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Factor C protein isolated from the horseshoe crab, Carcinoscorpius rotundicauda, has endotoxin binding
capability. Synthetic peptides of 34 amino acids based on the sequence of two regions of factor C (Sushi 1 and
Sushi 3) as well as their corresponding mutants exhibited activities against 30 clinical isolates of Pseudomonas
aeruginosa. Collectively, all four peptides demonstrated exceptionally effective bactericidal activity against P.
aeruginosa with 90% minimal bactericidal concentrations (MBC,,s) in the range of 0.06 to 0.25 pg/ml (16 to
63 nM). Viable bacteria were reduced by 90% after 7 min and were totally eradicated within 40 to 50 min. These
peptides are minimally hemolytic against both rabbit and human erythrocytes even at concentrations up to
1,600-fold their MBC,,s. Both in vitro and in vivo studies indicate that cytotoxic effects are small even at
1,000-fold their MBC,,s. Furthermore, the Sushi peptides are tolerant of high-salt and adverse pH conditions.
These findings demonstrate the promising therapeutic potential of the Sushi peptides.

In recent decades, nosocomial infection has drawn more
attention from the medical community, owing to the ease of
acquisition and lack of lasting effective clinical management.
Pseudomonas aeruginosa is the epitome of an opportunistic
human pathogen (17) causing infections of the urinary tract,
respiratory system, and soft tissue. It also causes dermatitis,
bacteremia, and a variety of systemic infections, particularly in
victims of severe burns (38), patients with diabetes, and cancer
and AIDS patients who are immunosuppressed. Hospitals and
other medical facilities provide an immeasurable reservoir for
pseudomonads to develop resistance to a variety of naturally
occurring antibiotics (2, 17, 21). Many reports have shown that
pseudomonads maintain antibiotic resistance plasmids, both R
factors and resistance transfer factors, and are able to transfer
these genes by conjugation and transformation. To date, only a
few antibiotics remain effective against them. These include
fluoroquinones, aminoglycosides, and imipenem (2, 5, 17, 21).
However, resistance against these antibiotics is developing rap-
idly (2, 15, 17). The futility of treating Pseudomonas infections
with antibiotics is most dramatically illustrated in cystic fibrosis
(CF) (15, 34) and bronchiectasis (16) patients; virtually all of
these patients eventually succumb to infection with multidrug-
resistant strains that make treatment difficult, if not impossible.
The pathogenesis of infections by Pseudomonas is multifacto-
rial, as suggested by the wide array of its virulence determi-
nants (9).

Pseudomonads are naturally resistant to many antibiotics,
due to the permeability barrier afforded by their outer mem-
brane, lipopolysaccharide (LPS). Furthermore, their tendency
and ability to colonize the surfaces of biofilms (8) make them
impervious to therapeutic concentrations of antibiotics. Re-
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cently, the concept of eradication via targeted disruption of
bacterial LPS by cationic peptides and proteins was introduced
(7, 33). These peptides and proteins, which are mainly a-heli-
cal or B-sheet in structure, assert their effect by disrupting the
bacterial membrane, causing pore formation that eventually
leads to osmotic imbalance and cell death (23). For effective
antimicrobial therapy, such peptides and proteins need to sat-
isfy several important criteria: (i) potent antimicrobial activity
over a wide range of pH, (ii) rapid killing rate, (iii) low toxicity,
(iv) low hemolytic activity, and (v) delivery to the target site of
infection without degradation of the peptide. While numerous
antimicrobial peptides like FALL-39 (1), SMAP-29 (33), lep-
idopteran cecropin (37), and magainin (40) have been re-
ported, few display all of the above-mentioned attributes.
Thus, the search for new, more-powerful, and yet safe antimi-
crobial peptides continues to be a priority.

