman tensor.
solution (acetic acid 0.1%) for 10 min to induce protein coagulation Since [P,[Jand [P,CJare only functions ofR;, R;, anda (and other

and ensure the removal of any contaminants, such as gland epitheliumparameters that only depend on the objective used), the parameter
The silk fibroin samples were rinsed thoroughly with a potassium has to be determined. This can be done from the value of the
chloride solution (1.15%) to remove any traces of acetic acid, and then depolarization ratioRis,) of an isotropic (unoriented) sample. In the
stretched manually at room temperature to draw rafipsapging from present case, an isotropic film 8f c. ricinifibroin hydrated and then

0to 11. To achieve a high level of orientation, tension was applied to coagulated in a methanol solution (50% v/v) has been used. An average
the stretched samples to prevent contraction during the drying processRs, value of 0.20+ 0.03 was obtained for th@-sheet spectra&DV
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component, which is in good agreement with that previously determined for the bands at 1693 and 1978 chhand+0.5 cn1? for the others.

for a Bombyx mori(B. mori coagulated regenerated fifth Finally, The variations allowed on the bandwidth and %L wei® cntt and
from the values ofP,Cand P[] and based on the information theory, = +15%, respectively.
the most probable distribution of orientation of tlfesheets was Finally, the initial conditions and the limits used for the third series

determinedNmp(6), whered is the angle with respect to the fiber axis  of calculations were directly applied to all other polarized and isotropic
in the uniaxial system (see inset in Figure 5). Details regarding this spectra. All spectra could be well fitted with a total of eight bands in
method can be found in the literat g5 the 1576-1750 cn1! spectral region. The band positions and band-
Band Fitting Procedure. Secondary structure contents were evalu- Widths were withint-0.5 and+1 cni%, respectively, whatever the value
ated from the amide | band of isotropic spectra. Since it consists of of 4. The bandwidth values ranged between 11 and 21 ciepending
overlapping components due to the different secondary structureson the component. All bands had a dominant Gaussian character (%L
present in the sample, curve-fittings of the spectra have been necessarybetween 0 and 5%) except the bands at 1615-(30%), 1657 (26
The decomposition of the polarized spectra further permitted the 10%), and 1667 (33t 10%) cm™. The same procedure was also
quantitative determination of the chain orientation of each secondary applied to natural silk fibers from three other species (data not
structure. presented). It is remarkable that the amide | region of all spectra can
The number and position of the components of the experimental P& decomposed with similar sets of components (i.e., six amide |
spectrum were determined using the following criteria in order of C0mponents located at similar positions). This rational procedure has
decreasing importance: (i) the minimum number of components; (ii) allowed us.to assess the reliability of the curve-fitting procedu_re and
acknowledged secondary structures present in the considered systenih€ Uncertainty on the secondary structure contests-¢% depending
(iiiy spectral criteria (shape of the experimental spectra, second ON the component). The content of each secondary structure was
derivatives and difference spectra); (iv) generation of a reasonable fit c@lculated from the ratio of the area of a component over the sum of
(may require additional bands). In the present case, aparfrsheets the areas of all the amide | components using the isotropic spectra.
and a-helices that were recognized to be present in the natural fiber
and in the spinning dope, respectively, no definitive information was
available about other secondary structures. A preliminary investigation
(not shown) using the experimental polarized spectra, second deriva-
tives, and difference spectra (calculated with spectra recorded at
different) has clearly revealed the presence of five amide | components

located at 1646, 1657, 1667, 1678, and 1693%camd two other bands is al df . Reaion A d h
at 1597 and 1615 cm associated with tyrosine side chains. Another IS aiso pres_ente or comparison. Reglon A corresponds to the
amide | component at 1632 ciwas found to be essential to keep amide | region, a vibrational mode mainly associated with the

