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Abstract

The nature of the interaction of insect cuticular proteins and chitin is unknown even though about half of the cuticular proteins
sequenced thus far share a consensus region that has been predicted to be the site of chitin binding. We previously predicted the
preponderance of aβ-pleated sheet in the consensus region and proposed its responsibility for the formation of helicoidal cuticle
(Iconomidou et al., Insect Biochem. Mol. Biol. 29 (1999) 285). In this study, we examined experimentally the secondary structure
of intact and guanidine hydrochloride extracted cuticle and the cuticular protein extract. The studied cuticle came from the larval
dorsal abdomen of the lepidopteranHyalophora cecropia, a classical example of “soft” cuticle. Analysis with FT-Raman, ATR
FT-IR and CD spectroscopy indicates that antiparallelβ-pleated sheet is the predominant molecular conformation of “soft-cuticle”
proteins both in situ in the cuticle and following extraction. It seems that this conformation dictates the modes of chitin–protein
interaction in cuticle, in agreement with earlier proposals (Atkins, J. Biosci. 8 (1985) 375). 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The insect exoskeleton or cuticle is a composite of
proteins and chitin that provides protective, locomotive
and structural functions. Little information, however, is
available about the molecular structure of this important
complex that exhibits a helicoidal architecture
(Neville, 1975).

Extracts of a single region of cuticle may contain 50
or more electrophoretic bands. More than 100 cuticular
proteins of known sequences are available to date from
insects of five different orders as well as an arachnid and
diverse crustaceae (Willis, 1999). Over half bear a motif
similar to that first identified by Rebers and Riddiford
(1988) in seven cuticular proteins: G-x(8)-G-x(6)-Y-x-
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A-x-E-x-G-Y-x(7)-P-x(2)-P (where x represents any
amino acid, and the value in parentheses indicates the
number of residues). Additional sequences revealed
minor differences and new conserved residues in this R&
R Consensus. A modification of this consensus, G-x(7)-
[DEN]-G-x(6)-[FY]-x-A-[DGN]-x(2,3)-G-[FY]-x-[AP]-
x(6), is present in about 40 unique insect cuticular pro-
teins (Willis, 1999). None of these shows identity in the
consensus region. This motif has been used to identify
at least 50 more putative cuticular protein sequences
from theDrosophilagenome project (Rubin et al., 2000)
and from a Bombyx EST project (http://www.ab.a.u-
tokyo.ac.jp/silkbase/). These sequences can be obtained
at the following websites, using CUTICLE as the search
protein domain: http://www.fruitfly.org/annot/ and
http://www.ab.a.u-tokyo.ac.jp/silkbase/.

Rebers and Riddiford (1988) suggested that the con-
sensus would turn out to be a region of structural impor-
tance. Subsequently, Andersen et al. (1995) postulated
that the motif might be involved in protein–chitin inter-
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action. The region N-terminal to the R&R Consensus is
enriched in hydrophilic amino acids (Lampe and Willis,
1994; Andersen et al., 1995). In total, a stretch of
approximately 68 amino acids appears to be conserved,
an “extended R&R Consensus” (Iconomidou et al.,
1999). This extended consensus is sufficient to confer
chitin binding to a fusion protein made with glutathione
S-transferase (J.F. Rebers and J.H. Willis, personal
communication).

Previous experimental studies concerning the confor-
mation of the cuticular proteins were not conclusive
(Hackman and Goldberg, 1979; Hillerton and Vincent,
1979; Stephens and Vincent, 1976). Recently, we
presented secondary structure prediction data indicating
that a β-pleated sheet is most probably the underlying
molecular conformation of a large part of this extended
R&R consensus, especially the part which contains the
R&R consensus itself. We also proposed that this con-
formation is essential in defining cuticle’s helicoidal
architecture and most probably is involved in specific
interactions of the cuticular proteins with the chitin
filaments. We also suggested that perhaps a universal
architectural plan for helicoidal extracellular structures
exists which is based primarily on the packing interac-
tions of β-pleated sheets (Iconomidou et al., 1999). To
date, there has been no systematic experimental analysis
of the secondary structure of cuticular proteins. In this
study, we present experimental data for the molecular
conformation of proteins from “soft” cuticle utilizing
FT-Raman, ATR FT-IR and CD spectroscopy, which
suggest that the dominant conformation of “soft” -cuticle
proteins is the antiparallel β-pleated sheet.

