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ABSTRACT: Factor C-derived Sushi peptides (S1 and S3) have been shown to bind lipopolysaccharide
(LPS) and inhibit the growth of Gram-negative bacteria but do not affect mammalian cells. On the premise
that the composition of membrane phospholipids differs between the microbial and human cells, we studied
the modes of interaction between S1 and S3 and the bacterial membrane phospholipids, POPG, in
comparison to that with the mammalian cell membrane phospholipids, POPC and POPE. S1 exhibits
specificity against POPG, suggesting its preference for bacterial anionic phospholipids, regardless of whether
the phospholipids form vesicles in a solution or a monolayer on a solid surface. The specificity of the
Sushi peptides for POPG is a consequence of the electrostatic and hydrophobic forces. The unsaturated
nature of POPG confers fluidity to the lipid layer, and being in the proximity of LPS in the
microenvironmental milieu, POPG probably enhances the insertion of the peptide-LPS complex into the
bacterial inner membrane. Furthermore, during its interaction with POPG, the S1 peptide underwent a
transition from random toR-helical coil, while S3 became a mixture ofâ-sheet andR-helical structures.
This differential structural change in the peptides could be responsible for their different modes of disruption
of POPG vesicles. Conceivably, the selectivity for POPG spares the mammalian membranes from
undesirable effects of antimicrobial peptides, which could be helpful in designing and developing a new
generation of antibiotics and in offering some clues about the specific function of Factor C, a LPS biosensor.

Gram-negative bacteria (GNB)1 are among the most
challenging pathogens to the human host (1-3). Sushi
peptides have been demonstrated to bind and kill an
opportunistic Gram-negative bacterium,Pseudomonas aerug-
inosa (4), while exhibiting minimal cytotoxicity to human
monocytes, THP-1 (5). However, the molecular mechanisms
that govern the specificity of the Sushi peptides for Gram-
negative bacterial membranes are not well defined. Previous
reports have focused on the effects of these peptides on LPS.

It has been shown that S1 recognizes and binds LPS with
high affinity (5). However, among the LPS molecules on
the outer membrane of Gram-negative bacteria are phos-
pholipids, which are also localized on the inner membrane
(6). This prompted us to investigate the interaction between
S1 and phospholipids. Phospholipids are important constitu-
ents of both the bacterial and mammalian cell membranes,
but the composition of phospholipids on the membrane of
bacteria is rather different from that of mammalian cells (7).
The mammalian cell membrane comprises mainly phos-
phatidylcholine (∼45% PC), phosphatidylethanolamine (∼15%
PE), phosphatidylserine (∼5% PS), and small amounts of
other phospholipids, most of which are neutral at physi-
ological pH. In contrast, bacterial membranes such as that
of Pseudomonas(8) harbor substantial amounts of negatively
charged phospholipids, such as phosphatidylglycerol (PG),
besides neutral phospholipids, PE (Figure 1A).

Although previous reports investigated the interaction of
bacterial phospholipids and other peptides, they are limited
to the headgroups of bacterial phospholipids (9-11). In this
work, we investigated not only the effects of the headgroups
and the lipid tails but also the effect of the unsaturated nature
of POPG on their interaction with LPS-binding peptides,
Sushi (S1 and S3). We examined the detailed molecular
mechanisms underlying the contribution of the membrane
phospholipids to the specificity of the peptides, particularly
S1. Wherever relevant, comparisons were made with S3. Our
results demonstrate that the electrostatic force between S1
and the anionic headgroup of POPG plays the key role in
the specificity of interaction. Nevertheless, hydrophobic
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interaction contributes a significant driving force of interac-
tion between antimicrobial peptides and GNB, and it is
generally thought that the lipid tails on the GNB membrane
offer a strong hydrophobic environment (12, 13). However,
the lipid tails of phospholipids from bacterial and mammalian
membranes share similarity. Thus, we investigated the
hydrophobic interaction between S1 and different phospho-
lipids and show that hydrophobic interaction occurred
between the peptide and the lipid tails of POPG only but
not with other zwitterionic phospholipids. Besides this,
considering the dynamism of the biologically functional
membrane, which can be attributed to the unsaturated nature
of the phospholipids (14), we compared the unsaturated
POPG with its saturated counterpart, DPPG, to address the
influence of unsaturation on the interaction with S1. This
observation was confirmed with a temperature assay. To this
end, we employed various approaches using different forms
of the phospholipids (both in solution and immobilized on a
solid surface) to provide more detailed evidence for the
mechanism of interaction between the S1 peptides and
phospholipids. Our data demonstrate that POPG is respon-
sible for the specificity of the Sushi peptides for bacteria