In our laboratory, we have characterized the LPS binding
region of factor C (28, 29, 35), the first enzyme in the endo-
toxin-induced coagulation cascade in the horseshoe crab (10,
11, 27). Four peptides derived from the Sushi 1 and 3 domains
of the factor C sequence (12) (namely, S1, SIA, S3, and S3A)
exhibited high affinity for LPS (36). These peptides are collec-
tively termed Sushi peptides. Further analyses of these pep-
tides showed them to have low cytotoxicity and the capability
to neutralize LPS biotoxicity, to suppress LPS-induced cyto-
kine production, and to confer protection against LPS-induced
lethality in mice (36). Therefore, LPS toxicity, as seen during
the course of antibiotic treatment, will be dramatically re-
duced. This property would provide an advantage over existing
antibiotics and most other non-LPS-sequestering cationic an-
timicrobial peptides, in suppressing the adverse effects of LPS-
induced septic shock during or after treatment. Septic shock is
characterized by a drastic fall in blood pressure, cardiovascular
collapse, and multiple organ failure (4, 19, 24) and is respon-
sible for over 100,000 deaths a year in the United States alone
(13). Septic shock often creates more complications than the
actual infection itself when massive amounts of LPS are re-
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leased by bacteria disintegrated by antibiotics (19, 26). This
condition is especially pronounced in children, the elderly, and
immunocompromised patients. This report documents factor
C-derived Sushi peptides with potent activity against clinical
isolates of multidrug-resistant P. aeruginosa.

MATERIALS AND METHODS

Bacterial cultures, antibiotics, and antimicrobial peptides. Thirty clinical iso-
lates of P. aeruginosa (obtained from the National University Hospital, Singa-
pore) and the standard strain, ATCC 27853, were tested for antibiotic sensitivity
by the disk diffusion method of Bauer et al. (3) against amikacin, aztreonam,
cefoperazone, ceftazidime (CAZ), ciprofloxacin, gentamicin, imipenem, netilmi-
cin, and piperacillin. The antibiotic disks were from Oxoid. Polymyxin B sulfate
(PB) (500,000 U) and PB nonapeptide were obtained from Sigma. Colis-
timethate sulfate (here, designated colistin) was kindly provided by Alpharma.
Clinical strain 3, which was the most resistant, was selected for further study,
alongside with P. aeruginosa ATCC 27853 as the standard strain. All tests were
carried out in triplicate.

Peptide synthesis and purification. All peptides used in this study were syn-
thesized and purified by Genemed Synthesis, Inc., San Francisco, Calif. The first
peptide, N-GFKLKGMARISCLPNGQWSNFPPKCIRECAMVSS-C, corre-
sponds to residues 171 to 204 of the Sushi 1 domain of CrFC (12) and is
designated S1, with a molecular weight of 3,758. The second Sushi peptide,
N-HAEHKVKIGVEQKYGQFPQGTEVTYTCSGNYFLM-C, corresponds to
residues 268 to 301 of the factor C Sushi 3 domain and is designated S3, with an
MW of 3,892. Two changes were made to introduce lysine residues into S1 and
S3, resulting in SIA(171-204A177,179) (S1A) with an MW of 3,727 and S3A(268-
301A276,278) (S3A) with an MW of 3,962. All four peptides, collectively referred
to as Sushi peptides, were purified by high-performance liquid chromatography
to >95% purity. The calculated pl values for peptides S1, S1A, S3, and S3A are
9.85, 10.08, 7.27, and 9.62, respectively.