2. Materials and methods

2.1. Cuticular proteins—cuticle samples

The protein HCCP12 chosen for inclusion in the sec-
ondary structure prediction analysis is a “soft” -cuticle
representative insect cuticular protein. It is a major con-
stituent of cuticle extracts and has been associated with
cuticles of all three metamorphic stages, L(larva),
P(pupa) or A(adult) of the giant silkmoth Hyalophora
cecropia [1169129 (ENTREZ)] (Binger and Willis,
1994).

Two mid-fifth instar larvae of H. cecropia were
frozen, thawed slightly, then the dorsal abdominal cuti-
cle removed, cleaned of all adhering cells and hard
tubercles, and lyophilized. An aliquot was saved as
unextracted cuticle. Cuticle proteins were extracted by
vigorous shaking with an extraction buffer (8 M guani-
dine hydrochloride, 1 mM PMSF, 1% MSH and 100 mM
Tris, pH 8.9) for 2 h at 60°C. This procedure removed
44% of the dry weight of the cuticle. Comparable
extracts have revealed 51 electrophoretic bands on isoe-

lectric focusing gels, 13 of them strong, with HCCP12
one of the strongest (Cox and Willis, 1985). The extract
was dialyzed thoroughly against water and spun in a
clinical centrifuge. The supernatant (“extracted”
proteins) and precipitated flocculent material (“water-
insoluble material” ) were lyophilized separately. The
“extracted” cuticle was rinsed in water and lyophilized.
The cuticle proteins used in the FT-Raman, ATR FT-IR
and CD spectroscopy experiments mentioned below
were the “extracted” proteins. The “water-insoluble
material” gave almost identical FT-Raman and ATR FT-
IR spectra to the “extracted” proteins (data not shown).

2.2. Secondary structure prediction

Secondary structure prediction was done as described
previously (Iconomidou et al., 1999).

2.3. FT-Raman spectroscopy

Sample preparation for Raman measurements
involved pressing pieces of cuticle samples (intact and
“extracted” ) into the 2-mm cavity of a standard alumi-
num holder. The same procedure was followed for the
lyophilized extracted “soft” -cuticle proteins.

When performing the experiments for the intact and
“extracted” cuticle, great care was taken to illuminate
the inner part of the cuticle (endocuticle) and not the
outer surface of the cuticle closest to the epicuticle
(which is sclerotized and contains proteins covalently
bonded; these, presumably, are not removed by the
extraction procedure described above).

Raman spectra were obtained on a Fourier-transform
instrument (Bruker RFS 100) employing for excitation
ca. 400 mW of the Nd:YAG 1064-nm line in a back-
scattering geometry. The samples are relatively poor
Raman scatterers and often exhibit strong fluorescence
upon laser excitation. Working in the near-infrared gre-
atly reduces the fluorescence of the sample and elimin-
ates the need for prolonged laser annealing. The resol-
ution was 8 cm�1, a zero-filling factor of 2 was
employed, and the total acquisition time was ca. 10 h
(10 000 scans). Attempts to collect data at higher resol-
ution resulted in the deterioration of the S/N ratio, with-
out significant improvement in band resolution. The
interferograms were Fourier-transformed in 1-h acqui-
sition time segments, in order to allow for the detection
of time-dependent phenomena (sample degradation,
luminescence, bleaching, etc.) and averaged. Sub-
sequently, the standard deviation (s) of the experiment
was calculated. All spectral data are shown with a 2s
error bar.

