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Endotoxin fipopolysaccharide (LPS)], the major antigen of the outer membrane of Gram-
negative bacteria, consists of a variable-size carbohydrate chain that is covalently linked
to N,C-acylated B-1,6-p-glucosamine disaccharide 1,4'-bisphosphate (lipid A}. The toxic
activity of LPS resides in the lipid A structure, The structural features of synthetic peptides
that bind to lipid A with high affinity, detoxify LPS in vitro, and prevent LPS-induced cytokine
release and lethality in vivo were defined. The binding thermodynamics were comparable
to that of an antigen-antibody reaction. Such synthetic peptides may provide a strategy for
prophylaxis and treatment of LPS-mediated diseases.

Boacterial LPS produces a plethora of bio-
logical effects in mammals via its lipid A
molety, which is the conserved hydropho-
bic region {I). The toxic activity of LPS is
related to the induction of tumor necrosis
factor (TNF) release after LPS binds to
macrophages and monocytes, with the con-
sequent activation of the cytokine cascade
that involves interleukin-1 (IL-1) and IL-6
(2, 3). Mortality from endotoxicosis conse-
guent to sepsis is 20 to 60% (4). LPS has
also been proposed as a potent activator of
human immunodeficiency virus type I
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(HIV-1) expression in monocytes and mac-
rophages (5) and as the agent that produces
the symptoms characteristic of acute graft-
versus-host disease (GVHD) (6).
Polymyxin B (PmB), a cationic cyclic
peptide antibiotic, inhibits the biological
effects of LPS through its high-affinity bind-
ing to lipid A (7). The effects that are
inhibited by PmB include the Shwartzman
reaction (8), B-I cell mitogenicity (9),
TNF and IL-1 release from macrophages

and monocytes (10, 11), anticomplementa-.

ry activity (12), pyrogenic reaction in rab-
bits (13}, and lethality in mice (8, 14). The
structural features of PmB that permit bind-
ing to and detoxification of lipid A are
unknown, and its use for treatment of septic
shock (10) is limited by its high toxicity (8,
14). Accordingly, we have designed syn-
thetic peptides (comprised of L-amino ac-
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Fig. 1. (A) Structures of peplides used in these studies. Methods of
synthesis and analysis are descriced in (15). We calculated binding
affinities (K,) for B. pertussis LPS and B. pertussis lipid A measuring
selectivity (B) with respect to the affinity of PmB. We calculated the affinity
of PmB for B, perfussis LPS and B, pertussis lipid A at the midpoin of the
binding Gurve by plotting the value of PmB boundffree (B/F) versus the
total amount of PmB in reaction (PmB tot) (87} (B). The concenirations of
P {uM) were measured by high-performance liquid chromatography
(HPLC) analysis at a wavelength of 220 rm. DAB, a-y-diaminobutyric
acid; X, 6-methyl heptanoylfoctanoyl. HBV, g ,..,, hepatitis B virus S-gene
amino acid sequence 139 to 147 {16). (B) Selectivity -of binding of
synthetic peptides for the lipid A binding site of B. pertussis LPS and for
LPS of different Gram-negative bacteria. Each inhibition curve was
estimated by direct competition of the peptides with PmB for B. perfussis
lipid A and LPS in either water or phosphate-buffered saline (PBS) at 37°C.
The concertration of peptide displacing 50% of PmB from lipid A or LPS
campiexes determines the value of seleclivity and expresses the ratio

Flg. 2. Electron micrographs (original magnification, 136,000} of 8.
pertussis lipid A (A) and LPS (B} micelles in complex with the synthetic
cyclic peptide 2. Micsiles of purified LPS are shown in (C). Peptide
molecules are shown as a dark area surrounding the micelles. Electron
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betweern the affinity constant value of the peptide (K, peptide) and that of
PmB (x, PmB). PmB was used in the competition analysis at a concen-
tration corresponding to the maximum precipitating activity, in water, for
LPS (6.3 pM PmB precipitated 6.0 pM of B. pertussis lipid A or LLPS), The
concenlrations of PmB and peptlide competitors (pM) were measurad by
reversed-phase HPLC (Walers-Millipore, Milford, Massachusetis) anaky-
sis at a wavelength of 220 nm, with a linear methanol in water gradient of
20 to 80%. The calculated selectivities for the peptides were as foliows:
peptide 2, 0.49; peptide 5, 0.43; peptide 3, 0.25; peptide 6, 0.17; and
peptide 1, <0.01. Detoxification activity of peptide 2 in fimulus test (see
Table 1 for definition and conditions) for different LPSs was tested with the
complexas formed at 1:1 (w/w} peptide:LPS ratio. The fowest concentra-
tion of LPS, free or in compiex, giving a positive assay {clolting} is
reported. LPSs from B, pertussis and Neisseria meningiticis were purified
according to the methed described in (32). All other LPSs were commer-
cially available (Sigma). Lipid A was purified according to the method
described in (33).

microscopy was performed with negative staining [1% (wiv) uranyl
acetate]. Samples were mounted at a concentration of 100 pg/mi in PRS
[(A) and (B}] or in 0.1 M sedium citrate (C). One centimeter corresponds
tc 104 nm,
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Table 1. Characteristics of synthetic peptides (

15).

