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Abstract: Silkmoth proteins secreted from the follicular cells that surround the oocyte form a large
extracellular assembly which is important for protecting and sustaining the structure of the oocyte and
the developing embryo. These proteins have been classified into two major families (A and B). Sequence
analysis showed conservation of a central domain containing long stretches of six amino acid residue repeats
in both families, which have been suggested to be organized in β-sheet structures. In this work NMR and CD
spectra, as well as molecular calculations, have been used to investigate the conformational properties of
two synthetic peptides (A and B), analogues of parts of the central domain of silkmoth chorion proteins of the
A and B families, respectively. These peptides consist of three tandem repeats of the six-residue basic motif.
Analysis of CD spectra of the two peptides in aqueous solutions and mixtures with organic solvents revealed
β-sheet and turn structural elements with a percentage higher than 40%. NOESY spectra at low temperatures
(263–273 K) show sequential nOe connectivities (i, i + 1), indicative of a relative flexibility. The presence
of HNi-HNi+1 cross-peaks and medium Hαi-HNi+1 connectivities, chemical shift deviations and temperature
coefficient data provide, for the first time, experimental evidence that local folded structures around Gly
residues occur in peptide segments of chorion proteins in solution. Simulated annealing calculations were
used to examine the conformational space of the peptides and to probe the initial steps of amyloid fibril
formation in the case of chorion proteins. Copyright  2004 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

Chorion, the major part of insect eggshell, is
a complex extracellular proteinaceous structure
surrounding the oocyte, which performs impor-
tant physiological functions: it allows sperm
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entry–fertilization and exchange of the respiratory
gases, and provides for thermal and mechanical
insulation, waterproofing, exclusion of microorgan-
isms and hatching (for reviews see [1–3]).

Silkmoth chorion is largely proteinaceous (over
95% of its dry weight) and is the part of the
eggshell that exhibits a helicoidal architecture.
About 200 proteins have been detected [4] and
have been classified into two major classes, A
and B [1]. These are products of the chorion gene
superfamily, which has two branches: the α-branch
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and the β-branch [5]. The conservation and length
invariance of the central domain of chorion proteins
of the two branches [6] suggest that it adopts a
precise, functionally important, three-dimensional
entity [3].

A structural model has been proposed for chorion
proteins combining data from amino acid sequence
comparisons, secondary structure prediction, anal-
ysis of amino acid periodicities and modelling [7,8].
According to this model an antiparallel β-pleated
sheet of consecutive two-residue turns, alternating
with short four-residue β-strands is formed. Three
repetitions of this hexapeptide periodicity (Figure 1)
provide an adequate length for a study of the confor-
mational character of the consecutive hexapeptide
repeats as a minimal structural unit and to investi-
gate its functional role in the chorion protein folding
process.

Thus, our interest was focused on synthesizing
[9] and studying two peptides, parts of the A
and B class central domains (Figure 1). The amino
acid sequences of these peptides are as follows:
A peptide, GELPVAGKTAVAGRVPII, and B peptide,
GNLPFLGTAGVAGEFPTA. Peptide sequences were
selected on the basis of the following criteria:

(a) The A and B peptides are analogues of
the segments of the central domain of proteins
belonging to the α- and β-branches of the silkmoth
chorion protein superfamily, respectively. (b) The

Figure 1 Schematic representation of proteins belonging
to the A (a) and B (b) classes of chorion proteins showing
the characteristic tripartite structure: two flanking arms
(N- and C-terminal) and the central domain (box) conserved
in both sequence and length. The separated areas of the
central domain represent the hexapeptide periodicity and
the perpendicular lines the position of the Gly residues
conserved among protein sequences of the same class. A
and B peptide sequences are provided (one letter code)
along with their relative position in the central domain.
The conserved Gly residues in the peptide sequences are
marked with an asterisk.

hexapeptide periodicity is repeated three times. (c) A
and B peptide sequences contain Pro residues at
positions 4 and 16, which are highly conserved
in the vast majority of silkmoth chorion protein
primary structure.

