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ABSTRACT: Designing peptides that would interact with lipopolysaccharides (LPS) and acquire a specific
folded conformation can generate useful structural insights toward the development of anti-sepsis agents.
In this work, we have constructed a 12-residue linear peptide, YW12, rich in aromatic and aliphatic amino
acid residues with a centrally located stretch of four consecutive positively charged (KRKR) residues. In
absence of LPS, YW12 is predominantly unstructured in aqueous solution. Using transferred nuclear
Overhauser effect (Tr-NOE) spectroscopy, we demonstrate that YW12 adopts a well-folded structure as
a complex with LPS. Structure calculations reveal that YW12 assumes an extended conformation at the
N-terminus followed by two consecutiveâ-turns at its C-terminus. A hydrophobic core is formed by
extensive packing between number of aromatic and nonpolar residues, whereas the positively charged
residues are segregated out to a separate region essentially stabilizing an amphipathic structure. In anin
Vitro LPS neutralization assay using NF-κB induction as the readout, YW12 shows moderate activity
with an IC50 value of∼10 µM. As would be expected, tryptophan fluorescence studies demonstrate that
YW12 shows selective interactions only with the negatively charged lipid micelles including sodium
dodecyl sulfate (SDS), 1-palmitoyl-2-oleoylphosphatidyl-DL-glycerol (POPG), and LPS, and no significant
interactions are detected with zwitterionic lipid micelles such as dodecyl-phosphocholine (DPC). Far-UV
CD studies indicate the presence ofâ-turns orâ-sheet-like conformations of the peptide in negatively
charged micelles, whereas no structural transitions are apparent in DPC micelles. These results suggest
that structural features of YW12 could be utilized to develop nontoxic antisepsis compounds.

Lipopolysaccharide (LPS)1, also called endotoxin, is a
major constituent of the outer membrane of Gram negative
bacteria (1). LPS is released into systemic circulation, either
because of invasion of Gram negative bacteria or as a
consequence of intensive antimicrobial chemotherapy of
severe microbial infections (2, 3). Circulating LPS in the
blood stream is recognized by the phagocytic cells, mono-
cytes, and macrophages of the innate immune system of the
host. Once induced by LPS, these phagocytes secrete

proinflammatory cytokines, important among which are
tumor necrosis factor-R (TNF-R), interleukin-6 (IL-6), and
interleukin-1â (IL-1â) (4-6). The release of cytokines in
response to pathogenic invasion is a natural function of innate
immune defense. However, an uncontrolled and overwhelm-
ing production of these cytokines may lead to constellation
of symptoms termed endotoxic shock or septic shock,
characterized by endothelial damage, loss of vascular tone,
coagulopathy, and multiple system organ failure, frequently
resulting in death (7, 8). LPS mediated activation of
macrophages and concomitant overproduction of tissue-
damaging cytokines are a complex cascade of events. At the
molecular level, LPS, upon release into blood, is recognized
by a serum protein called lipopolysaccharide binding protein
or LBP. The LBP/LPS complex interacts with a receptor,
CD14, at the surface of the macrophage (9, 10). The ternary
complex (LBP/LPS/CD14) activates a Toll-like pattern
recognition receptor (TLR4) that in turn initiates parallel
signaling cascades resulting in over production of inflam-
matory cytokines and reactive oxygen species (11, 12). Septic
shock is the major cause of mortality in the intensive care
unit accounting for 600,000 deaths every year in the United
States alone (13). A potential strategy to overcome sepsis
mediated lethality would be the discovery and development
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of compounds that would bind and sequester LPS, thereby
blocking its interactions with the serum and cellular receptors
(14). LPS binding has been reported for some of the naturally
occurring antimicrobial peptides (15, 16), synthetic amphi-
pathic peptides (17-19), and fragments of LPS binding
proteins (20, 21). However, many of these peptides also exert
toxic effects and therefore are not suitable for clinical use.
For instance, the neurotoxicity and nephrotoxicity of poly-
myxin B, a cyclic cationic decapeptide highly efficient in
detoxifying LPS, limit its application to topical use (22).
Designing synthetic peptides and determining the three-
dimensional structure of peptides in complex with LPS could
provide valuable insights for the development of nontoxic
anti-sepsis compounds. However, the determination of
structure at atomic resolution in complex with LPS remains
a difficult problem because of the aggregation and precipita-
tion of peptides in the presence of LPS (23). In this work,
we have determined the solution conformation of ade noVo
designed 12-residue peptide, YW12, in complex with LPS
by using transferred nuclear Overhauser effect (Tr-NOE),
also termed exchange transferred nuclear Overhauser effect
(Et-NOE), spectroscopy (24, 25). In aqueous solution, free
peptide, YW12, exists in a random coil/disordered state but
undergoes a dramatic structural stabilization as a complex
with LPS. The ensemble of LPS bound conformations of
YW12 derived from Tr-NOE constrains is well converged
with rmsd of 0.2 and 1.2 Å for backbone atoms and all heavy
atoms, respectively. Furthermore, this peptide shows con-
siderable neutralization potency toward LPS. These results
could serve as a starting point for the rational design of novel
antisepsis agents.