Determination of MBC for peptides. The minimum bacterial concentration
(MBC) test was a modification of the MIC determination of cationic antimicro-
bial peptides by modified microtiter broth dilution method proposed by the
Hancock laboratory (http://www.cmdr.ubc.ca/bdoh/MIC.htm). Test strains of P.
aeruginosa were cultured in 10 ml of Mueller-Hinton broth (MHB) (Becton
Dickinson) and shaken at 230 rpm overnight at 37°C with a shaker incubator
(model 4536; Forma Scientific, Inc.). Overnight broth cultures were diluted to
give a final cell population of 10° CFU/ml. One-hundred-microliter aliquots of
the bacterial suspension were dispensed into sterile polypropylene eight-strip
PCR tubes (Quality Scientific Plastics). Eleven microliters of serial twofold-
diluted Sushi peptides, with final concentrations in the range of 0.03 to 4 wg/ml,
was then added. The peptides were constituted at 10 times the required test
concentrations in 0.01% acetic acid and 0.2% bovine serum albumin. Positive
controls were cultures without test peptides. Uninoculated MHB was used as a
negative control. Cultures were incubated at 37°C for 18 to 24 h, with the PCR
tubes held in a horizontal position and shaken at 230 rpm. Cell counts were
determined by a standard drop count method (21). Results were expressed as
MICs and MBCs, whereby MIC is the lowest concentration of peptide that
reduces growth by more than 50% and MBC is the lowest concentration of
peptide that prevents any residual colony formation (http://www.cmdr.ubc.ca/
bobh/MIC.htm). MICy,s and MBCys are defined with respect to a collection of
30 different strains, representing the concentration at which 90% of the strains
were inhibited or killed, respectively.

Killing rate of P. aeruginosa by Sushi peptides. The killing rate assay was
adapted from the MBC test. A fixed final concentration of 0.06 pg of the peptide
ml was incubated with P. aeruginosa ATCC 27853 and clinical isolate 3; bacterial
counts were performed at different time intervals. To test the limits of the
bactericidal activities of the peptides, an initial density of 10° CFU/ml was used.

Effect of pH on Sushi peptides. The effect of pH (6.0 to 8.0) on the peptides
(from 0.03 to 1 pg/ml) was tested in the MBC assay with 10° CFU of P.
aeruginosa ATCC 27853 or clinical isolate 3. The pH of MHB was adjusted with
HCI or NaOH. MHB (pH 7.3) inoculated with bacteria was used as a negative
control. Cultures were incubated at 37°C for 18 to 24 h and shaken at 230 rpm.
The cultures were transferred into 96-well microtiter plates (Nunclon A surface;
Nunc). Optical density at 595 nm (ODso5) was measured with a SPECTRAmax
340 plate reader with SOFTmax PRO (version 1.2.0) software.

Effect of salt on Sushi peptides. Peptides ranging in concentration from 0.03 to
1 wg/ml were added to MHB containing 50 to 300 mM NaCl. Incubation of P.
aeruginosa ATCC 27853 or clinical isolate 3 was carried out at 37°C for 18 to 24 h.
The overnight cultures were transferred into 96-well microtiter plates, and
ODsy5 was measured.
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TABLE 1. Summary antibiogram of P. aeruginosa clinical isolates

(n = 30)
Antibiotic F. aeruginosa No. of resistant
Strain 3 ATCC 27853 clinical strains
Amikacin R S 3
Aztreonam R S 13
Cefoperazone R S 12
CAZ R S 4
Ciprofloxacin R S 3
Gentamicin R S 10
Imipenem S S 1
Netilmicin R S 3
Piperacillin R S 5

“ Sensitivity to antibiotics was tested by the method of Bauer et al. (3). S,
susceptible; R, resistant.