2.4. Attenuated total reflectance infrared spectroscopy
(ATR-IR)

Infrared spectra were obtained at a resolution of 2
cm�1 and a zero-filling factor of 2, on a Fourier-trans-
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form vacuum instrument (Bruker IFS 113v) equipped
with a 45° KRS5 Attenuated Total Reflectance access-
ory. Internal reflection spectroscopy presents several
advantages compared to the more common KBr disper-
sion technique (de Jongh et al., 1996). Having a pen-
etration depth of ca. 2 µm (1000 cm�1, KRS5, 45°), ATR
is free of saturation effects which may be present in the
transmission spectra of thicker samples. Furthermore,
the choice of the ATR technique was dictated by the
need to exclude any possible spectroscopic and chemical
interactions between the sample and the dispersing
medium. In the literature, ATR-IR has been employed to
investigate solutions of proteins, or thin films deposited
directly on the ATR crystal by evaporation of the solvent
(de Jongh et al., 1996; Fu et al., 1994; Fink and Gend-
reau, 1984; Singh and Fuller, 1991; Jakobsen and Was-
acz, 1990; Kim et al., 1998). In the present investigation,
pieces of lyophilized “soft” -cuticle protein were placed
on the surface of the KRS5 element and kept in place
by tightening the metal plate holder. Fifteen 400-scan
spectra were collected and averaged to improve the S/N
ratio. The spectra were corrected for the effect of wave-
length on the penetration depth (p.d.�l). The corre-
sponding effect of the (frequency-dependent) refractive
index (n) of cuticular protein samples was not taken into
account due to the lack of relevant data.

2.4.1. Post-run computations of the spectra
The Raman scattering and infrared ATR absorption

peak maxima were determined from the minima in the
second derivative of the corresponding spectra. Deriva-
tives were computed analytically using routines of the
OPUS/OS2 software and included 9-point smoothing by
the Savitzky–Golay algorithm (Savitsky and Golay,
1964). Taking into consideration the resolution and zero-
filling-factors employed, smoothing was effective over
frequency ranges of ca. 20 cm�1 (Raman) and 5 cm�1

(ATR infrared).

2.5. Circular dichroism (CD) spectroscopy

Samples of H. cecropia larval-extracted cuticular pro-
teins were solubilized in distilled water (pH 5.5) and
measured at 4°C on a Jasco J-710 spectropolarimeter in
a cell with a 0.1-cm path length. Fractions of secondary
structure were estimated using the secondary structure
estimation program (SSEAX) of Jasco Corp. Spectra of
four standard proteins were provided for the calculation
of the basis spectra. Each observed spectrum was
expressed as a linear combination of reference spectra
of four types of secondary structure: α-helix (α), β-sheet
(β), β-turn (t) and coil (c, random). The linear coef-
ficients representing secondary structure estimates were
calculated by a linear least-squares method. The refer-
ence spectra of the four types of secondary structure
were calculated from the CD spectra of four proteins

with crystallographically known secondary structures:
lysozyme (46% α, 19% β, 23% t, 12% c), papain (28%
α, 29% β, 18% t, 25% c), ribonuclease A (23% α, 46%
β, 21% t, 10% c) and α-chymotrypsin (11% α, 50% β,
25% t, 14% c). The percentages of observed
(crystallographically) secondary structure were taken
from Levitt and Greer (1977). This set gave the best fit
to the data.

3. Results

3.1. Secondary structure prediction

The results of secondary structure prediction on the
representative “soft” -cuticular protein HCCP12 are
shown in Fig. 1. Prediction of secondary structure for
HCCP12 was made according to Hamodrakas, 1988. The
black shadowed parts of the protein sequence correspond
to predicted β-strands. The R&R consensus is identified
by the arrow below the sequence of HCCP12. The pro-
tein has 89 nominal residues in total. The R&R Consen-
sus begins at nominal position 56.

The result of prediction of another popular prediction
algorithm, PHD (Rost and Sander 1993, 1994; Rost,
1996), on HCCP12 is also displayed below the protein
sequence for comparison. The symbol E represents the
predicted secondary structure of a β-pleated sheet in this
case, whereas gaps correspond to random coils or β-
turns/loops. This algorithm claims to achieve prediction
of protein secondary structure at better than 70% accu-
racy (Rost and Sander, 1993).