MATERIALS AND METHODS

DPC and POPG were obtained from Avanti Polar Lipids
(Alabaster, AL). SDS and LPS were obtained from Sigma
(St. Louis, MO).

Synthesis of Peptide.YW12 (NH2-YVLWKRKRMIFI-
COOH) was synthesized by standard F-moc solid-phase
peptide synthesis method and purified by reversed-phase
HPLC. The molecular weight of the peptide was confirmed
by mass spectrometry.

NMR Spectroscopy.All of the NMR experiments were
carried out on a Bruker DRX 700 or Bruker DRX 600
spectrometer, equipped with cryo-probe and pulse field
gradients. Two-dimensional (2D)1H-1H TOCSY and1H-1H
NOESY spectra were acquired at 70 and 300 ms mixing
times, respectively, for∼1.0 mM free peptide, dissolved in
an aqueous solution containing 10% D2O at pH 4.8. Series
of one-dimensional (1D) proton NMR spectra of YW12, with
a peptide concentration of 0.8 mM, were collected at various
concentrations of LPS ranging from 0.4, 0.8, and 1.6 mg/
mL. Because the polysaccharide moiety of LPS is consider-
ably heterogeneous (1), concentrations of LPS are given in
mass/unit volume. Two-dimensional1H-1H Tr-NOE (24, 25)
spectra were acquired at a peptide/LPS mixture containing
1 mM YW12 peptide and 0.8 mg/mL of LPS at four different
mixing times: 250, 200, 150, and 100 ms. At this concentra-
tion of LPS (0.8 mg/mL), the peptide/LPS complex appears
to be stable over the period of NMR data collection and also
generates a large number of Tr-NOE cross-peaks. At higher
LPS concentrations, the peptide/LPS complex showed a

tendency toward precipitation with increased broadening of
NMR resonances. All experiments were performed at a
temperature of 290 K and pH 4.8 in an aqueous solution.
Tr-NOE experiments were also carried out at pH 6.0;
however, extensive broadening of NMR resonances in the
presence of LPS precludes sequence specific resonance
assignments under such conditions. NMR data processing
and analyses were carried out by Topspin (Bruker) and
Sparky (Goddard, T. D., and Kneller, D. G., University of
California, San Francisco), respectively.

Tr-NOE DriVen Structure Calculations of YW12.Structure
calculations were carried out by using the DYANA program,
version 1.5 (26). Structures were calculated solely on the
basis of the Tr-NOE driven distance restraints obtained from
a Tr-NOESY spectrum recorded at 150 ms mixing time.
Calculations of NOE build up rate as a function of mixing
time indicate that spin diffusion does not contribute to the
observed NOE intensities at 150 ms of mixing time (Figure
1 in the Supporting Information). Dihedral angles or hydro-
gen bond constraints were not used during structure calcula-
tions. Theφ dihedral angles were constrained between-30°
to -180° to maintain good stereochemistry of the calculated
structures. NOE intensities were qualitatively categorized to
strong, medium, and weak and translated to upper bound
distance limits to 2.5, 3.5, and 5.0 Å, respectively. Several
rounds of structure calculations were carried out, and
depending on NOE violations, distance constraints were
adjusted. Of the 100 structures that were generated, 20 lowest
energy structures were kept for analyses. In order to judge
the convergence of the calculated structures, angular order
parameters (S) for the backbone dihedral angles (φ, ψ) were
estimated using the following equation:S) 1/N{(Σ cosRk

(k ) 1 to N))2 + (Σ sin Rk (k ) 1 to N))2}, whereR is φ or ψ, N
represents the total number of lowest energy structures, and
k is 1 toN (27). Scan assume a value between 0 and 1, with
S ) 1 whenφ or ψ has same value in all of the structures,
whereasS ) 0 is indicative of the random distribution of
dihedral angles.

Docking of Peptide to LPS.The Tr-NOE derived structure
of YW12 was docked on to LPS by the program AutoDock
(28). The atomic coordinate of LPS (1QFG), was obtained
from the cocrystal structure of LPS and Fhu A (29). Grid
maps or affinity maps representing LPS were constructed
using 70× 80 × 80 points, with a grid spacing of 0.375 Å,
centered at the H2 atom of the glucosamine II residue of
the lipid moiety. During docking, the peptide YW12 was
used as ligand, and the peptide backbone was kept rigid,
while all of the side chains were defined as flexible. LPS-
YW12 complexes were generated from this starting point
using a Lamarckian genetic algorithm (LGA) with a transla-
tion step of 0.2 Å, a quaternion step of 5 Å, and a torsion
step (tstep) of 5 Å. The number of individuals in the
population changed to 500, and the maximum number of
energy evaluations increased to 15,000,000. One hundred
LGA docking runs were performed. A total of 100 possible
binding conformations were generated and grouped into
clusters based on a 1.0 Å cluster tolerance.

