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AbstractÐEclosion hormone (EH) is a neuropeptide hormone which controls the ecdysis behavior in insect. The three
dimensional structure of the N-terminal fragment (1±34) of the eclosion hormone which was predicted to contain a
compact region crucial for the EH activity was studied in 50% d3-tri¯uoroethanol(TFE)/50% H2O at pH 3 and 298K
by 1H NMR spectroscopy with the combined use of distance geometry and molecular dynamics calculations. NMR

results indicated that the fragment actually assumes an a-helix between Ala10 and Gln20, but no rigid structure is
present from Cys21 through the C-terminus and for the N-terminal region (Ser1±Asp9). The elucidated structure was
compared with the predicted structure of the native EH for the further development of the design of the insecticide.

# 1998 Published by Elsevier Science Ltd. All rights reserved.

Introduction

Eclosion hormone (EH) is an insect neuro-secretory
hormone which triggers the sequential performance of

pre-ecdysis (cuticle loosing) and ecdysis (cuticle shedding)
behavior of insects.1 EHs were puri®ed from Bonbyx
mori2 and Manduca sexta,3,4 by three groups indepen-

dently, and turned out to be peptide hormones which
are comprised of single amino acid chains of 62 residues.
Six cysteines are well conserved in the two species and

can form three disul®de bonds (Figure 1) which are
required for biological activity.5 Various lines of evidence
indicate that EH acts on its receptor and causes rapid

turnover of phospholipids which induce an accumula-
tion of cGMP.6±10 The increase in cGMP subsequently

activates a cGMP-dependent protein kinase which in
turn phosphorylates a certain protein, EGP (the EH and
cGMP-stimulated phosphoprotein). EGPs play an
important role in the ecdysis behavior.11 EHs distribute

in a wide variety in invertebrate but not in vertebrate
species.12,13 Because of this restricted distribution of the
peptide in insects, this polypeptide has been intensively

investigated with the aim of development of a new type
of insecticide which could act on the EH receptor and
interfere with the insect eclosion behavior. The infor-

mation of the precise tertiary structure of EH is desir-
able to assist in probing appropriate direction for the
design of the inhibitor. However, few studies have been

reported on these problems so far.5,14 Recently, Kikuchi
et al.14 have identi®ed Glu12, Met24 and Phe25 as
important residues for the EH action by means of the
Gly substitution method.15 They predicted the existence

of three short range compact regions, i.e., Asp9±Met24,
Trp28±Glu30 and Leu33±Glu36, folding into a larger
compact region, Ile13±Ile39, by long range interactions,

which are important for the receptor binding and EH
activity. NMR spectroscopy is well known technique to
provide 3-D structure of biomolecules in solution.

However, unfortunately EH was found to be easy to
aggregate at the concentration for NMR measurements.
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Therefore, this technique was not applicable for whole
EH. As the ®nal goal of the design of the inhibitor is the
development of small lead compound, the strategy to

synthesize fragments containing compact regions would
be preferable. As a ®rst step, we synthesized the N-term-
inal fragment (1±34) of eclosion hormone [EH(1±34)]

which contains the predicted compact regions Asp9±
Met24 and Trp28±Glu30 with one disul®de bridge
(Cys18±Cys34) (Figure 1). The 3-D structure of the

fragment (1±34) was elucidated in a mixed solvent sys-
tem of 50% d3-tri¯uoroethanol (TFE)/50% H2O at pH
3 and 298K by the combined use of NMR and distance

geometry calculations and discussed in the relevance to
the activity of the hormone.

Results

Circular dichroism (CD) measurements

CD spectra of EH(1±34) measured in H2O, 50%
MeOH/50% H2O, and 50% TFE/50% H2O together

with that of whole EH in H2O are shown in Figure 2.
The CD spectrum of EH(1±34) in H2O assumes no

Figure 1. A schematic drawing of a main chain of Bombyx mori EH. The shaded region (Ser1±Cys34) indicates EH(1±34).