Studies of these peptides with laser-Raman
and IR absorption spectroscopies suggested a
preponderance of the antiparallel β-pleated sheet
structure, both in solution and in the solid state
[9]. Recently, a β-sheet helix model (composed
of a basic structural unit of three parallel β-
strands folded into a coil [10]) has been proposed
as an alternative plausible structure for silkmoth
chorion proteins. The proposed structure was based
on x-ray diffraction, spectroscopic data (FT-Raman
and ATR-FTIR) and theoretical studies for the B
peptide [11] and for the 51-residue cA peptide
which comprises the entire central domain of
the A family of silkmoth chorion proteins. It
was also shown that these peptides fold and
self-assemble forming amyloid-like fibrils under
a variety of conditions [11,12], suggesting that
silkmoth chorion is a natural, protective amyloid.
Understanding the mechanism of amyloid formation
is of great importance since the deposition of
insoluble protein fibrils is associated with numerous
neurodegenerative diseases such as Alzheimer’s,
Parkinson’s and spongiform encephalopathies and
other types of dementia [13,14].

This work presents structural studies based on
CD and NMR techniques, together with restrained
simulated annealing calculations, of the two 18-
residue synthetic peptides A and B to investigate
further the propensity of these molecules to form
functional structures, aimed at visualizing their
conformational preferences and at investigating the
initial steps of the chorion protein self-assembly
process.

MATERIALS AND METHODS

Peptide Synthesis

Peptides were synthesized by the solid-phase
method using Boc chemistry [9].

Circular Dichroism Spectroscopy

CD spectra were recorded on a Jasco J-710
instrument, calibrated using the ammonium salt of
10-(+)-camphorsulfonic acid. Quartz cells of various
pathlengths were employed and maintained at 278 K
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using a Neslab RTE-100 water bath. Spectra were
recorded in the range 250–190 nm as an average
of 10 scans, with a bandwidth of 2 nm, 0.2 nm
step size and a time constant of 0.2 s. The spectra
were normalized for concentration and pathlength to
obtain the mean residue ellipticity after subtraction
of the buffer contribution. Where it was necessary,
the spectra were smoothed using a third-order
polynomial function.

CONTIN [15], Lincomb [16] and Chang and
coworkers’ [17] program analyses were used for
estimation of secondary structure percentages.

Nuclear Magnetic Resonance

1H NMR experiments were performed on a 400 MHz
Bruker DRX-Avance spectrometer, with the probe
temperature maintained using a BVT-3000 Bruker
control unit.

The A peptide was studied in three different
solutions: (a) in H2O/D2O (9 : 1) with 10 mM sample
concentration at 280 and 293 K, (b) in CD3OD/H2O
(2 : 1), and (c) in DMSO/H2O (1 : 1) solution. The
peptide concentration in organic solvents ranged
from 2 to 4 mM and the studies were performed
at temperatures in the range 263–300 K. As the B
peptide exhibited lower solubility and formed a gel
in water and methanol solutions, its NMR study
was carried out at 2 mM in DMSO/H2O (1 : 1) at
temperatures of 273–300 K.

1D spectra were acquired using 32K data points
and zero-filled to 64K data points before Fourier
transformation. All 2D spectra were recorded in
the phase-sensitive mode using time proportional
phase incrementation (TPPI) [18]. NOESY spectra
[19] were recorded with mixing times of 80, 100,
120, 150, 200, 250, 300, 400 and 600 ms. In the
ROESY [20] experiments the spin lock time was
100, 200 and 250 ms at 268 K. TOCSY spectra
[21] were recorded using the MLEV-17 spin lock
sequence with mixing times of 70–80 ms. Typically,
the sweep width was 12 ppm and the spectra were
collected into 2048 points in the t2 dimension
(32 transients were co-added for each of 512 t1

points). The double quantum filtered correlation
experiment (DQF-COSY) [22] was recorded into
8192 points in t2 and 2048 increments in t1, with
64 scans per t1 experiment. The relaxation delay
in all the experiments was fixed to 2 s. Solvent
suppression was achieved, either by presaturation
during the relaxation and mixing period (NOESY
and ROESY experiments), or by the WATERGATE
gradient module [23,24].