Our prediction package and the PHD package clearly
suggest that not only the extended R&R domain
(Iconomidou et al., 1999) but also the whole sequence
of HCCP12 has a considerable proportion of β-pleated
sheet structure and total absence of α-helix.

The β-strands are predicted at nominal positions 10–
13, 19–21, 24–28, 32–35, 41–44, 52–55, 58–61 and 66–
73 (relevant amino acid sequence of these segments:
QILK, IGV, FQYGY, NGIQ, QLNN, IEVR, FSYV and
VTYSVTYT, respectively).

3.2. FT-Raman spectroscopy

The Raman spectra obtained from H. cecropia larval
dorsal abdomen (LDA) intact, “extracted” cuticle, as
well as and the corresponding weighted difference spec-
trum, are shown in Figs. 2–4, respectively. The spectrum
of the proteins extracted from H. cecropia LDA cuticle
is shown in Fig. 5. The band maxima of the cuticle and
protein spectra, determined on the basis of their second
derivatives, are compiled in Table 1, together with the
tentative assignments of the main spectral features.

The Raman spectra of both the intact and the
“extracted” H. cecropia LDA cuticle are dominated by
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Fig. 1. Predicted secondary structure of the “soft” -cuticle representative insect cuticular protein HCCP12. This protein has been associated with
cuticles of all three metamorphic stages, L(larva), P(pupa) or A(adult) of Hyalophora cecropia (ENTREZ accession number 1169129) (Binger and
Willis, 1994). It is definitely a major cuticular protein of larval dorsal abdomen (LDA) of Hyalophora cecropia. The sequence of the protein is
given in the one-letter code. It has 89 nominal positions marked at the top (Binger and Willis, 1994). Black-boxed residues denote predicted β-
strands according to Hamodrakas (1988). Predicted secondary structure according to another popular prediction algorithm, PHD (Rost and Sander
1993, 1994; Rost, 1996), is also displayed below the sequence for comparison. The symbol E represents predicted secondary structure of β-strands
in this case, whereas gaps correspond to random coil or β-turns/loops. The R&R consensus (Rebers and Riddiford, 1988) is underlined, whereas
the “extended” R&R consensus (Iconomidou et al., 1999) is doubly underlined below the sequence.

Fig. 2. FT-Raman spectrum of Hyalophora cecropia larval dorsal
abdomen (LDA) intact cuticle.

Fig. 3. FT-Raman spectrum of Hyalophora cecropia larval dorsal
abdomen (LDA) cuticle from which proteins have been extracted to a
great extent (see Section 2). The cuticle is called “extracted” for brev-
ity. The spectrum results almost entirely from chitin. Protein contri-
bution is negligible.

Fig. 4. Difference spectrum of the Raman spectra presented in Figs.
2 and 3. The spectra prior to subtraction were normalized to the 952
cm�1 band intensity due to chitin. An almost identical difference spec-
trum resulted when normalization prior to subtraction was done, based
on the intensity of the 709 cm�1 band, which is also due to chitin.
The net result, in both cases, is a difference spectrum almost entirely
due to protein (compare with Fig. 5).

the contribution of bands due to chitin (Figs. 2 and 3
and Table 1).
However, certain features of the FT-Raman spectrum of
intact cuticle signify the presence of proteins. The bands
at 755 cm�1 due to Trp and the Tyr doublet at 828, 851
cm�1 are characteristic. Also, the band at 642 cm�1 is
mostly due to Phe.

All other low-wavenumber modes in the spectra of the
intact and “extracted” LDA cuticle at 454, 504, 566, 647
and 709 cm�1 can be attributed mainly to α-chitin (Figs.
2 and 3, Table 1; Mikkelsen et al., 1997, and references
cited therein). The band at 898 cm�1 is known to be
sensitive to the anomeric configuration (typical for β-
linked carbohydrates) (Cael et al., 1974). Several of the
bands in the two spectra (952, 1060, 1110, 1148, 1206,
1264, 1326, 1372, 1414 and 1449 cm�1) also have a
major contribution from α-chitin vibrations.