Figure 2. Circular dichroism spectra of (a) EH(1±34) in H2O,

(b) EH(1±34) in 50% MeOH/50% H2O, (c) EH(1±34) in 50%

TFE/50% H2O, (d) EH in H2O, recorded at pH 3 and 298K.

Peptide concentrations are 100�M for (a), (b) and (c), and

50�M for (d), respectively. The ellipticity units per mole of

peptide residue (�) are given in deg cm2 dmolÿ1.
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well-de®ned structure although whole EH shows a heli-
cal spectral pattern. On the other hand, EH(1±34) in

50% MeOH/50% H2O, and 50% TFE/50% H2O
[denoted by the curves (b) and (c), respectively] showed
negative peaks at 208 and 222 nm, indicating the pre-

sence of a-helical structure. Thus, the conformations of
the fragment elucidated in mixed solvents are actually
di�erent from that in aqueous solution. However, the

structure obtained in organic solvent such as TFE might
re¯ect the real structural aspect in a hydrophobic envir-
onment such as the receptor binding site.

Although CD spectra can reveal overall characteristics
of the secondary structure, no local information is
available on the conformation of the fragment. To elu-

cidate the 3-D structure, we measured the 2D NMR of
the peptide.

1H NMR assignments of the proton resonances and the

secondary structure

The full resonance assignment of the proton NMR sig-
nals of EH(1±34) was performed using the sequential
assignment procedure at pH 3 and 298K in 50% d3-
TFE/50% H2O solution.16±18 Figure 3 shows the ®nger

print region of NOESY spectrum of EH(1±34). The
identi®cation of amino acid spin systems was ®rst
established by means of direct and relayed through-

bond connectivities (double-quantum ®ltered shift cor-
related spectroscopy (DQF-COSY) and homonuclear

Hartmann±Hahn spectroscopy (HOHAHA)), followed
by sequential resonance assignments using through-space

nuclear Overhauser enhancement (NOE) connectivities.
All the expected NH±CaH peaks were observed in the
®ngerprint region of DQF±COSY spectrum, and

sequential NOE cross-peaks [typically, NH(i)±NH(i+1),
CaH(i)±NH(i+1) and CbH(i)±NH(i+1)] of nuclear
Overhauser enhancement spectroscopy (NOESY) spec-

trum. Chemical shift values of all the resonances are
listed in Table 1. The type and relative intensities of the
sequential and medium range NOEs (jiÿ jj < 5) are
summarized in Figure 4. CaH(i)±NH(i+3,4) and CaH(i)±

CbH(i+3) NOEs together with NH(i)±NH(i+1) NOEs
were observed in the residue range Ala10±Gln20. Thus,
the peptide assumes an a-helix from residues 10 to 20,

and other parts of the peptide would take rather exten-
ded conformation.

Three dimensional structures

One hundred and eighty constraints derived fromNOESY

spectra, and 18 coupling constants from DQF±COSY
spectra were introduced in the distance geometry calcu-
lations. The distances which were obtained directly from
the NOESY spectrum were used for the calculations

employing the ratio with the referenced distance, such
as the b±b0 0 distance. Starting from 100 initial struc-
tures with randomly chosen dihedral angles, the global

minimum was searched by DIANA. The best 15 struc-
tures were subsequently re®ned by restrained energy

Figure 3. The ®nger print region of NOESY spectrum of EH(1±34) measured in 50% d3-TFE/50% H2O at 298K, pH 3. The peptide

concentration is 3.0mM.
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minimization (REM) and restrained molecular dynamics
(RMD) simulations using the program XPLOR. Each

structure was subjected to 50 steps of powell REM fol-
lowed by 15 ps RMD simulations at 1000K. The system
was followed by 2.8 ps cooling steps to 300K before 200

steps of REM were carried out. The time step used for
the simulations was 2 fs and bond lengths were kept
rigid by using the SHAKE algorithm. The force constants

for the NOE distance constraints and dihedral angles

were set to 50 kcalmolÿ1AÊ ÿ2, and 50 kcalmolÿ1 radÿ2,
respectively. Figure 5 shows a superposition overlay of

the backbone atoms of all the residues. In this ®gure, the
helical region was observed between Ala10 and Gln20.
The root mean square deviation value calculated for the

superposition of the ®nal structures over the de®ned
region from residue 10 to 20 for the backbone atoms
was 0.88�0.22 AÊ . Other regions of EH(1±34) would be

¯exible and lack signi®cant stable structure.