and that both the electrostatic and hydrophobic interactions
contribute significantly to this specific binding. The propen-
sity for transitions in the secondary structures unique to each
of these peptides in the presence of POPG probably explains
their selectivity for the bacterial membranes. Since S1 and
S3 peptides are derived from two different LPS-binding
domains of the Factor C molecule (5), it explains why Factor
C is such a highly sensitive and specific biosensor for anionic
lipids of Gram-negative bacteria.

MATERIALS AND METHODS

Peptide Synthesis and Materials.Peptides used in this
study were synthesized and purified by Genemed Synthesis
Inc. (San Francisco, CA). The S1 peptide (N-GFKLKG-
MARISCLPNGQWSNFPPKCIRECAMVSS-C), with a mo-
lecular mass of 3758 Da, corresponds to residues 171-204
of the Sushi 1 domain of horseshoe crab Factor C (GenBank
accession number S77063). The S3 peptide (N-HAEH-
KVKIGVEQKYGQFPQGTEVTYTCSGNYFLM-C), with a
molecular mass of 3892 Da, corresponds to residues 268-
301 of the Factor C Sushi 3 domain. TMR-S1 is S1 labeled
at the N-terminus with a fluorescent probe, TMR (tetra-

FIGURE 1: S1 specifically binds POPG and not POPC or POPE. (A) The composition of phospholipids on membranes. White bars are for
the mammalian cell membrane, and black bars for the bacterial (Pseudomonas) membrane. This plot is based on information obtained from
refs9 and43. (B) A peptide-phospholipid dot blot assay was carried out with the PVDF membrane strips spotted with phospholipids. (i)
Aliquots (5 µL) of different phospholipids (POPC, POPE, POPG, and POPS) were dotted on the membrane. (ii) Specific interaction is
observed between TMR-S1 and POPG and POPS. The lack of interaction between TMR and the phospholipids further confirms the specificity
of interaction between TMR-S1 and POPG. (C) Determination of theτDL (the diffusion time of large particles in seconds) of TMR-S1 in
different solutions of phospholipids shows that TMR-S1 interacts with POPG. The control was phosphate buffer. (D) Sensorgrams depicting
the real-time biointeraction between the S1 peptides and the immobilized phospholipids (POPC, POPE, and POPG). The real-time biointeraction
analysis at a flow rate of 20µL/min also indicates the preference of S1 for POPG. (E) Enlargement of the sensorgrams of POPC and POPE,
depicting the real-time biointeraction between the S1 peptides and the immobilized phospholipids (POPC and POPE).
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methylrhodamine). All peptides were purified by high-
performance liquid chromatography to>95% purity. Phos-
pholipids (POPC, POPE, POPG, and POPS) were purchased
from Avanti (St. Louis, MO). Pyrogen-free water for making
buffers was from Baxter (Morton Grove, IL).

Preparation of Phospholipid Vesicles.The vesicles were
prepared by mixing the phospholipids in a 9:3:1 POPC:
POPE:POPS ratio and a 1:1 POPE:POPG ratio. Briefly, dry
lipids were dissolved in chloroform. The solvent was
evaporated under a stream of nitrogen, and the lipids were
held under vacuum. The phospholipids were then resus-
pended in 20 mM phosphate buffer by vortex mixing. The
resultant dispersed lipid, at a concentration of 0.5 mM with
respect to phospholipids, was then sonicated and extruded
through a 50 nm polycarbonate filter to obtain homogeneity
in the size of vesicles (44-46).

