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ARTICLE INFO ABSTRACT

Article history:

Sarcotoxin IA is a 39-residue cecropin-type peptide from Sarcophaga peregrina. This peptide exhibits anti-
bacterial activity against Gram-negative bacteria through its interaction with lipid A, a core component of
lipopolysaccharides. To acquire detailed structural information on this specific interaction, we performed
NMR analysis using bacterially expressed sarcotoxin IA analogs with '>C- and '>N-labeling along with

Received 20 December 2012
Available online 10 January 2013

Keywords: lipid A-embedding micelles composed of dodecylphosphocholine. By inspecting the stable isotope-
NMR assisted NMR data, we revealed that the N-terminal segment (Leu3-Arg18) of sarcotoxin IA formed an
;‘iﬁ)gxin amphiphilic o-helix upon its interaction with the aqueous micelles. Furthermore, chemical shift pertur-
Antimicrobial peptide bation data indicated that the amino acid residues displayed on this a-helix were involved in the specific
Cecropin interaction with lipid A. On the basis of these data, we successfully identified Lys4 and Lys5 as key res-
Micelles idues in the interaction with lipid A and the consequent antibacterial activity. Therefore, these results

provide unique information for designing chemotherapeutics based on antibacterial peptide structures.
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1. Introduction

Antimicrobial peptides are essential for the innate immune sys-
tems of all life forms. These peptides are supposed to kill target
cells by disrupting the ordered structures of their cell membranes,
resulting in the permeabilization of target cells [1]. The broad-
spectrum antimicrobial activities of these peptides have potential
medicinal applications [2]. In this context, detailed understanding
of the structure-activity relationships of these peptides is essential
for developing them into novel chemotherapeutics that can be
used as substitutes for traditional antibiotics. In particular, it is
considerably desirable to elucidate the modes of interaction be-

Abbreviations: CD, circular dichroism; DPC, dodecylphosphocholine; HSQC,
heteronuclear single-quantum coherence; LPS, lipopolysaccharide; NMR, nuclear
magnetic resonance.
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tween antimicrobial peptides and membrane components, specifi-
cally those displayed on target cells.

Lipid A is the lipophilic part of lipopolysaccharide (LPS) and is a
major component of the outer membrane of Gram-negative bacte-
ria. It consists of two glucosamine units with free phosphate
groups that are linked to six acyl chains. Lipid A can be a recogni-
tion target of the complex of Toll-like receptor 4, MD-2, and CD14
in the innate immune system [3]. It can also serve as a target for
antibacterial peptides [4] and C-type lectins [5].

Sarcotoxin IA is a cecropin-type antibacterial peptide produced
by the larvae of the flesh fly Sarcophaga peregrina. It consists of 39
amino acid residues and specifically interacts with LPS and thereby
exhibits antibacterial activity against Gram-negative bacteria [6]. A
common feature of most insect cecropins is the presence of a tryp-
tophan residue at position 1 or 2 and an amidated C-terminus. The
N-terminal half of sarcotoxin IA is rich in positively charged or
hydrophobic amino acid residues, whereas the C-terminal half is
predominantly hydrophobic [6]. It was previously reported that
sarcotoxin IA interacts with liposomes containing acidic phospho-
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lipids, whereas its interactions with liposomes composed of phos-
phatidylcholine, a neutral phospholipid, were very weak [7]. Fur-
thermore, the N-terminal dipeptide of sarcotoxin IA was
demonstrated to be essential for its binding to lipid A and the con-
sequent antibacterial activity [8].

Several attempts have been made to elucidate the molecular
mechanisms responsible for LPS-specific membrane binding of sar-
cotoxin IA based on structural aspects. Circular dichroism (CD)
data indicated that sarcotoxin IA is largely unstructured in aqueous
solution, whereas it adopts an a-helical conformation under mem-
brane-mimetic conditions [9]. '"H NMR study demonstrated that
sarcotoxin IA forms two discontinuous o-helices (Leu3-GIn23
and Ala28-Ala38) separated by a hinge segment in methanol solu-
tion [10]. However, no structural details are currently available for
sarcotoxin IA bound to lipid A, primarily because conventional
NMR analyses have been hindered by the considerable molecular
sizes of their complexes in membrane-mimetic systems.

In the present study, we characterized the interaction between
uniformly '3C- and '>N-labeled sarcotoxin IA and lipid A embedded
in aqueous micelles by solution NMR spectroscopy. On the basis of
chemical shift perturbation data, we successfully identified key
residues involved in lipid A-binding and the consequent antibacte-
rial activity.