Hemolysis assay. The hemolysis assay was adapted from the method of Shin et
al. (32). Human and rabbit erythrocytes were both used to test the hemolytic
activities of the peptides. Whole blood was collected in a sterile, heparinized,
borosilicate tube and centrifuged (3K10 centrifuge; Sigma) at 1,000 X g for 5 min
at 4°C. The supernatant, including the leukocytes above the erythrocyte pellet,
was removed carefully and discarded. Intact erythrocytes were washed three
times with 3 volumes of prechilled pyrogen-free saline (PFS). Erythrocyte sus-
pensions were adjusted to 0.8% for the hemolysis assay. Serial twofold dilutions
of the peptides were prepared in PFS, and 100-wl aliquots were added to equal
volumes of 0.8% erythrocyte suspension in sterile 96-well microtiter plates (Nun-
clon A surface; Nunc) in triplicate. The plates were incubated at 37°C for 1 h.
Subsequently, intact erythrocytes were pelleted by centrifugation at 1,000 X g for
5 min at 4°C. One hundred microliters of supernatant from each well was
transferred accordingly to a new 96-well microtiter plate, and the amount of
hemoglobin released into the supernatant was determined by reading the absor-
bance at 414 nm against a reference wavelength of 490 nm. A positive control
with 100 pl of 0.4% erythrocyte lysed in 1% Triton X-100 was taken as 100%
lysis. The negative control was erythrocytes in PFS alone, which gave minimal
lysis. This was taken as 0%.

RESULTS

The antibacterial activity of Sushi peptides against gram-
negative bacteria. The antimicrobial properties of the Sushi
peptides have been tested on a range of gram-negative bacteria
(Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC
13883, Salmonella enterica serovar Typhimurium ATCC 14028,
P. aeruginosa ATCC 27853, Vibrio parahaemolyticus, and Aero-
monas hydrophila) with MICs ranging from =<1.56 to 100 pg/
ml. We pursued further investigations of a common gram-
negative pathogen, P. aeruginosa. Table 1 summarizes the
antibiogram of the 30 clinical isolates of P. aeruginosa and
strain 3, which exhibited the broadest resistance against the
antibiotics tested. Of particular interest is strain 3’s resistance
to antibiotics such as expanded-spectrum cephalosporins and
aminoglycosides. Therefore, strain 3 was used in further stud-
ies with the Sushi peptides. P. aeruginosa ATCC 27853 was
used as a standard control strain. The ATCC 27853 control
strain was often more susceptible than the clinical strains.

Bactericidal concentration of Sushi peptides against P.
aeruginosa. The killing efficiency of the four Sushi peptides was
calculated by enumerating surviving bacteria by the standard
drop count method. All four peptides (S1, S1A, S3, and S3A)
showed potent bactericidal activity against the 30 clinical
strains (Table 2), with a rapid exponential killing effect within
concentrations of only two- to fourfold. The killing curve of
clinical isolate strain 3 is shown in Fig. 1. Although the isolates
exhibited variable resistance to aminoglycosides and cephalo-
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TABLE 2. MIC, MBC, and hemolytic activities of Sushi peptides compared to other antibiotic peptides for clinical strains of P. aeruginosa

rest pentide MIC (pg/ml) MBC (pg/ml) % of hemolysi

50% 90% Range 50% 90% Range (at 100 pg/ml)
S1 =0.03 =0.03 =0.03 =0.03 0.06 =0.03-1 0
S1A =0.03 =0.03 =0.03 =0.03 0.25 =0.03-1 0
S3 =0.03 =0.03 =0.03 =0.03 0.06 =0.03-0.25 8
S3A =0.03 =0.03 =0.03 =0.03 0.25 =0.03-0.5 37
Colistin 2 4 1-16 8 16 4-16 ND
PB nonapeptide =32 =32 =32 =32 =32 =32 ND
PB 0.5 1 0.25-1 4 8 1-16 ND

“ For S1, S1A, and S3, less than 10% hemolysis was induced at 100 wg/ml. ND, not determined.

sporins, the MBC,, for the peptides against them was 0.06
pg/ml (16 nM) for S1 and S3 and 0.25 pg/ml (63 nM) for S1A
and S3A. These values are 32 to 133 times more potent than
those of currently available antibiotics (for example, PB) and
64 to 267 times more effective than colistin (Table 2). Hence,
these values are unsurpassed by those for any known peptides
with activity against P. aeruginosa.