To understand the effect of the peptides on POPG vesicles,
two differently labeled POPG vesicles were further pre-
pared: rhodamine-entrapped vesicles (REV) and rhodamine-
labeled vesicles (RLV). Unlabeled POPG was used to prepare
vesicles. REV were constructed by addition of free rhodamine
6G during vesicle preparation. Since rhodamine-PG is not
commercially available, for studies with RLV, rhodamine-
PE was mixed with POPG in a ratio of 1:19 by the extrusion
technique. Prior to extrusion, a dried lipid film was dispersed
by vortex mixing in buffer containing rhodamine 6G and
rhodamine-PE. REV and RLV were purified from unincor-
porated rhodamine 6G and rhodamine-PE by chromatography
through microSpin S-200 HR columns (Pharmacia Biotech,
Uppsala, Sweden) which removed free rhodamine 6G and
rhodamine-PE. REV and RLV were stored at 4°C (15).

Dot Blotting. To determine the specificity of binding of
peptides to the phospholipids-on-matrix, a PVDF membrane
was first dotted with 5µL of each of the phospholipids. The
phospholipid dots were evaporated, and the membrane was
washed three times with water before blocking with a wash
solution containing 3% BSA at room temperature for 3 h
(16). After two washings, the fluorescently labeled peptide
(TMR-S1) and control (TMR) were allowed to interact with
the phospholipid dots at room temperature for 3 h. Peptides
that were bound to the immobilized phospholipids were
detected by red fluorescence.

Surface Plasmon Resonance.The interactions between the
peptides and phospholipids on the solid phase were studied
by surface plasmon resonance (SPR), where the phospho-
lipids (POPE, POPC, POPG, and DPPG) coated on a HPA
chip could presumably mimic the biological membrane. The
real-time interaction between different concentrations of
peptides and phospholipids was performed according to the
method of Tan et al. (5), using a BIAcore 2000 instrument
(Pharmacia). The SPR was recorded on the phospholipid-
coated HPA chip blocked with skim milk. The HPA chip
was regenerated by a pulse of 0.1 N NaOH until the SPR
reached baseline. The spectra were baseline-corrected by
subtraction of blank spectra of the corresponding solutions
without peptide. The temperature within the sample chamber
was maintained at 25 or 37°C.

Circular Dichroism.The secondary structure transforma-
tion of 5µM peptides induced by100µM phospholipids was
monitored by CD. CD spectra were recorded in 20 mM
phosphate buffer (pH 7.0) using a Jasco-J-810 CD spec-
tropolarimeter. The spectra were recorded in quartz cell

cuvettes with a path length of 10 mm. The following
parameters were used: bandwidth of 2 nm, step resolution
of 0.5 nm, response of 1 s, scan speed of 10 nm/min, and
scan width of 190-260 nm. The temperature within the
sample chamber was maintained at 25°C with a continuous
flow of nitrogen. Calibration was carried out with D-
camphorsulfonic acid.

Trp Fluorescence Scanning Spectroscopy and Fluores-
cence Quenching Assay.To investigate the potential hydro-
phobic interaction between peptide and phospholipids, we
measured the fluorescence change due to the tryptophan (Trp)
residue in S1 (17). The fluorescence scanning spectra were
obtained with a spectrofluorimeter (Perkin-Elmer, LS 50B)
by using an excitation wavelength of 280 nm, and the
emission was scanned from 290 to 450 nm at a rate of 10
nm/s. Each spectrum was the average of 10 scans. The
spectra were baseline-corrected by subtracting blank spectra
of the corresponding solutions without peptide. All samples
contained 5µM peptide in 20 mM phosphate buffer (pH
7.0), and the concentration of phospholipids was 100µM.
For fluorescence quenching experiments, acrylamide was
added from a 4 M stock solution to final concentrations
between 0.05 and 0.5 M. The quenched samples were excited
at 280 nm, and the emission was monitored at the peak
maximum determined from the wavelength scan in the
absence of quencher. The effect of the acrylamide on the
fluorescence of the peptide was analyzed using theFi/F0 ratio,
where Fi is the fluorescence peak intensity of Trp with
arylamide andF0 is the fluorescence peak intensity without
arylamide (18).