2D spectra were Fourier transformed after apply-
ing phase-shifted squared sine-bell functions in
both dimensions (the optimal phase shift was 60°). t1

data were zero filled to 1024 points (4096 points for
the DQF-COSY experiment). The polynomial base-
line correction was applied in selected regions of
the spectra. The chemical shifts were referenced
to internal DSS at 0.0 ppm. Data were processed
using the standard XWIN-NMR Bruker program on
a SGI Indy. The XWIN-PLOT 1.04 program, pro-
vided in the XWIN-NMR package, was used for the
presentation of selected NMR spectral regions. For
the determination of the amide proton temperature
coefficients, the chemical shifts of the HN frequen-
cies were obtained from TOCSY spectra acquired at
263, 268, 272, 276, 280, 284, 288, 295 and 300 K.

Extraction of distance constraints from 2D NOESY
spectra. Interproton distances were calculated from
nOe cross-peak intensities using the program
MARDIGRAS [25] which incorporates all the effects
of network relaxation and multiple spin effects.
MARDIGRAS determines a set of distances utilizing
an initial guess of molecular structure; it recalcu-
lates iteratively the relaxation rate matrix R starting
with the hybrid intensity matrix and iteratively
inserting experimental intensities. The process is
repeated until the error between the calculated and
the observed intensities reaches a minimum value.
From the final relaxation matrix a set of distances
corresponding to measured cross peaks is obtained.
An RMS factor for the comparison between the ini-
tial model structure interproton distances and the
distances proposed by MARDIGRAS is also provided.
An energy minimized extended-chain structure was
used as initial model generated by ‘the best geome-
try extended structures protocol’ implemented in the
Crystallographic & NMR System (CNS) software [26].
An isotropic correlation time of 2 ns for all protons
was used [27,28].

Simulated Annealing Calculations

Restrained simulated annealing calculations were
performed using the protocol implemented in the
CNS 1.0 software [26]. The energy minimized
extended structure used in MARDIGRAS was further
subjected to 2000 steps of energy minimization. In
the first stage of the simulated annealing protocol,
the system was subjected to 15 ps (1000 steps) of
torsion-angle molecular dynamics [29] at 50 000 K.
The scale factor used for the nOe energy term
during the high temperature stage was 150, the van
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der Waals energy term 0.1, to facilitate rotational
barrier crossings, and the dihedral angle term 100.
The system was then subjected to a slow-cooling
torsion-angle molecular dynamics stage in which
the temperature was reduced from 50 000 to 2000 K
(temperature step: 250 K) over a period of 15 ps,
while the van der Waals energy term was linearly
increased from 0.1 to 1.0. The scale factor of the
dihedral angle energy term was 200. The third stage
of the protocol consisted of a slow-cooling stage
from 2000 to 300 K for 15 ps of Cartesian molecular
dynamics. During this stage of calculation the van
der Waals energy term was linearly increased from
1.0 to 4.0. Finally, the structure was subjected to
10 cycles of 200 step of restraint Powell energy
minimization, with a scale factor for the nOe term of
75 and for the dihedral angle of 400.

The estimated by MARDIGRAS distance restrai-
nts, (22 sequential, Hαi-HNi+1, Hβi-HNi+1, HNi-HNi+1

for the A and 38 for the B peptide, 15 intraresidue
for the A and 25 for the B peptide) were introduced
to the CNS protocol and a group of 30 possible
conformations was generated. Several of these
structures were used as starting models for a second
cycle through MARDIGRAS. The structures that
gave a minimum RMSD (∼0.6) were selected as
starting structures for a new simulated annealing
calculation cycle. This procedure was followed until
200 structures were generated for each peptide.

The XCLUSTER 1.2 program [30], as implemented
in the MACROMODEL 6.5 software [31], was used
for the superposition of the generated structures
in order to determine families of conformers.
XCLUSTER inputs the series of conformations
and computes the RMS difference between all
possible pairs of conformations. Structures of
the input sequence are then reordered on the
basis of increasing RMS deviation. Structures
were displayed using Maestro 4.1 Schrödinger Inc.
Software.