2. Materials and methods
2.1. Preparation of sarcotoxin IA

Wild-type sarcotoxin IA with an amidated C-terminus was
chemically synthesized by a solid phase method. Recombinant sar-
cotoxin IA was expressed and purified as an ubiquitin extenstion.
cDNA encoding sarcotoxin IA was obtained by gene synthesis
(Eurofins MWG Operon). A plasmid vector containing the sarcotox-
in IA gene was constructed and cloned as a fusion protein with
hexahistidine-tagged ubiquitin (Hisg-Ub) using a pET28a(+) vector
(Novagene), which was transformed into Escherichia coli strain
BL21-CodonPlus (Stratagene). Transformed bacteria were grown
at 37°C in Luria-Bertani (LB) medium containing 15 pg/ml of
kanamycin. To produce isotopically labeled sarcotoxin IA peptides,
cells were grown in M9 minimal medium containing [>N]NH4CI
(1 g/L) and/or [U-3Cg]glucose (2 g/L).

Protein expression was induced by adding 0.5 mM isopropyl-B,-
thiogalactopyranoside (IPTG) when absorbance reached 0.8 at
600 nm. After 4 h, cells were harvested, suspended in buffer A
(50 mM Tris-HCl, 150 mM NacCl, pH 8.0) containing 4-(2-amino-
ethyl) benzenesulfonyl fluoride hydrochloride, and subsequently
disrupted by sonication. After centrifugation, Hisg-Ub-sarcotoxin
IA was purified using a TALON affinity column (GE Healthcare).
The expression and purification of recombinant glutathione S-
transferase (GST)-tagged yeast ubiquitin hydrolase-1 (YUH-1)
were performed as described previously [11].

Recombinant sarcotoxin IA peptide was enzymatically cleaved
from Hisg-Ub by incubation with GST-YUH-1 for 1 h at 37°C at a
molar ratio of Hisg-Ub-sarcotoxin IA:GST-YUH1 = 10:1. Recombi-
nant sarcotoxin IA peptide cleaved from the ubiquitin moiety
was purified by reverse-phase chromatography using a C8 column
(Sunniest C8, CronTech) with a linear acetonitrile gradient. The
fraction containing recombinant sarcotoxin IA was collected and
lyophilized.

Site-directed mutagenesis was conducted using standard PCR
and genetic engineering techniques to produce sarcotoxin IA mu-
tants. The mutations were confirmed by DNA sequencing using
an ABI 3100x! genetic analyzer. Mutated sarcotoxin IA peptides
were expressed and purified using the protocol for unmutated sar-
cotoxin IA peptide. Recombinant sarcotoxin IA and its mutants

were dissolved at an approximate concentration of 2 mM in 0.1%
(v/v) ammonia solution.

2.2. Preparation of micelles

Powdered lipid A, the diphosphoryl from E. coli F583, (Rd mu-
tant) was purchased from Sigma-Aldrich. Perdeuterated dodecyl-
phosphocoline (DPC) was purchased from Cambridge Isotope
Laboratories. DPC was dissolved at a concentration of 80 mM in
PBS (pH 7.0). Powdered lipid A was suspended at a concentration
of 2mM in 80 mM DPC micelle solution in PBS (pH 7.0) and
vortexed.

2.3. NMR measurements

NMR spectral measurements were made using a Bruker
DMX500 spectrometer equipped with a cryogenic probe. The probe
temperature was set at 37 °C or 10 °C for spectral measurements of
recombinant sarcotoxin IA in the presence or absence of micelles,
respectively. Recombinant sarcotoxin IA that was isotopically la-
beled was dissolved at a concentration of 0.2 mM in PBS (pH 7.0)
containing 10% (v/v) ?H,0 with and without 8 mM DPC micelles
containing 0.2 mM lipid A. NMR spectra were processed and ana-
lyzed with the program nmrPipe/Sparky. 'H chemical shifts were
referenced to external 2,2-dimethyl-2-silapentane-5-sulfonic acid
(DSS), while '3C and '°N chemical shifts were indirectly referenced
to DSS using the absolute frequency ratios. Secondary structural
elements were identified based on the backbone chemical shifts
using the programs TALOS [12] and CSI [13].