Fluorescence Correlation Spectroscopy.The FCS instru-
ment is a self-built system that is centered around a Zeiss
Axiovert 200 inverted microscope using an excitation source
and an argon-krypton laser which has a 530 nm line for
TMR excitation. The dichroic and emission filters (Omega
Optical, Brattleboro, VT) were 570DRLP and 595AF60
filters for TMR, respectively. Further details on the FCS
setup and theory are described by Wohland et al. (19) and
Krichevsky et al. (20), respectively. FCS measurements were
conducted at a constant concentration of 50 nM TMR-S1
with different phospholipid vesicles at 5µM. The sample
solutions were prepared at least 2 h before the measurements
to ensure that binding equilibrium had been reached. A 50
µL droplet of the corresponding sample was then placed on
a cover slip just before the measurement. The background
signal in water and in the corresponding buffers was less
than 0.2 kHz. All measurements were precalibrated with
TMR and TMR-S1 to ensure the proper performance of the
instrument (21). For each sample, at least 10 independent
measurements were recorded, and the mean reading was
calculated.

We examined the interaction between the Sushi peptides
and the vesicles (REV and RLV) in solution by FCS. The
diffusion time of REV and RLV was monitored using FCS.
The measurements were conducted at different concentrations
of peptide and 1µM phospholipid vesicles. The anticipated
possibilities are as follows. (i) If the vesicles remain intact,
the diffusion time (τDL) of REV and RLV will not change.
(ii) If the peptide disrupts the vesicles, the free rhodamine
and rhodamine-PE will be released from REV and RLV,
respectively; thus, theτDL of REV and RLV will decrease.
(iii) The peptide forms channels only on the surface of
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vesicles, causing theτDL of REV to decrease because the
entrapped rhodamine in the center of the REV will be
released through the channels, while theτDL of RLV will
remain unchanged. This is because the rhodamine-PE is only
labeled on the surface of RLV. With the help of the
fluorescently labeled REV and RLV, we can clearly monitor
the peptide-mediated effects on the vesicles in solution (15).

RESULTS

S1 Specifically Binds Anionic POPG and Not Zwitterionic
POPC and POPE.Here, we used a dot blotting approach to
examine whether S1 peptide can differentiate the phospho-
lipids from bacteria and mammalian cell membranes. Figure
1B shows that TMR-S1 specifically binds to anionic POPG
and POPS and not the zwitterionic phospholipids, POPC and
POPE. These binding assays indicate that the dissimilarity
in specificity was probably attributable to the charge differ-
ence among POPC, POPE, POPG, and POPS (Table 1).
Consistent with dot blotting results, the FCS analysis showed
that TMR-S1 has a stronger affinity for anionic POPG and
POPS than for zwitterionic POPC and POPE in solution
(Figure 1C). At the initial stage, TMR-S1 exists in a free
form as the predominant fluorescent species. During the
course of the interaction,τDL increased, demonstrating that
the percentage of the complex between TMR-S1 and
phospholipid increased as the small fluorescently labeled
peptide binds the large unlabeled phospholipid vesicles.

To mimic the phospholipid layer of the biomembrane, we
coated the phospholipids on a biacore chip activated with a
hydrophobic surface. Real-time interaction analysis measured
as a surface plasmon resonance, SPR, of the binding between
S1 and various phospholipids was carried out. A set of
sensorgrams of S1 interacting with different phospholipids
was used to demonstrate the affinity (Figure 1D). The
increasing association curves describe the initial binding of
the peptide to the phospholipids immobilized on the HPA
chip, and the decreasing curves relate to the dissociation in
real time. This trend was consistently observed for the
binding of peptides to pure vesicles containing 100% POPC,
POPE, or POPG. The sensorgrams revealed that the SPR
signal intensity measured in response units (RU) increased
as a function of the concentration of the peptide bound to

the immobilized phospholipids. This indicates that the
amount of peptide bound to the lipid is related to the affinity
of the peptide for the phospholipids-on-chip. This is con-
sistent with the dot blot result (Figure 1B), which clearly
demonstrates that S1 binds more strongly to the anionic
POPG than to the two zwitterionic phospholipids, POPC and
POPE.