Fluorescence Experiments.The intrinsic tryptophan fluo-
rescence spectra of the peptide were acquired using a Cary
Eclipse fluorescence spectrophotometer (Varian, Inc.) equipped
with dual monochromators. The bandwidths for excitation
and emission were 5 and 10 nm, respectively. Measurements
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were made using a 0.1 cm path length quartz cuvette.
Samples were excited at 295 nm, and emissions were
measured between the 300 and 400 nm range. All fluores-
cence experiments were performed in 10 mM sodium
phosphate buffer at a peptide concentration of 5µM and pH
6.0. Fluorescence emission spectra of YW12 were recorded
as a function of the concentration of lipids (LPS, SDS,
POPG, and DPC). Fluorescence quenching experiments were
performed by stepwise addition of either acrylamide or KI
from a stock solution of 5 M into solution containing 5µM
peptide and saturating concentration of lipid micelles, that
is, 1.2 mM DPC, 1.2 mM POPG, 10 mM SDS, and 40µg/
mL LPS. Diminution of fluorescence intensities were mea-
sured at corresponding emission maxima of the peptide or
peptide/lipid complex. The results of the quenching reactions
were analyzed according to the Stern-Volmer equation,F0/F
) 1 + KSV[Q], where, F0 and F are the fluorescence
intensities at appropriate emission wavelengths in the absence
and presence of quencher, respectively,KSV is the Stern-
Volmer quenching constant, and [Q] is the molar quencher
concentration.

Circular Dichroism Measurements.CD measurements of
YW12 were carried out at a concentration of 10µM in 10
mM phosphate buffer at pH 6.0, at 20°C, either in the
absence or presence of 1.2 mM DPC, 1.2 mM POPG, and
10.0 mM SDS. Measurements were performed using a
Chirascan Circular Dichroism spectrometer (Applied Pho-
tophysics Ltd., UK). Each CD spectrum reflects an average
of three spectra per measurement. Baseline correction was
applied to each spectrum by subtracting from a blank
spectrum of a sample containing all components except
peptide. The far-UV spectra were collected over the range
of 190-230 nm using a 0.01 cm path length sandwich
cuvette. A spectral bandwidth of 1 nm and a time constant
of 1 s were used for all the measurements to improve the
signal-to-noise ratio. CD ellipticity is expressed as molar
ellipticity (θm) in deg cm2 dmol-1.

In Vitro Assay for Quantifying LPS Sequestration by
YW12.The inhibition of induction of NF-κB (a key tran-
scriptional activator of the innate immune system) was
quantified using human embryonic kidney 293 cells cotrans-
fected with TLR4 (LPS receptor), CD14, and MD2 (co-
receptors), available from InvivoGen, Inc. (HEK-Blue, San
Diego, CA), as per protocols provided by the vendor. Stable
expression of secreted alkaline phosphatase (seAP) under
control of NF-κB/AP-1 promoters is inducible by LPS and
extracellular seAP in the supernatant is proportional to NF-
κB induction. seAP was assayed spectrophotometrically using
an alkaline phosphatase specific chromogen at 620 nm using
a rapid throughput, automated protocol employing a Bio-
Tek P2000 liquid handler.

RESULTS

Design of the YW12 Peptide. The construction of the
primary amino acid sequence of the YW12 peptide, YVL-
WKRKRMIFI, is guided by the cocrystal structure of FhuA,
a â-barrel outer membrane protein ofE. coli, with LPS, the
only structure available for a protein-LPS complex (29).
The interfacial residues of FhuA making contacts with LPS
are largely distributed over a number of discontinuous
â-strand segments of the polypeptide chain (29). Therefore,

we have considered residues of FhuA that have intimate
contacts (interatomic distancee 4.0 Å) with the conserved
lipid A moiety of LPS (Figure 1). It is to be noted that the
lipid A moiety is the toxic core of LPS (30), and hence,
residues favorably interacting with lipid A may generate LPS
binding or neutralizing peptide. The crystal structure of the
FhuA/LPS complex shows that the bis-phosphate groups of
lipid A are involved in multiple hydrogen bonds and salt
bridge interactions with a group of four positively charged
residues, K439, K441, R384, and K357 of FhuA (Figure 1).
Interestingly, a structure based alignment, using FhuA
as a template, had previously found four basic residues
consisting either of Arg and/or Lys in the LPS binding
regions from other LPS-interacting proteins (31). This
observation had led to the proposal of a plausible con-
served LPS binding motif that may consist of four positively
charged residues (31). Taken together, the four basic residues,
K5-R6-K7-R8 in the YW12 sequence, correspond to these
four positively charged residues of FhuA that may form a
LPS binding motif. Because of the potential importance of
ionic and hydrogen bond interactions in the stabilization of
peptide/LPS complexes (14, 20), these residues are placed
at the center of the 12-residue sequence of YW12. We
envision that stabilization of the central segment of the
peptide on the negatively charged surface of LPS may
facilitate further insertion of hydrophobic residues located
at the termini of the peptide into the nonpolar core of LPS
micelles.