bandwidths under 22 cri. Finally, a very small component at 1710~ Strétching of the amide carbonyl groups, sensitive to protein
cm* was added for a few spectra to obtain reasonable fits. conformatior?* Since the fibroin fibers were obtained by directly
Before curve-fitting, a linear baseline was subtracted. Band decom- extracting the dqpe S_OIUt'On from the SllkWprm glands, the
position was performed using LorentziaGaussian band shapes (the spe_ctrum ai = Ois believed to be re_presentatlve of the protein
percentage of the Lorentzian character is noted %L) on the series ofnative state in the gland. The maximum of the amide | band
four polarized spectra obtained at different values.df was assumed ~ @Ppears at 1657 cm, which is characteristic of the-helix
that the amide | band of all spectra is made of the same set of cOnformation. This assignment is based on normal-mode
components, the contribution of each component being different Calculations and experimental d#t&® acquired on homopoly-
depending on the polarization configuration ahdTherefore, only peptides, which are good spectroscopic models for protéins.
variations in intensity between the different spectra were allowed for However, the presence of other helical structures, such as 3
a given component. In practice, small variations in the position, polyproline helix® or 3; polyglycine Il helix with parallel or
bandwidth, and %L were tolerated to fit all spectra with the same set antiparallel packing! can also give an amide | band around
of components. 1657 cntl. Nevertheless, the-helix remains the most probable
The initial conditions used for the curve-fitting were as follows: the structure inS. c. ricinifibroin since it has been confirmed in
positions were approximately those given above. The bandwidths werethe intact glané as well as in the extracted solutiéh36-37In
arbitrarily fixed at 13 cm?, except for the components at 1632, 1646, addition, the poly(alanine) sequences were found to maintain
1678, and 1693 cni, which were found to be broader after several that structure in the solid sta®@3839 Therefore, it can be
preliminary band-fitting attempts. Their bandwidth was then fixed at assumed that the samplelat= 0 is representative of the initial
15 cntl. Initial intensities were determined “by eye” such that each ¢ontent of the gland.
manually .dt.e(.:omposed spectrum.was the closest to .the experimental  Ag the draw ratio increases, thehelical component at 1657
one. The |_n|t|al value of %L was _flx_ed at 0% for certain components, cm-1 decreases in intensity, whereas a component at 1667 cm
as determined from preliminary flttlng attemptf. For components that becomes progressively predominant. The latter is commonly
did not Sho"‘_’ any clear tenden.cy, a %L of 50% was chosen. ] found in the cocoon silk (Figure 1A) and is assigne@-sheets.
The polarized spectra obtained /at= 4 and 10 (a total of eight  Thege Raman data clearly show that drawing induces-a,3
spe_ctra) were first fitted with the_above initial parameters._ These two conformational transition and that the transition occurs mostly
series of_spectravye_re selected since Fhey are representative of the_ datsetweeni = 4 and 5, in good agreement with the results
set, and it was anticipated that, if the fit was successful for both series, J, . by X-ray diffractioni3C cross polarization/magic-angle
it would be also valid for all spectra (a total of 32). During the curve- - .
fitting calculations, all parameters were totally free to evolve. The mean spinning (CP/MAS) NMR, and Fourier tranS.fOFFRan?an .
spectroscop$?® Furthermore, the presence of an isosbestic point

value of a given component parameter calculated over the eight curve- - . L
fitted spectra was used as the initial conditions for the second series of_around 1660 cm reveals, for the first time, that the transition

curve-fitting calculations on the same spectra. Once again, all parameterdS & tWo-state process. Similar features were also observed on
were free to evolve. The average values of the resulting parametersth€ polarized spectra.

were calculated and reinserted in a third series of curve-fittings, but ~ Figure 1B shows the amide Ill region, which is also sensitive
this time, limits were imposed on the parameters. The limits were basedto protein conformation. This coupled vibrational mode is
on the standard deviation of the parameters calculated from the secondnainly due to the NH bending and the*Hending vibrations.
band decomposition. The boundaries for the position w3 cnm? At 1 = 0, the amide Il band is dominated by a Componen‘EBtV

Results and Discussion

Fibroin Conformation: Qualitative Analysis. Figure 1
shows isotropic spectra in different spectral regions at different
values ofl. The isotropic spectrum d. c. ricini cocoon silk
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Figure 1. Effect of the draw ratio on the isotropic spectra of S. c. ricini fibroin fibers in four different spectral regions. The spectrum of cocoon
silk is added for comparison. (A) Amide | [1580—1740 cm~1]; (B) Amide Il [1140—1380 cm~1]; (C) C«—C# stretching and side chains [1060—
1140 cm~1; (D) Helices’ spectral footprint [500—560 cm~1]. The isosbestic points are marked by black arrows.