Hydrophobic Interaction Contributes Significantly to the
Binding Specificity of S1 to POPG.We use Trp fluorescence
scanning spectroscopy to study the hydrophobic interaction
between S1 and phospholipids. The penetration of S1 into
the phospholipid vesicles was confirmed by determining the
fluorescence emission spectra due to the Trp residue in S1
when in the presence of the phospholipids. The addition of
anionic phospholipids, 100% POPG, 100% POPS, or a 1:1
POPE/POPG mixture to the peptide sample caused a blue
shift of 4 nm in the emission peak, from 354 to 350 nm
(Figure 2A,B). This blue shift indicates that the Trp residue
was partitioned into a more hydrophobic environment, which
would be expected if the Trp residue was positioned among
the acyl chains of the phospholipid. In POPG, the fluores-
cence intensity increased, suggesting that the Trp residue was
more sterically confined. In contrast, when the zwitterionic
lipids, POPC/POPE/POPS mixture, POPC, or POPE, were
reacted with S1, there was no blue shift (Figure 2A,B),
indicating that the local environment of Trp was kept in an
original state as there was no interaction between S1 and
zwitterionic lipids.

To determine the extent to which S1 was sequestered in
the hydrophobic core of the vesicle, a fluorescence quenching
experiment was performed using acrylamide. This study was
based on the premise that the hydrophobic core residue, Trp,
in S1 is involved in hydrophobic interactions with the
phospholipids and that the fluorescence intensity of Trp is
protected by phospholipids from acrylamide quenching.Fi/
F0 was calculated from the plots between 0 and 0.5 M
acrylamide. In 0.2 M acrylamide,Fi/F0 was 25.7% for S1,
while in the presence of POPG,Fi/F0 increased to 44.4%.
In the presence of a POPE/POPG mixture,Fi/F0 was 37.1%
(Table 2). These values confirm that when the peptide is
free in solution, it is much more accessible to the quencher
(acrylamide) than in the presence of the anionic POPG
vesicles. Since the phospholipids protect the Trp residues
from the water-soluble acrylamide, it confirms that the S1
peptide was partially buried in the hydrophobic core of the
vesicles.

Conformational change to the peptides could occur because
of their hydrophobic interaction with the phospholipid
vesicles. Therefore, we used CD measurements to examine
the secondary structure of these peptides. In aqueous solution,
S1 adopts a random coil conformation as shown by the single
minimum at 200 nm (Figure 2C). With vesicles constructed
using 100% POPC, POPE, POPG, or POPS, we observed
that only the POPG and POPS vesicles can induce a
conformational change in S1 (Figure 2C). In the presence
of a mixture of anionic phospholipids (1:1 POPE/POPG),
the S1 peptide exhibited a spectrum of characteristics of an
R-helix, which presented as a pair of minima at 208 and
225 nm (Figure 2D). This is consistent with the CD spectrum
of magainin (11). Furthermore, since the mammalian cell
plasma membrane also contains∼5% anionic phospholipid,
POPS (8, 43), we investigated the interaction between POPS

Table 1: Characteristics of Four Kinds of Phospholipidsa

a R1 and R2 are fatty acyl chains.
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and S1 peptide. Dot blotting results suggest that S1 exhibits
a similar specificity for POPS, since the headgroup of POPS
is also anionic (Figure 1B). CD spectrum indicates a
conformational shift in the presence of POPS (Figure 2C),
similar to that of POPG. Additionally, there was hydrophobic
interaction between S1 and POPS (Figure 2A). However, in
the presence of a mixture of mammalian membrane phos-
pholipids (9:3:1 POPC/POPE/POPS), the S1 peptide exhib-
ited no conformational change, which is unlike the bacterial
membrane phospholipid mimic, a 1:1 POPE/POPG mixture
(Figure2D). Therefore, the peptide has little effect on the
mixture of mammalian membrane phospholipids (Figure2D).
Taken together, the results suggest that the contribution of
POPS to the mammalian cell membrane is insignificant, and
the effect of anionic mammalian phospholipids on the peptide
is minimal.