Figure 4. Summaries of NOE connectivities of the neighbouring residues. Terms dNN, d�N and d�N represent the sequential backbone

connectivities. Intensities of the observed NOEs are represented by the thickness of the lines. An asterisk represents the region whose

NOE intensities could not be obtained because of the signal overlap.

Figure 5. Three dimensional structures of EH(1±34) obtained by distance geometry and simulated annealing calculations.
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Bioactivity of the EH fragment

EH caused premature ecdysis behavior when injected
into silkworm pharate adult at the dose of 0.1±0.2 ng/

animal, while EH(1±34) did not cause the behavior even
at the dose of 2 mg/animal. Co-injection of EH and
EH(1±34), 0.2 ng and 2mg/animal, respectively, showed
the typical premature ecdysis, suggesting that EH(1±34)

had no interaction with its receptor in the in vivo assay.
Furthermore, we incubated the abdominal ganglia
from silkworm pharate adults with EH(1±34), in the

presence or absence of EH, and measured the activity of
guanylate cyclase. As a result, EH(1±34) at the dose of
1mM did not show any e�ect on the basal nor 1 nM

EH-stimulated guanylate cycles, in vitro (data not
shown).

Discussion

Kikuchi reported that biologically active sites in pep-
tides are contained in the short range compact regions

predicted by an average distance map (ADM).19 The
ADM for silkworm EH indicates the existence of the
short range compact regions, Asp9±Met24, Trp28±
Glu30 and Leu33±Glu36, folding into a larger compact

regions, Ile13±Ile39, by long range interactions. They
assumed that the relatively large short range compact
region Asp9±Met24 of EH form a-helices, and the other

smaller short range compact regions consisted of three
or four residues are in b-turns.14

On the basis of the results obtained by site-directed
mutagenesis, Kikuchi et al. suggested that the helical