1265 cnt! assigned to the-helical conformation since a similar
component was found at 1261 chin the Raman spectrum of
o-poly(L-alanine)?':52 When 4 increases, two components at
1242 and 1226 cmt strongly increase in intensity. These two
bands are associated with thesheet conformation adopted by

B-poly(alanine®* Moreover, a bandshift from 1106 to 1093
cm™! has also been observed when cast films prepared from
either S. c. ricini (unpublished data) oAntheraea perny{A.
perny)>>56dope solutions are immersed in methanol or ethanol
solutions, solvents that are recognized to favor the formation

the poly(L-alanine) sequences and are assigned to the amideof 5-sheets. Note that the primary sequencé . gbernyicocoon
Il modes with A and B symmetry, respectiveBt The
polarization dependence of these two modes for cocoon silk confirm that the bands at 1106 and 1093 ¢rare conformation
have been discussed in a previous stéidis in the amide |
region, an isosbestic point is observed near 1260¢cithus
confirming the two-state process taking place upon mechanicaldecreases with increasing draw ratio. This band is characteristic
deformation.

Figure 1C is characteristic of the*€C? stretching region.
Upon mechanical deformation, a band at 1106 tntecreases
in intensity at the expense of a band at 1093 §nand an
isosbestic point appears around 1100 &nThese two bands
are due to coupled vibrational modes involving the—C#
stretching and the CHrocking vibration$! According to our
data, these vibrational modes are sensitive to protein con-that a small amount odi-helices still remains, even for high
formation, like amide vibrations. The 1106 cfband has
previously been assigned to poly(alanine) in théhelical

conformatior*45753 The band at 1093 cnt has been assigned

silk is similar to that ofS. c. ricini®”-8 These results undoubtedly

sensitive.
Figure 1D shows a band at 529 tinwhose intensity

of a-poly(alaninej?>3and arises from the contribution of several
vibrational modes, including the carbonyl in plane bending, the
C*—C—N deformation, and the €-C stretching vibration&!

It becomes very weak as tlfiesheet conformation becomes the
dominant structure at draw ratios higher than 4. Interestingly,
the band at 529 cnt is still visible atA = 11, while it is totally
absent in the cocoon fiber spectrum. Consequently, it appears

draw ratios. The fact that such a band has not been observed in
the Raman spectra of otherhelical polypeptides, such as poly-
y-benzyl-L-glutamate and poly-L-leucitéjndicates that it is

to a C-C stretching mode of the protein backbone in the associated with repetitive alanine sequences that are long enough
disordered conformation in cocoon sitkHowever, our results
show clearly that the intensity of this band increases with demonstrates unambiguously that alanine sequences predomi-
increasing strain and that it is due flesheets, as observed in  nantly adopt thex-helix structure in the fibroin, and are thl&,sDV

to adopt thea-helix structure. The presence of this band
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representative of the spinning dogde= 0), as well as in samples

with a draw ratio smaller than 5. This result is in agreement A=0 —— experimental
with the high-resolution solid-state NMR measurements obtained - E‘_‘::;T:e
on specifically labeled alanine residu$° This finding is not 1657 — whelices
surprising since, among all natural amino acids, alanine has the —— peturns
highest helical propensif}. Studies of poly(alanine) peptides — tyrosines

have indeed demonstrated that thehelix is the dominant
secondary structure adopted in water by alanine sequences in
polypeptides as short as 13 residf@%, while the helical
structure was not observed for sequences shorter than 10
residue$? Thus, the length of the alanine sequences found in
S. c. ricini (10—13 residues) would be responsible for the
predominance of helical structures in the dope solution. On the
contrary, Hronska et & have shown by NMR spectroscopy
that the proteins in &. edulisintact gland, which contains

shorter alanine sequences, does not have a well-defined second- 1580 1800 1620 1840 1680 1880 1700 1720 1740
ary structure.

Intensity

Fibroin Conformation: Quantitative Analysis. As seen in r=4 —— experimental
Figure 1A, the spectra of silk fibroins in the amide | region | e fitted trace
consist of the superposition of bands since the fibroin conforma- — f-sheets
tion is a mixture of secondary structures with various dihedral 1657 — a-helices
angles and hydrogen bonding patterns. Nevertheless, Figure 1A — 1:.:;:13

clearly shows that the spectra associated with the initial and
final states are dominated by tlhehelix or 5-sheet contribu-
tions, respectively. This series of spectra represents an excellent
set of data to adequately decompose the amide | region in its
different overlapping components. To quantitatively determine
the different secondary structures, we have developed a method
to calculate an isotropic spectrum and a band decomposition
procedure of the amide | band, as described in the Experimental
Section.

