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Abstract A novel antibacterial peptide, moricin, isolated from
the silkworm Bombyx mori, consists of 42 amino acids. It is
highly basic and the amino acid sequence has no significant
similarity to those of other antibacterial peptides. The 20
structures of moricin in methanol have been determined from
two-dimensional 'H-nuclear magnetic resonance spectroscopic
data. The solution structure reveals an unique structure
comprising of a long a-helix containing eight turns along nearly
the full length of the peptide except for four N-terminal residues
and six C-terminal residues. The electrostatic surface map
shows that the N-terminal segment of the o-helix, residues
5-22, is an amphipathic o-helix with a clear separation of
hydrophobic and hydrophilic faces, and that the C-terminal
segment of the o-helix, residues 23-36, is a hydrophobic o-helix
except for the negatively charged surface at the position of
Asp30. The results suggest that the amphipathic N-terminal
segment of the o-helix is mainly responsible for the increase in
permeability of the membrane to kill the bacteria. © 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Antibacterial peptides isolated from many kinds of insects,
crustaceans, amphibians, mammals, plants, and bacteria play
an important role in eliminating bacterial infections [1]. Anti-
bacterial peptides are rapidly induced, mainly in the fat body
and hemocytes, upon bacterial infection or a wounding. Insect
antibacterial proteins are heat-stable and have a broad anti-
bacterial spectrum [2]. More than 150 antibacterial peptides
isolated from insects are grouped into four families [2,3]. Two
of these, the cecropins and insect defensins, are well defined
and relatively homogeneous: the cecropins form two a-helices
and are devoid of cysteins, whereas the insect defensins con-
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tain three intramolecular disulfide bridges and consist of an
o-helix linked to an antiparallel B-sheet. The two other fam-
ilies, the proline-rich and glycine-rich peptides/polypeptides,
are heterogeneous.

Moricin, a 42-amino-acid peptide isolated from the hemo-
lymph of the silkworm Bombyx mori, is highly basic and its
amino acid sequence has no significant similarity to those of
other antibacterial proteins [4]. Moricin has antibacterial ac-
tivity against several Gram-negative and -positive bacteria. It
also shows higher activity against Gram-positive bacteria than
cecropin Bl, a major antibacterial peptide of B. mori. The
effects of the peptide on bacterial and liposomal membranes
indicated the target of the peptide was the bacterial cytoplas-
mic membrane. The results also suggested that the N-terminal
half of the peptide, containing the predicted o-helix, was re-
sponsible for increased membrane permeability [4]. The pre-
cise role of moricin in the immune system remains unknown,
however. Moricin has an unique structural domain composed
of a cluster of five basic amino acid residues in the C-termi-
nus. It is worth determining the secondary and tertiary struc-
ture of moricin and comparing it to those of other antibacte-
rial proteins to clarify the relationship between the unique
amino acid sequence of the peptide and the antibacterial ac-
tivity.

In this paper, we report the three-dimensional structure of
moricin in solution determined by two-dimensional (2D)
'"H-nuclear magnetic resonance (NMR) spectroscopy. From
the structural information, we found that moricin has an
unique structure composed of a long o-helix containing eight
turns over nearly the whole length of the molecule except for
four N-terminal residues and six C-terminal residues. We also
discuss the relationship between the unique structure of mor-
icin and the antibacterial activity.

2. Materials and methods

2.1. Sample preparation

Recombinant moricin was efficiently produced in Escherichia coli as
fusion proteins and released by chemical cleavage with cyanogen bro-
mide or o-iodosobenzoic acid as described elsewhere [5]. This recombi-
nant peptide has alanine instead of histidine at position 42 compared
to natural moricin and shows the same antibacterial activity as that of
natural moricin [5].

2.2. Circular dichroism (CD) spectroscopy

CD experiments were performed on Jasco J-720 spectropolarimeter
in a 1 mm cell at 25°C. Each spectrum was the average of eight
consecutive scans from 180 to 260 nm, followed by subtraction of
the CD signal of peptide-free solutions. Samples were prepared by
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dissolving the peptide to the concentration of 250 UM in various
solvents: water, 2,2,2-trifluoroethanol (TFE)/water solutions (from
10% to 100% (v/v) in TFE) with apparent pH from 2.3 to 3.4, and
methanol.