Sushi peptides exhibit rapid bactericidal action. Rapid bac-
tericidal action is one of the essential features of an effective
therapeutic agent. With a low MBC,, concentration, we pro-
ceeded to investigate the killing time for the Sushi peptides
with a much higher initial cell population of 10° CFU of P.
aeruginosa 3 or ATCC 27853 per ml. At 0.06 pg/ml, all four
peptides achieved 90% reductions in viable counts within 7 min
for both strains tested (Fig. 2). By 40 to 50 min, the peptides
had totally eradicated the bacteria (Fig. 2 and 3).

Sushi peptides show tolerance to pH range. The function-
ality of the Sushi peptides was studied over pH 6.0 to 8.0 with
P. aeruginosa 3 or ATCC 27853. S1, S1A, and S3 inhibited
bacterial growth, whereas S3A showed reduced efficacy be-
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FIG. 1. Bactericidal action of Sushi peptides against P. aeruginosa
strain 3. Killing curve of P. aeruginosa 3 by Sushi peptides. The initial
density of P. aeruginosa was 10> CFU/ml.

tween pH 7.0 to 8.0. Figure 4 illustrates the effect of pH on the
inhibitory ability of the four peptides against strain 3. Subse-
quent plate counts performed with the cultures revealed that
over the pH range, S1 retained its MBC,,, of 0.06 pg/ml against
10° CFU/ml. S14A, S3, and S3A changed from being bactericidal
at pH 6.0 to 7.0 to being bacteriostatic at pH 7.5 to 8.0. Despite
the transition from bactericidal to bacteriostatic activity, S1,
S1A, and S3 were still able to reduce the initial concentration
of 10° CFU/ml in the assays. However, S3A lost its bacterio-
static effect at a pH of > 7.0.

Applicability of Sushi peptides at high-salt concentration.
The limit to salt tolerance of the Sushi peptides was analyzed
at concentrations from 50 to 300 mM, although the osmolarity
of body fluids ranges from 120 to 150 mM in a normal indi-
vidual. All peptides transitioned from bactericidal to bacteri-

Control

1e+9

1e+8

1e+7 o

1e+6

1e+5

CFU/ml

1e+d -

1e+3

1e+2

1e+1 & T T T T T 7 T T T
0 20 40 60 80 100 120

Time (min)

FIG. 2. Time-dependent killing of P. aeruginosa 3. An initial cell
density of 10° CFU of P. aeruginosa 3/ml was used in the assay. The
effect of test peptides at 0.06 pwg/ml was assessed by enumerating the
viable cells (CFU per milliliter) at indicated time intervals after over-
night incubation.
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FIG. 3. Eradication time course of P. aeruginosa 3 by S3A peptide by using a plate count assay. A plate count at 10-fold dilutions on
Mueller-Hinton agar showed the effect of S3A peptide (0.06 pg/ml) on P. aeruginosa 3 with an initial cell count of 10° CFU/ml at indicated time

intervals.

ostatic activity, exerting an inhibitory effect over the range of
salt concentrations tested. Even at 300 mM NaCl, all four
Sushi peptides showed activities against P. aeruginosa 3 at 0.06
pg/ml (data not shown). All peptides maintained their antibac-
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FIG. 4. Effect of pH on Sushi peptides on P. aeruginosa 3. ODsqs of
different Sushi peptides was measured against P. aeruginosa 3 at their
respective MBC,,, concentrations. For each pH value, a positive con-
trol was set up with the respective MHB incubated with bacteria alone.
The negative control was taken at ODsq5 of MHB alone.

terial function over the salt concentrations tested, albeit tran-
sitioning from bactericidal to bacteriostatic activity.