The Unsaturated Nature of POPG Enhances Its Interaction
with S1. So far, we have demonstrated that both the
headgroup and lipid tails of POPG are indispensable for the
interaction with S1 peptide. Incidentally, POPG is unsatur-
ated, and the fluidity of biological membranes can be
attributed to its unsaturation. Thus, we compared the interac-
tions between S1 peptide and the unsaturated POPG with
the saturated DPPG. Comparatively, the intensity of Trp-
mediated fluorescence change was higher in POPG than in
DPPG (Figure 3A). Furthermore, S1 was more readily
transformed into anR-helix in the presence of POPG rather
than in DPPG (Figure 3B). The results suggest that S1 more

easily inserts into the lipid tail of POPG than that of DPPG.
Being unsaturated, POPG confers greater fluidity to the
bacterial membrane. Furthermore, since temperature also
affects the fluidity of a lipid layer, we monitored the real-

FIGURE 2: Hydrophobic interaction confers binding specificity of S1 peptide for POPG. (A) Trp fluorescence scanning spectroscopy shows
the excitation fluorescence spectrum of S1 in individual phospholipids. (B) Trp fluorescence scanning spectroscopy of S1 in representative
combinations of POPE and POPG (according to bacterial membrane phospholipid composition) and POPC, POPE, and POPS (according
to mammalian membrane phospholipid composition). The blue shift in the presence of POPG indicates that the environment of Trp in S1
has been altered from a hydrophilic to a hydrophobic state. (C) CD spectra of S1 peptide in the presence of individual phospholipid
solutions. (D) CD spectra of S1 in POPC/POPE/POPS and POPE/POPG solutions.

Table 2: Fi/F0 Valuesa Determined from Trp Fluorescence
Quenching Experiments

[acrylamide]
(M)

Fi/F0 (%)
(S1 in water)

Fi/F0 (%)
(S1 in POPG)

Fi/F0 (%)
(S1 in POPE and POPG)

0 100( 3.0 100( 1.6 100( 2.6
0.05 78.5( 3.2 80.3( 1.7 73.7( 2.6
0.1 56.3( 3.0 65.1( 1.0 56.9( 1.4
0.2 25.7( 1.5 44.4( 1.7 37.1( 1.0
0.5 5.60( 0.4 15.5( 1.6 12.1( 1.1

a Fi is the fluorescence peak intensity of Trp with acrylamide and
F0 the fluorescence peak intensity without acrylamide.

FIGURE 3: Effect of the unsaturated state of POPG on the interaction
with S1 peptide. (A) Trp fluorescence scanning spectroscopy shows
the excitation fluorescence spectrum of S1 in individual phospho-
lipids, POPG or DPPG. (B) CD spectra of S1 peptide in the presence
of individual phospholipid solutions. (C) Sensorgrams depicting
the real-time biointeraction between the immobilized POPG and
S1 at 25 and 37°C, at a flow rate of 100µL/min.

10558 Biochemistry, Vol. 45, No. 35, 2006 Li et al.



time interaction between S1 and POPG at different temper-
atures (Figure 3C). The results showed that S1 binds more
strongly at 37 °C than at 25°C, suggesting that the
unsaturated nature of POPG confers fluidity to the lipid layer
and enhances the penetration of S1 into the bacterial
membrane.

Sushi Peptides Disrupt POPG Vesicles.To date, the most
popular hypotheses for the perturbation of the bacterial
membrane by cationic antimicrobial peptides focus on the
“carpet” and “barrel-stave” mechanisms (22, 23). To clarify
the effect of perturbation induced by the Sushi peptides, we
constructed two kinds of labeled POPG vesicles, REV and
RLV, to interact with different concentrations of the peptides.

When REV and RLV were incubated with 0.1 and 1µM
S1, theτDL did not decrease (Figure 4A,B), suggesting that
the vesicles remained intact. It appears that S3 binds more
readily to POPG so that at 1µM, it caused leakage to the
vesicles. In contrast, it requires 10µM S1 to cause the same
degree of leakage (Figure 4C) as 1µM S3, whereas at 10
µM, S3 was causing total disruption, demonstrating that
indeed, S3 disrupts POPG vesicles completely and more
effectively at lower concentrations.