Apart from ionic and polar interactions, the crystal
structure of FhuA/LPS reveals van der Waals contacts
(interatomic distancee 4.0 Å) between a number of aromatic
and nonpolar residues with the acyl chains of the LPS
molecule (Figure 1). These residues are further divided into

FIGURE 1: Ball and stick representation of the side chains of
interfacial residues of FhuA involved in interactions with the lipid
A moiety of LPS in the cocrystal structure of the FhuA/LPS
complex. The lipid A moiety of LPS is shown in purple. The oxygen
atoms of the phosphate groups of lipid A and the hydroxyl oxygen
atom of the interfacial residue Y284 of FhuA are shown in red.
All nitrogen atoms and all carbon atoms of the side chains of FhuA
are depicted in blue and green, respectively. The coordinate set
1QFG (29) from the Protein Data Bank was used to generate the
diagram.
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two clusters depending on their location on the fatty acyl
chains of LPS. Amino acid residues Y284, L300, V282, and
F235 of FhuA have packing interactions against the lower
part of the alkyl chains of LPS, whereas residues F302, F355,
and F380 of FhuA are in contact with the upper part of the
alkyl chains of the LPS molecule (Figure 1). Within each
cluster, there are residues that have nonbonded contacts
(interatomic distancee 4.0 Å) mediated by the side chains,
for example, residues Y284 and V282 have van der Waals
interactions with residues L300 and F235, respectively. The
first four residues, Y1-V2-L3-W4, at the N-terminus of the
YW12 sequence correspond to the interfacial residues Y284,
V282, L300, and F235 of FhuA, respectively (Figure 1). In
order to incorporate a fluorescence probe, the amino acid
Trp is selected over Phe. In particular, the N-terminal
segment of the YW12 peptide is designed to mimic a native-
like packing between residues Y1 (Y284) and L3 (L300),
and residues V2 (V282) and W4 (F235), which would persist
in a â-sheet-like conformation of the peptide. The high-
affinity interactions of FhuA with LPS may have been
rendered by its extensiveâ-sheet structures in the native state
(29). Furthermore, we have positioned this segment, Y1-
V2-L3-W4, at the N-terminus of YW12 in order to place
residue W4 in close proximity to the central positively
charged cluster because Trp has often been observed adjacent
to the positively charged residues in amino acid sequences
of membrane active antimicrobial peptides (32). At the
C-terminus of YW12, three hydrophobic amino acid
residues, I10-F11-I12, are selected on the basis of the
mutually interacting interfacial residues F302, F355, and
F380 of FhuA (Figure 1). In order to enhance theâ-sheet
forming propensity of the designed sequence, two phenyla-
lanine residues are replaced by theâ-branched residue
isoleucine. It is noteworthy that Ile has a higher pro-
pensity forâ-sheet conformations as compared to Phe in a
membrane environment (33). A Met residue at position 9 is
incorporated to help in unambiguous analysis of NMR
spectra (Vide infra), in view of the fact that side chain
proton resonances, in particular CγH2 and CεH3 groups, of
Met have unique chemical shift values (34). In addition, Met
has also been found in membrane active antimicrobial
peptides, indicating its possible role in interactions with
lipids (35).

LPS Neutralization ActiVity of YW12.We quantified the
LPS-neutralizing activity of YW12 using the inhibition of
the nuclear translocation of NF-kB as the readout. NF-kB is
a key transcriptional activator of the innate immune system,
activating cytokine release that ultimately leads to multiple
organ failure and the shock syndrome. In this assay, the 50%
inhibitory concentration (IC50) of YW12 was found to be
10 µM by standard four-parameter logistic fit (Figure 2),
while that of polymyxin B, used as a reference compound,
was 1.23µM (data not shown). Furthermore, we verified
that the inhibitory activity was a specific consequence of
LPS sequestration because the peptide had no effect on NF-
κB induction stimulated by non-LPS stimuli such as TNF-R
and phorbol esters (data not shown).

NMR Studies of YW12 in Free and in LPS Bound States.
The solution conformation of free YW12 was examined
using 2D 1H-1H nuclear Overhauser effect spectroscopy
(NOESY) and total correlation spectroscopy (TOCSY).
Sequence specific resonance assignments for all the amino

acids are achieved by combined analyses of TOCSY and
NOESY spectra (34) (Figure 3). The NOESY spectra of the
free peptide are predominantly characterized by weak intra-
residue and sequential (CRHi/NHi+1) NOEs between back-
bone proton resonances (Figure 3). There are very few NOEs
correlating backbone to side chain and among side chain
resonances that are particularly notable for the aromatic ring
protons resonating at 6.8-7.5 ppm. The lack of diagnostic
NOEs clearly indicates that the structure of free YW12 is
highly dynamic and does not adopt any preferred conforma-
tion. In order to confirm that the paucity of NOEs was not
due to an unfavorable correlation time (ωτc ∼1.0) of the
molecule, a 2D rotating frame Overhauser effect spectros-
copy (ROESY) experiment was carried out. There were no
additional medium-range or long-range NOEs in the ROESY

FIGURE 2: Inhibition of NF-kB reporter gene induction in HEK-
293 cells stably transfected with the Tlr-4/CD-14/MD-2/NF-kB-
SEAP construct. In a 384-well plate, 105 cells per well were
stimulated with LPS (10 ng/mL) and exposed to graded concentra-
tions of YW12. Alkaline phosphatase activity was spectrophoto-
metrically quantitated after 12 h at 600 nm using a chromogenic
substrate (Invivogen, Inc.). The IC50 of YW12 was computed to
be 10µM by four-parameter logistic curve fitting.