Sushi peptides have low hemolytic activity. The absence or
lack of hemolytic activity is crucial to the applicability of an
antimicrobial agent for therapeutic use in humans and animals.
The hemolytic activity of the peptides was determined with
human erythrocytes. At 50 wg/ml (12.5 pM), the peptides
showed minimum hemolytic activity ranging from 0 to 7%.
Even at concentrations of 100 pg/ml (25 uM), up to 1,600-fold
their MBC,s, the Sushi peptides showed minimal hemolytic
activity (<5%) for S1, S1A, and S3, while S3A showed a higher
hemolytic activity of 35% (Fig. 5). In a separate assay, the
hemolytic activity of Sushi peptides was tested with rabbit
erythrocytes. At the same concentration of 100 pg/ml, all the
peptides showed hemolytic activity below 6% (data not
shown). These results demonstrated the specificity of the pep-
tides towards Pseudomonas spp., presumably the LPS layer,
but not to human nor rabbit erythrocytes.

DISCUSSION

P. aeruginosa is a fast-replicating bacterium, which displays a
short lag phase and doubling time. Owing to its pathogenicity
and antibiotic-resistant nature, a bactericidal agent with rapid
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FIG. 5. Percentage of hemolysis of human erythrocytes induced by
the peptides. Erythrocytes at 0.4% were incubated with different con-
centrations of peptides (6 to 100 pg/ml). Erythrocytes lysed in 1%
Triton X-100 were taken as 100% lysis. The negative control was 0.4%
erythrocytes in PFS.

action will be the most effective and appropriate counter mea-
sure in controlling its spread from infected wounds. This is
especially pronounced with secondary infections, like those in
CF patients (2) and acute bacteremia in AIDS patients or
those that occur near or in vital organs like the cornea, as well
as in exposed skin on burn patients. Undesirably, pseudo-
monads have acquired a multitude of resistance mechanisms
over the years against many of the antibiotics used to combat
them. Pseudomonads that are resistant to first- and second-
generation aminoglycosides, like gentamicin and amikacin (17,
38), cephalosporins, and imipenems (21) are rapidly increasing
in number. New drugs that are effective against these emerging
multidrug-resistant strains are urgently needed. A multifaceted
approach to their eradication is essential to significantly reduce
the possibility of the emergence of new resistant strains. Most
antibiotics exert their bactericidal action by inhibiting a crucial
biochemical enzyme (39). However, resistance can be attained
through the acquisition of an antibiotic resistance plasmid, e.g.,
beta-lactamase, which expresses a new isoform of the targeted
enzyme. Another mode of intervention is thus necessary to
complement the current biochemical route.

The antimicrobial potency of the Sushi peptides was tested
with 30 clinical isolates and a control strain of P. aeruginosa
ATCC 27853. The resistance pattern of these strains gave a
close representation of the resistant strains of P. aeruginosa
found in Singapore (Table 1). The 30 clinical isolates showed
very high resistance against most antibiotics used for the treat-
ment of P. aeruginosa. Yet the Sushi peptides exhibited low
MBCys (0.06 to 0.25 wg/ml; 16-63 nM) for these multidrug-
resistant strains of P. aeruginosa. A similar profile was observed
for P. aeruginosa ATCC 27853. It is pertinent that the MBC,,,
range is narrow (two- to fourfold) for all isolates. These
MBC,,s obtained for the peptides are unsurpassed by any
known antibiotics of metabolite or peptide origin. Compara-
tively, Sushi peptides are up to 1 to 2 orders of magnitude more
effective than any other reported cationic antimicrobial pep-
tides against P. aeruginosa (6, 14, 22, 30, 31). Although the
peptides are probably targeted at the lipid A domain, different
MBCs were observed for the 30 clinical isolates. The strong
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binding affinities of the Sushi peptides for lipid A (36) suggest
an explanation for the susceptibility of the clinical strains
tested. The Sushi peptides probably act by disrupting the LPS-
lamellar organization in the bacterial cell membrane by phys-
ical means that eventually lead to osmotic imbalance and cell
lysis.

