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Abstract

Silkmoth chorion, the proteinaceous major component of the eggshell, with extraordinary mechanical and physiological
properties, consists of a complex set of proteins, which have a tripartite structure: a central, evolutionarily conserved, domain and
two more variable ‘arms’. Peptide-analogues of silkmoth chorion protein central domain segments have been synthesized.
Laser-Raman and infrared spectroscopic studies suggest the preponderance of antiparallel b-pleated sheet structure for these
peptides, both in solution and in the solid state. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Silkmoth chorion is the major component of the
eggshell covering the oocyte and the developing
embryo. It comprises a proteinaceous protective
and functional layer with extraordinary mechani-
cal properties and is an interesting model system
in several current areas of biological research:
cellular differentiation, molecular evolution and
fibrous protein folding and self assembly (reviewed
in [1–3]). Understanding the relationship between
the structure, function and assembly of its compo-
nent proteins might be fruitful in the design of
novel biomaterials [3].

Biochemically, silkmoth chorion is surprisingly
complex and about 200 proteins have been re-
solved by two-dimensional gel electrophoresis [1].
They were classified into a small number of
families or classes called A, B and C. The gene
families that encode these proteins are themselves
related and constitute a superfamily with two
branches, the a-branch and the b-branch [4].

Amino acid sequence comparisons and predic-
tions of protein secondary structure revealed that
chorion proteins exhibit a tripartite structure: a
central domain, evolutionarily conserved in each
protein class (recognizably homologous among
classes of the same branch) and two flanking N-
and C-terminal domains or ‘arms’ which are more
variable but marked by the presence of character-
istic tandemly repetitive short peptides that do not
appear in the central domain [5].
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Fig. 1. Amino acid sequence of synthetic peptides and chorion proteins. The cA, A and B peptides and two typical chorion
proteins, A pc292 and B pc401, (members of the A and B silkmoth chorion protein classes, respectively [1,3]), are shown for
comparison (one-letter code). The central domain of each protein is boxed. Broken lines flank the portions of the sequence of the
A and B proteins homologous to the peptides. Dots indicate that only parts of the protein sequence are presented.

A structural model has been proposed for the
central domain and the flanking arms combining
data from amino acid sequence comparisons, sec-
ondary structure prediction, analysis of amino
acid periodicities and modelling [6,7]. According
to this model chorion proteins adopt a characteris-
tic antiparallel, most probably twisted, b-pleated
sheet structure of four residue b-strands connected
by b-turns [6,7]. Evidence from X-ray diffraction,
laser-Raman, infrared and CD spectroscopy sup-
ports this model ([3] and references therein).

However, because of chorion complexity, it is
very difficult to isolate and purify individual cho-
rion proteins suitable for biophysical and bio-
chemical studies. Therefore, an alternative
approach was chosen in our attempts to elucidate
the principles that govern chorion protein folding
and assembly. Peptides thought to be representa-
tive of certain, structurally important, parts of
chorion proteins have been synthesized and an
effort is currently being made to study their struc-
ture both in solution and in the solid state. It is
hoped that this analysis might reveal the folding
and packing patterns significant in chorion protein
structure and assembly.

For this study, three such peptides were synthe-
sized: two 18-residue peptides were chosen to be
analogues of parts of the central domain of the A
and B classes of chorion proteins; the third, a
51-residue peptide, is an analogue of the entire
central domain of the A class of the silkmoth
chorion proteins. The logic behind this choice is
the following: the A and B classes of chorion
proteins are the most abundant, constituting 88%
of the total chorion mass [1]. The peptides were
chosen to represent either fragments or the entire
central domain, since this part of the primary

sequence exhibits evolutionary conservation and
length invariance among the proteins of the same
class. This suggests that it adopts a precise, func-
tionally important, three-dimensional entity. Thus,
it would be interesting to study the structure of
either parts or the entire domain.

In this paper we present the results obtained
from laser-Raman and infrared spectroscopic con-
formational studies of these synthetic chorion
peptides.

