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ABSTRACT: Big defensin is a 79-residue peptide derived from hemocytes of the Japanese horseshoe crab. The
amino acid sequence of big defensin is divided into an N-terminal hydrophobic domain and a C-terminal
cationic domain, which are responsible for antimicrobial activities against Gram-positive and -negative
bacteria, respectively. TheN-terminal domain of big defensin forms a unique globular conformation with two
R-helices and a parallel β-sheet, while the C-terminal domain adopts a β-defensin-like fold. Although our
previous study implied that big defensin changes its N-terminal structure in amicellar environment, due to the
poor quality of the NMR spectra it remained to be resolved whether the N-terminal domain adopts any
structure in the presence of micelles. In this analysis, we successfully determined the structure of the
N-terminal fragment of big defensin in a micellar solution, showing that the fragment peptide forms a single
R-helix structure. Moreover, NMR experiments using paramagnetic probes revealed that the N-terminal
domain of big defensin penetrates into the micelle with a dipping at the N-terminal edge of the R-helix. Here,
we propose a model for how big defensin associates with the target membrane.

A variety of antimicrobial peptides have been discovered so
far, and they play a fundamental role in the innate immunity of
invertebrates and vertebrates (1, 2). Defensins make up a
major group of antimicrobial peptides and have relatively
short amino acid sequences with cationic net charges and three
intramolecular disulfide bonds (3, 4). Defensin molecules are
classified into subfamilies according to their disulfide patterns:
for example, the six half-cystines are linked in the 1-6, 2-4,
and 3-5 pattern for R-defensin and the 1-5, 2-4, and 3-6
pattern for β-defensin. Despite the different disulfide patterns,
R- and β-defensin have a similar three-dimensional structure
that consists of a triple-stranded β-sheet assisted by three
disulfide bonds (1, 3, 4). Both defensins are cationic and bind
via electrostatic interactions directly to target bacterial mem-
branes as they contain phospholipids with negatively charged
headgroups (5). In addition, many R- and β-defensins have
reduced antimicrobial activities in the presence of a high
concentration of salt (3, 4). Some groups have shown that
defensin interacts with a negatively charged model mem-
brane (6-9). Although it is not clear how defensin binding
to bacterial membranes leads to the death of microorganisms,

defensin may form a transmembrane pore, resulting in per-
meabilization of the target membrane (6, 8, 9).

Interestingly, bacteria also produce antimicrobial peptides,
generally termed bacteriocins, which are more potent than those
produced by plants and animals; for example, pediocin-like (class
IIa) bacteriocins are produced by a variety of lactic acid
bacteria (10, 11). In membrane-mimicking environments, pedio-
cin-like bacteriocins form a triple-stranded β-sheet or β-sheet-like
structure in the N-terminal region, whereas the C-terminal half
includes a hydrophobic/amphiphilic R-helix structure and an
extended tail (11). Site-directed and chimera mutation analyses
using sakacin P, a member of the group of pediocin-like peptides,
indicated that the C-terminal region plays a major role in
antimicrobial activity and target specificity (12, 13). The hydro-
phobic/amphiphilic C-terminal domain of pediocin-like bacter-
iocins has been reported to penetrate into the hydrophobic core
of the membrane, leading to destabilization of the target cell
membrane and leakage of intracellular components (11).

We have explored the immunity of the Japanese horseshoe crab
(Tachypleus tridentatus; known as “kabutogani” in Japanese) and
identified a variety of immunity-related factors (14, 15). In the
horseshoe crab, the hemocytes that are responsible for the innate
immunity release many immunity-related factors into the extra-
cellular space immediately after stimulation, such as by recogni-
tion of lipopolysaccharides, outer membrane components of
Gram-negative bacteria (16, 17). The immunity-related factors
include coagulation factors, protein inhibitors, antimicrobial pep-
tides, and lectins that are induced to kill invading microbes and
prevent leakage of the hemolymph (14, 15). Big defensin is also
secreted from the hemocytes and has antimicrobial activities
against Gram-positive and -negative bacteria and fungi (18).
The 79-amino acid sequence of big defensin is divided into two
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regions, the highly hydrophobic N-terminal half and the cationic
C-terminal half. Intriguingly, these two regions can be separated
by trypsin cleavage, and the antimicrobial activities can be divided
into the twodomains; activity againstGram-positive and -negative
bacteria is derived from the N-terminal and C-terminal fragments
of big defensin, respectively (18).