RESULTS AND DISCUSSION

Circular Dichroism

A peptide. The CD spectra of the A peptide in
aqueous solutions at pH 4–9 (Figure 2a) were
characterized by negative ellipticity values, with
a negative maximum at 198 nm. Analysis of the
CD spectra provided an insight of the structural
elements present in aqueous solutions (α-helix
0%, β-sheet 20%–35%, turns 25% and remainder

Figure 2 CD spectra of A peptide at 278 K in aqueous
solutions at different pH (a): sodium acetate 50 mM, pH 4
(�) and pH 5 (ž), MOPS 20 mM, pH 6 (�) and pH 7 (∆)

and CAPS 20 mM, pH 8 (°) and pH 9 (♦) and in solutions
with different concentration of methanol (b): 0% (�), 30%
(ž), 50% (∆), 60% (�) and 80% (°). Sample concentration
was 30 µM.

structures 55%–60%). Under strong denaturing
conditions (6 M guanidinium chloride) a decrease
of the absolute value of the ellipticity (in the region
213–250 nm) was detected, suggesting a shift of
the conformational equilibrium in water to less
structured states.

The CD spectra of A peptide in different TFE solu-
tions showed that the helical secondary structure
component increased upon increasing the TFE per-
centage (α-helix 15% at 50% TFE and α-helix 27% at
100% TFE solution). It should be noted that peptides
with pronounced helical propensity often reach the
maximum helical content at lower TFE concentra-
tions (30%–50%) [32]. Consequently, the A peptide
should not have a marked tendency to adopt a heli-
cal structure.
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In Figure 2b the CD spectra of the A peptide
solutions are shown in different methanol solutions
(0, 30%, 50%, 60% and 80% CH3OH). As TFE,
methanol promotes the structural organization of
the specific peptide sequence: by increasing the
methanol content a gradual shift of the negative
maximum to higher wavelengths was detected,
consistent with an increase in regular structure
elements. The α-helical content estimated by the
analysis programs [15–17] varied from 0 to 5%
for 0–60% methanol solutions (at 80% methanol
solution it exhibited a higher percentage: 27%
α-helix).

The β-sheet percentage varied from 15% to 30%
for 0–60% methanol solutions, and increased to
60% for the higher percentage methanol solutions.

B peptide. The B peptide exhibited similar behaviour
to the A peptide in aqueous solutions of different pH
values, with a negative maximum found at 198 nm.
Secondary structure analysis of the CD spectra
revealed 25%–35% turns and 65%–75% of the
remainder structures. The Jasco program (SSEAX
Jasco Corp) estimated a β-sheet percentage of the
order of 20%. Addition of a strong denaturing agent
(6 M guanidinium chloride) resulted in a pronounced
shift of the negative maximum to lower values, a
trend similar to that of the A peptide.

Nuclear Magnetic Resonance

A peptide. The assignment of proton resonances
was achieved through the combined analysis of
2D TOCSY experiments, in the range 263–300 K,
and 2D NOESY experiments with different mixing
times (80–400 ms), using the standard protocol for
sequential assignment [33]. The NMR spectra of
the A peptide in aqueous solution (H2O/D2O, 9 : 1),
although fully assigned, were characterized by small
chemical shift dispersion and peak overlap (data not
shown).

The A peptide was further studied in CD3OD/H2O
and DMSO/H2O solutions providing an environment
that helps the structural organization of the peptide.
Additionally, these solutions allowed us to work at
subzero temperatures and to ‘freeze’ the most stable
conformations present in solution.

In both solutions the A peptide exhibited similar
chemical shifts and nOe patterns (strong Hαi-HNi+1

connectivities and HNi-HNi+1 cross-peaks). However,
the chemical shift dispersion in methanol solu-
tion was relatively higher with less nOe overlap-
ping. Thus, in the rest of the present work the
CD3OD/H2O (2 : 1) solution is referred to.

Chemical shift values of identified protons of A
peptide at 273 K are listed in Table 1. The fingerprint
region and the assignment of a NOESY spectrum
(mixing time 200 ms), is shown in Figure 3a.