2.4. CD measurements

Sarcotoxin IA solution was prepared at 50 M of peptide con-
centration in PBS (pH 7.0) with and without 2 mM DPC micelles
containing 50 uM lipid A. The CD spectra of sarcotoxin IA were
measured at 37 °C on a Jasco J-725 apparatus using a 1.0-mm path
length quartz cell. The average of six scans was determined for
each sample from which the average of blank spectra was
subtracted.

2.5. Tryptophan fluorescence

Fluorescence emission spectra of sarcotoxin IA peptides were
measured at 37 °C on a HITACHI F-2700 apparatus using an excita-
tion wavelength of 280 nm and scanning from 290 to 500 nm. Sar-
cotoxin IA solution was prepared at 5 1M of peptide concentration
in PBS (pH 7.0) with and without 0.2 mM DPC micelles containing
5 uM lipid A.

2.6. Antibacterial activity assay

The antibacterial activity of a test sample was assayed colori-
metrically as described by Yajko et al. [14]. Briefly, E. coli BL21 cells
were grown in LB medium to the middle of the exponential growth
phase. Cells were placed in experimental tubes up to a concentra-
tion of 10° cells/ml and incubated with wild-type sarcotoxin IA and
its analogs (5 nM-100 uM) for 4 h at 37 °C in the presence of an
Alamar Blue solution (AbD Serotec). Bacterial growth was deter-
mined by spectrophotometry according to the manufacturer’s
instructions.

3. Results and discussion

For detailed characterizations of the interaction between sarco-
toxin IA and lipid A, we prepared isotope-labeled sarcotoxin IA as a
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recombinant peptide. For bacteria to express antibacterial pep-
tides, their lethal effects towards host cells must be masked by
protein fusion. With regard to the expression of recombinant sar-
cotoxin IA in E. coli cells, GFP, GST, and obelin have been attempted
to be used as fusion partners, which could be chemically cleaved by
cyanogen bromide [15]. We chose Hisg-Ub as fusion partner, which
could be enzymatically cleaved by YUH-1 because this strategy
was successfully used to prepare isotopically labeled amyloid B
peptides for NMR measurements [11,16]. By employing the Hisg-
Ub-fusion expression system, the final yield of sarcotoxin IA
(approximately 2 mg from 11 of cell culture in M9 minimal med-
ium) was significantly improved as compared with yields in previ-
ous reports (e.g., final yield of approximately 0.5 mg sarcotoxin IA
when bacterially expressed as a GFP-fusion in terrific broth med-
ium) [15,17].

The released recombinant sarcotoxin IA peptide without C-ter-
minal amidation and synthetic wild-type peptide exhibited almost
identical CD and fluorescence spectra in the presence and absence
of DPC micelles that contained lipid A (Supplementary Figs. 1 and
2) and were equivalent in terms of their antibacterial activity
against E. coli (Fig. 1). These results were consistent with those in
a previous report [18]. Hereafter, recombinant sarcotoxin IA lack-
ing C-terminal amidation is simply referred to as sarcotoxin IA.

Using the isotope-labeled sarcotoxin IA, we attempted to per-
form heteronuclear NMR analyses to characterize its interaction
with lipid A. Lipid A and lipid A/phospholipid mixtures form large
aggregates, which preclude detailed NMR analyses due to severe
line broadening resulting from slower molecular tumbling,
although CD data indicated that sarcotoxin IA adopts an a-helical
structure upon its binding to a lipid A aggregate [9]. To resolve this
difficulty, we used DPC/lipid A mixed micelles as small mimics of
lipid A-containing membranes.

In general, these aqueous micelles exhibit high mobility in solu-
tion, enabling high-resolution NMR spectral analyses [19]. We
compared the HSQC spectra of sarcotoxin IA in the presence of
DPC micelles with and without lipid A (Fig. 2A). Spectral assign-
ments were made for the backbone chemical shifts of '*C and
15N as well as for 'H in the free and micelle-bound states, as sum-
marized in Supplementary Table 1.

100 1

Antibacterial activity [%]

0.01 0.1 1 10 100
Peptides [uM]

Fig. 1. Antibacterial activities of sarcotoxin IA and its mutants against E. coli cells.
Antibacterial activity was examined using an Alamar Blue assay. The percent
antibacterial activity is plotted against the peptide concentration: open circle, wild-
type sarcotoxin IA with an amidated C-terminus; filled square, recombinant
sarcotoxin IA lacking C-terminal amidation; open triangle, recombinant K4A
mutant; and filled triangle, recombinant K5A mutant.