We previously resolved the solution structure of big defen-
sin and demonstrated that the C-terminal domain forms a
β-sheet structure with three disulfide bonds just like the
β-defensin structure, whereas the N-terminal domain adopts
a unique globular conformation consisting of a parallel
β-sheet and two R-helices (19). Intriguingly, circular dichro-
ism (CD)1 and nuclear magnetic resonance (NMR) data
indicated that the hydrophobic N-terminal domain undergoes
a conformational change in a micellar environment, resulting
in a disruption of the parallel β-sheet structure. However, the
structure of big defensin bound to micelles remains to be
resolved. In this study, we successfully determined the solu-
tion structure of the N-terminal fragment of big defensin in
sodium dodecyl sulfate (SDS) micelles and observed the
association of the fragment peptide with the micelles using
paramagnetic probes. These results provide a picture of how
the N-terminal domain is used by big defensin to recognize the
target cell membrane.

EXPERIMENTAL PROCEDURES

Peptide. The N-terminal fragment corresponding to residues
P5-N34 of a mature big defensin, termed big-N, was synthesized
by Toray Research Center (Tokyo, Japan). Matrix-assisted laser
desorption time-of-flight mass spectrometry gave a main peak
with a molecular weight of 2887.5 (the calculated weight of the
target peptide is 2887.3) and some peaks with much lower
intensities (data not shown). Further purification was not
performed because the insolubility of the peptide makes its
purification difficult. The minor components produce few signals
on NMR spectra; thus, interference with the structural determi-
nation of big-N was unlikely. The big-N peptide powder was
added to aqueous buffer (components described below), and the
mixture was sonicated for 10 min. After centrifugation at 15000g
for 5 min, the supernatant was used for all experiments. Big-N
concentrations were estimated according to the absorbance
at 280 nm, and the molar extinction coefficient was based on
the number of tyrosine and tryptophan residues in the peptide
(ε=8480 M-1 cm-1) (20).
CD Spectroscopy. All CD spectra were recorded on a Jasco

J-805 spectropolarimeter with a 1.0 mm quartz cell at 30 �C.
Big-Npeptidewas dissolved in aqueous buffer [50mMacetic acid
(pH 3.5), 20 mMNaCl, and 0.3-10 mM SDS or DPC] at a final
concentration of 10 μM. The CD spectra of all samples were
corrected using reference samples of similarly prepared solutions
in the absence of the peptide. Ellipticity was reported as the mean
residue molar ellipticity.
NMR Spectroscopy. Big-N peptide was dissolved in 250 μL

of aqueous buffer [50 mM deuterated acetic acid-d4 (pH 3.5),
20mMNaCl, 100mMdeuterated SDS-d25, and 5 or 100%D2O].