In the carbonyl region we find a broad Raman band
with a center at �1656 cm�1 and a shoulder at �1620
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Fig. 5. FT-Raman spectrum of the cuticular proteins extracted from
Hyalophora cecropia larval dorsal abdomen (LDA) cuticle (see Sec-
tion 2). The second derivative of the spectrum in the amide III region
is included in the inset.

cm�1. This split of the secondary amide I band into two
components is presumably caused by the statistical mix-
ture of the hydrogen bonding pattern of the primary
hydroxyl group in α-chitin (Minke and Blackwell,
1978). The consequence of the proposed structure of α-
chitin (Minke and Blackwell, 1978) is two different
types of amide groups: one which is only involved in
one intermolecular hydrogen bond (C=O···H–N) and is
responsible for the �1656 cm�1 mode, and one which is
bifurcated by forming an additional intramolecular
hydrogen bond to the primary hydroxyl group leading
to a lowering of the amide I frequency (Mikkelsen et
al., 1997, and references cited therein). However, the
amide I region in the spectrum of the intact cuticle (Fig.
2) has a contribution from vibrations due to the protein
components of LDA cuticle as well.

The protein contribution to the spectrum of intact cuti-
cle can be revealed by subtracting the spectrum of the
“extracted” cuticle after scaling the two spectra in the
regions where chitin is the only vibrationally active
component. The difference spectrum is shown in Fig. 4.
The spectral subtraction is based on the assumption that
the chitin of the cuticle does not undergo structural
changes during the protein extraction treatment. The val-
idity of this assumption is supported by the absence of
chitinic spectral bands in the spectrum of Fig. 4, at least
within the resolution of our experiment (see also Table
1). The comparison of the spectra of Figs. 4 and 5
(protein by spectral subtraction and extraction,
respectively) reveals striking similarities, suggesting that
the former gives a reliable physical picture of the cuticle
protein vibrations in the native (in vivo) state.

No significant bands below 500 cm�1 were observed
in these protein spectra (Figs. 4 and 5). Several bands
are clearly due to side-chain vibrations of amino acid

residues, especially to the aromatic ring-containing Tyr,
Trp and Phe. More specifically, the bands at 1033, 1003,
and 624(620) cm�1 are ascribable to Phe, whereas the
bands at 643, 828, 851, 1179, 1210 and 1611 cm�1 are
most probably due to Tyr (Frushour and Koenig, 1975;
Yu, 1977; Spiro and Gaber, 1977). The intensity ratio
of the tyrosine doublet at 851 and 828 cm�1, R=I853/I830,
is sensitive to the nature of hydrogen bonding, or to the
state of the ionization of the phenolic hydroxyl group,
and has been used to identify “buried” and “exposed”
Tyr moieties (Carey, 1982, and references cited therein).
The 643 and 1210 cm�1 bands may also involve
vibrations of Phe. Also, the band at 1611 cm�1 may hide
components due to Phe (1609 cm�1) and Trp. Bands at
759 (751) cm�1 are ascribable to Trp (Frushour and
Koenig, 1975; Yu, 1977; Spiro and Gaber, 1977). The
absence of a band at 1361 cm�1 suggests that the Trp
side chains are not “exposed” (Yu, 1977).

Bands in the 500–550 cm�1 region are typically asso-
ciated with the S–S stretching mode of the C–C–S–S–
C–C structural unit of disulfide bonds (Frushour and
Koenig, 1975; Yu, 1977; Spiro and Gaber, 1977). Some
minor features are seen in this region in the Raman spec-
tra of H. cecropia LDA cuticle proteins. We have not
attempted to assign them to specific S–S stretching
modes, as it is known that cuticle proteins are devoid of
S–S bonds (Andersen et al., 1995).