These spectral data revealed that sarcotoxin IA formed an a-he-
lix at its Leu3-Arg18 segment upon binding to micelles, whereas
the C-terminal segment, which forms an o-helix in methanol,
was unstructured even in the presence of DPC/lipid A mixed mi-
celles. This was consistent with the a-helix content (40%) esti-
mated from CD data (Supplementary Fig. 1). Furthermore, lipid A
embedded in micelles induced larger chemical shift perturbations
[(0.04A5,2 + A,2)"/* > 0.06 ppm] in the peaks originating from
the amino acid residues Leu3, Lys4, Lys5, lle10, Glu11, and Gly14,
which are located in the a-helix (Fig. 2B). Significant chemical shift
changes were also observed for the indole NH group of Trp2.

These data indicated that the N-terminal a-helix was involved
in the specific interaction with lipid A in the membrane environ-
ment. Taran et al. previously reported that an N-terminal peptide
analogue (Gly1-Arg18) corresponding to the o-helix segment of
sarcotoxin IA identified in the present study exhibited antibacterial
activity [20].

The observed chemical shift perturbations were mapped onto
the helical wheel model of the N-terminal a-helix of sarcotoxin
IA, which exhibited a typical amphipathic helical structure
(Fig. 2C). These results indicated that not only the residues in con-
tact with the hydrophobic environment but also the charged resi-
dues, particularly Lys4 and Lys5 displayed on the hydrophilic face,
were involved in the interaction with lipid A. Based on the NMR
structure of another cecropin-like antibacterial peptide, papiliocin
[21], the distance between the side-chain amino groups of Lys6
and Lys7 was estimated to be approximately 14 A. This was
intriguingly in a good agreement with the distance between the
two phosphate groups of lipid A, suggesting specific electrostatic
interactions between the two lysine residues.

To test the functional importance of these lysine residues, we
prepared sarcotoxin IA mutants with substitutions of Lys4 or
Lys5 with alanine and examined their antibacterial activities using
E. coli cells as the target. As shown in Fig. 1, while bacterial growth
was almost inhibited in the presence of 50 M wild-type sarcotox-
in IA, appreciable antibacterial activity was not detected with
either the K4A or K5A mutant, indicating that these lysine residues
along with the N-terminal dipeptide are indispensable for the anti-
bacterial function of sarcotoxin IA. This was consistent with previ-
ous observations that removal of the Leu3-Lys4 dipeptide from
sarcotoxin IA resulted in a 10-fold decrease in its antibacterial
activities against E. coli [18], although this deletion may have
caused a destabilization of the N-terminal o-helix [2].

Our findings provide information on the spatial arrangements of
pharmacophores that are crucial for specific interactions with lipid
A for designing novel chemotherapeutics based on these antibacte-
rial peptide structures.

The present data provide new insights into the interaction be-
tween lipid A and sarcotoxin IA. However, they raise questions
regarding the mechanistic processes on specific membrane envi-
ronments for binding coupled with a conformational transition of
antibacterial peptides, which leads to the formation of aggregates.
Stopped-flow data for the interaction of sarcotoxin IA with lipid A
aggregates indicated that Trp2 anchoring in the hydrophobic envi-
ronment preceded o-helix formation [9]. In contrast, increasing
evidence indicates that specific glycolipid clusters on cell mem-
branes provide unique platforms for specific binding leading to
abnormal aggregations of a variety of intrinsically disordered pro-
teins associated with neurodegenerative disorders, such as amy-
loid B and o-synuclein [22-24]. These proteins form initial
encounter complexes with the carbohydrate moieties of glycolip-
ids and subsequently reside on the hydrophilic/hydrophobic inter-
faces of glycolipid clusters [11,16,25]. They ultimately undergo
intermolecular interactions that lead to their aggregation. The sizes
and curvatures of glycolipid clusters as well as their protein densi-
ties can be determining factors for these molecular processes.
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Fig. 2. (A) 'H-"°N HSQC spectra of sarcotoxin IA in the presence of DPC micelles with (black) and without (red) lipid A. (B) Plots of the chemical shift differences of the
backbone amide peaks of sarcotoxin IA in the presence of DPC micelles with and without lipid A. These data were based on the equation (0.04Ad. + Ad,p )”2, where Ady and
Ady are the changes in nitrogen and proton chemical shifts, respectively. For Trp2, the indol "H-">N HSQC peak was used as a spectroscopic probe (grey bar) instead of the
backbone amide peak, which was not detectable. The primary structure of a sarcotoxin IA peptide with a cylinder indicating the a-helical regions is shown in the upper part of
the plots. The asterisk indicates the amino acid residues that did not exhibit observable peaks in the spectrum. (C) Wheel projection of the o-helix (Trp2-Asp19) of sarcotoxin
[A: circle, hydrophilic residue; square, nonpolar residue; triangle, potentially negative charged residue; and pentagon, potentially positively charged residue. The values for
chemical shift differences are mapped on the wheel projection with a linear color gradient; the scale is from 0 (white) to 0.1 ppm (red). His16 was indicated with grey
pentagon because its HSQC peak was not detected.