2. Materials and methods

2.1. Synthesis and purification

2.1.1. A and B peptides
Solid-phase peptide synthesis [8] was done on an

Applied Biosystems model 430A automated pep-
tide synthesizer using standard cycles for t-BOC
chemistry. The side-chain protecting groups were
removed and the peptides were cleaved from the
support resin with a mixture of anhydrous hy-
drofluoric acid–anisole–dimethyl sulfide (10:1:1),
as described in [9]. The resulting peptide–resin
mixture was resuspended in 30% acetic acid, re-
peatedly extracted with petroleum ether, filtered to
remove any remaining resin, frozen and
lyophilized. Any remaining traces of scavengers
were removed by resuspending the peptides in 5%
acetic acid and chromatographing them twice on a
3 cm×50 cm column of Sephadex G-25 using 10
mM triethylene bicarbonate, pH 7.5, as the mobile
phase. Final peptide-containing peaks appeared
homogeneous by HPLC and had the predicted
amino acid compositions (data not shown). For
further use, the buffer was removed from the
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Table 1
Wavenumbers and tentative assignments of bands in the laser-Raman spectra of the A, B and cA peptide analogues of silkmoth
chorion protein fragments.

Wavenumber (cm−1) Tentative assignment

cA peptideB peptideA peptide

— Phe622(+)
850854 Phe, Tyr—
1003— Phe1003(+)
10311031(+) Phe—
—— Phe1204
1240(+)1250(+) Amide III (antiparallel b-sheet)1247(+)
12691273 Amide III (b-turns)?1275
—1319 Amide III (b-turns)?1318
13371344 Amide III (b-turns)?1344
1452(+)1452(+) CH2 deformation1452(+)
1557— Amide II (b-turns)?—
16161603(+) Phe, Tyr

1673(+)1673(+) 1670(+) Amide I (antiparallel b-sheet)

(+) Denotes a strong peak.

peptides by repeated lyophilization and dissolution
in water.

2.1.2. cA peptide
Solid-phase peptide synthesis was performed on

an Applied Biosystems model 431A peptide syn-
thesizer using Fmoc/tBu chemistry. After synthesis
was completed, the protecting groups were re-
moved and the peptide chains were cleaved from
the resin with a mixture of trifluoroacetate
(TFA)–phenol–EDT–thioanisole–water (10 ml,
0.75 g, 0.25 ml, 0.5 ml, 0.5 ml) for 3 h. The peptide
was purified on a Vydac C-18 reversed phase
column (20 mm×250 mm, 0.010 mm particle) at a
flow rate of 10 ml/min. Solvent A was water
containing 0.1% TFA and solvent B was 70%
acetonitrile, 0.1% TFA in water. Peptide homo-
geneity (\99%) was determined by HPLC using
an acetonitrile gradient of 0.7% per min. The
peptide composition was confirmed by amino acid
analysis and the molecular weight was checked by
matrix-assisted laser desorption ionisation time-of-
flight mass spectrometry.

2.2. Laser-Raman spectroscopy

The lyophilized and thoroughly dried peptide
samples were packed into quartz capillaries sealed
at both ends.

The 488 nm line of a Spectra Physics 165 argon-
ion laser, operating at 150 mW was used as the

excitation source and a 90° scattering geometry to
the capillaries was employed. Raman spectra were
recorded on a Ramanor HG2S Jobin-Yvon spec-
trometer. To reduce the noise level, the spectra
were recorded at a scanning speed of 100/cm/min
and a time constant of 2 s. The spectral resolution
was 5 cm−1.

Several attempts to obtain Raman spectra from
aqueous solutions of the peptide samples were not
successful because of high fluorescent background.

2.3. FT-IR spectroscopy

Three types of FT-IR experiments were carried
out:

(A) The samples for IR spectroscopy were in
the form of solid KBr pellets. The lyophilized
peptides were thoroughly dried and mixed with
KBr to a final concentration of approximately 2%
(w/w). IR spectra were recorded on a FT-IR
Bruker 113v vacuum spectrometer. Each spectrum
is the result of signal-averaging of 100 scans at a
resolution of 2 cm−1.

(B) The spectra of dry peptides were collected
by depositing a thin, homogeneous film of dry
peptides between CaF2 crystals.