2.3. NMR spectroscopy

A NMR sample was prepared by dissolving the recombinant pep-
tide in 500 pl of CD3OH (99.5%D, CIL, USA) or CD;0D (99.8%D,
Merck, Germany). Final peptide concentration was ca. 1.5 mM. All
NMR spectra were obtained on Bruker Avance500 and Avance800
spectrometers with quadrature detection in the phase-sensitive mode
by TPPI [6] and States-TPPI [7]. The following spectra were recorded
at 20, 25, 30 and 35°C with 15 ppm spectral widths in 7/ and 72
dimensions: 2D double-quantum-filtered correlated spectroscopy
(DQF-COSY) [8], recorded with 512 and 2048 complex points in ¢/
and 72 dimensions; 2D homonuclear total correlated spectroscopy
(TOCSY) [9] with DIPSI2 mixing sequence, recorded with mixing
times of 35, 60, and 80 ms, 512 and 2048 complex points in ¢/ and
t2 dimensions; 2D nuclear Overhauser effect spectroscopy (NOESY)
[10], recorded with mixing times of 60, 100, 200, and 400 ms, 512 and
2048 complex points in ¢/ and #2 dimensions; and 2D rotating frame
nuclear Overhauser effect spectroscopy (ROESY) [11], recorded with
mixing time of 100 ms, 512 and 2048 complex points in ¢/ and 72
dimensions. The high digital resolution DQF-COSY and E.COSY [12]
spectra were recorded using 800 and 4096 complex points in ¢/ and 2
dimensions. Water suppression was performed using WATERGATE
sequence [13,14].

Slowly exchanging amide protons were determined by dissolving the
lyophilized peptide in CD3;OD and collecting sequential 2-h 2D
TOCSY spectra. All NMR spectra were processed using XWINNMR
(Bruker). Peak-picking and assignment were performed with Sparky
program (UCSF, http://www.cgl.ucsf.edu/Research/Sparky.html). Be-
fore Fourier transformation, the shifted sinebell window function was
applied to ¢I and ¢2 dimensions. All 'H dimensions were referenced to
internal 2,2-dimethyl-2-silapentane-5-sulfonate at 25°C.

2.4. Structure calculation

NOE-derived distance restraints were classified into three ranges,
1.8-2.7, 1.8-3.5, and 1.8-5.0 A, according to the relative NOE inten-
sities. Upper distance limits for NOEs involving methyl protons and
non-stereospecifically assigned methylene protons were corrected ap-
propriately for center averaging [15]. In addition, a distance of 0.5 A
was added to the upper distance limits only for NOEs involving the
methyl proton [16] after correction for center averaging. Torsion angle
restraints on the backbone ¢ angle were derived from >Jynpo coupling
constants from the high digital resolution 2D DQF-COSY spectrum
and intraresidue and sequential NOEs. We obtained 22 ¢ angle
restraints. Backbone ¢ angles were restrained to —60%30° for
3 Junto < 6 Hz. Side-chain y; angles were determined by 3Jyqmp cou-
pling constants from E.COSY and short-mixing TOCSY connectiv-
ities combined with NH-Hf and Ho—HP NOE:s [17]. We obtained 2 y;
angle restraints. The y; angle restraints were normally restricted to a
+60° from staggered conformations, g+ (+60°), t (180°), or g—
(—60°). Hydrogen—deuterium exchange experiments identified 25 hy-
drogen bond donors. Corresponding hydrogen bond acceptors were
determined based on NOE patterns observed for regular secondary
structural regions and preliminary calculated structures without re-
straints for hydrogen bonds. Hydrogen bond restraints were applied
to N-H and C=0 groups: 1.7-2.4 A for the HN-O distance and 2.7
3.4 A for the N-O distance.