Thus, it would be interesting to delineate the similarities and tive disorder-related proteins. Systematic NMR analyses using
differences of the molecular assembly processes in membrane well-designed membrane mimics will prove to be important sub-
environments between antibacterial peptides and neurodegenera- jects for the forthcoming stage of this line of research, which
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should provide key clues for a detailed understanding of these
molecular events.

Acknowledgments

We wish to acknowledge Dr. Hirokazu Yagi (Nagoya City Univer-
sity) for the useful discussions. We thank Ms. Kiyomi Senda, Ms.
Kumiko Hattori (Nagoya City University), and Ms. Yukiko Isono (Na-
tional Institutes of Natural Sciences) for their help with the prepara-
tion of recombinant peptides. The analyses in this study were
performed, in part, using equipments in the Functional Genomics
Facility at the National Institute for Basic Biology and the Instrument
Center at Institute for Molecular Science. This work was supported in
part by Grants-in-Aid for Scientific Research on Innovative Areas
(20107004) and for Research Activity Start-up (23870043) from
the Ministry of Education, Culture, Sports, Science and Technology
of Japan. P. B. is a recipient of a JENESYS Programme and JSPS Invita-
tion Program for East Asian Young Researchers.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.01.009.

References

[1] Y. Li, Q. Xiang, Q. Zhang, Y. Huang, Z. Su, Overview on the recent study of
antimicrobial peptides: origins, functions, relative mechanisms and
application, Peptides 37 (2012) 207-215.

[2] H. Saido-Sakanaka, J. Ishibashi, E. Momotani, F. Amano, M. Yamakawa, In vitro
and in vivo activity of antimicrobial peptides synthesized based on the insect
defensin, Peptides 25 (2004) 19-27.

[3] K. Miyake, Innate recognition of lipopolysaccharide by CD14 and toll-like
receptor 4-MD-2: unique roles for MD-2, Int. Immunopharmacol. 3 (2003)
119-128.

[4] T. Koprivnjak, A. Peschel, Bacterial resistance mechanisms against host defense
peptides, Cell. Mol. Life Sci. 68 (2011) 2243-2254.

[5] T. Miki, O. Holst, W.D. Hardt, The Bactericidal Activity of the C-type Lectin
Reglllbeta against Gram-negative Bacteria involves Binding to Lipid A, ]. Biol.
Chem. 287 (2012) 34844-34855.

[6] M. Okada, S. Natori, Primary structure of sarcotoxin I, an antibacterial protein
induced in the hemolymph of Sarcophaga peregrina (flesh fly) larvae, J. Biol.
Chem. 260 (1985) 7174-7177.

[7] Y. Nakajima, X.M. Qu, S. Natori, Interaction between liposomes and sarcotoxin
IA, a potent antibacterial protein of Sarcophaga peregrina (flesh fly), J. Biol.
Chem. 262 (1987) 1665-1669.

[8] K. Okemoto, Y. Nakajima, T. Fujioka, S. Natori, Participation of two N-terminal
residues in LPS-neutralizing activity of sarcotoxin IA, ]J. Biochem. 131 (2002)
277-281.

[9] K. Yamaguchi, K. Okemoto, T. Iguchi, S. Natori, K. Kato, Analyses of the
interaction between Lipid A and an antibacterial peptide, sarcotoxin IA, Pept.
Sci. 2003 (2004) 21-22.

[10] H.Iwai, Y. Nakajima, S. Natori, Y. Arata, I. Shimada, Solution conformation of an
antibacterial peptide, sarcotoxin IA, as determined by 'H NMR, Eur. J. Biochem.
217 (1993) 639-644.

[11] M. Yagi-Utsumi, K. Matsuo, K. Yanagisawa, K. Gekko, K. Kato, Spectroscopic
characterization of intermolecular interaction of amyloid g promoted on GM1
micelles, Int. ]. Alzheimers Dis. 2011 (2010) 925073.