Armed with the identification of the vibrational signa-
tures of the aromatic residues, we can now focus our
attention on the “amide” band envelopes, which are
well-known indicators of secondary structure features in
proteins and polypeptides. Several papers review the rel-
evant assignments of the Raman (Frushour and Koenig,
1975; Yu, 1977; Spiro and Gaber, 1977; Carey and Sal-
ares, 1980; Carey, 1982) and IR spectra (Surewicz et al.,
1993; Haris and Chapman, 1995; Jackson and Mantsch,
1995; Griebenow et al., 1999) in the amide I and III
regions.

In the amide I region (1600–1700 cm�1) the Raman
spectrum of the extracted H. cecropia LDA cuticle pro-
teins exhibits a well-defined maximum at 1669 cm�1,
typical of β-sheet structure. Its half-width of �35 cm�1

perhaps reflects the uniformity or narrow distribution of
chain conformations of the β-sheets in cuticular proteins.
(Note the presence of a similarly sharp band at 1673
cm�1 in the difference spectrum of Fig. 4.) The absence
of bands at ca. 1650 cm�1 indicates that α-helical struc-
tures are not favored, or remain below the detection limit
of our techniques.

The amide III range (1230–1320 cm�1) is relatively
free from side-group vibrations and, thus, highly diag-
nostic of secondary structure. The amide III band of the
FT-Raman spectrum of H. cecropia LDA extracted pro-
teins shows a doublet at 1241 and 1268 cm�1 (Fig. 5,
inset; Table 1). The 1241 cm�1 is assigned to a β-sheet,
and the 1268 cm�1 band to β-turns or coil. The differ-
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Table 1
Main Raman (1800–400 cm�1) peak maxima of (a) H. cecropia larval dorsal abdomen intact soft cuticle, (b) soft cuticle after protein extraction,
(c) the difference spectrum (a)�(b) and (d) the extracted proteins. Tentative assignments are included. For details see text

Intact cuticle Cuticle after protein Difference Extracted protein Assignments
extraction

1673 1669 β-sheet
1655 1657 chitin
1619 1626 sh chitin

1611 1611 Tyr, Phe
1449 1449 1449 1449 CH2 deformation
1418 1414 chitin
1372 1372 chitin

1337 1341 CH deformation
1326 1326 chitin

1318 CH deformation
1272 1268 β-turns? coil?

1264 1264 chitin
1245, 1233 1241 β-sheet

1210 1206 Tyr, Phe
1206 1206 Tyr, Phe/chitin

1179 1175 Tyr
1148 1148 chitin

1125 1121 C–N stretching
1110 1110 chitin

1102 C–N stretching
1060 1060 C–N stretching
1036 1033 1033 Phe
1006 1003 1003 Phe

959
952 952 chitin

928 932 C–C stretching
898 898 chitin

886 Trp
851 851 851 Tyr
828 828 828 Tyr
755 759 751 Trp
709 709 chitin
642 647 643 643 Tyr, Phe

624 620 Phe
566 566 chitin

554
520 520

504 504

ence spectrum at the amide III region exhibits three
components at 1233, 1245 and 1272 cm�1. The splitting
of the β-sheet mode at ca. 1240 cm�1 (1233, 1245 cm�1)
is not uncommon (Singh et al., 1990). The band at 1272
cm�1 is associated with the presence of unordered struc-
ture or β-turns. A list of amide I and III wavenumbers
of some protein and polypeptide structures (fibrous and
globular) containing β-sheets is given by Hamodrakas et
al. (1982).

3.3. ATR FT-IR spectroscopy

The ATR FT-IR spectrum of the cuticular proteins
extracted from H. cecropia LDA cuticle shown in Fig.
6 suggests clearly that a β-sheet is the predominant
structure of “soft” -cuticle proteins in the extracted dry

state. The strong amide I band at 1624 cm�1 and strong
amide III band at 1227 cm�1 are definitely due to a β-
sheet (Krimm and Bandekar, 1986; Surewicz et al.,
1993; Haris and Chapman, 1995; Jackson and Mantsch,
1995; Cai and Singh, 1999). Shoulders at 1655 cm�1 in
the amide I, 1542 cm�1 in the amide II and 1267 cm�1