Table 1 Chemical Shifts of A Peptide in CD3OD/H2O (2 : 1) Solution at 273 K

Residue HN Hα Hβ Other protons Temperature
coefficient

Gly 1 3.67
Glu 2 8.66 4.28 1.94/1.76 γ2.17 4.0
Leu 3 8.54 4.51 1.53/1.46 γ1.45 δ 0.85/0.81 7.1
Pro 4 — 4.38 2.1/ γ1.92/1.83 δ 3.75/3.52
Val 5 8.17 3.95 1.93 γ0.85 8.6
Ala 6 8.52 4.12 1.28 9.0
Gly 7 8.45 3.85/3.74 7.0
Lys 8 8.11 4.30 1.77/1.67 γ1.36 δ1.57ε2.84 3.7
Thr 9 8.00 4.19 4.09 γ1.01 5.8
Ala 10 8.27 4.26 1.27 6.2
Val 11 8.02 3.95 1.95 γ0.83 7.6
Ala 12 8.35 4.13 1.29 7.6
Gly 13 8.37 3.82/3.75 7.5
Arg 14 7.99 4.35 1.74/1.64 γ1.49 δ 3.07ε7.15/6.65 3.3
Val 15 8.13 4.30 1.99 γ0.87 7.5
Pro 16 — 4.36 2.14/2.11 γ1.95/1.85 δ 3.78/3.58
Ile 17 8.16 4.08 1.75 γ1.44/1.08 δ 0.83 8.6
Ile 18 7.50 4.03 1.70 γ1.33 δ 0.77 4.4
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Figure 3 Fingerprint (a) and amide-amide proton
(b) regions (Hα-HN and HN-HN) of NOESY spectrum of the A
peptide recorded at 273 K in CD3OD/H2O (2 : 1) solution.
The mixing time was 200 ms.

The nOes detected concern protons of successive
residues in the peptide sequence (i, i + 1). For the
whole temperature range studied (263–300 K) the
nOe cross-peaks were negative.

Sequential Hαi-HNi+1 nOes were strong along
the peptide chain and intraresidue Hαi-HNi nOe
connectivities were of medium intensity. The
dαN(i,i+1)/dαN(i,i) ratio was reversed in the case of
Gly residues (positions 7 and 13 of the sequence)
where a decrease of the interresidue connectivity
was observed. Two weak HNi-HNi+1 nOes for the
residues Val5-Ala6 and Gly7-Lys8 and an almost

complete series of weak cross-peaks between suc-
cessive residues for the rest of the sequence (Thr9-
Ile18) were detected (Figure 3b). No cis/trans iso-
merism around the Xaa-Pro bonds was observed,
as suggested by the absence of Hαi−1-Hαi nOes and
the presence of the Hαi−1-Hδi nOe peaks, even at
NOESY experiments with a mixing time of 600 ms.
Additionally, the lack of any ‘exchange’ peak in the
ROESY spectra, that could be attributed to different
conformers, slowly interconverting in the NMR time
scale, is indicative that the two Pro residues are in
the trans conformation [34].

The relative nOe intensities, schematically rep-
resented in Figure 4a, suggest that the A peptide
has a tendency for extended conformations with a
preference to form loop structures in the vicinity
of the two central Gly amino acids. No medium-
(i,i + 2; i,i + 3; and/or i,i + 4) or long-range connec-
tivities were detected.

Chemical shift deviations have been widely
used in the course of the structural elucidation
of peptides in solution. Chemical shift values
provided by Wishart et al. [35] represent reference
random coil NMR parameters for studies of peptide
conformations even though the solvent used is not
aqueous [36–38].

Chemical shift deviations for the Hα (�δHα)

protons of the A peptide at 273 K, displayed in

Figure 4 Schematic representation (a) of the observed
nOes for the A peptide and plot of difference (�δ) of Hα

chemical shifts between observed and random coil values
(b). Line thickness for the intraresidual and sequential
nOes reflects their intensity. NOe cross peaks for which we
could not unambiguously estimate their relative intensity
due to overlap are indicated by an asterisk (∗).
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Figure 4b, had mainly negative values. Interestingly,
a common pattern was observed in the vicinity
of the two central Gly residues: considering Gly
at the i position in the sequence, upfield shifts
bigger than 0.1 ppm were observed, with increasing
values, from the i-2 to the i position. However,
at the i + 1 amino acid (positively charged Lys8
in the first segment, and Arg14 in the second) a
clear inversion of the chemical shift deviation was
observed in both segments. This pattern of the Hα

chemical shift deviations was indicative of a turn
and confirms that Gly residues play important role
in the conformational behaviour of the peptide.