For experiments using paramagnetic probes, 3 mM 16-doxyl-
stearic acid (16-Dox), 0.5 mM MnCl2, or 0.5 mM MnCl2 and
5 mM ethylenediamine-N,N,N0,N0-tetraacetic acid (EDTA)
disodium salt were added to the buffer prior to big-N powder
being dissolved. The NMR sample was centrifuged at 15000g
for 5 min to remove aggregated peptide, and the peptide
concentration of the supernatant was estimated to be 0.30-
0.35 mM. All of the NMR spectra were recorded at 303 K on a
Bruker AV800 spectrometer equipped with a cryogenic probe.
DQF-COSY (21), TOCSY (mixing times of 50 and 75 ms) (22),
and NOESY (60, 80, 100, 120, 140, and 160 ms) (23) spectra
were acquired with solvent suppression using the WATER-
GATE sequence (24). The DQF-COSY spectrum was recorded
with 4096 � 512 data points, and the other spectra were
recorded with 2048� 512 data points and 96 scans. 1H chemical
shifts were directly referenced to the resonance of 2,2-dimethyl-
2-silapentane-5-sulfonate sodium salt. The assignments of
1H resonances of the backbone and the side chains were made
using a series of two-dimensional NMR experiments as de-
scribed previously (25). The 3JHNHR coupling constants derived
from the DQF-COSY spectrum were used for estimation of
dihedral angles (φ) according to the Karplus equation. Further-
more, 1 h after big-N peptide had been dissolved in 100% D2O
buffer, slowly exchanging amide protons were identified from
the TOCSY spectrum. To identify and quantify the signal
attenuation by the paramagnetic probes, TOCSY spectra were
recorded in the absence and presence of the paramagnetic
reagents, and the peak intensities were compared. For severely
overlapped signals, the corresponding data were excluded from
the analysis. All NMR spectra were processed and analyzed
with NMRPipe (26) and Sparky (27).
Structure Calculations. For structure calculations of big-N,

distance restraints were collected from two-dimensional homo-
nuclearNOESY spectra acquired with amixing time of 120ms in
5 or 100%D2O buffer. The assignments ofNOE cross-peaks and
structure calculations were performed iteratively and manually.
The interproton distance (r) was derived from the NOE intensity
(S) with the relationship r= c(S)-6, where c is a coefficient
determined on the basis of NOE corresponding to a known
distance. For the NOESY spectra in a 5%D2O solution, HN(i)-
HR(i - 1)=1.70-3.60 Å and HN(i)-HR(i)=2.70-3.50 Å for
residues in the R-helix; for the NOESY spectra in a 100% D2O
solution, HR-Hβ=2.50-2.70 Å for alanine. A 50% error on the
peak intensities was assumed, and the estimated interproton
distance was used as an upper bound. For all interproton
restraints, the lower bound was set to 1.80 Å. The hydrogen
bonds were identified according to amide protons that exchanged
slowly with the solvent deuterium, and their partners were
assigned on the basis of the early structure calculations. For
hydrogen bonds, distance restraints of 2.30-3.30 and 1.30-
2.30 Å were used for N-O and HN-O atom pairs, respectively.
The restraints for the hydrogen bonds and the dihedral angles
were incorporated into the late stage of structure calculations.
Finally, a simulated annealing protocol was applied using 12000
steps at a high temperature (1000 K) and 8000 steps for the
cooling process. A total of 50 structures were calculated, and the
20 lowest-energy structures were used for calculation of the
energy-minimized average structure. The quality of the obtained
structure was analyzed with MOLMOL (28) and PROCHECK-
NMR (29). Structural figures were generated with MOLMOL.
Detailed experimental data and structural statistics are summar-
ized in Table 1.

1Abbreviations: 16-Dox, 16-doxyl-stearic acid; CD, circular dichro-
ism; DQF-COSY, double-quantum-filtered correlation spectroscopy;
DPC, dodecylphosphocholine; EDTA, ethylenediamine-N,N,N0,N0-tet-
raacetic acid; NMR, nuclear magnetic resonance; NOE, nuclear Over-
hauser enhancement; NOESY, NOE spectroscopy; rmsd, root-mean-
square deviation; SDS, sodium dodecyl sulfate; TOCSY, total correla-
tion spectroscopy.
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RESULTS

CDExperiments. The CD spectrum of big-N in the presence
of SDS showed a negative minimum at 205-220 nm and a
positive ellipticity below 200 nm. These features of the spectra
were enhanced as SDS was added to the solution (Figure 1),
suggesting that big-N peptide becomes more structured in the
presence of SDS. Considering that the spectrum at 10 mM SDS
was essentially superimposed on that at 3.0 mM SDS (data not
shown), the structure formation of big-N reached a plateau below
3.0 mM SDS. Thus, the structure of big-N appears to be induced
in micellar environments and to be in equilibrium at >3.0 mM
SDS.WhenweusedDPC that is amilder detergent than SDS and
has a phosphate headgroup, DPC also induced a similar altera-
tion in the CD spectra in a concentration-dependentmanner, and
the shape of spectrum at 10 mM DPC was identical to that at
1.0 mM SDS (data not shown). Therefore, the R-helix formation
of big-N is not likely to be caused by a simple R-helix-inducing
effect of SDS.