FIGURE 3: Two-dimensional1H-1H NOESY spectrum of YW12
showing NOEs correlating low-field resonances along theω2
dimension and high-field resonances along theω1 dimension. The
sequential NOEs between backbone resonances are marked.
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spectra, suggesting overall flexible conformations of YW12
in the unbound state (data not shown).

Additions of low concentrations of LPS into a solution of
YW12 result in concentration-dependent broadening of many
proton resonances without any significant change in chemical
shifts suggesting a first or intermediate exchange between
free and LPS bound YW12 at NMR time scale (Figure 4A).
At higher concentrations of LPS (peptide/LPS∼1:1), the
peptide/LPS complex showed a strong tendency for precipi-
tation, preventing structural studies under such conditions
(data not shown). The LPS-induced broadening of peptide

resonances prompted us to examine the conformation of the
LPS bound form of YW12 by using Tr-NOE measurements.
Figure 4B (right panel) shows the 2D Tr-NOESY spectrum
of YW12 peptide, correlating low-field proton resonances
(6.7-8.5 ppm) at theω2 dimension with the aliphatic
backbone and side chain proton resonances (4.7-0.68 ppm)
at theω1 dimension. There is a remarkable improvement of
the NOESY spectrum in terms of the number and intensity
of NOE cross-peaks, indicating ordering of the conformation
of the peptide in complex with LPS. The most downfield
shifted NεH proton of W4 shows a number of well-resolved

FIGURE 4: (Panel A) Low-field region of the 1D proton NMR spectra of YW12 as a function of concentrations of LPS: 0 mg/mL (bottom),
0.4 mg/mL (middle), and 0.8 mg/mL (top). An upfield shift of the amide proton resonance of the last residue, I12, is observed possibly
because of a slight change in pH during LPS titration (panel A). (Panel B) Two-dimensional1H-1H Tr-NOESY spectra of YW12 showing
NOEs correlating low-field resonances along theω2 dimension and high-field resonances along theω1 dimension. Tr-NOEs (panel B,
right) involving the W4 NεH proton is compared with that of free YW12. The Tr-NOESY spectra were acquired at a mixing time of 150
ms.
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NOE cross-peaks with the backbone and alkyl side chain
proton resonances from other residues (Figure 4B, left panel).
The large molecular weight aggregates of LPS formed at a
very low concentration (14µg/mL) (36) permit the observa-
tion of Tr-NOE cross-peaks from the bound peptide ligands
with dissociation constants (Kd) in the micromolar range
(37-39). Analyses of Tr-NOE spectra reveal that most of
the backbone/backbone NOEs, that is, CRH/HN or HN/HN,
are sequential (i to i + 1) or medium range (i to i + 2, i +
3) in nature (Figure 5A and B). Apart from these, a large
number of sequential and medium-range side chain/side chain
and side chain/backbone NOEs could be unambiguously
assigned. These NOEs involve the aromatic side chain
protons of residues Y1, W4, and F11 with the aliphatic side
chain protons of residues V2, L3, M9, I10, and I11 (Figure
5B). Few long-range NOEs (i to i + 5) could be unambigu-

ously assigned between aromatic ring protons of W4 with
the CεH3 group, resonating at 2.06 ppm, of the M9 residue
(Figure 5B).

Structure of YW12 Bound to Lipopolysaccharide. A high-
resolution solution structure of YW12 in complex with LPS
has been obtained by using∼120 Tr-NOE driven distance
restraints (Table 1). The backbone dihedral angleφ was
generously relaxed for all of the residues to sample the
allowed region of the Ramachandran map (see Materials and
Methods). No other distance or angular constraints were
taken into account during computations. Figure 6A shows
the superposition of all heavy atoms and backbone atoms
(CR, N, and C′) of the 20 lowest energy structures of YW12.
The LPS bound conformation of YW12 is well defined with
a backbone rmsd of 0.2 Å. The rmsd value for all heavy

FIGURE 5: (Panel A) Two-dimensional1H-1H Tr-NOESY spectrum
showing NOEs between amide protons and aromatic protons.
Only NOEs among amide protons are labeled. The Tr-NOESY
spectra were acquired at a mixing time of 150 ms. (Panel B) Bar
diagram summarizing Tr-NOEs observed for the YW12 peptide in
complex with LPS. The thickness of the bar is proportional to NOE
intensity.

FIGURE 6: (Panel A) Superposition of all heavy atoms of 20 lowest
energy structures and (Panel B) the orientation of side chains of a
representative structure of the YW12 peptide while bound to LPS.
The side chains are depicted as sticks, whereas the backbone is
presented as a ribbon.