Structure calculations were performed using the hybrid distance
geometry/simulated annealing method using X-PLOR 3.851 [18]. A
total of 439 interproton distance restraints and 24 dihedral angle re-
straints were used to calculate an ensemble of structures. The struc-
ture calculation proceeded in two stages using the standard X-PLOR
protocol. In the first stage, a low-resolution structure was preliminary
determined using NOE-derived distance restraints and dihedral angle
restraints. In the second stage, the same protocol was applied by
adding hydrogen bond restraints. The force constants for the distance
restraints were set to 50 kcal mol~' A~2 throughout all the calcula-
tions, and dihedral angle restraints were initially set to 5 kcal mol™!
rad~? during the high-temperature dynamics and gradually increased
to 200 kcal mol™! rad > during the annealing stage. The final round
of calculations began with 200 initial structures, and the best 20
structures were selected and analyzed with MOLMOL [19], insightll
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(MSI, San Diego, CA, USA), and PROCHECK-NMR [20]. Structure
figures were generated using MOLMOL.

3. Results

3.1. CD experiments

From the CD spectra of moricin, it was found that moricin
has a largely random coil conformation in water (Fig. 1). In
the presence of TFE, however, CD spectra showed two mini-
ma at 208 and 222 nm, typical of an o-helical conformation.
The helical content increased with increasing the concentra-
tion of TFE up to 100% (v/v). The CD spectrum in methanol
showed a spectrum very similar to that in 100% TFE, indicat-
ing that moricin adopted a maximal o-helical structure in
methanol. This conformational transition from a random-
coil in aqueous solution to an o-helix in hydrophobic environ-
ments such as methanol, TFE/water solution, and 1,1,1,3,3,3-
hexafluoroisopropanol (HFP)/water solution is common to
cecropin-like antibacterial peptides, and solution structures
of cecropins and mellitin have been determined in the hydro-
phobic media by NMR [21-25]. The NMR structure of sar-
cotoxin IA, a cecropin from a flesh fly, Sarcophaga peregrina,
has been determined in CD3;OH [21]. Therefore, NMR data
were collected in CD3OH to determine the solution confor-
mation of moricin and compare it to tertiary structures of
other antibacterial peptides, particularly cecropins.

3.2. Resonance assignment and secondary structure
Essentially complete 'H resonance assignments were ob-
tained for the peptide using spin system identification and
sequential assignment [26] from 2D NMR spectra recorded
at 20, 25, 30, and 35°C. In these assignments, Ho(i)-H(i+1:
Pro) (dad) or Ho(i)-Ho(i+1:Pro) (dao) NOEs instead of
doN were used for Pro residues. Both proline residues, Pro4
and Pro37, showed strong dad NOEs, indicating that all pro-
line residues in the peptide have trans configuration. Finally,
the resonance assignments for the backbone and side-chain
'H were completed except for the amide 'H of Alal. The
resonance assignment was extended by determining stereospe-
cific assignments of methylene protons to obtain high-preci-
sion NMR structures. Stereospecific assignments of B-methyl-
ene protons were obtained for two out of 20 residues of the
peptide using information on 3JHocHB coupling constants qual-
itatively estimated from short-mixing time TOCSY spectra
combined with intraresidue NH-HB and Ho—HB NOEs. 'H
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Fig. 1. CD spectra of moricin in aqueous solution (blue), in 10%
TFE/water (brown), in 30% TFE/water (pink), in 50% TFE/water
(yellow), in 100% TFE/water (light blue), and in methanol (green).
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Fig. 2. Summary of the sequential NOE connectivities observed for
moricin. Bars indicate NOESY cross-peaks observed between two
residues. Bar height indicates NOE strength. Filled circles indicate
amide protons not exchanged in 2 h after the lyophilized polypep-
tide was dissolved in CD3;0D. 3Jynie are three-bond coupling con-
stants between HN and Ho, where the symbol represents < 6.0 Hz

(a).

chemical shifts for the peptide were deposited in the BioMag-
ResBank database under accession number 5265.

Qualitative analysis of short- and medium-range NOEs,
3 JiNHe, coupling constants, and slowly-exchanging amide pro-
ton patterns was used to characterize the secondary structure
of the peptide (Fig. 2). Using consecutive Hou(i)-NH(i+3),
Ho(i)-NH(i+4) and Ho(i)-HP(i+3) NOEs, observed in the
200 ms NOESY spectrum, an o-helix was identified spanning
residues Ile5 to Lys36. This o-helix is supported by the ob-
servation of a small 3Jynpe coupling constant (<6 Hz) and
amide—proton exchange data.