Table 1. Resonance assignments for EH(1±34) protons in 50% TFE/50% H2O solution

Position Residue NH H� H� Others

1 Ser Ð 4.44 4.11

2 Pro Ð 4.56 2.44 gCH2 2.01, 2.12, dCH2 3.70, 3.79

3 Ala 8.26 4.38 1.48

4 Ile 7.72 4.18 1.95 gCH 1.27, gCH3 1.00, dCH3 1.00
a

5 Ala 7.97 4.12 1.57

6 Ser 7.98 4.41 3.99, 4.09

7 Ser 8.16 4.40 3.96, 4.00

8 Tyr 7.99 4.42 3.12, 3.14 H2,6 7.18, H3,5 6.85

9 Asp 7.84 4.75 3.17, 3.36

10 Ala 7.98 4.35 1.50

11 Met 7.99 4.26 2.03, 2.21 gCH2 2.61, 2.70

12 Glu 8.08 3.98 2.15, 2.25 gCH2 2.51

13 Ile 8.00 3.78 2.03 gCH 1.79, gCH3 0.99, dCH3 0.90

14 Cysb 7.95 4.44 3.26

15 Ile 8.49 3.73 2.01 gCH 1.84, gCH3 0.98, dCH3 0.90

16 Glu 8.49 4.10 2.21, 2.31 gCH2 2.53, 2.70

17 Asn 8.61 4.00 2.87, 3.14 dNH2 6.52, 7.78

18 Cys 8.57 4.51 3.25, 3.42

19 Ala 8.77 4.10 1.58

20 Gln 8.17 4.15 2.31 gCH2 2.55, "NH2 6.67, 7.16

21 Cysb 8.18 4.35 3.18, 3.25

22 Lys 8.33 4.11 1.86 gCH2 1.46, 1.60, dCH2 1.72, "CH2 7.60
a

23 Lys 7.93 4.10 1.96 gCH2 1.46, 1.60, dCH2 1.72, "CH2 7.60
a

24 Met 7.85 4.23 1.68, 1.86 gCH2 2.27, 2.42

25 Phe 8.19 4.77 2.89 H2,6 7.16, H3,5 7.30, H4 7.22a

26 Gly 7.80 3.85, 4.14

27 Pro Ð 4.28 1.86, 2.10 gCH2 1.55, 1.65, dCH2 3.41, 3.50

28 Trp 7.49 4.65 3.31, 3.39 H2 7.19, H4 7.67, H5 7.21, H6 7.30 H7 7.55, NH 9.85

29 Phe 7.58 4.43 3.01 H2,6 7.16, H3,5 7.30, H4 7.22a

30 Glu 7.83 4.23 1.94, 2.14 gCH2 2.40

31 Gly 7.62 3.90

32 Ser 7.97 4.46 3.93

33 Leu 7.98 4.43 1.71 gCH 1.71a, dCH3 0.91

34 Cys 8.17 4.58 2.91, 3.04

aApproximate value.
bAcetoaminomethyl cysteine.
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structure around the 12th residue is required for the
eclosion activity and Glu12 is important to keep the

structure. Furthermore, Met24 is important to maintain
the tertiary structure as well as to interact with a recep-
tor, whereas Phe25 is likely to be required to construct a

hydrophobic interaction inside the molecule to keep the
active globular structure.

Present CD and NMR results indicated that N-terminal
fragment EH(1±34) does not take any preferable con-
formations in aqueous solution. However, it assumes
rigid conformations in mixed solvents which are con-

sidered to re¯ect the representative environment at a
receptor site. In a recent study of actin peptides, it was
shown that TFE stabilized a-helices only in regions with

a propensity for a-helix formation.20

In fact, the CD spectrum of EH(1±34) in 50% TFE

showed a typical helical pattern, while it showed a very
weak one in H2O. However, the CD spectrum of intact
EH in H2O showed a strong helical pattern which is

similar to that of EH(1±34) in 50% MeOH. Probably,
without a contribution by organic solvent, intact EH in
H2O can fold into a globular peptide in which a hydro-
phobic circumstance is created. Based on the equation

of Chen et al., 21 nearly 30 residues of EH are involved
in a-helical formation in H2O. Since several residues at
the C-terminal do not contribute to an intensity of the

helical pattern of CD spectrum,22 at least several resi-
dues in the 1±34 region should contribute to the helical
formation. Thus, the conformation of EH(1±34) in 50%

TFE is likely to re¯ect a physiological one which is
induced by the hydrophobic solvent. Using the same
equation described above, the helical content of EH(1±
34) in 50% TFE was 35%, indicating that 12 residues

are involved in the a-helix. On the other hand, our 3-D
structure analyses of NMR spectra of EH(1±34) showed
that the helical region is between 10 and 20, indicating

that 11 residues are involved in the helix. Thus the
numbers of residues in the possible helix of EH(1±34)
are almost consistent in the two spectroanalyses.

The experimentally elucidated three dimensional struc-
ture of the fragment in a TFE aqueous solution by

NMR is well consistent with the predicted one in terms
of an a-helical region (Ala10±Gln20), although it is
shorter than the predicted one (Asp9±Met24). However,
we did not detect such a rigid conformation in the residue

range of Trp28±Glu30 as predicted by Kikuchi et al.
This part may be stabilized in the whole EH by inter-
acting with the other part of the peptide2,14 but not in

the short fragment. Kikuchi pointed out that all of the
Cys residues are on one side of the helix bound to other
regions of the protein (i.e. they are interior residues),

and that on the other hand, the polar amino acids,
Glu12, Gln20, Lys23, and/or Asp9 are on the opposite

side, which are exposed to solvent and thus potential
receptor interaction.