Table 1: Summary of Structural Statistics for the 20 Final
Structures of LPS Bound YW12

distance restraints
total 120
intraresidue (i - j ) 0) 0
sequential (|i - j| ) 1) 57
medium-range (2e |i - j| e 4) 59
long-range (|i - j| g 5) 4

angular restraints (Φ) 11
distance restraints violations

number of violations 12
average violation e0.10 Å
maximum violation e0.30 Å

deviation from mean structure (for all residues)
backbone (CR, C′, and N) 0.2 Å
heavy atoms 1.3 Å

Ramachandran plot for the mean structure
% residues in the most favorable
and additionally allowed region

95

% residues in the generously allowed region 5
% residues in the disallowed region 0
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atoms is also restricted to∼1.2 Å (Table 1). The side chain
orientations of most of the hydrophobic and aromatic
residues, in particular residues Y1, V2, L3, W4, M9, and
F11, are very well defined (Figure 6A). However, the side
chains of the four positive charged residues (K5-R6-K7-R8)
appear to be sampling a somewhat larger conformational
space (Figure 6A). This could be attributed to lack of
sufficient NOE constraints for the side chains of the central
charged segment. Figure 6B represents the disposition of side
chains of LPS bound YW12. Strikingly, most of the
hydrophobic and aromatic residues segregate on to one side,
whereas the centrally placed charged residues are directed
at the opposite face of the molecule, essentially giving rise
to an amphipathic structure. The hydrophobic core of LPS
bound YW12 is defined by intimate contacts among the side
chain of residues V2, L3, and W4 from the N-terminus and
the side chain of residues, M9, F11, and I12, from the
C-terminus of YW12 (Figure 6B). The mutual packing of
the side chains of residue W4 and residue M9 plausibly play
an important role connecting the N-terminus hydrophobic
cluster with the C-terminus one. The side chains of residues
Y1 and I10 lay at the top of the hydrophobic surface (Figure
6B). An overall well-defined structure of YW12 in complex
with LPS results from a large number of inter-residue NOE
contacts observed for the nonpolar and aromatic residues
(Figure 7A). In particular, W4 shows as many as 36 inter-
residue NOEs followed by residues V2, L3, F11, and M9
(Figure 7A). Figure 7B shows the angular order parameter
(S) of backbone dihedral angles (φ, ψ) of each residue of
YW12. An S value (see Material and Methods) close to 1

for most of the residues indicates a well-defined backbone
conformation of the peptide in complex with LPS.

The backbone of LPS bound YW12 does not adopt any
common secondary structures such as theR-helix orâ-sheet.
The N-terminus half, residues V2-R6, of YW12 rather
shows a loop or extended conformations; however, two
consecutiveâ-turns are observed at the C-terminus encom-
passing residues K7-I12 (Figure 6B). These type IIIâ-turns
are defined by residues K7-R8-M9-I10 and M9-I10-F11-I12.
The formation ofâ-turns is supported by the diagnostic
backbone NOE patterns typified by strong intensity HN/HN
(i to i + 1) NOEs and medium intensity CRH/HN (i to i +
2) NOEs (34) (Figure 5). In addition, a relatively weak NOE
is observed between the amide protons of residues R8 and
I10, authenticating nucleation of aâ-turn centering residues
R8 and M9 at the C-terminus of YW12 in complex with
LPS. Similar HN/HN (i to i + 2) NOEs could not be detected
between residues M9 and F11 for the secondâ-turn because
of spectral overlap. Interestingly, in all of the calculated
structures, the amide protons of residue I10 and residue I12
have been found to be in close proximity (2.2-2.5 Å) to
the carbonyl oxygen of residues K7 and M9, respectively,
indicating the possibility of hydrogen bond formation (data
not shown). A long-range hydrogen bond interaction has also
been detected in some calculated structures between the
amide proton of residue M9 and the carbonyl oxygen of
residue W4 (data not shown).

A Tr-NOE derived structure of YW12 was docked on to
LPS to obtain a model of the peptide/LPS complex (Figure
8A and B). In the complex, YW12 is found to be aligned
parallel to the plane of the long axis of LPS. The centrally
located basic residues appear to form a number of salt bridges
and hydrogen bond interactions primarily with the phosphate
groups attached to the two glucosamines of the lipid A
moiety of LPS (Figure 8A). In particular, theε-amino group
of residue K5 is in close proximity to the phosphate group
located at the O4′ position of glucosamine II, whereas the
phosphate at the O1 position of glucosamine I can potentially
form ionic hydrogen bonds with residues R6 and K7. The
centrally located guanidinium group of R6 is so positioned
as to be able to form string ionic H-bond interactions with
either phosphate group of lipid A (Figure 8A). Close packing
is also observed between aromatic and nonpolar residues,
in particular M9, I10, F11, and I12, from the C-terminal half
of the peptide with the acyl chains of the LPS molecule
(Figure 8B). The indole side chain of W4 is found to be
positioned at the interface between the polar and hydrophobic
layer of LPS (Figure 8B).