Solution Structure of Big-N in SDS Micelles. The ob-
tained NMR spectra were of sufficient quality to analyze and
calculate the solution structure of big-N (Figure 2). Sequence-
specific assignments for all backbone amide protons were
achieved by using the two-dimensional TOCSY and NOESY
spectra. The assignment of the cross-peaks on the NOESY
spectra showed the presence of secondary structure in the big-
N molecule (Figure 3). Some characteristic NOE connectivities
were detected in the C-terminal half of big-N (residues G10-
A29). The dRN(i,iþ 3) and dRβ(i,iþ 3) patterns distinctly indicate
that the G10-A29 region of big-N adopts a single R-helix
conformation in SDS micelles. This region includes residues
L17-V21 possessing amide protons that exchanged slowly with
the solvent deuterium. In addition, the region of residues Y4-A7
gave an NOE signal that is diagnostic of R-helix formation,
dRβ(i,i þ 3), implying that an additional helical conformation is
present in the N-terminal half of big-N. The N-terminal region,
including this helical conformation, is expected to project away
from the C-terminal R-helix as no long-range NOE was found
between the N-terminal and C-terminal regions (Table 1).

The solution structure of big-N was obtained from structure
calculations using a total of 266NOE-derived distance restraints,
five hydrogen bonds (as 10 distance restraints), and 6 dihedral
angle (φ) restraints (Figure 4A). For the 20 selected conformers
with the lowest energy, residues P11-T27 were relatively well-
defined with a backbone root-mean-square deviation (rmsd) of
0.65 ( 0.22 Å (Table 1). According to the Ramachandran plot,
all residues (except for glycine and proline) were within the

Table 1: Structural Statistics for the 20 Lowest-Energy Structures of Big-N

no. of distance restraints

NOE-derived distance restraints

total 266

intraresidue (|i - j| = 0) 125

sequential (|i - j| = 1) 95

medium-range (|i - j| e 5) 46

long-range (|i - j| > 5) 0

no. of hydrogen bonds (as restraints) 5 (10)

no. of dihedral angle (φ) restraints 6

X-PLOR energies (kJ/mol)

Etotal 55.31 ( 0.27

ENOE 4.88 ( 0.22

Edihedral 0

rmsd from idealized covalent geometry

bonds (Å) 0.002191 ( 0.000047

angles (deg) 0.6039 ( 0.0010

impropers (deg) 0.3848 ( 0.0043

Ramachandran plot (%)

most favored 75.0

additional allowed 23.5

generously allowed 1.5

disallowed region 0

pairwise atomic rmsd (Å)

well-defined region (residues 11-27)

backbone heavy atoms 0.65 ( 0.22

all heavy atoms 0.91 ( 0.21

FIGURE 1: Far-ultraviolet CD spectra of big-N. The spectra of big-N
were recordedat 30 �Cin0.1 (blue), 0.3 (green), and3.0mMSDS(red).

FIGURE 2: Fingerprint region of theNOESY spectrum for big-N in
100 mM SDS-d25. Filled circles indicate the positions of 1HN-1HR

cross-peaks, and straight lines demonstrate the sequential con-
nectivities.

FIGURE 3: Summary of NOE connectivities that are characteristic of
an R-helix structure. NOESY spectra were acquired with a mixing of
120 ms in a 5 or 100% D2O solution. The thickness of the lines
represents the relative intensity of the corresponding NOE cross-
peak; e.g., thick lines indicate relatively strong peaks.A dot under the
amino acid sequence indicates a slowly exchanging amide proton
used as hydrogen bond information in the structure calculation of
big-N.
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allowable regions, with no distance restraints with a violation
value larger than 0.20 Å or dihedral angle restraints with a
violation.