Typical curve-fittings obtained at three representative draw

ratios @ = 0, 4, and 11) are presented in Figure 2. The amide
I band was decomposed using six components. As discussed

Intensity

LI S S s B B SN L N B B B B B By B B By B B B B B

1580 1600 1620 1640 1660 1680 1700 1720 1740

above, the bands at 1657 and 1667 érare assigned to the A=11 . ?,:{;";”e“t‘"
o-helix ands-sheet conformations, respectively. The assignment - 3_Shee,:°e
of the components at 1693, 1678, and 1646 tris less 1867 — oehelices
straightforward. From normal-mode analysis of polypeptides, —— p-turns

the position of the amide | band gfturns has been found to
arise over a wide range of wavenumb&rConsidering a
transition dipole couplingAuet (effective dipole moment),
between 0.35 and 0.45 D for the amide | mode of téprtaree
amide | wavenumber domains due to peptide bonds in type |
and type Il -turns were found at 16901702, 1679-1686,
and 16406-1648 cntl. These spectral regions correspond
remarkably well to the three components found by band
decomposition at 1693, 1678, and 1646¢énTherefore, these
components are assigned to turns, most probably to type | and e
type Il -turns, as the wavenumbers of typeSHurns do not 1580 1600 1620 1640 1660 1680 1700 1720 1740
match the position of the observed components very $Rell.
Furthermore, distorted turffsare likely to be present since the ] N ) )
components at 1693, 1678, and 1646 ¢mre relatively broad F'gflre 2. Band decomposition of the amide | region [1580—1740
(bandwidths of 21.4- 0.8, 17.84+ 0.7, and 17.2 0.6 cnTl, cm~1] of the isotropic spectra for three different draw ratios.
respectively) compared to thsheet (13.2+ 0.7 cn1l) and

a-helix (13.6+ 0.8 cnT) components. These bandwidths are assigned to vibrations of the aromatic amino acids, including
consistent with the fact that the position of the vibrational modes the tyrosine side chairfs.

— tyrosines

Intensity

Raman shift (cm™)

assigned to the turns depends on the dihedral af§iEhe Figure 2 clearly illustrates the strong contribution of the
assignment of the 1632 cthcomponent is unclear at present. a-helix andS-sheet components in the initidl & 0) and final
It can be due to turn&, -sheets, or unordered structuféFhis (4 = 11) states, respectively. The intermediate state=(4)

component accounts for only 5% of the total area of the amide shows a mixture of both structures, with a higher helical content.

| band, a proportion that remains approximately constant for From these decomposed spectra, the proportion of the compo-
all 2 (£1%). The small component at 1710 cthmay be due nents due to ther-helices,-sheets, and the sum of the other
to the G=0O stretching vibration of glutamine and arginine secondary structures as a functiomokas calculated, and the
residues. The two bands at 1597 and 1615 cmre both results obtained are presented in Figure 3. As seen in this fi&tﬁ%
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Figure 3. Secondary structure content as a function of draw ratio in
stretched fibroin fibers. The proportion of each secondary structure
(others, a-helices and f-sheets) was obtained from the area under
the band associated to each spectral component as determined by
the band decomposition method illustrated in Figure 2. The lines
shown are only a guide to the eye.

the helical content is 3% 2% atl = 0, which is slightly higher
than the value of 25t 2% found by13C NMR measure-
ments®970 From the primary sequence &. c. ricini fibroin,
40% of the amino acids are found in the alanine repeats. Since
o-helices are primarily formed by the alanine repetitive
sequences, our results suggest th82% of these alanines are
involved ino-helices in the spinning dope, while a percentage
of 65—70% has been estimated by Kimura et al. from peak
intensity ratios in solid-state NMR specf@Upon stretching,
the helical content decreases, especially betwieerd and 5,
and finally reaches 1% 2% at4A = 11. This result is consistent
with the fact that the band due to thehelical structure at 529
cm1is still present at high draw ratios (Figure 1D).