Localization of YW12 in Micelles.The interactions of the
peptide with various lipid micelles including SDS, POPG,
LPS, and DPC were investigated utilizing the intrinsic
tryptophan fluorescence of YW12. The tryptophan fluores-
cence of the free peptide shows an emission maximum (λmax)
at ∼355 nm, implying its full exposure to the aqueous
environment. In negatively charged micelles, SDS, LPS, and
POPG, there is a dramatic blue shift (shift toward shorter
wavelength) of theλmax of tryptophan, indicating incorpora-
tion of the peptide into the hydrophobic milieu of the micelles
(Figure 9A) (40). The extent of blue shift is higher for SDS
micelles with an enhancement of fluorescence intensity
followed by LPS and POPG (Table 2). Very interestingly,
there is no significant change in theλmax of tryptophan

FIGURE 7: (Panel A) Bar diagram showing the number of inter-
residue Tr-NOEs observed per residue of YW12 while bound to
LPS. (Panel B) Bar diagram showing the calculated angular order
parameter (S) for the backbone dihedral angles (φ, ψ) of each
residue obtained from the 20 lowest energy structures of YW12 in
the presence of LPS.
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fluorescence in zwitterionic micelle DPC, although an
enhancement of fluorescence intensity is observed (Figure
9A), possibly indicating a weak interaction that is restricted
only at the surface of the micelles. Tryptophan fluorescence
quenching by acrylamide or potassium iodide demonstrates

that the tryptophan residue is significantly protected from
quenching in negatively charged micelles (Figure 9B and
Table 2).

Secondary Structure of YW12 in Micelles.In aqueous
solution, the far-UV CD spectrum of free peptide is

FIGURE 8: Model of the YW12-LPS complex. (Panel A) Plausible ionic and hydrogen bond interactions between the positively charged
amino acid residues (represented by a thick stick) of YW12 and the negatively charged phosphate groups (represented by a thick stick) of
the lipid A moiety of LPS. (Panel B) Space-filling representation of the hydrophobic residues of YW12 in the LPS-peptide complex.

FIGURE 9: (Panel A) Tryptophan fluorescence emission spectra of
the YW12 peptide in 10 mM sodium phosphate buffer at pH 6.0
and in 10 mM sodium phosphate buffer solutions at pH 6.0
containing LPS (40µg/mL), POPG (1.2 mM), SDS (10 mM), and
DPC (1.2 mM) micelles. (Panel B) Fluorescence quenching of the
YW12 peptide by acrylamide in 10 mM sodium phosphate buffer
at pH 6.0 and in 10 mM sodium phosphate buffer solutions at pH
6.0 containing LPS (40µg/mL), POPG (1.2 mM), SDS (10 mM),
and DPC (1.2 mM) micelles.

FIGURE 10: Far-UV CD spectra of YW12 in 10 mM sodium
phosphate buffer solution at pH 6.0 and in 10 mM sodium phosphate
buffer solutions at pH 6.0 containing POPG (1.2 mM), SDS (10
mM), and DPC (1.2 mM) micelles.

Table 2: Tryptophan Fluorescence Emission Maxima (λmax) and
Stern-Volmer Quenching Constants (Ksv) of the YW12 Peptide in
DPC, LPS, POPG, and SDS Micelles

micelle types λmax

acrylamide
quenching

iodide
quenching

YW12-buffer 353.00 3.4( 0.14 9.3( 0.25
YW12-DPC 354.00 3.8( 0.072 25( 0.46
YW12-LPS 343.07 0.93( 0.057 6.6( 0.37
YW12-POPG 339.07 0.63( 0.023 4.7( 0.38
YW12-SDS 333.07 0.57( 0.032 3.3( 0.23
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characterized by a broad band at∼200 nm (Figure 10), the
typical signature for random coil-like conformations (41).
This observation is in accordance with NMR and fluores-
cence results suggesting that uncomplexed YW12 does not
adopt any regular secondary structures. There is a dramatic
change in the CD spectrum of YW12 both in the presence
of SDS and POPG, signaling structural changes upon binding
with the negatively charged micelles (Figure 10). The
negative CD ellipticity∼200 nm observed for the free
peptide disappeared with a concomitant rise of a positive
CD band centering at∼202 nm and at∼207 nm in SDS
and POPG, respectively. Apart from the positive band, the
CD spectra of YW12 are also characterized by a negative
band at∼220 nm in SDS and at∼218 nm in POPG (Figure
10). However, the CD spectrum of YW12 in DPC micelles
remains very similar to the one observed for the free peptide,
suggesting the absence of structural changes in the zwitte-
rionic micelle (Figure 10). Although the presence of positive
band either at∼207 nm or at∼202 nm in SDS and POPG,
respectively, could possibly suggestâ-turns or â-type
conformations, a detailed assignment of the secondary
structures of the YW12 peptide in complex with SDS or
POPG from CD experiments was difficult because of the
significant contribution to the far-UV CD spectra from the
aromatic residues (42).

DISCUSSION

Neutralization of LPS Toxicity by the YW12 Peptide.We
have demonstrated that YW12 binds to LPS and neutralizes
its toxicity, although the LPS neutralization activity of YW12
is modest (IC50 ∼10 µM) compared to that of polymyxin B
(IC50 ∼1.23µM), the gold standard sequestrant of LPS (14).
The high LPS neutralization activity of polymyxin B is
strictly conferred by its cyclic structure and a long acyl group
attached to the amino terminal end (22). However, these
structural features of polymyxin B also render the antibiotic
toxic to humans. Future cycles of design and evaluation will
include the parallel evaluation of affinity, activity, and
toxicity.