Pyrogenicity of
peptide-LPS

Peptlide Limulus test* actis}?;l?:r?g.?ml) f Hem{oggtﬁn%(it.vny H\igg"f: é?;ggén ‘ complex (A°C) % Lethality’
2 hours 3 hours

Polymyxin B Negative 0.008 >1.50 =180 -0.19 -0.38 100
M (100) (10)

Peptide 1 Negalive >1.00 >1.80 =180 -0.51 ~0.33 0
(10) (70) {60}

Peptide 2 Negative >1.00 >1.50 50 -0.28 ~0.30 0
N {10) (B0)

Peptide 3 Negative =1.00 =>1.50 >180 ND ‘ND ¢
& : {76) (60)

Peptide 4 Positive ND =>1.50 ND ND ND ND

(1000) :

Peptide 5 Negative ND >1.50 i8 ND ND ND
Q) =)

Peptide 6 Negative ND >1.60 50 ND ND ND
(2) (28)

Patyanionic Positive ND ND ND +0.62 +0.71 ND

Polymyxin B {100) ! ‘
HBV 139-147 Positive NO ND ND +0.53 +(.94 ND
(16) {(100)

L jmulus amasbocyte lysate test (sensitivity 0.125 E4/mi} was done according o the manufactures’s instructions {Whittaker, Walkersville, Maryland) with LPS purified from B

pertussis. The minimal peptide:LPS ratio (wiw) that inhibited clot fosmation after preincubation for 15 min at 37°C (negative test) is listed in parenthases.

TAntibiotic activity

of the peptides {milligrams per méfiter on filter disk} was estimated by determination of the minima inhibiting congentration on plates of beef-heast infusion medium, inoculated

with a liquid culture of Salmonella typhimurium, Haermophiius Influenzae, and Vibrio cholerae. The zone inhibition was read after 18 houts.
was estimated after equal volumes of the peplides were

$Hemolytic aclivity of the peplides

incubated with 10% fresh human red blood cells in saline for 30 minat 37°C.  §Stability of the peptides 1o irypsin-like

enzymes was investigated by incutation of the peptides (2.5 mgiml) with humnan serum ar whole blood ex vivo at 37°C for 180 i, Portions were removed at i = 0andat 30-min
intervals and processed by reversed-phase HPLC analysis to quantilate the amount of residual peptide. The half-life of the peplides and the percentage recovered after 180-min
fydralysis (given in parenthases) was calculated for PmB and the peptides. Enzymatic activity of the serum was titered by the synthetic peptide subsirate Val-Ser-Arg-p-

nitroanilide at a waveiength of 410 rim,

[Pyrogenicity of peptide-LPS complexas in rabbit was determined according to the pyrogen test (34). The pyrogenic activity of purified

B. pertussis LPS injected intravencusly (30 ng per kilogram of biody weight; mean of the lemperaluse increase: 2 hours, +0.55°C; and 3 hours, +0.90°C) was compared 1o

preformed complexes at the following wiw ratios: PmB

polyanionic PmB:LPS = 100. Data express the mean of the temperature rise from e basal ternperature.

or peplide 2: LPS = 2; peplide 1: LPS = 10; hepatitis B virus S-gene amino acid seguence 130147 (HBV, 59 147) OF
qAcute toxicity and lethality in mice (strain CD1 and BALB/c) was

tesied in groups of ten mice for each component. PmB and peptides [dose (milligrams per kilogram of body weight) given in pareniheses] were injected intravenously according
to the procedure reporied for General Drug Safety Test of the U.S. Pharmacopeia (34}, Animals were abserved for 48 hours and beyend. ND, not done.

ids) that mimic the primary and secondary
structure of PmB in order to determine the
minimal and optimal features required for
binding to and detoxification of lipid A.

Various peptides were synthesized; the
secondary rearrangement (conformation) of
some peptide structures was atiained by
cyclization via an intramolecular disulfide
bridge resulting from oxidation of two cys-
teine residues inserted in the primary amino
acid structure (Fig. 1A)..