[12] G. Cornilescu, F. Delaglio, A. Bax, Protein backbone angle restraints from
searching a database for chemical shift and sequence homology, ]. Biomol.
NMR 13 (1999) 289-302.

[13] D.S. Wishart, B.D. Sykes, The '*C chemical-shift index: A simple method for the
identification of protein secondary structure using '>C chemical-shift data, J.
Biomol. NMR 4 (1994) 171-180.

[14] D.M. Yajko, J.J. Madej, M.V. Lancaster, C.A. Sanders, V.L. Cawthon, B. Gee, A.
Babst, W.K. Hadley, Colorimetric method for determining MICs of
antimicrobial agents for Mycobacterium tuberculosis, ]J. Clin. Microbiol. 33
(1995) 2324-2327.

[15] V.S. Skosyrev, E.A. Kulesskiy, A.V. Yakhnin, Y.V. Temirov, L.M. Vinokurov,
Expression of the recombinant antibacterial peptide sarcotoxin IA in
Escherichia coli cells, Protein Expr. Purif. 28 (2003) 350-356.

[16] M. Utsumi, Y. Yamaguchi, H. Sasakawa, N. Yamamoto, K. Yanagisawa, K. Kato,
Up-and-down topological mode of amyloid B-peptide lying on hydrophilic/
hydrophobic interface of ganglioside clusters, Glycoconj. J. 26 (2009) 999-
1006.

[17] R. Aly, D. Granot, Y. Mahler-Slasky, N. Halpern, D. Nir, E. Galun, Saccharomyces
cerevisiae cells harboring the gene encoding sarcotoxin IA secrete a peptide
that is toxic to plant pathogenic bacteria, Protein Expr. Purif. 16 (1999) 120-
124.

[18] Z.Q. Li, RB. Merrifield, .A. Boman, H.G. Boman, Effects on electrophoretic
mobility and antibacterial spectrum of removal of two residues from synthetic
sarcotoxin IA and addition of the same residues to cecropin B, FEBS Lett. 231
(1988) 299-302.

[19] L. Poppe, H. van Halbeek, D. Acquotti, S. Sonnino, Carbohydrate dynamics at a
micellar surface. GDla headgroup transformations revealed by NMR
spectroscopy, Biophys. J. 66 (1994) 1642-1652.

[20] S.A. Taran, T.Z. Esikova, L.G. Mustaeva, M.B. Baru, B. Alakhov Iu, Synthesis and
antibacterial activity of analogues of the N-terminal fragment of the sarcotoxin
IA antimicrobial peptide, Bioorg. Khim. 28 (2002) 396-401.

[21] J.K. Kim, E. Lee, S. Shin, KW. Jeong, ].Y. Lee, S.Y. Bae, S.H. Kim, J. Lee, S.R.
Kim, D.G. Lee, ].S. Hwang, Y. Kim, Structure and function of papiliocin
with antimicrobial and anti-inflammatory activities isolated from the
swallowtail butterfly, Papilio xuthus, ]J. Biol. Chem. 286 (2011) 41296-
41311.

[22] M. Yagi-Utsumi, T. Kameda, Y. Yamaguchi, K. Kato, NMR characterization of
the interactions between lyso-GM1 aqueous micelles and amyloid B, FEBS Lett.
584 (2010) 831-836.

[23] K. Yanagisawa, Pathological significance of ganglioside clusters in Alzheimer’s
disease, J. Neurochem. 116 (2011) 806-812.

[24] ]J. Fantini, N. Yahi, Molecular insights into amyloid regulation by membrane
cholesterol and sphingolipids: common mechanisms in neurodegenerative
diseases, Expert Rev. Mol. Med. 12 (2010).

[25] T. Yamaguchi, T. Uno, Y. Uekusa, M. Yagi-Utsumi, K. Kato, Ganglioside-
embedding small bicelles for probing membrane-landing processes of
intrinsically disordered proteins, Chem. Commun. 49 (2013) 1235-1237.


http://dx.doi.org/10.1016/j.bbrc.2013.01.009

	Stable isotope-assisted NMR characterization of interaction between lipid A and sarcotoxin IA, a cecropin-type antibacterial peptide
	1 Introduction
	2 Materials and methods
	2.1 Preparation of sarcotoxin IA
	2.2 Preparation of micelles
	2.3 NMR measurements
	2.4 CD measurements
	2.5 Tryptophan fluorescence
	2.6 Antibacterial activity assay

	3 Results and discussion
	Acknowledgments
	Appendix A Supplementary data
	References