In comparison, S3 also exhibited a consistent preference
for POPG (Figure 4D). However, unlike S1 and magainin
(11) which are random in an aqueous environment (Figure
2C), S3 exhibited a mixture ofR-helix, â-strand, and random

FIGURE 4: S1 and S3 show different modes of disruption of POPG vesicles. (A-C) Determination of the stoichiometry of interaction
between POPG REV and Sushi peptides,τDL, the diffusion time of large particles (seconds). RLV were incubated with different concentrations
of Sushi peptides: (A) 0.1, (B) 1, and (C) 10µM. As an internal positive control, Triton X-100 was used to disrupt the phospholipid
vesicles. (D) Sensorgrams depicting the real-time biointeraction between the immobilized phospholipids and the S3 peptides using a flow
rate of 20µL/min. (E) CD spectra of S3 peptide in the presence of individual phospholipid solutions.
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coil (Figure 4E). S3 remained unchanged in POPC and
POPE, but the content ofR-helicity increased slightly in the
presence of POPG, giving a mixture ofR-helix andâ-sheet
structures. Thus, the different manner of interaction between
S1 and POPG and between S3 and POPG may be due to the
different inherent secondary structures of the peptides
induced by POPG itself.

DISCUSSION

While the mammalian cell membrane is composed mostly
of neutral phospholipids, PC and PE, thePseudomonasouter
membrane is anionic, being rich in negatively charged PG.
S1 peptides have been demonstrated to exhibit exceptional
activity againstP. aeruginosa, with minimal cytotoxicity to
human monocytes (4, 5). Thus, we designed experiments to
investigate the contribution of the phospholipid composition

to the specificity and selectivity of the S1 peptides for the
Pseudomonasmembrane. In this work, we used POPC and
POPE to construct the mammalian cell membrane and POPG
to simulate the bacterial membrane (24, 25). Since it has
been reported that membrane phospholipids such as POPC
and POPG can form unilamellar vesicles, while POPE forms
hexagonal vesicles (26), we employed various biochemical
and biophysical methods using different forms of the
phospholipids (both in solution and on a solid surface) to
provide compelling evidence for the mechanism of interac-
tion between the peptides and the phospholipids (27).

By a series of analyses, we demonstrate that S1 and S3
peptides interact more strongly with anionic POPG than
zwitterionic POPC and POPE. These results suggest that the
phospholipid composition of biological membranes plays a
crucial role in influencing and specifying the selectivity of

FIGURE 5: Molecular mechanism underlying the selective interaction between S1 and the POPG layer. S1 peptide specifically binds POPG
via (I) electrostatic interactions between the positively charged amino acid residues near its N-terminus and the negatively charged bisphosphate
headgroups of the POPG and (II) hydrophobic interactions between the hydrophobic region of S1 and the acyl chains of POPG. S1 forms
an R-helical structure to insert into the POPG layer; thus, the Trp residue is probably protected by the lipid tail of POPG. The N-terminal
region of S1 is colored blue, and C-terminus is colored green. Trp is colored lilac.
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the peptide. The headgroup of POPG confers anionicity to
it, whereas POPE and POPC are zwitterionic (Table 1).
Mammalian cell plasma membranes contain∼5% anionic
phospholipids, POPS (8, 43). Our results indicate that S1
exhibits a similar specificity for POPS, since the headgroup
of POPS is also anionic, but the 9:3:1 POPC/POPE/POPS
mixture of mammalian membrane phospholipids has little
effect on the peptide (Figure 2B,D). This electrostatic
difference between the phospholipids accounts partly for the
charge difference between the mammalian and the Gram-
negative bacterial cell membranes, ultimately contributing
to the specificity of the antimicrobial peptides, which
preferentially bind to the exposed anionic surface of bacterial
membranes, but not to the zwitterionic amphiphiles present
in the extracellular monolayer of mammalian plasma mem-
branes. This could spare the mammalian host cells from any
undesired peptide-induced injury. Thus, the initial electro-
static interaction determines the specificity of the S1 peptides
for the bacterial membrane. Charge-charge interactions
between the cationic peptides and the anionic phospholipids
at the bacterial outer membrane are deemed to be the most
critical binding force, explaining why the increase in the net
positive charge of the peptides could enhance its binding to
anionic lipids (28, 29). This is in agreement with our previous
report that mutations of the N-terminus to introduce two extra
lysine residues into S1 peptides resulted in an increase in
LPS neutralizing activity (5). In concordance, these results
suggest that the charge interaction is responsible for the
selective binding between the peptides and the bacterial
anionic phospholipids. On the other hand, the charge
interaction is minimal with the mammalian cell membrane
phospholipids (Figures 2), hence, its lack of cytotoxicity to
the mammalian host.