Figure 3 clearly shows that, in parallel with the loss of
o-helical structure, there is an increase in the amount of the
p-sheets. Interestingly, the major conformational changes occur
over a narrow draw ratio interval, between 4 and 5, and the
sigmoid-like curve reveals that the conformational transition is
cooperative. Moreover, the fact that the onset of the transition
occurs atl = 4, as observed previously B§C CP/MAS NMR
spectroscopy forS. c. ricini fibroin fibers drawn using a
motorized stretchef strongly suggests that thhe— §3 transition
occurs at a critical draw ratio. The initial state contains
approximately 15+ 2% of §-sheets, a proportion that reaches
37 + 2% ati1 = 11. Therefore, the increase in tifiesheet
content (22%) is slightly higher than the decrease iroteslical
content (20%). A slight decrease in the proportion of the other
secondary structures indicates that amino acids that initially
adopt a nonhelical structure are incorporated intoftsheets
after the conformational transition. The glycinglycine motif
found near both ends of the repetitive alanine sequence
(observed 72% of the time in tt& c. riciniprimary sequencé)
could be involved in this conformational change. The spectral
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[B-sheets in the stretched fibroin fibers. Recent results in our
laboratory using the same band fitting procedure (results not
presented) have shown that the proportiorgatheets irS. c.
ricini cocoon fiber is 42 2%. Similarly, Yang et al. also found

a smaller fraction of3-sheets in stretched fibroin fibei &

10) compared to cocoon fiber using NMR spectrosct@ince

a draw ratio of 11 is rather unlikely in nature, these results
suggest that additional factors, other than stretching, contribute
to optimize the amount g8-sheet in natural cocoon silk.

Fibroin Orientation: Quantitative Analysis. We have
recently developed a method to quantify the level of molecular
orientation using Raman microspectroscépirhis method is
based on the measurement of the intensity of the four polarized
spectra in the amide | region and has been applied to silk
samples to determine the orientation of theheets. Since the
B-sheet component dominates the amide | band in cocoon silk
(similar to the spectra iXXfor A = 11), the peak height of the
amide | band was used as a first approxima#ibithe band
decomposition procedure developed in this work has allowed
us to determine the level of orientation of the different secondary
structures using the intensity of the pure components obtained
from the spectral decomposition of the polarized spectra. Figure
4 shows a typical example of the band decomposition for the
four polarized spectra &t = 11. For theXX polarization, the
B-sheet component clearly dominates the amide | band, while
an approximately equal amount of batkhelices angb-sheets
appears in the crossed-polarized spedtka §ndlzx). As can
be seen, the four polarized spectra of an oriented fibroin fiber
are different in shape, but they can be reproduced with the same
set of spectral components, which validates the band decom-
position model proposed.

The method used to determine the orientation is only
applicable for a Raman tensor showing a cylindrical symmietry
and also requires that the valueRy, obtained from an isotropic
sample is known. This has been possible forgrsheet spectral
component by using an isotropic coagulated film (unoriented)
obtained by casting the liquid silk extracted frd®n c. ricini
gland (see Experimental Section). The intensity raRpsnd
R (see Experimental Section) for tResheet component at 1667
cm™t, and the order paramete8,(Jand [P,(calculated from
these ratios are given in Table 1. As can be seen, the negative
value ofP,[ldecreases considerably betwden 4 andi =5,
that is, at the same draw ratio where major conformational
changes occur (Figure 3). These results reveal that the abrupt
conversion of ther-helical structure and the significant increase
in the level of orientation of th¢g-sheets in response to the
applied strain are concomitant phenomena. The fact that the
[P,0values determined fot < 4 are all close to zero, within
the experimental error, indicates that ffxsheets are isotropi-
cally distributed. As soon as thfesheets become the dominant
structure afl > 5, [(P,[rapidly decreases t60.28 and reaches
—0.37 atl = 11. The latter result reveals that the amide carbonyl
groups are highly oriented perpendicularly to the fiber axis since
the theoretical limiting value offP,lis equal to—0.5 for a
perfect perpendicular orientation. Previous X-ray measurements
have indicated the presence of an oriented pattefrsieets
in S. c. ricinifibroin fiber stretched six timest(= 6).43 Most

changes due to these residues is, however, not large enough tof the stretched fibroin fibers show that the orientation of the

preclude the observation of the isosbestic points within the
experimental error.

The proportion of-sheets af = 11 represents 92% of the
residues that belong to the alanine repeats of the fibroin primary

pB-sheets increases with strain. On the basis of the fit of the amide
| band, the[P,0and [P4[0couples calculated are-0.37; 0.23)

and (—0.41; 0.23) for the most stretched fibroin sample and
cocoon silk, respectively. Thus, even for the most stretched

structure. This indicates that not all the residues that are thoughtsample, the level of orientation of tifesheets is not as high as

to be involved inj-sheets in the cocoon fiber actually form

that of cocoon silk. It is interesting to note here that the vaI&FR/
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Figure 4. Band decomposition of the amide | region of the polarized Raman spectra obtained for the draw ratio of 11 for the four polarizations.