in the amide III bands are probably due to a random coil
structure (references as above). There is some disagree-
ment in the literature about the origin (β-turns or high-
frequency component of antiparallel β-sheet) of bands
in the 1670–1695 cm�1 region (Haris and Chapman,
1995, and references cited therein). The high-frequency
1691 cm�1 band (seen as a shoulder in the ATR
spectrum) requires special attention. This band is either
due to β-turns (probably joining strands of β-sheets,
consequently part of the β-sheets themselves) or can be
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Fig. 6. Attenuated total reflectance FT-infrared (ATR FT-IR) spec-
trum of the cuticular proteins extracted from Hyalophora cecropia lar-
val dorsal abdomen (LDA) cuticle. The second derivative spectrum
is included.

assigned to an antiparallel β-sheet. In proteins containing
antiparallel β-sheets, a high-frequency β-sheet compo-
nent that arises from transition dipole coupling is usually
found at 50–70 cm�1 higher than the main β-sheet
component (Jackson and Mantsch, 1995, and references
cited therein). Bands at ca. 1510 cm�1 are usually
assigned to Tyr ring vibrations. However, it is interesting
to note that the strong observed amide II band for poly-
Gly I, an antiparallel β-pleated sheet structure, appears
at 1517 cm�1 (Krimm and Bandekar, 1986). The strong
band at 1512 cm�1 probably has contributions from both
Tyr and β-sheet. Overall, the results obtained from the
analysis of the ATR FT-IR spectra are in good agree-
ment with the results obtained from the FT-Raman spec-
tra of the extracted H. cecropia LDA cuticle proteins in
the dry state.

3.4. CD spectroscopy

The CD spectrum of H. cecropia extracted LDA
cuticular proteins solubilized in distilled water, pH 5.5
at 4°C, is shown in Fig. 7. It exhibits a large negative
band at approximately 206 nm and other prominent
negative bands at 216, 221 and 235 nm.

Fig. 7. CD spectrum of the cuticular proteins extracted from Hyalo-
phora cecropia larval dorsal abdomen (LDA) cuticle, solubilized in
distilled water (pH 5.5) at 4°C. Instrumental conditions: path length
0.01 cm, scanning speed 50 nm/min, sensitivity 5 mdeg, bandwidth 1
nm, resolution 0.5 nm.

It shows similarities with CD spectra obtained from a
distinct class of all β-proteins (Manavalan and Johnson,
1983) and especially with the spectrum of α-chymotryp-
sin. Some similarities to spectra obtained from α+β pro-
teins (such as ribonuclease A) where β-sheets prevail are
also seen (Manavalan and Johnson, 1983). Fractions of
cuticular protein secondary structure were estimated
from analysis of the CD spectrum as described in Sec-
tion 2. The analysis indicates a high percentage (54%)
of β-sheet conformation with a small contribution of α-
helix (ca. 13%). The contributions of β-turns/loops and
random coil are estimated as 24% and 9%, respectively.

4. Discussion

Spectral acquisition by ATR FT-IR and FT-Raman
spectroscopy has been shown to yield rich information
on the secondary structure of cuticle proteins, without
the drawbacks associated with the more conventional
vibrational techniques. Our previous attempts to obtain
useful laser-Raman spectra from insect cuticles utilizing
the conventional form of this spectroscopy were not suc-
cessful mainly because of the high fluorescent back-
ground in the spectra.