The temperature dependence of the amide pro-
ton chemical shifts was determined over the range
263 to 300 K (Table 1). The changes of the amide
proton chemical shifts varied linearly with temper-
ature (data not shown), suggesting that no major
conformational rearrangements occur in the tem-
perature range studied. The coefficients for most of
the residues were similar, varying from 6.5 to 8.0
ppb/K. In the case of Glu2, Lys8 and Arg14 (i.e.
the charged amino acids following the Gly residues
in the sequence) the coefficients were found to be
considerably lower (3.9, 3.7 and 3.3 ppb/K, respec-
tively), suggesting a relatively higher protection from
the solvent and indicating that in a significant per-
centage of the structures existing in solution these
amide protons might participate in intramolecular
hydrogen bonds.

No additional information on the structural
characterization of the peptide was provided by the
3JHNα coupling constants. Only for residues Leu3,
Val15, Ile17 and Ile18 the coupling constant values
were greater than 8 Hz, but their non sequential
position in the peptide sequence did not allow any
conformational conclusion to be drawn.

In summary, the NMR characteristics of most
of the residues point to extended structures.
However, a common pattern was observed around
the Gly residues: low intensity of the dαN(i,i+1)

parameters, low temperature coefficients of the
vicinal polar amino acids, and upfield shifts for
the Hα nuclei. The segments of the peptide marked
with these characteristics should adopt backbone
arrangements with dihedral angles in the α-helical
region of the (φ,ψ) conformational space [39].

B peptide. The B peptide, although exhibiting
homology with the A peptide sequence, was only
sparingly soluble in water. At concentrations of
1–3 mM it formed transparent solutions, which a
few hours later (10–12 h) were characterized by

high viscosity. It has been argued that insolubility
of short peptides in water is an indicator of β-sheet
structure formation [40]. The B peptide bears only
one charged residue (Glu), whereas the A peptide
has three (Glu, Lys and Arg) and one polar (Thr).
In the B peptide the residues corresponding to Lys
and Arg of the A peptide sequence are Thr and Glu.
Moreover two Phe residues are also present in the B
peptide. It is thus expected that the B peptide would
be less water soluble compared with the A peptide.
A similar behaviour was observed in CD3OD/H2O
solutions at the concentrations required for the NMR
experiments [11].

B peptide was thus studied in a DMSO/H2O (1 : 1)
solution at a concentration of 2 mM and in the
temperature range from 273 to 300 K. The chemical
shift values are listed in Table 2.

The amino acid sequence was easily identified
by a series of TOCSY and NOESY experiments
performed at different temperatures. Part of the
NOESY spectrum, illustrating the Hαi-HNi, Hαi-HNi+1

connectivities, is provided in Figure 5a. An almost
full series of medium to weak HNi-HNi+1 nOe cross-
correlations were detected (Figure 5b). The relative
nOe intensities of the sequential backbone protons
are depicted in Figure 6a. As in the case of the A
peptide, a decrease of the Hαi-HNi+1 intensity was
observed at the Gly residues.

The two Pro residues (Pro4, Pro16) are both in the
trans conformation, as in the case of the A peptide.

Hα chemical shift deviations from the random
coil (�δHα) were negative along the whole peptide
sequence (Figure 6b), with differences suggesting
a relatively higher structural stability and organi-
zation. No medium- (i,i + 2; i,i + 3; and/or i,i + 4)
or long-range nOe connectivities were observed.
However, the rest of the structural characteristics
referred to above provide evidence for the exis-
tence of structured populations in solution (probably
‘open’ loops).

Temperature coefficient data (Table 2) were more
informative than those of the A peptide, as two
residues (Gly7 and Glu14) exhibited considerably
low values (1 ppb/K and 2.5 ppb/K, respectively).