(C) The peptide solutions were prepared in
D2O (\99.8% pure). The peptide concentration
was determined by weighing.

Low concentration peptide samples (i.e. 5 mg
cA/ml D2O, 5 mg A/ml D2O and 3 mg B/ml D2O)
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Fig. 2. Laser-Raman spectra obtained from the A peptide (A), B peptide (B) and cA peptide (C). Lyophilized and thoroughly
dried peptide samples were packed into quartz capillaries sealed at both ends. A 90° scattering geometry to the capillaries was
employed. Instrumental conditions: excitation wavelength, 488 nm; scanning speed, 100/cm/min; time constant, 2 s; spectral
resolution 5 cm−1; operating laser power 150 mW.

were allowed to equilibrate for 4 days at room
temperature. A demountable CaF2-based FT-IR
cell, 0.1 mm thick, was used. A and cA formed
transparent samples, whilst B was a precipitate.

High concentration peptide samples (i.e. ca. 50

mg cA/ml D2O, 50 mg A/ml D2O and 30 mg B/ml
D2O), were prepared by placing dry peptide on a
CaF2 crystal followed by addition of 10 m l D2O,
mixing, and subsequent data collection. No changes
were observed in the spectra over a 24 h period.
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Fig. 2. (Continued)

Spectra for the B and C types of experiments
were run on a Perkin-Elmer 1760X FT-IR spec-
trometer at room temperature. The instrument
resolution was set at 4 cm−1, apart from the high
concentration spectra of peptides A and cA, for
which the resolution was set at 2 cm−1. All spectra
are absorbance spectra after solvent subtraction.

Smoothening of spectra was carried out with a
step of 11 or 13 datapoints, using the Savitzky–
Golay function [10].

Second derivatives of the spectra were obtained
using a step of 13 datapoints to identify discrete
absorption bands that make up the complex amide
I profile. To avoid the significant edge effects
possible in the derivative spectra, as distortions are
induced, a wider spectral region than amide I was
subjected to differentiation.

Quantitative analysis of the individual compo-
nent bands of amide I was achieved, utilizing the
program ORIGIN (MicroCal Software). Curve-
fitting of the FT-IR spectra was performed by
manual, iterative adjustment of the relative height,
width and relative ratios of Lorentzian and/or
Gaussian functions of the line shape of the indi-
vidual component bands identified after differenti-
ation, until the line shape of amide I calculated by
the program was judged to be approximately the
same as the experimental spectrum by least
squares. The integrated area under each compo-

nent band, after the last iteration, was calculated
as a percentage of the total amide I area, and this
value was taken to be the percentage of the partic-
ular secondary structure present in the protein.

3. Results

3.1. Peptide design

Three peptides, representative of the silkmoth
chorion protein segments, were synthesized (Fig.
1).
1. The A peptide, which has a sequence represen-

tative of a part of the central domain of the A
silkmoth chorion protein class.

2. The B peptide, which has a sequence represen-
tative of a part of the central domain of the B
silkmoth chorion protein class.

3. The cA peptide, with a sequence representative
of the entire central domain of the A silkmoth
chorion protein class.

3.2. Raman spectra

Table 1 shows the most prominent bands and
their tentative assignments in the laser-Raman
spectra of the A, B and cA peptides. Additional
peaks are resolved but not tabulated because in-
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Fig. 3. FT-IR spectra of the A, B and cA peptide. (a) Low concentration peptide samples in D2O (5 mg A/ml, 3 mg B/ml and
5 mg cA/ml). (b) High concentration peptide samples in D2O (50 mg A/ml, 30 mg B/ml and 50 mg cA/ml). (c) Dried (lyophilized)
peptide samples. Spectral resolution for (a) and (c) 4 cm−1, for (b) 2 cm−1. (d) Samples were in the form of KBr pellets,
containing about 2% (w/w) peptide, thoroughly dried before mixing with KBr. The spectra are the result of signal averaging of
100 scans, at 2 cm−1 resolution.

sufficient data was available for unambiguous
assignments.