Arthropod cuticle is a natural composite of chitin
filaments embedded in a protein matrix, built by self-
assembly mechanisms, of critical importance for the sur-
vival of most arthropods (Neville, 1975). The structural
properties of its component proteins seem to dictate the
ways they interact with each other and with chitin. Fortu-
nately, due to sustained efforts primarily by Svend And-
ersen and his group (for reviews see Andersen et al.,
1995; Willis, 1999), the amino acid sequences of several
cuticle proteins are now known. However, to date there
has been no systematic structural analysis of these pro-
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teins and no substantial suggestion as to how they inter-
act three-dimensionally with chitin (Iconomidou et al.,
1999; Andersen, 2000). The efforts have long been ham-
pered by the complexity of cuticle (Neville, 1975). As
a first step towards unraveling the secrets of cuticle’s
architecture we have undertaken to study the secondary
structure of its proteins: protein–chitin interactions
(molecular recognition between cuticular proteins and
chitin) are definitely based on interactions of cuticular
protein secondary structure elements with the chitin
filaments. Our results here show conclusively that the
main secondary structure element of cuticle proteins is
the antiparallel β-pleated sheet. Also, “soft” -cuticle pro-
teins both in the dried (lyophilized) state and in solution
are dominated by β-sheet conformation, most probably
an antiparallel β-sheet. Our conclusion is supported by
recent experimental evidence (Krejchi et al., 1997; Par-
khe et al., 1998), where the salient spectroscopic finger-
print of an antiparallel β-pleated sheet is given and dis-
cussed. Although lyophilization might increase the β-
sheet content of proteins (Griebenow et al., 1999 and
references cited therein), the CD experiments verify that
for “soft” -cuticle proteins this conformation persists in
solution as well. Furthermore, cuticular proteins in the
intact larval dorsal abdomen (LDA) cuticle of H. cecro-
pia are found to have the antiparallel β-sheet as the pre-
dominant molecular conformation. The results agree
with our previous proposal (Iconomidou et al., 1999) and
secondary structure prediction (Fig. 1 and data not
shown) on full amino acid sequences of “soft” -cuticle
proteins. These observations are also in agreement with
the conclusion of Frankel and Rudall some 50 years ago
(Frankel and Rudall, 1947), based on X-ray diffraction
data that dry blowfly larval cuticular protein is in the β-
form. Hackman and Goldberg (1979) have also shown
that the cuticular proteins from larvae of Caliphora vic-
ina in the solid state adopt a β-sheet conformation. The
latter authors seem to have misinterpreted their ORD
data and came to the conclusion that the same cuticular
proteins in solution are in a disordered conformation.
Their ORD spectrum (Fig. 3 of Hackman and Goldberg,
1979) exhibits profound similarities with our CD spec-
trum presented in Fig. 7 and probably arises mostly from
an antiparallel β-sheet. Therefore, chitin–protein interac-
tions are probably based on antiparallel β-sheet–chitin
chain interactions. It is very interesting to note that 15
years ago, Atkins (1985) proposed that the antiparallel
β-pleated sheet part of cuticular proteins binds to α-chi-
tin. His proposal was based mainly on a 2D lattice
matching between the 010 surface of α-chitin (with a
lattice of 0.47 nm×2.07 nm) and the antiparallel β-ple-
ated sheet structure of cuticular proteins.

Our conclusion and the proposal of Atkins (1985) are
in good agreement with recent experimental findings at
atomic resolution (from the solution of the structures of
tachycitin and hevein, an invertebrate chitin-binding pro-

tein and a plant-chitin binding protein, respectively), that
chitin-binding proteins in invertebrate and plants com-
prise a common chitin-binding structural motif, which
contains a two-stranded β-sheet (Suetake et al., 2000).

It is also interesting to note that in the case of the
bacterial chitinases, three-domain enzymes which bind
and hydrolyze chitin, an immunoglobulin-like module
(domain), an antiparallel β-sheet barrel is postulated to
play an important role in “holding” (interacting with) the
chitin chain in place to facilitate catalysis. Four con-
served tryptophans on the surface of this β-sheet domain
are assumed to interact firmly with chitin, “guiding” the
long chitin chains towards the catalytic “groove”
(Perrakis et al., 1997).

Therefore, it seems that there are at least three distinct
solutions in nature whereby chitin binds to protein and
in all these cases, β-sheet and surface aromatic residues
appear to be significant (see also Iconomidou et al.,
1999). In the third case, the case of insect cuticle, the
precise way(s) of interaction remains to be established
by more refined theoretical and experimental work.
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