The energy-minimized average structure of big-N peptide
exhibited an R-helix structure spanning residues P11-A28
(Figure 4B). Despite the presence of a glycine residue (G22) in
the middle of the R-helix, the overall helix is straight (Figure 4).
A tryptophan (W14) and a tyrosine (Y16) residue are located in
the N-terminal portion of the helix, and their side chains appear
to be proximal to those of residues V18 and L20, respectively.
An upfield shift of 1H resonance was observed for 1Hγ2 of V18
(0.42 ppm) in the former case, but not in the latter, indicating that
the side chain of W14 is close to that of V18 such that the ring
current effect ofW14 affects the chemical shift ofV18.However the
1H resonances of L20 are not significantly affected by the aromatic
ring of Y16, indicating a large distance between their side chains.

The C-terminal half of big-N peptide forms an R-helix
structure, while the remaining N-terminal region is disordered
except for residues I3-I5, which present some degree of local
convergence (Figure S1 of the Supporting Information).
Although residues I3, Y4, and I5 adopt irregular conformations,
their hydrophobic side chains are directed to one side and
arranged to form a flat surface (Figure 4C), implying an interface
with the hydrophobic core of the SDS micelle.
NMR Experiments Using Paramagnetic Probes. To

identify the interaction of big-N with SDS micelles, the effect
of paramagnetic probes was estimated from two-dimensional
TOCSY spectra with and without 16-Dox, Mn2þ ion, or Mn2þ

and EDTA. EDTA chelates Mn2þ ion to form a Mn(EDTA)2-

complex with a negative charge, thereby preventing electrostatic
interactions between Mn2þ ions and the sulfate groups of SDS
molecules. Cai et al. reported that a similar complex,Ni(EDTA)2-,

FIGURE 4: Solution structure of big-N in 100mMSDS. (A) The backbone traces of the 20 lowest-energy structures are superimposed by using the
backboneatoms (N,CR, andC) for residues 11-27. (B)Ribbon representationof the energy-minimized average structure of big-N. (C) Stereoview
of the energy-minimized average structure of big-N. The side chains mentioned in the text are shown with a ball-and-stick scheme.
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interacts with proteins via electrostatic interactions and induces
signal broadening (30). However, nonspecific contacts between
big-N and the Mn(EDTA)2- complex may be ignored because
big-N has a highly hydrophobic sequence without charged
residues.

In the presence of 3mM16-Dox, the remaining intensity of the
amide cross-peaks is shown in Figure 5A. All residues were
significantly affected by the addition of 16-Dox, and the signal
intensity was decreased to 30% of the original level even in the
cross-peak with the least attenuation. However, many cross-
peaks were barely detectable in a small portion of the N-terminal
half (residues A7 and T8) and the C-terminal half of big-N. On
the other hand, the addition of 0.5 mM Mn2þ ion gave different
results for the remaining intensity plot (Figure 5B). As expected,
the pattern of the plot obtained by the addition of Mn2þ ion
appears to have a complementary relationship to that obtained

by the addition of 16-Dox. Many cross-peaks completely dis-
appeared in the presence ofMn2þ ion, except for residues Y4 and
V13-V18. In this case, the cross-peak of Y4 was observed at a
level comparable to the spectral noise, whereas those derived
from residues V13-V18 were clearly detectable, suggesting that
the V13-V18 region, located in theN-terminal half of theR-helix
structure, is effectively protected fromMn2þ ions. Moreover, the
supplemental EDTA obviously improved the signal survival in
the presence of Mn2þ (Figure 5C). The cross-peaks of residues
A2-G6 and V9-G22 remained at levels more than 50% greater
than the original intensities, while substantial signal suppression
was found for residues A7, T8, and A23-N30. Thus, a portion
around residues I3-I5 also has a tendency to be protected from
Mn2þ ions.