In the laser-Raman spectra of both A and B
peptides (Fig. 2a and b) the appearance of the
amide I band at 1673 cm-1 suggests the presence of
b-sheet conformation [11–13]

The presence of strong features in the 1230–
1350 cm−1 (amide III region) indicates absence of
a-helical conformation in both peptides [11–13].

In the amide III region, bands at 1247 and 1250
cm−1 for the A and B peptides are seen respec-
tively. These bands are centered at wavenumbers
somewhat higher than is usually agreed upon for
amide III bands that are signatures of b-sheet
conformation; however similar bands due to b-
sheet structure have been reported ([13] and the
references therein). Alternatively, they might indi-
cate contribution from unordered structure or b-
turns [11–13].

Bands at ca. 1273, 1320 and 1340 cm−1 in both
A and B peptide spectra may be caused by the
presence of b-turns [15]. Since the signatures for
b-turns are not generally agreed upon we shall not
attempt to attribute them to any defined sec-
ondary structure.

Comparing the Raman spectra of the A and B
peptides in the region from 600 to 1800 cm−1 it is

seen that additional prominent bands are observed
at 622, 1003, 1031 and 1603 cm−1 in the spectrum
of the B peptide. These are most likely due to Phe
residues which are present in the B peptide but
absent in the A peptide [11–13].

The laser-Raman spectrum of the cA peptide
(Fig. 2c) indicates that this peptide also adopts a
b-sheet conformation. In fact, the appearance of
the amide I band at 1670 cm−1 and the amide III
band at 1240 cm−1 strongly suggest abundant
b-pleated sheet structures that appear to be uni-
form (half width of the amide I band ca. 40
cm−1). The bands at 1003 and 1031 cm−1 are
ascribable to Phe whereas the bands at 850 and
1616 cm−1 are most likely due to Tyr; the latter
may also have a contribution from Phe (the cA
peptide contains both Phe and Tyr residues in its
sequence).

3.3. FT-IR spectra

The FT-IR spectra of the A, B and cA peptides
are shown in Fig. 3. As described in Section 2,
they were obtained, from low concentration solu-
tions of the peptides in D2O (Fig. 3a), high con-
centration solutions in D2O (Fig. 3b), dry peptides
(Fig. 3c) and KBr pellets (Fig. 3d). Table 2 shows
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Table 2
Amide I decomposition of the FT-IR spectra for the A, B and cA peptide analogues of silkmoth chorion protein fragments

Tentative assignmentBand position (cm−1)

SolidIn D2O (low conc.) KBr pelletIn D2O (high conc.)

A peptide
1619, 1625, 1639 (69%) 1627 (23%)1613, 1638 (62%) b-Sheet1625, 1638 (48%)

1648 (10%)1649 (26%) 1648 (28%) Unordered
1656 (17%) a-Helix and/or large loops

1665 (17%)1662 (17%) b-Turns1661 (15%)
1673 (12%) 1680 (8%) b-Turns/b-sheet1677 (10%) 1676 (11%)
1687 (2%) 1692 (24%) Antiparallel b-sheet1693 (1%)

b-Sheet (%)
71–83 47–5549–59 62–73

b-Turns+coil (%)
17–29 45–5341–51 27–38

B peptide
1619, 1630 (35%)1619, 1633 (39%) 1614, 1630 (22%)1618 (32%) b-Sheet
1645 (37%)1648 (52%) Uunordered1646 (23%)

1650, 1655 (46%) a-Helix and/or large loops
1668 (5%)1662 (21%) 1663 (14%) 1667 (5%) b-Turns

1679 (12%) 1679 (19%)1682 (6%) b-Turns/b-sheet1677 (12%)
1693 (2%) 1692 (8%)1690 (5%) Antiparallel b-sheet1696 (5%)

b-Sheet (%)
37–49 30–4944–56 37–43

b-Turns+coil (%)
51–6344–56 51–7057–63

cA peptide
1611 1612 Tyr

1621, 1631 (34%)1627 (22%) 1628, 1636 (29%)1621 (38%) b-Sheet
1649 (43%)1644 (48%) Unordered1645 (60%)