Kikuchi reported that biologically active sites in pep-
tides are contained in the short range compact region

predicted by ADM. Although the EH(1±34) was proved
to contain the compact region, it did not show any
bioactivity in the in vivo nor in vitro assay. One possible

explanation for the lack of biological activity in the
fragment might be missing the carboxy terminal region
(35±62). Recently, using site-directed mutageneses,
Fujita and Maekawa identi®ed several important resi-

dues in this region (unpublished results). These residues
are involved in two small helices, one of which was pre-
dicted as a compact region with a long range interaction

by ADM. These two helices are linked to the a-helix
(12±22) by three disul®de bonds and also by a possible
hydrophobic interaction between Phe25 and a residue

near the C-terminal. Therefore, while EH(1±34) is not
su�cient to show eclosion hormone activity, this frag-
ment contains an important core region in which an a-
helix exists and it plays a key role in constructing an
active globular peptide. Further investigation of the
three dimensional structures of longer fragments con-
taining the predicted b-turn and other parts, and also

their biological activity would provide more unequi-
vocal information about the structure±activity relation-
ship.

To develop the insecticide from the inhibitors of EH, the
structural information about EH is essential. Unfortu-

nately, native EH is easy to aggregate at the concentration
for NMR measurement to elucidate the structure. And
the most fragments synthesized in our laboratory so
far had also several problems for NMR measurements.

The fragment EH(1±34) studied here is the only one
available for NMR measurements for the time being,
although this fragment has neither EH-like activity nor

inhibitory activity. Taking into account that there has
been no experimentally elucidated structural informa-
tion about EH to date, neither by X-ray nor NMR

spectroscopy, the results that the fragment actually
contains the compact region and that the structured
region is smaller than that predicted by ADM must be

useful information for the development of the design of
the insecticide.

Conclusion

The structure elucidated for EH(1±34) is characterized

by an a-helix in the N-terminal region (Ala10±Gln20)
but no rigid structure was present from Cys21 through
the C-terminus and for the N-terminal region (Ser1±

Asp9). Thus, the present study experimentally revealed
that EH(1±34) actually contains a predicted compact
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region for EH which is considered to be crucial for
hormone activity. The conformational feature may be

responsible for the high binding a�nity to the receptor.
However, taking account of the lack of biological
activity of the fragment, additional structural elements

such as b-turn structure would be required for the full
biological activity.

Experimental

CD measurements

The CD spectra were measured on a JASCO J600 spec-
tro-polarimeter at 298K in a quartz cell of 0.01 cm path

length. All CD spectra were reported in terms of ellipti-
city units per mole of peptide residue. The concentra-
tions of EH and EH(1±34) were 50 and 100 mM,

respectively.

NMR measurements

For the measurements of NMR spectra, 5.6mg of
EH(1±34) was dissolved in 0.5mL of 50% d3-TFE/50%
H2O solution containing 0.01M CD3COOD. The pep-

tide concentration was 3.0mM. All proton NMR
experiments were performed at 298K on a Bruker
AMX-600, and the derived data were processed on a

Bruker X-32 computer with UXNMR software. 2-D
DQF±COSY,23 HOHAHA24,25 and NOESY26,27 spec-
tra were acquired in the phase-sensitive mode by a time

proportional phase incrementation method.28

HOHAHA spectra with a MLEV17 spin lock
sequence29 were recorded with mixing times of 40 and
80ms in order to identify further spin systems through

chemical bond. Phase sensitive 2D NOESY spectra were
recorded with mixing times of 100, 150 and 300ms.
NOESY data with a mixing time of 300ms were used

for sequential assignment, and those with the shorter
mixing times were used for the estimation of the dis-
tances between protons. The data size was 2K complex

points for f2 and 512 points for f1 and repetition delay
was 1.8 s. The f1 and f2 data were apodized with the
squared sine-bell function and then Fourier trans-

formed. The water OH resonance was suppressed by
irradiation during the relaxation delay. 3-(Trimethyl-
silyl)propionate (TSP)-d4 was used as an internal stan-
dard of chemical shift. The NMR analysis software

FELIX (Biosym/MSI) was used for volume integration.
Measurements of 3JHNa coupling constants were
obtained from well-digitized DQF±COSY spectrum.