Table 1
Statistics for best 20 NMR structures of moricin
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Fig. 3. Superimposition of 20 best structures of moricin with lowest
total energy calculated by the hybrid distance-geometry/simulated
annealing procedure of X-PLOR 3.851 [18]. These are the results of
the best fit of C, N, and Co atoms for residues 5-36 (a), for resi-
dues 5-22 (b), and for residues 23-36 (c). Only C’, Co, and N
backbone atoms are shown.

3.3. Tertiary structure of the peptide

The three-dimensional structure of the peptide was deter-
mined based on the distance and dihedral angle restraints
obtained from the NMR data using the hybrid distance ge-
ometry/simulated annealing approach. A total of 200 struc-

Total restraints used
Total distance restraints
Intraresidue
Sequential
Medium (1 < |iH| <5)
Long ([i-jl=5)
Hydrogen bond (two per bond)
Total dihedral angle restraints
¢
v
X1
Energies (kcal/mol)?
F total
F bonds
Fangles
Fimpropers
repel
Froe
Finedral
RMSD from experimental restraints
NOE distance restraints (A)
Dihedral angle restraints (°)
RMSD from ideal covalent geometry
Bonds (A)
Angles (°)
Impropers
¢ and y in most favored and additional allowed regions (%)P
RMSD relative to the Mean structure (A)

Residues 5-36
Residues 5-22
Residues 23-36

463

48.19£3.574
2.52+0.465
28.76 £1.557
2.57+0.517
4.24£0.953
10.07£1.635
0.025£0.060

0.021£0.0017
0.059£0.1157

0.0019 £0.0001

0.386+£0.010

0.226 £0.023

96.7

Backbone (N, Co, and C’ atoms) All non-H
1.231£0.364 1.775+£0.282
0.576+0.252 1.330+0.242
0.584+0.144 1.197£0.185

“The final values of the square well NOE and dihedral angle potentials were calculated with force constants of 50 kcal mol™! A~2 and 200
kcal mol™! rad™2, respectively. The force contacts for the van der Waals energy calculation was 4.0 kcal mol™! A™* with van der Waals radii
set to 0.75 times the values used in the CHARMM empirical energy function.

"The program PROCHECK-NMR [20] was used for Ramachandran plot analysis.



Fig. 4. The lowest energy structure of moricin among the 20 final
structures. A: Ribbon diagram of moricin with side chains of basic
residues shown in ball-and-stick. The helix is shown in red. B: Sur-
face electrostatic potentials (calculated in MOLMOL [19]) of mori-
cin orientated as in (A), colored by electrostatic potential with posi-
tive regions in blue and negative regions in red. C: Electrostatic
surface as in (B) rotated by 180° about the vertical axis.

tures were calculated. Of these, 20 final structures, which
showed the lowest energy values, no distance constraint vio-
lation of >0.5 ;\, and no dihedral constraint violation of
> 5°, were selected. The restraints used and the structural
statistics for the final structures are summarized in Table 1.
The structures exhibited good covalent geometry and stereo-
chemistry, as evidenced by the low root mean square devia-
tion (RMSD) values for bond, angle, and improper from
idealized geometry. The Ramachandran plot confirmed the
high quality of the 20 structures of moricin, which showed
that 96.7% of ¢ and w angles in moricin are found in the
most favored regions and additional allowed regions, and
less than 2% of ¢ and w angles are found in within disallowed
region. The RMSDs of the 20 structures from average struc-
ture were 1.231+0.364 A for backbone heavy atoms in the
region from 5 to 36, and the corresponding value is also
0.576 £0.252 and 0.584+0.144 A for backbone heavy atoms
in the regions from 5 to 22 and from 23 to 36, respectively
(Fig. 3). Coordinates were deposited in the PDB under entry
code 1KV4.