1653 (42%) a-Helix and/or large loops
1660 (6%)1660 (18%) 1667 (8%) b-Turns

16711674 TFA1673
1681 (10%) b-Turns/b-sheet
1696 (5%) 1687, 1699 (29%) Antiparallel b-sheet1691 (8%)

b-Sheet (%)
22 46 39–49 58

b-Turns+coil (%)
51–61 425478

Experimental conditions as in Fig. 3. Individual components were identified from second-derivative spectra. Curve fitting was
carried out assuming Gaussian/Lorentzian band shapes for individual components. Tentative assignments of individual bands
were made according to [14–19]. Predicted secondary structure content, in parentheses, was estimated as described in Section 2
and Fig. 4. Predicted total secondary structure estimates are also given for b-sheet and b-turns+coil, for clarity.

the bands identified in the second derivative spece-
tra of the peptides in the amide I region, their
tentative assignments [15–17], and predicted sec-
ondary structure quantitative estimates, after the
curve-fitting procedure of the amide I band from
its constituent component bands, as described in
Section 2. The amide I curve-fitting analysis of the
FT-IR spectra from peptide cA is shown in Fig. 4,
for clarity.

Obviously, the peptides do not adopt any sig-

nificant amounts of a-helical conformation both in
solution and in the solid state. However, large
amounts of b-sheet structure are seen, both in
solution and in the solid state (usually more than
40%), with significant contribution from b-turns
and random coil (unordered) structures.

Amide groups in b-pleated sheets give rise to
highly diagnostic bands between approximately
1620 and 1640 cm−1 [15–20], although in some
cases ‘b-bands’ are shifted even below 1620 cm−1
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[21]. For many proteins more than one component
is observed in the 1620–1640 cm−1 region. The
multiplicity reflects differences in hydrogen bonding
strength as well as differences in transition dipole-
coupling in different b-strands and is of potential
diagnostic value [20]. The observation in the IR
spectra of proteins of a high wavenumber ‘b-com-
ponent’, in the region ca. 1690–1700 cm−1, suggests
that the b-sheets are antiparallel [15–20].

In our case (Figs. 3 and 4 and Table 2), usually
more than one strong component band is observed
in the 1620–1640 cm−1 region for all peptides in
solution and in the solid state. Their exact location
varies from peptide to peptide, but it is seen that the
IR spectra from the B and cA peptides have,
apparently, lower wavenumber components than
the A-peptide, which probably indicates stronger
hydrogen bonding. Component bands situated in
the region 1690–1700 cm−1, approximately, usu-
ally seen as shoulders in the original FT-IR spectra
(Figs. 3 and 4 and Table 2), strongly suggest an
antiparallel b-sheet structure [15–20] present in all
peptides both in solution and in the solid state. With
the possible exception of the B peptide, which it
should be noted, tends to precipitate at high concen-
trations, it appears that increasing peptide concen-
tration results in an increased amount of b-sheet
structure. We interpret these results as being due to
the presence of intermolecular b-sheet structures,
which, most probably, become more stable, as
peptide concentration increases.

b-Turns are also present in solution and in the
solid state structure of all peptides as can be judged
from the appearance of bands in the 1660–1680
cm−1 region [15–20]. Together with the presence of
significant amounts of random coil suggested by the
bands in the 1645–1650 cm−1 region, they account
for the remainder of the structure.

4. Discussion

We have undertaken the study of the structure of
the peptides representative of segments of the silk-
moth chorion proteins in the hope that these studies
will reveal their intrinsic propensities towards fold-

ing patterns similar to those that exist in vivo.
Neither solid state, nor solution studies can be

performed under conditions precisely mimicking
the environment of chorion proteins in vivo. More-
over, the structures acquired for the peptides lack
the context of the remainder of the protein [19]. In
spite of these limitations the data presented here
represent the first step to the only systematic ap-
proach available for deducing the structure of
proteins such as silkmoth chorion proteins, that are
not available in suitable quantities, or amenable to
traditional purification. However, since the physio-
logical environment of chorion proteins is not
known, peptides were initially studied both in the
solid state and in solution. It is well known that
small peptides may rapidly interconvert between a
variety of structural forms in solution [19], and our
preliminary NMR studies indicate that this is,
indeed, the case, at least for the A and B peptides
(Benaki et al., in preparation). Nevertheless, a
common molecular denominator appears to be
dominant in these structural forms, the structure of
antiparallel b-pleated sheet.