Structure calculations

Distance constraints were derived from the NOESY
spectra recorded with a 150ms mixing time, which were

classi®ed as follows; very strong (2.5AÊ ), strong (3.0AÊ ),
medium (3.5AÊ ), weak (4.0AÊ ) and very weak (4.5AÊ ).

For restrained molecular dynamics calculations, the
lower and upper bounds were de®ned as; very strong
(ÿ0.6AÊ , +0.3AÊ ), strong (ÿ1.2AÊ , +0.3AÊ ), medium

(ÿ1.7AÊ , +0.5AÊ ) and weak (ÿ2.2AÊ , +1.0AÊ ). The
additional lower and/or upper bounds were applied in
case of non-stereospeci®c assignments of methylene and

methyl groups.30 NOE intensities used as input for the
distance geometry calculations were determined by
integrating volumes for well-separated peaks and
counting cross-peak contour levels for overlapped

peaks.

The distance geometry calculations were performed with

the DIANA program.31 As for the ®rst step of the pro-
gram, 300 structures were generated with random dihe-
dral angles uniformly distributed between ÿ180� and

+180�, and the target function was minimized accord-
ing to the default minimizer from level 1 to 34. 32
structures with the smallest ®nal target function value,

out of the obtained 300 structures were chosen as start-
ing structures for the restrained molecular dynamics
calculation by the program XPLOR.32,33 In order to
re®ne the structures obtained by the distance geometry

calculation, the following protocol was employed; 50
steps of a restrained energy minimization, followed by
15 ps, 7500 steps of a restrained molecular dynamics

calculation (1000K) with shake restraints to keep bond
length ®xed. Then the vdW force constant was increased
gradually. Next, NOE potential function was changed

to square well from asymptote, and constraint dihedral
energy term was included. During the dynamics, the
temperature was gradually decreased from 1000K to
300K by 25� steps. After the SHAKE restraint was

reset, the last 200 steps of energy minimization were
performed.

Graphical representation was carried out with the gra-
phic program QUANTA (Biosym/MSI). All calcula-
tions and graphical representation were carried out on

an IRIS 4D/35 computer.

Peptide synthesis

The eclosion hormone fragment (1±34) was chemically
synthesized on an ABI 431A automated peptide syn-
thesizer using Fmoc strategies.14 The fragment contains

one disul®de bridge (Cys18±Cys34) and other cysteine
residues (Cys14 and Cys21) are protected by aceto-
aminomethyl groups.

Measurement of cGMP

Silkworm pupae were purchased from Katakura Indus-
trial Co. Ltd. (Saitama, Japan). They were reared at
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25� C with a 16 h-light and 8 h-dark photoperiod. Pha-
rate adults were selected by their hatched antenna as a

developmental marker and utilized for the bioassay.34

Immuno assay kit (Yamasa) was used for the measure-
ment of cGMP in silkworm abdominal ganglia. A pha-

rate adult was dissected and abdominal ganglia were
isolated. Several pupal ganglia were washed with insect
saline and transferred into a tube containing Tris/Bis

bu�er pH 7.5 and mixed protease inhibitors. The reac-
tion was started by adding EH(1±34), EH(1±34) plus
EH or bu�er into the incubation mixture and stopped
by ®ltration. The ganglia were homogenized with 100 mL
trichloroacetic acid solution and measured the content
of cGMP as described in the attached protocol of the
assay kit.
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