Fig. 4 shows best-fit superpositions of backbone atoms of
residues 5-36, residues 5-22, and residues 23-36, of the 20
converged structures of moricin. The structures show that
moricin is predominantly helical, with a regular o-helix in
the region from Ile5 to Lys36. The C-terminus from Pro37
to Ala42 and the N-terminus from Alal to Pro4 are both
disordered. Because each of the entire a-helical regions is
randomly bent among the 20 structures, it is not well-defined
with RMSD of 1.231 A for the backbone. In the N-terminal
half of moricin, charged amino acids appear at intervals of
three or four amino acid residues, indicating a characteristic
structure in antibacterial proteins containing the amphipathic
o-helix [27,28]. The wheel projection of amino acid residues
(residues 5-22) in moricin suggested that an amphipathic
o-helix formed in this region [4]. The region, residues 5-22,
corresponds to the N-terminal segment of the entire o-helix
and the segment is well-defined with RMSD of 0.576 A for
the backbone. The C-terminal segment of the entire a-helix,
residues 23-36, is also well-defined with RMSD of 0.584 A for
the backbone. The schematic ribbon drawing and the surface
representation of the structure of moricin with the lowest total
energy among the final 20 structures are shown in Fig. 4. The
electrostatic surface map showed that the N-terminal segment
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of the a-helix from IleS to Ile22 is an amphipathic o-helix
with hydrophobic and hydrophilic faces as expected. On the
other hand, the surface potentials of the C-terminal segment
of the o-helix from Asn23 to Lys36 are almost hydrophobic
except for the negatively charged surface structure of Asp30.
The electrostatic surface map also showed that a largely pos-
itively charged surface area is located on the C-terminus of
moricin, residues 3641, due to the existence of a cluster of
four basic residues.

4. Discussion

In this work, the solution structure of moricin was deter-
mined by '"H NMR spectroscopy. The structure reveals an
o-helix of about eight turns along nearly the full length of
the molecule except for four N-terminal residues and six C-
terminal residues. The N-terminal part of the a-helix, residues
5-22, is an amphipathic section, and the C-terminal of that,
residues 23-36, is a hydrophobic section except for Asp30.
Based on the tertiary structure consisting of an amphipathic
o-helical structure and a lack of cystein in the sequence, mor-
icin is classified to cecropin-type antibacterial peptide as pre-
viously predicted [4], even though the amino acid sequence of
moricin has no significant similarity to those of other antibac-
terial peptides.

Cecropins are 31- to 39-residue peptides, devoid of cysteins
and C-terminally amidated, and show antibacterial activity
against many kinds of Gram-negative and -positive bacteria.
NMR structures of two cecropins, cecropin A and sarcotoxin
IA, produced by insects were determined in 15% HFP in
water or CD3OH, and consist of two amphipathic o-helices
with a hinge region [21,22]. The N-terminal region is a nearly
perfect amphipathic a-helix with equally large hydrophilic
and hydrophobic faces. The C-terminal region is more hydro-
phobic. Recently the tertiary structure of cecropin isolated
from the pig intestine, designated as cecropin P1 (CecP),
which has 31 amino acid residues and is not amidated in
the C-terminus, was determined by proton-NMR in a 30%
HFP/water solution [23]. CecP is as active as insect cecropins
against Gram-negative bacteria but has reduced activity
against Gram-positive bacteria. The solution structure of
CecP shows an elongated amphipathic o-helix over nearly
the whole length of the molecule, indicating that the tertiary
structure of CecP is remarkably different from the helix—
hinge-helix structure of the insect cecropins. The solution
structure of moricin also showed an elongated o-helix over
nearly the whole length of the molecule as the first peptide of
insect cecropin family, and further the o-helix of moricin is
about two turns longer than that of CecP. The hinge in the
helix-—hinge-helix structure of the insect cecropins is due to a
conserved proline residue in this family of polypeptides [29]. A
similar hinge is common to several other membrane-permeat-
ing toxins such as melittin [29]. Proline has been shown to
have an important role in the antibacterial activity of insect
cecropins [30]. However, that the same proline was absent in
CecP implied that the hinge was not essential for the antibac-
terial activity of CecP, at least not for Gram-negative bacteria.
Recently, its proline incorporated analogue at the conserved
position 22, P?2-CecP, was synthesized, and the analogue has
reduced antibacterial activity in spite of the incorporation of
the conserved proline [29]. The same proline is also absent in
moricin. Hence, taking these findings together with high anti-
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bacterial activity of moricin against Gram-positive and -neg-
ative bacteria, we conclude that the hinge itself is not essential
for the antibacterial activity of the antibacterial peptides hav-
ing an elongated o-helix against not only Gram-negative but
also -positive bacteria.