Peptide conformation (linear versus cy-
clic) affected the relative values of affinity
(selectivity) for binding to lipid A and LPS,
as detected by competition studies (Fig.
1B). Peptide 4, a linear peptide that mimics
the primary amino acid sequence of the
PmB cyclic conformation, does not exhibit
binding activity, as compared to the same
amino acid sequence in a cyclic conforma-
tion {peptide 1). However, peptide 1, in
contrast to peptide 2, does not comgpete
with PmB significantly, an indication that
even the size of the peptide is a factor
affecting optimal filling of the binding site.
Likewise, the affinity of the linear peptide
6, which mimicked the primary amino acid
sequence of PmB, was less than that of the
same sequence rearranged in a cyclic con-
formation (peptide 3). In contrast, retro-

by detoxification occurred with the lipid A
of different LPSs (Fig. 1B). Finally, neither
a non-PmB-related cyclic peptide {16) nor
the anionic derivative of PmB could bind
(Fig. 1A) and detoxify lipid A (Table 1).
Our data indicate that multiple factors
are responsible for optimal binding of pep-
tide structures to lipid A, including the

orientation of peptide 2 (the retroisomer
peptide 5) did not significantly affect the
affinity; thus, specific orientation of the
peptide bonds is not required for binding.
In all cases, the complexes of lipid A with
the synthetic peptides had a stoichiometry
(15) comparable to that of the complex
formed with PmB (7), and binding followed

Table 2. Inhibition of LPS-induced TNF and 1L-6 release In the serum of mice after treatment with:
LPS from £. coli 055:B6, Daia express the mean of serum TNF and IL-6 concentrations measured
60 and 120 min, respectively, after treatment with LPS, in two groups of five mice each {strain CD1,
Charles River). TNF was measured by a standard cytoloxicity assay, with 1929 cells (35) and
recombinant human TNF as a standard. IL-6 bioactivity was measured as hyhridoma growih factor
activity on 7TD1 cells, with recombinant humasn 1L-6 as a standard (36). Peptides were injected
intravenousty at a dose of 100 pg, 30 min tefore intraperitoneal LPS administration (0.1 pg/mouse).
Statistical significance was caiculated by the f lest. ’

Percent Percent
Compound (ﬁe;;T INSFE inhibition (Sej,rr‘lfl';” LL'gE inhibition
g/mi) = (significance) ng/mi) = (significance)
Sajine 18.07 = 4.95 484 + 135

Peptide 1 3.00 = 1.08 83 1.31 + 0.41 73
~(P<00Y) (P < 0.08)

Peptide 2 1.25 £ (0.82 93 0.78 = 0.37 84
R (P < 0.001) (P < 0.08)

Peptide 3 3.25 + 1.62 82 1.23 £ 0.72 75
(P < 0.01) {F < 0.05}

PmB ) 1.45 +0.72 92 0.46 = 0.19 90
(P < 0.001) (P < 0.05)
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Table 3. Survival rate in mice. Strain CD1 mice treated with low-dose LPS from E. coli 055:85 were
injected intravenously with peptide 2 (0.25 mg per mouse) and PmB (0.1 mg per mouse, highest
dose tolerated} and then injected intraperitoneally with actinomycin-D (30 pg per mouse) and LPS
(2.5 pg per mouse) 30 min later. BALB/c mice were trealed with high-dose LPS from E. coli 05585,
Mice were injected intravenously with peptide 2 or 3 (1.1 mg per mouse} and PmB (0.1 mg per
mouse, highest dose tolerated) 30 min after intraperitoneal injection with LPS (1.1 mg per mouse).
Data are from groups of 20 mice for each experiment. Survival was jollowed daily for 7 days. The
nsmber of surviving mice (as a percentage of the lolal) is given in parentheses. Statistical
significance was calculated by Fisher's exacl test, 7 days afler LPS lreatment,

Surviving mice at

Compound Significance
- 24 48 - 168 hours
Fost-treatment with low-dose LPS
Saline 5 3 1 1
{25) (15} ) . 6}
Peptide 2 13 8 8 8 P < 0.01
) . (40) (40) (40)
PmB 10 8 5] [ £ < 0.05
(50) (40) (30) (30)
Fre-treatment with high-dose LPS
Saline 10 6 6 6
(50) (30) (30) (30) :
Peptide 2 or 3 20 12 12 8 P> 0.05
(100 (60) (60) {40)
PmB 12 8 8 8 P> 0.05
(60) (40) (40) (40)

amphipathic and cationic features of the
primary amino acid sequence, the size of
the structure, and the peptide conforma-
tion. However, addition of the alkyl chain
of L-isoleucine to peptide 2 (peptide 3)
negatively affected the binding affinity.
This contrasts with the speculated hydro-
phobic interactions of PmB with lipid A
through its 6-methyl-octanoyl/heptanoyl
chain (7). Because binding of the peptides
to lipid A was not affected by pH (range 2
to 11) or ionic strength (range 0.01 to 0.5
M), the hydrophobic binding probably
involves the Phe-Leu present in the cy-
clic, conformationally stable peptide
structure. The alkyl chain of the lysine
residues may also contribute to binding
efficiency; however, their cationic (at
physiologic pH) aminc groups, although
likely interacting with the phosphate
groups of lipid A, do not seem to play a
major role in the binding because all the

e-amino groups of the lysine residues of

peptide 2 were still completely reactive to
the picrylsulfonic acid reagent (17) when
in complex with lipid A (18).