3JHNα values (Phe5, Thr8, Ala9, Val11, Glu14,
Thr17), measured at 278 K from a DQF-COSY
spectrum, were indicative of extended conformations
as they varied from 8.3 to 9.3 Hz. These values
were larger compared with those of the A peptide,
implying a higher structural stability. For the Asn2,
Gly7, Gly10, Gly13 and Phe15 residues it was
not possible to measure the 3JHNα values due to
signal overlapping. Leu3, Leu6 and Ala18 have
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Table 2 Chemical Shifts of B Peptide in DMSO/H2O (1 : 1) Solution at 278 K

Residue HN Hα Hβ Other protons Temperature
coefficient

Gly 1 3.62
Asn 2 8.66 4.63 2.62/2.49 γNH2 7.60/6.98 4.9
Leu 3 8.28 4.45 1.56/1.46 γ1.38 δ0.82 7.4
Pro 4 — 4.22 2.00/1.63 γ1.81δ3.61/3.47
Phe 5 8.15 4.42 2.97/2.90 7.17/7.15 9.2
Leu 6 8.20 4.17 1.45/1.41 γ1.41 δ0.80/0.73 7.8
Gly 7 7.81 3.76/3.70 1.0
Thr 8 7.93 4.17 4.07 γ1.07 6.5
Ala 9 8.37 4.18 1.25 7.0
Gly 10 8.22 3.75 4.4
Val 11 7.85 4.00 1.95 γ0.78 4.9
Ala 12 8.43 4.11 1.25 7.1
Gly 13 8.24 3.77/3.67 6.3
Glu 14 7.90 4.11 2.13/2.03 γ1.76/1.70 2.5
Phe 15 8.24 4.68 3.05/2.75 7.21 7.4
Pro 16 — 4.40 2.16/1.89 γ1.89 δ3.64/3.53
Thr 17 8.08 4.15 4.12 γ1.10 7.8
Ala 18 7.90 4.01 1.23 6.0

intermediate 3JHNα values (7.3 Hz), typical of a
flexible molecule in solution.

In conclusion, the B peptide is characterized by
high chemical shift deviations, very low temperature
coefficients for Gly7 and Glu14, low Hαi-HNi+1 nOe
intensities and an almost full range of sequential HN-
HN. These parameters are indicative of turn and/or
α-helical structures, but the absence of any medium
range nOe connectivity (i,i + 2; i,i + 3; and/or i,i + 4)
suggests the formation of ‘open’ loop structures.

Theoretical Calculations

Due to the presence of conformational averaging
for these linear peptides in solution, the use of
intraresidue and sequential nOes did not lead
to single structures and were used only for the
determination of structural families.

Introducing the nOe and chemical shift restraints
in the simulated annealing calculations, all the gen-
erated structures are related through two common
structural elements: the existence of ‘open’ loops
located around the Gly residues alternating with
short extended segments of three to four amino
acids. Conformers were clustered in a small num-
ber of families representative of the conformational
preferences of the A and B peptides.

A peptide. Thirty nine lower energy structures were
selected and classified into the three conformational

families (A-I, -II, -III) shown in Figure 7. Bends
around the Gly residues were evident, while the
other parts of the sequence showed extended
conformations. The side chains of the charged
amino acids following the Gly residues always point
outward of the loops. The difference between families
A-I and -II concerns the relative orientation of the
N- and C-terminal strands (amino acids 1–6 and
15–18): in family A-I the two strands are almost
parallel to each other and they are located on the
same plane. In contrast, in family A-II the N- and C-
terminal extended parts of the backbone are almost
perpendicular to each other.

The common characteristics, which led to the
clustering of the A-III family of conformers, were the
presence of an additional bend localized at Val11 of
the sequence. This arrangement is supported by the
experimentally observed HNi-HNi+1 weak correlations
between Ala10-Val11 and Val11-Ala12.

B peptide. Twenty one structures with the lowest
energy generated from simulated annealing cal-
culations (B-I and B-II in Figure 7) share many
similarities with the A peptide, as a consequence
of both their sequence homology and the nOe
restraints, which concerned only sequential con-
nectivities, introduced in the calculations. The B-
I family is related to the A-I family: bends of
the sequence are localized at charged or polar
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Figure 5 Fingerprint (a) and amide-amide proton (b) re-
gions (Hα-HN and HN-HN) of NOESY spectrum (tm = 200
ms) of the B peptide recorded at 278 K in DMSO/H2O
(1 : 1) solution.

residues following the Gly residues at positions 7
and 13.