Table 1. Intensity Ratios, R1 and R», and Order Parameters, [P, 2.5
and [P,4L] for the -Sheet Amide | Band for Fibroin Fibers Stretched ] ¥ w=0
at Different Draw Ratios 1 Fiber ‘I — =2
- 2.0 L <o A=
B-sheet band at 1667 cm~t 1 : .
Ry = Izxllzz Ro = IxzIxx PO PO 1 : 7\ —— =8
draw ratio +0.01 +0.01 +0.02  +0.02 < 15 b FWHH =11
0 0.21 0.21 001  0.00 ] R N\ cocoon fiber
2 0.21 0.20 —-0.03 0.02 1.0 8w
4 0.22 0.19 —-0.05 0.01 ] 28
5 0.25 0.10 —-0.28 0.14 ]
7 0.30 0.07 -038 021 051
8 0.26 0.09 -0.33 0.19 =
10 0.25 0.08 -0.33 0.19 T Il
1 0.25 0.07 —0.37 0.23 0 20 40 60 80 100 120 140 160 180
cocoon fiber 0.26 0.08 -041 023 6()

Figure 5. Effect of the draw ratio on the most probable orientation
) o o distribution function of the S-sheets in stretched S. c. ricini fibroin
determined for the cocoon silk fiber after band decomposition fibers. The width of the distribution is listed in the inset for the different

are slightly lower than those obtained previoushd(36; 0.19}* draw ratios.

by using the peak height intensity of the amide | band. This is

mainly due to overlapping contributions from other less oriented an unimodal, nearly Gaussian distribution centered &tWwbich
conformations such as helices and turns when the peak heightshows that the €0 bonds in3-sheets are preferentially oriented

is used. perpendicular to the fiber axis. The distribution becomes
Figure 5 shows the effect of the draw ratio on the most narrower asl increases, showing that the orientation level
probable orientation distribution functidm(6) calculated from increases. AL = 11, Nny(0) is close to that calculated f@&. c.

the P,0andPs[values®t For A < 4, Nmy(6) is almost constant  ricini cocoon silk fibel! but, as seen in the inset table in Figure
for all values off), which is characteristic of an isotropic system. 5, the width of the distribution is 28at A = 11 and 28 for
Above/ = 4, the distribution of orientation is characterized by cocoon silk. This result indicates that the alignment of 8‘5\/
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b i axis in the stretched fibers. As expected, fhgheets show the

0.0 4-§ H : n 0.0 highest level of orientation among all structures. For comparison,
M s " _ I the [P,[values reported in Table 1 are also included in Figure
-o.s—: A y v M vl 6. The obvious correlation betweé&t and [P,for all values
] A . -0 N% of A reveals that the former, although it is not a truly quantitative
R ] a A 4 o parameter, permits the semiquantitative characterization of the
g 107 = orientation level. Surprisingly, the-helices are barely or not
:‘T’ ] -0z 2 oriented at alll values. One would have expected to find
145 1646 o'/ -tums 3 partially orientedo-helices upon drawing. For example, in
&« ] ™ t657cmYochelices o0 § natural wool fiber (which is essentially pure keratin proteins),
_20_3 1667 cm''/ }-sheets . o — ’ a-helices are mainly oriented parallel to the fiber &iand
1 4 1678cm’prtuns I undergo am. — 8 conformational transition when cast filfiig*
] 7 eseemlpums . o L0a or single fiberé>"5are stretched. On the other hand, our results
257 <P,> for 1667 cm I indicate that, as soon as thehelices inS. c. ricinifibroin fibers
S A A S A A A are subject(_ed to sufficient_ strain, the_y are _converted int(_) oriented
[-sheets without any noticeable orientation of the helices. The
Draw ratio fact that theo-helices do not orient toward the stretching
Figure 6. Semiquantitative order parameter (R') as a function of the direction indicates that thé-sheet structure is more stable than

draw ratio for the different amide | components shown in Figure 2.
The order parameter [P,[ldetermined for the -sheet component is
superimposed for comparison.