At a concentration of 0.06 wg/ml, the Sushi peptides were
able to eradicate 90% of 10° CFU of P. aeruginosa clinical
strain 3 per ml (Fig. 2 and 3) and ATCC 27853 per ml within
7 min of incubation. A similar profile was observed for P.
aeruginosa ATCC 27853. Complete eradication probably oc-
curred within the first two generations of bacterial growth,
which will reduce the possibility of mutation to resistance.
Thus, this rapid killing rate should prevent the development of
resistance, since it will require several precise mutations to
occur at multiple enzymes along the LPS synthesis pathway to
ultimately yield a modified LPS structure that is sufficiently
different to evade Sushi peptide recognition. However, the
possibility of developing or acquiring resistance cannot be pre-
cluded if some of these strains were allowed to mutate at
sublethal peptide concentrations.

The effectiveness of the Sushi peptides was well maintained
over a broad range of pH levels and salt concentrations. All the
peptides were bactericidal from pH 6.0 to 7.0 at their respec-
tive MBCys. S1, with a calculated pI of 9.85, is of particular
interest, as it maintained its bactericidal potency across the pH
range tested. It is observed that as the pH approached the pl
of the peptides, the loss of most cationic charges on the pep-
tides led to a loss of ionic interaction with LPS, which thus
affected their bactericidal action. Surprisingly, both S1A (pI =
10.08) and S3A (pI = 9.62), with a pI relatively close to that of
S1, did not perform as expected. They exhibited a bactericidal
response at pH 6.0 to 7.0 and a bacteriostatic effect at pH 7.5
to 8.0.

The peptides were also resistant to high-salt concentrations.
At up to 300 mM NacCl, Sushi peptides (=0.03 wg/ml) inhibited
Pseudomonas growth of an initial cell population of 10°
CFU/ml (data not shown). Again, the transition from bacteri-
cidal to bacteriostatic activity was probably due to disruption of
electrostatic interactions between the peptides and the bacte-
rial LPS. Nevertheless, the peptides retained their bacteriosta-
tic efficacy in controlling the proliferation of P. aeruginosa in a
high-salt environment, similar to the lung fluids of CF patients
where most antibiotics are inaccessible or unsuitable (15, 34).
Hence, Sushi peptides can be developed for topical and aero-
sol applications.

The low MBC,,, (0.06 to 0.25 pg/ml), rapid killing rate (40 to
50 min), versatility at high osmolarity (300 mM NacCl), toler-
ance of a broad pH range (6.0 to 8.0), and low or insignificant
hemolytic activity as well as a lack of cytotoxic activity are
excellent properties upon which Sushi peptides could be de-
veloped as highly effective and bactericidal candidate antibiotic
against P. aeruginosa. The lack of cytotoxicity was confirmed
both by in vitro and in vivo assays which showed minimal lysis
of THP-I cells and also by the absence of aberrant behavior or
death in C57BL/6J mice (36).

The LPS layer of gram-negative bacteria is essential to their
growth and propagation. The LPS consists of a variable poly-
saccharide group and a lipid A moiety, which is the major
trigger of a pathophysiological response. The massive release
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of LPS can be more deadly than the bacterial infection itself.
The amounts of LPS released by antibiotics vary among dif-
ferent gram-negative bacterial strains. It is found that the
amount of CAZ-induced release of bacterial LPS caused
higher rates of lethality in mice than purified LPS alone (19).
Moreover, the release of LPS is also shown to be associated
with an increase in bacteria count (25). The mechanism of this
phenomenon is still unknown. Perilously, antibiotic-induced
LPS release occurs as early as 6 h after treatment (20).

The high affinity of Sushi peptides against E. coli lipid A also
implies that the bactericidal potency of the peptides can be
expanded to other gram-negative bacteria, without the risk of
LPS release during the bactericidal action. Such peptides not
only afford effective bactericidal action against P. aeruginosa
but also encompass multidrug-resistant P. aeruginosa. The
therapeutic indices (Table 2) of the Sushi peptides further
illustrate their potential in controlling the emergence of such
multidrug-resistant strains.
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