Electron microscopy of the precipitated
peptide-lipid A or peptide-LPS complexes
provided evidence that micelle agpregates
of lipid A or LPS were surrounded by a dark
halo of peptide molecules (Fig. 2). On the
basis of the measured 1:1 peptide:lipid A
stoichiometry, we used computer-assisted
modeling (19} to compare the dimensions
of the most affine peptide with those of lipid
A as N,O-acylated B-1,6-D-glucosamine di-
saccharide  1,4'-bisphosphate  monomer
(20). The calculated dimensions of peptide
2 (25.6 by 14.0 by 10.7 A) and those of the
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hydrophobic pocket formed by the N,O-
acyl residues of the lipid A monomer (23.5
by 23.9 by 20.9 A) are similar to the
combining site of an antibody that binds
to a trisaccharide epitope (21). Peptides of
appropriate sequence and structure do
bind to lipid A with a saturation curve
(Fig. iB) comparable to that of the epi-
tope-specific homogeneous population of
antibodies that are induced by bacterial
oligosaccharide haptens conjugated to car-
rier protein (22, 23).

We compared binding affinity and func-
tional activity of the peptides by assaying
inhibition of LPS-induced clot formation in
the limulus amoebocyte lysate (LAL) assay
(Table 1). Higher affinity peptides were
more potent inhibitors of the enzymatic
reaction. Efficacy of LPS detoxification by
synthetic peptides was tested in vivo with
LPSs of Bordetella pertussis and Escherichia
coli, which have different activities (Fig.
1B} and lipid A structures, with Ave and six
N, O-acyl chains of different length, respec-
tively (24, 25). Detoxification of B. pertus-
sis LPS was monitored by the febrile re-
sponse of rabbits, and that of E. coli LPS
was monitored by the cytokine release in
mice. The febrile response to LPS involves
two distinct temperature increases: the first
increase is shown within 2 hours of the
injection of LPS, whereas the second (and
more consistent) increase appears in the
third hour and is mediated by TNF and [L-1
(13, 26). The LPS-peptide complexes did
not show either of the temperature in-
creases {Table 1), which demonstrates the
stability of the complexes in vive and sug-
gests that the release of the two endogenous
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pyrogens (INF and IL-1} was inhibited

after reaction with the peptides. TNF re-

-lease was significantly inhibited in mice

when the peptides were injected either in
complex or before treatment with E. coli
LPS. IL-6 production was also significantly
inhibited (Table 2), and 1.PS toxicity was
reduced, as shown by a significant increase
in the survival rate (Table 3). When the
peptides were injected after LPS treatment,
complete protection was observed at 24
hours, but lethality was only delayed {Table
3), in agreement with data indicating that
iriggering of TNF production cccurs in vivo
within a few minutes of LPS injection {27).
However, the doses of LPS that produced
significant lethality in mice were much
higher than the maximum serum concen-
trations (0.1 ng/ml) found in septic patients
(28).

In contrast to PmB, our peptides have
shown neicher antibiotic activity nor
acute toxicity and lethality when injected
intravenously into mice at a dose as high
as 60 mg per kilogram of body weight
(Table 1}. PmB is lethal in mice at a dose
of 5 mg/kg (14), and at 10 mg/kg caused
100% lethalicy in BALB/c and CD1 mice.
Safety of the synthesized peptides was
anticipated on the basis of their L-amino
acid composition and their degradation
characteristics, which contrast with those
of PmB, which is refractory to biological
degradation by serine proteases in human
serum (Table 1). Also, unlike natural
cationic and amphipathic peptide antibi-
otics such as melittins, which have strong
hemolytic activity on red bleod cells (29),
the reported peptides have no lytic activ-
ity on human erythrocytes (Table 1).

Elucidation of the lipid A binding site
by peptide structures may enhance our
understanding of the nature of mammalian
receptor proteins for LPS and suggests a
strategy for the design of anti-LPS mole-
cules as drugs and peptide-lipid A com-
plex-based vaccines that may be useful in
the prophylaxis and treatment of LPS-
mediated diseases.
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