o-helices in silk samples. This finding suggests that, whereas
o-helix is the preferred conformation to keep the proteins in
solution in an unoriented state at high concentration in the
carbonyl groups in cocoon silk is better than that of the most aqueous dopeg-sheet structure is favored in the final silk
stretched fibroin fiber. NMR detailed structural analyses have threads.
indicated that 75% of the total alanine residues were confined  As judged from the negative value Bf, thes-turns seem to
in oriented regions in a fibroin sample stretched 10 tiMies:( be slightly oriented. Therefore, not only afesheets aligned
10)32 along the fiber axis, but the glycine-rich domains of the fibroin
Even though our results show that tfiesheet content and  where the turns are mainly located also appear to be partly
level of orientation of thes@-sheets could be quite high in  oriented. The turn component at 1678 @mhas the more
stretched fibroin fibers, it is unlikely that the silkworm is able negative value oR', which suggests that this vibrational mode
to achieve a draw ratio of 11 from the mechanical strain on the might be associated with turns that are adjaceng-gheets,
silk thread induced by its head and body motions while spinning. that is, turn segments that connect tistrands. According to
Other factors such as extensional flow and shear forces occurringnormal-mode calculations, this mode in type | anditurns
in the spinning duct, protein concentration changes leading to would be localized on the carbonyl of the first peptide group at
the formation of a liquid crystalline phase that facilitates the the end of the sheet structi¥e.
prealignment of the molecular chains, the interaction of specific ~ Recently, the effect of drawing on wet-spun regener&ed
ions, and pH changes along the spinning apparatus should havenori fibroin fiber has been investigated. The fiber's tenacity
significant effects on the fingB-sheet alignment within the  was greatly improved with increasing draw ratio and was
fiber” In addition, it has been shown by shear forces measure-attributed to molecular orientaticf.This finding supports the
ments that sericin, a protein embedding the fibroin fibers to fact that it is of prime importance to be able to adequately
form the final cocoon thread, plays an important role in the characterize protein conformation and chain orientation to
nucleation of3-sheets in the anterior portion of the silk glafidd.  improve our knowledge of the structurproperty relationships
Attempts to determine the order parameters of secondarythat can then help the processing of recombinant silk fibers.
structures other thgfrsheets using the decomposed spectra have

not been successful because the depolarization Ryidsee Conclusion
Experimental Section) could not be appropriately determined
either for thea-helices or for theg-turns. It seems that the error Our results show that th®. c. ricinifibroin fibers prepared

on the band decomposition method may be too large to preciselyfrom the spinning dope undergo a cooperative conformational
represent the small dichroic changes that occur for turns or transition under the application of a mechanical deformation,
helices. Therefore, to determine the level of orientation of all in agreement with previous resuffsThe proteins, in particular
secondary structures, the pseudo-order pararfeterl — (Ixx/ the alanine sequences, mainly adopt ¢hkelix conformation

Izz) proposed by Frisk et al. has been uéédike [P,L] this in the gland (33+ 2%) and are converted t6-sheets upon
order parameter is equal to O for an isotropic orientation, is equal stretching (37+ 2%). Our results indicate that the transition

to 1 for perfect parallel orientation, and is negative for occurs above the critical draw ratio of 4. Although this transition
perpendicular orientation. However, it can reach values lower can be described as a two-state process, our results suggest that
than—0.5. Figure 6 shows the values Bf calculated for the part of the glycine residues might be incorporated jfvjooly-

different amide | band components as a functioa.d¥or clarity, (alanine) structures. The quantification of the secondary struc-
the band at 1632 cnt was omitted since it does not show any tures highlights the fact that a lower content @fsheet is
preferential orientation. As can be sehijs close to 0 foll < achieved by stretching (at= 11) compared to cocoon fibroin

4, showing that all the secondary structures are unoriented. Forfiber. This finding confirms that strain is not the only physical

A = 5, the values oR are all negative, indicating that the parameter that generat@ssheet structure in silk fibroin. In
intensity of the corresponding Raman band is higher indKe addition, thef-sheets were found to have a higher level of
than in theZZ polarization. Thus, the amide carbonyl groups orientation in cocoon silk, although a relatively narrow orienta-
of all secondary structures are predominantly aligned toward tion distribution was obtained for high elongation ratios. This
the X axis, that is, perpendicular to the fiber axis. Therefore, can be related to the mechanical properties that are superior for
the polypeptide chains are preferentially aligned along the fiber the cocoon silk. CDV
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