Hydrophobic interaction contributes significantly to the
binding force between the peptides and bacterial lipids (30,
31, 33). The Trp fluorescence scanning spectroscopy experi-
ment revealed that the microenvironment of the S1 peptide
was transformed from a hydrophilic to a more hydrophobic
state, thus engaging the hydrophobic region of the peptide
in an interactive bond with the acyl chains of the bacterial
membrane phospholipids (32, 34), particularly that of anionic
POPG. Other studies on cationic peptides, using NMR,
Raman, and fluorescence measurements, have indicated that
initially, an antimicrobial peptide would bind parallel to the
lipid layer (35, 36). Because of the simultaneous electrostatic
and hydrophobic interactions, the binding of Sushi peptides
with anionic lipids is highly salt tolerant (37). In a high-salt
environment, when the electrostatic interaction is weakened,
the hydrophobic interaction is the major force that maintains
the affinity of the S1 peptides for the anionic lipids. This
study confirms that hydrophobic interaction between S1 and
POPG is indispensable.

Our new data show that the unsaturated state of the lipid
tail of POPG probably enhances the interaction between the
peptide and POPG (Figure 3), which suggests that the
unsaturated nature of the bacterial phospholipid confers
fluidity to the membrane and possibly augments the insertion
of such a peptide into the bacterial membrane (38). This
finding was supported by a differential temperature assay
of the real-time binding of S1 to POPG, which showed that
at 37 °C where the unsaturated membrane environment is
expected to be more fluidic than at 25°C, S1 binds more

readily to the LPS. This observation should be taken into
consideration and exploited for future design and develop-
ment of novel antimicrobial drug peptides, to facilitate greater
specificity of the peptides for the bacterial anionic unsaturated
membrane lipids.

Previously, we have shown that S3 breaks the LPS layer
(21). Our current work demonstrates that S1 and S3 disrupt
the POPG vesicles. However, S1 and S3 elicit different
degrees of disruption of POPG vesicles at the same dosage
(Figure 4A-C). This difference appears to be consistent with
the different secondary structures of the S1 and S3 peptides.
While S1 is random in solution and becomes helical in an
anionic lipid environment, S3 persistently exhibits more
helical structure even in the absence of an anionic lipid
(Figure 4E). Thus, although the phospholipid composition
in the cell membrane may be the ultimate determinant of
the binding specificity of a peptide, the structural propensity
of the peptides in the microenvironment of the bacterial or
mammalian membranes could strongly influence the structure
and function of the molecule, which in turn determines its
specificity for the lipids in the microenvironment. Because
S1 and S3 peptides are derived from different LPS-binding
domains of the Factor C molecule, it would appear that
Factor C harbors rather versatile modes of interaction with
bacterial lipids (39), where theR-helical and â-sheet
structures of the Sushi domains may conceivably bind LPS
and even cooperate to strengthen Factor C protein as an
extremely sensitive biosensor to Gram-negative infection
(40-42).

Here, we propose a model for the specific interaction
between one of the Sushi peptides, S1, and POPG (Figure
5). Because of the negative charge on the headgroup of
POPG and the positive charge that can be attributed to the
Lys and Arg residues on the S1 peptide, specific charge-
charge interaction occurs between S1 and membrane phos-
pholipids during which the peptide is drawn close to the
surface of the POPG layer (Figures 2-4). While being
inserted into the microenvironment of the anionic phospho-
lipids, S1 undergoes a change in conformation from random
to R-helix. Thus, their positively charged amino acids face
the negatively charged headgroups of the phospholipids, and
their hydrophobic amino acids, such as Trp, insert into the
lipid acyl chains (Figure 5).
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