Amphipathic Structure of YW12 in Complex with LPS.The
free peptide predominantly adopts random conformations in
solution as suggested by NMR parameters, far-UV CD, and
intrinsic tryptophan fluorescence. As a complex with LPS,
YW12 folds into a unique amphipathic structure with two
distinct surfaces of opposite polarity. The hydrophobic
surface of the LPS bound structure of YW12 is defined by
the intimate packing among the side chains of nonpolar and
aromatic residues, whereas the positively charged residues
are segregated on to the other surface. In the docked structure
of the LPS/YW12 complex, both surfaces are involved in
the stabilization of the complex. A part of the hydrophobic
core structure, particularly the C-terminal segment, of YW12
is engaged in interactions with the acyl chains of LPS,
whereas the four positively charged residues appear to
participate in the formation of salt bridges with the phosphate
groups of the lipid A moiety of LPS. Interestingly, the
parallel orientation of YW12 along the surface of LPS seems
to mimic the interaction of LPS with FhuA (29). This is in
contrast to the structure of polymyxin B in which we and
others have demonstrated a different binding mode for
polymyxin B (37, 38) and polymyxin E (38) on to lipid A.
The seven member cyclic structure of polymyxin has been

found to be in an orthogonal orientation with the long axis
of lipid A, whereas the linear portion of polymyxin contain-
ing the methyl-octanoyl chain remains coaxial with the acyl
chains of lipid A (37). The model complex of YW12 and
LPS presented here could be of further use in developing
high-affinity LPS inhibitors. An alanine scan of the C-
terminus hydrophobic residues of YW12 will reveal those
interactions that significantly contribute to the binding energy
of the complex. A structure-activity study on these residues
being iteratively replaced with aliphatic residues or long
chain acyl groups to optimize hydrophobic interactions will
likely be instructive.

The solution structures of membrane active antimicrobial
peptides are traditionally obtained by using standard the 2D
NMR method, whereby peptides are stably bound to SDS
or DPC micelles (43). However, similar structural studies
of peptides in complex with LPS have not been successful,
presumably due to the heterogeneous nature of LPS ag-
gregates and the strong propensity for precipitation of the
LPS/peptide complex (23). The Tr-NOE method has met
with notable success in determining LPS bound conforma-
tions of naturally occurring antimicrobial peptides including
polymyxin B (37, 38) and few peptide fragments derived
from LPS binding proteins including LALF (44), LBP (45),
and lactoferrin (39). The quality of Tr-NOE generated
structures of LPS bound peptides appears to be comparable
to the quality of those determined by conventional NMR
methods in detergent micelles (Table 3). The amphipathic
structure adopted by the YW12 peptide in the context of
LPS has frequently been observed for naturally occurring
antimicrobial peptides in model membranes (46-51). The
formation of an amphipathic structure at the membrane-
water interface has been thought to be a pre-requisite for
the activity of many of these antimicrobial peptides (35, 52-
54). The interaction and neutralization of LPS toxicity by
the YW12 peptide may indeed also rely on its ability to adopt
an amphipathic structure in the context of LPS.

Micelle SelectiVe Interactions of the Peptide.The binding
of the YW12 peptide with negatively charged micelles, SDS
and POPG, and zwitterionic micelles, DPC, has been probed
in order to investigate whether peptide can discriminate
among different types of membranes. The bacterial mem-
brane is rich in negatively charged lipids, whereas the cell
membrane of eukaryotes is predominantly zwitterionic in
nature (54). Our results demonstrate that the designed
peptide, YW12, interacts strongly with the negatively charged
micelles as suggested by limited quenching of tryptophan

Table 3: Comparison of the Quality, in terms of rmsd, of Structures
of LPS Bound Peptides Derived from Tr-NOE with Some
Antimicrobial Peptides of Similar Length Determined by
Conventional NMR Methods

peptide length
NMR

method micelle
rmsda

(Å) reference

YW12 12-linear Tr-NOE LPS 1.2 this study
LALF 14-cyclic Tr-NOE LPS 2.17 44
LF11 11-linear Tr-NOE LPS 1.25 39
LBP 14-linear Tr-NOE LPS 1.71 45
indolicidin 13-linear conventional SDS 1.52 47
indolicidin 13-linear conventional DPC 0.98 47
tritrpticin 13-linear conventional SDS 0.77 46

a The rmsd values quoted here are only for the well-structured region
of the peptides.
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fluorescence intensity along with the large blue shift in the
emission maximum of tryptophan fluorescence (Figure 9).
The interactions of the negatively charged micelles with
the peptide also caused a dramatic structural transition
from random conformations in a free state toâ-turns or
â-sheet-like structures (Figure 10). On the contrary, the CD
spectra of YW12 suggest that the peptide does not undergo
any conformational transitions in the presence of DPC
micelles (Figure 10). The inability of the peptide to penetrate
DPC micelles is clearly evidenced by the high collisional
quenching coefficients of tryptophan fluorescence
intensity, which is similar to that of the free peptide (Figure
9). Collectively, these results suggest that the designed
peptide, YW12, may discriminate between bacterial and
mammalian cell types. Further studies are being undertaken
to obtain a clear picture of this particular property of the
peptide.

SUPPORTING INFORMATION AVAILABLE

NOE build up curves of the YW12 peptide in complex
with LPS and the atomic coordinates of the YW12/LPS
complex. This material is available free of charge via the
Internet at http://pubs.acs.org.
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