Laser-Raman and IR spectroscopy were used
since these vibrational spectroscopies provide com-
plementary information concerning the conforma-
tion of polypeptides and proteins [16,23]. One
obvious conclusion that can be drawn from this
work is that all peptides studied to date contain
significant amounts of antiparallel b-pleated sheet
conformation in solution and in the solid
(lyophilized) state. Though lyophilization may in-
crease the b-sheet structure content of globular
proteins [22], similar data are lacking for structural
proteins. Nonetheless, our conclusion agrees with
secondary structure prediction and modelling stud-
ies [5,6] and biophysical data acquired for silkmoth
chorion proteins ([3] and the references therein).

There is a distinct difference between laser-Ra-
man and FT-IR spectroscopy. Water absorbs
strongly at ca. 1650 cm−1, i.e. in the amide I region
in the IR spectra, due to the strong O–H bending
absorption at 1644 cm−1 [16,19,23]. This obscures
the amide I region and makes the IR spectra less
amenable to interpretation than the Raman spectra
where water does not interfere [16,23]. For this

Fig. 4. Amide I band decomposition of the FT-IR spectra from the cA peptide. Experimental conditions as in Fig. 3. Curve fitting
was carried out assuming Gaussian/Lorentzian band shapes for individual component bands (solid lines) identified from
second-derivative spectra (see Table 2) as described in Section 2. The solid line is the original spectrum whereas the dotted line
is the result of the superposition of individual components. The calculation of secondary structure content was performed as
described in Section 2. Bands due to TFA at ca. 1670 cm−1, were not taken into account.
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reason we have chosen to obtain FT-IR spectra of
the peptides in D2O solutions which do not have
spectral interference of water in the amide I region.
The differences observed in the FT-IR spectra of the
dried peptides and in the form of KBr pellets are
most probably due to traces of water absorbed by
the KBr pellets, which cannot be removed even
under the most stringent conditions used to dry the
pellets [16].

Another point that should be discussed further is
the appearance of a very strong absorption band at
ca. 1670 cm−1 in the IR spectra of the cA peptide
which is not observed in the IR spectra of the A and
B peptides. It might erroneously be assumed that
this band may be due to b-turns or perhaps the
antiparallel b-sheet which exists in the structure as
can be judged from the laser-Raman spectra evi-
dence. However, the different synthesis and purifi-
cation procedure for this peptide which involved
TFA should also be taken into account. It has been
pointed out by several authors [20,24] that this
counterion absorbs strongly at ca. 1670 cm−1, in the
presence of water, and this band may be due to its
remaining traces. In agreement with this interpreta-
tion is the fact that the FT-IR spectrum of the dried
cA peptide shows minimal TFA interference (Fig.
3).

The A and B peptides apparently adopt different
conformations in water as demonstrated by their
different maxima of IR absorption (Fig. 3 and Table
2). Furthermore, the A peptide is highly soluble in
aqueous environments, whilst B is only sparingly
soluble in water. Both peptides have the same
length, are highly homologous in their primary
structure (Fig. 1) and have similar overall hydro-
phobicity. The main difference is that A has a higher
density of charged groups than B. This difference
may influence decisively the intramolecular folding
patterns as well as the supramolecular arrangement
of the two peptides in water. The comparison shows
that subtle differences in electrostatic interactions at
the intramolecular or intermolecular level may lead
to different folding/packing patterns of highly ho-
mologous segments of chorion proteins.

Although it is true that amide I differentiation
and deconvolution should always be handled with
care [19], so that the values reported in Table 2
should only be considered as indicative, evidence
both from the laser Raman spectra and the FT-IR
spectra clearly indicates the preponderance of an
antiparallel b-pleated sheet structure in the confor-
mation of the peptides studied in solution and in the
solid state.

2D-NMR work is currently being performed on
these peptides in solution, to reveal the structural
characteristics at higher resolution. How close is the
structure of these peptides to the b-sheet models
proposed for chorion proteins [3] remains to be
seen.
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