Family B-II is similar to family A-III, but the bend
localized at Val11 is manifested more clearly in
the case of the B peptide. Probably, the flexibility
of the sequence is affected by the presence of
Gly10.

The above presented experimental and theoretical
data allow the visualization of the conformational

(a)

(b)

* *

* * *

5 10 15

dαN(i,i)

dαN(i,i+1)

dNN(i,i+1)

Figure 6 Schematic representation (a) of the observed
nOes detected for the B peptide and plot of difference
(�δ) of Hα chemical shifts between observed and random
coil values (b).

preferences of chorion peptides A and B in solu-
tion. Even though NMR data have only limited
capacity to distinguish between a single folded pep-
tide conformation and various mixtures of folded
and unfolded conformations [41] the spectroscopic
results described here highlight the tendency of the
A and B peptides to form local structural elements:
extended segments of the sequence and localized
loops. The Gly residues (positions 7 and 13), fol-
lowed by charged or polar amino acid, break the
continuity of the extended segments in both the
peptide sequences. The small temperature coeffi-
cient values of charged amino acids, the ratios of
NOESY cross-peak intensities, the dαN(i,i+1)/dαN(i,i)

ratio of each Gly with the following residue, and
the Hα chemical shift deviations support the forma-
tion of two bends around residues 7–8 and 13–14
for both peptides. Although these bends change the
backbone direction, allowing the 3–6 and 15–18
extended parts of the sequence to freely move rela-
tively to the central segment (residues 9–12), they
do not result in a backbone reversal. Consequently,
no interactions are established among side-chain
protons of residues located on successive strands
(extended part of the sequence), neither intramolec-
ular hydrogen bonds are formed. Though charged
and polar residues exist in the peptide sequences,
backbone arrangements do not provide the neces-
sary spatial proximity for coulombic interactions to
be developed. In agreement with NMR data, analysis
of CD spectra revealed β-sheet and turn structural
elements with a percentage higher than 40%.
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Figure 7 Superposition of selected conformers of the A and B peptides (clustered into families), as a result of our theoretical
calculations.

Experimental data from laser-Raman and FT-IR
absorption studies of the A and B peptides both
in solution and in the solid state [9], as well as
x-ray diffraction, FT-Raman and ATR-FTIR data of
amyloid-like fibrils formed from chorion peptides
[11,12] suggest the preponderance of the antipar-
allel β-pleated sheet structure. Additionally, the
left-handed parallel β-sheet helix [10] model struc-
ture has recently been proposed by Iconomidou
et al. [11,12], as an attractive alternative to describe
the folding and self-assembly of chorion peptides.
According to this model, there is a central hydropho-
bic core region forming a triangular prism-like
helix; the edges of the prism are occupied by Gly
and charged or polar residues, while four-residue
extended segments lie on the prism planes.

It has been anticipated that the hexapeptide peri-
odicity and the presence of Gly residues dictate the
secondary structure of the fibrils in chorion pro-
teins and peptide analogues [3]. The data reported
in this work are of considerable importance since
they clearly establish, for the first time, experimen-
tal evidence that local folded structures around the
Gly residues do occur in segments of the chorion
proteins in solution. The structural characteristics

of both peptides in solution, emerging from the
experimental data, provide a better insight for the
initiation of the chorion protein folding process. The
structures described in this work may represent
early folding intermediates capable of directing sub-
sequent folding events and the nucleation of the final
functionally important conformation, the amyloid-
like fibrils. However, due to the short length of the
peptide sequences, plausible ‘triangular’ [10] and/or
antiparallel β-sheet structures [9] are probably not
stable enough. In any case, it remains to be seen
which of the two models (left-handed parallel β-helix
or ‘cross-β’ antiparallel β-sheet structure) actually
represents the basic folding motif of the amyloid-like
fibrils formed by chorion peptides.
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