DISCUSSION

CD and NMR analyses using the N-terminal fragment of big
defensin, big-N, showed that the big-N peptide forms a single
R-helix structure, spanning residues P11-A28, in the micellar
environment. A previous study revealed that the N-terminal
domain of the full-length big defensin adopts a compact globular
conformation, including a parallel β-sheet and two R-helices, R1
(residues P11-L21, numbered according to the big-N peptide)
and R2 (residues A23-A28), in the absence of micelles
(Figure 6A) (19). These R1 and R2 helices are connected by a
short loop and make an acute angle. The R1 helix out of the first
β-strand projects away from the β-sheet, while the R2 helix is
oriented toward the β-sheet and followed by the second β-strand.
Thus, the presence of the R1-R2 loop and the β-sheet appears to
contribute to the formation of the globularN-terminal domain of
big defensin. Taken together, these two R-helices of big defensin,
R1 and R2, appear to combine and extend straight in micellar
environments, resulting in a single R-helix corresponding to
the big-N structure resolved in this study (Figure 6B). These
findings support a previous report that the parallel β-sheet in the
N-terminal domain of big defensin is disrupted in the presence

FIGURE 5: Comparison of the effect of paramagnetic probes on big-
N in 100 mM SDS: 3 mM 16-Dox (A), 0.5 mM MnCl2 (B), and
0.5mMMnCl2 and 5mMEDTA(C).The intensity ratio of the cross-
peaks, 1HN-1HR (;O;) and 1HN-1Hβ (---0---), with and without
the paramagnetic probes, is plotted along the amino acid sequence.
The signal with a serious overlap was excluded from the analysis.

FIGURE 6: Conformational change in the N-terminal domain of big
defensin with and without micelles. (A) Close-up view of the
N-terminal domain of big defensin. This structure was determined
in solution without micelles (19). (B) Model illustrating the insertion
of big-N into the target membrane. The location of the residues
mentioned in the text is denoted with dashed lines.
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of micelles (19). Therefore, the structural change in the
N-terminal domain of big defensin described here is not caused
by peptide fragmentation but reflects the essential nature of big
defensin.

NMR experiments using paramagnetic probes elucidated the
location of peptides on the membrane surface. In micellar
systems, signal attenuation induced by 16-Dox or Mn2þ ion
indicates that the corresponding amino acid is buried in the
interior of themicelle or is exposed to solvent, respectively (31). In
our study, the attenuation profile in the presence of 16-Dox or
Mn2þ consistently showed that the N-terminal half of the R-helix
and residues I3-I5 of big-N peptide contact SDS micelles, while
the C-terminal half of the R-helix and residues A7 and T8 are
exposed to solvent (Figure 6B).ResiduesV13-V18, in particular,
exhibited strong exclusion from Mn2þ ions, implying that this
region is completely buried in the interior of the micelle and
interacts with its hydrophobic core. Residues I3-I5 also exhib-
ited a preference for micellar environments rather than the
solvent. However, the signal attenuations of residues I3-I5 upon
addition of Mn2þ ion were significantly smaller than those of
residues V13-V18, and the cross-peaks derived from residues
I3-I5 were hardly detected in the presence of Mn2þ ions alone.
Thus, residues I3-I5 are most likely located in the micellar
interface in which the sulfate groups of SDS molecules are most
frequently found. Considering that the side chains of residues
I3-I5 are arranged as a flat surface, it is likely that they face
the hydrophobic core, whereas the backbone is located in the
interface region.