Antibacterial peptides have been suggested to form voltage-
dependent pores that span the cell membrane they attack [31].
The voltage-dependent pores could be formed by interaction
between three or more amphipathic o-helices spanning a lipid
membrane. Previously [4], we studied the effect of moricin on
the permeability of the bacterial cytoplasmic membrane, find-
ing that a target of the peptide was the bacterial cytoplasmic
membrane. Further, we determined whether increased cyto-
plasmic membrane permeability was caused by the direct ef-
fect of the peptide on the membrane using an artificial lipo-
some membrane with entrapped glucose. As the result, we
found the change in membrane permeability was due to the
direct effect of the peptide on the membrane. We also studied
the effect of endoprotease Asp-N-digested fragments of the
peptide on liposomal membrane permeability. The N-terminal
fragment (F1), residues 1-29, released glucose from the lipo-
some, and the releasing efficiency was about one-tenth of that
of the intact peptide. On the other hand, the C-terminal frag-
ment (F2), residues 30-42, did not release glucose from the
liposome. In the fragment F1 of moricin, the existence of an
amphipathic o-helix in the region, residues 5-22, was pre-
dicted by Schiffer-Edmundson wheel projection [32]. These
findings suggested that the fragment F1 region of moricin
containing the predicted amphipathic o-helix was responsible
for increased membrane permeability, although fragment F2
was indispensable for the full expression of the antibacterial
activity [4]. In this study, the solution structure of the peptide
showed an o-helical structure and the N-terminal segment of
the a-helix, residues 5-22, was amphipathic as expected. We
conclude that the amphipathic N-terminal segment of the
o-helix is the active center of moricin for antibacterial activity.

In fragment F2 of moricin, residues 30-42, there are two
unique structural domains. One is half of the hydrophobic
C-terminal segment of the o-helix, residues 23-36, and the
other is a cluster of four basic amino acid residues in the
C-terminus, residues 38-41. In the helix-hinge-helix structure
of insect cecropins, both a N-terminal o-helix and a C-termi-
nal o-helix are necessary for the full expression of antibacte-
rial activity [22]. In pig cecropin, its proline incorporated ana-
logue, P?2-CecP, has reduced antibacterial activity, which
correlated with its reduced o-helical structure and its lower
partitioning and membrane permeating activity with phospho-
lipid vesicles [29]. As described above, the effect of fragment
F1 on liposomal membrane permeability is much weaker than
that of the intact peptide. Thus, as the o-helix of fragment F1
was shorter than that of intact peptide because of the lack of
half of the hydrophobic C-terminal segment of the a-helix
(residues 30-36), it is likely that the effect on liposomal mem-
brane permeability correlates with the length of o-helical
structure. These findings suggest that the C-terminal segment
of the a-helix in moricin is critical for antibacterial activity. A
cluster of four basic amino acid residues in moricin is notable
because cecropins do not have the unique structural domain
in their sequences. Most cecropins isolated from insects kill
Gram-positive and Gram-negative bacteria, but CecP shows
high activity only against Gram-negative bacteria [3]. Moricin
has antibacterial activity against Gram-positive and -negative
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bacteria, and also shows higher activity against Gram-positive
bacteria than cecropin Bl [4]. The surface of the bacterial
membrane is negatively charged, indicating that the positively
charged surface structure of the cluster of four basic amino
acid residues can easily interact with the surface of bacterial
membranes. Thus, it is tempting to speculate that the antibac-
terial specificity of moricin against bacteria is responsible for
the cluster of four basic amino acid residues rather than the
long o-helix containing eight turns over most of the full se-
quence, even though the o-helix of moricin is about two turns
longer than that of CecP. To confirm this hypothesis, further
study is needed of the antibacterial activity of its analogue
eliminating the cluster of four basic amino acid residues in
the C-terminus.

Structural information on moricin in solution thus provides
a clue to understanding the precise role of moricin in the
immune system.
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