These micelle and membrane partitioning properties of big-N
peptide are rationally explained by the “interfacial hydrophobi-
city scale” (ΔGIF), which presents the free energies of the transfer
of each amino acid in unfolded peptide from solvent to the
membrane interface (32, 33). According to this scale, hydropho-
bic amino acids such as Ile, Leu, Trp, and Tyr are preferentially
located in the interfacial region rather than in solvent. In addi-
tion, the “octanol-interface scale” (ΔGoct-IF) can estimate the
preference of an amino acid for the hydrophobic core of the
membrane as an R-helix relative to the interface as an unfolded
chain, indicating that aliphatic amino acids such as Ile, Leu, and
Val belong to a group strongly preferring the hydrophobic
core (34). In big-N peptide, those amino acids with a larger
negative value of ΔGIF and ΔGoct-IF are frequently located
in regions that present protection from Mn2þ ions, i.e., residues
I3-I5 and the N-terminal half of the R-helix (Figure S2 of the
Supporting Information). It seems likely that the aromatic
residues, Y4, W14, and Y16, which have a remarkably small
ΔGIF compared with those of other amino acids, predominantly
contribute to the partitioning of big-N to the micellar interface,
while the aliphatic residues around the aromatic residues, I3, I5,
V13, L17, V18, L20, and V21, with a larger negative value of
ΔGoct-IF, induce deeper penetration into the hydrophobic core of
the micelle. In addition, residues V13, W14, Y16, L17, V18, L20,
and V21 are located on one face of the R-helix to form a surface
favorable for making contacts with the hydrophobic core of the
membrane (Figure 4C). Taken together, the N-terminal half of
the R-helix dips in the membrane interior through membrane-
preferring residues, whereas the C-terminal half is exposed to
solvent (Figure 6B).

Antimicrobial peptides with penetration behavior similar to
that of big-N are produced by lactic acid bacteria, and they are
termed pediocin-like bacteriocins (10, 11). Pediocin-like bacter-
iocins have an R-helix followed by an extended C-terminal tail

that folds back onto the R-helix, thereby creating a hairpinlike
structure penetrating into the hydrophobic core of the mem-
brane. The association between the hairpinlike structure and
the membrane plays an essential role in the antimicrobial
activities of the bacteriocins, as the region of the hairpinlike
structure determines the target specificity and bactericidal
activity (13, 35). In addition, the oblique insertion of the R-
helix contributes to destabilization of the membrane structure
and an increase in the extent of permeabilization (13, 36). In
the case of big-N, the R-helix inserts into the membrane with a
dipping N-terminal edge, whereas residues A7 and T8 leading
to the R-helix are exposed to solvent (Figure 6B). This
membrane integration topology of big-N implies the presence
of a hairpin-like or turn conformation in the N-terminus, and
not in the C-terminus, of the R-helix. Thus, the insertion of the
R-helix into the target membrane might be involved in the
antimicrobial activity of big defensin against Gram-positive
bacteria. Although further experimental evidence is needed to
completely understand the bactericidal action of big defensin,
this study proposes a novel model by which big defensin
suppresses Gram-positive pathogens: big defensin dramati-
cally changes its N-terminal structure to provide a scaffold for
associating with the target membrane.

SUPPORTING INFORMATION AVAILABLE

Local rmsd plot for the backbone atoms of the 20 selected
structures of big-N and plot of the free energies for transferring
amino acids from the solvent to the membrane interface and
from the interface to the hydrophobic core of the membrane.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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31. Damberg, P., Jarvet, J., and Gräslund, A. (2001) Micellar systems as
solvents in peptide and protein structure determination. Methods
Enzymol. 339, 271–285.

32. Wimley, W. C., and White, S. H. (1996) Experimentally determined
hydrophobicity scale for proteins atmembrane interfaces.Nat. Struct.
Biol. 3, 842–848.

33. White, S. H., and Wimley, W. C. (1998) Hydrophobic interactions of
peptides with membrane interface. Biochim. Biophys. Acta 1376, 339–
352.

34. White, S. H. (2003) Translocons, thermodynamics, and the folding of
membrane proteins. FEBS Lett. 555, 116–121.

35. Johnsen, L., Fimland, G., and Nissen-Meyer, J. (2005) The C-termial
domain of pediocin-like antimicrobial peptides (class IIa bacteriocins)
is involved in specific recognition of the C-terminal part of cognate
immunity proteins and in determining the antimicrobial spectrum.
J. Biol. Chem. 280, 9243–9250.

36. Bennik,M.H. J., Vanloo, B., Brasseur, R., Gorris, L.G.M., and Smid,
E. J. (1998) A novel bacteriocin with a YGNGVmotif from vegetable-
associated Enterococcus mundtii: Full characterization and interaction
with target organisms. Biochim. Biophys. Acta 1373, 47–58.


