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LPS/Lipid A—Bindihg Synthetic Peptides

Massimo Porro
Bios¥nth Research Laboratories, Siena, Italy

THE PUTATIVE LIPID A-BINDING SITE
AND ITS RECOGNITION BY
PEPTIDE STRUCTURES

The amphipathic structure of bacterial endotoxins (li- ~

popolysaccharides, 1.PS) relates to the supramolecular
architecture of lipid A, the biologically active moiety
of LPS (1).-Lipid A is structurally conserved among
LPS from different species of gram-negative bacteria
and results from the association of several glycolipid
monomers of general structure N,0-acyl-p-1,6-D-glu-
cosamine disaccharide 1,4'-bisphosphate. In an aque-
ous environment, the plycolipid monomers form mi-
celles according to the critical micellar concentrafion
{CMC) of the system (1,2). The biological activity of
LPS is expressed through the interaction of the lipid A
component with a variety of cell- and serum-binding
proteins/receptors inducing the immune system to react
by secretion of preinflammatory cytokines, a process
that often leads to very severe biological effects (3,4).
The interaction of LPS, via lipid A, with mammalian
receptor proteins appears to be a remarkably efficient
process, since. it is today well recognized that LPS in-
teracts with a vadety of serum proteins, with special-
ized cells of the immune system, and with tissues of
different key organs like liver, lungs, and spleen.
During the past few years, our laboratories have un-
dertaken studies designed to determine the thermody-
namic efficiency of the interaction between the lipid A
moiety of R{rough)- and S(smooth)-chemotype LPS
with well-defined peptide molecules. Our primary ob-
Jectives have been to characterize in detail the physical-
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chemical characteristics of the putative binding site ex-
pressed by lipid A, which, in turp, would be of value
in defining the corresponding features required by the
amino acid sequences of mammalian LPS-binding/re-
ceptor proteins with which LPS interacts. The focus of
our study has been based on two fundamental obser-
vations reporied several years ago and today widely
recognized:

- 1. The capability of the peptide antibiotic poly-
myxin B (PMXB) to bind with high affinity to
LPS and to reduce its toxicity and improve sur-

vival of mice challenged systemically with puri-

" fied LPS (5} -

2. The molecular explanation for the protective ac-
tivity of PMXB, based on the stoichiometric in-
teraction of the peptide antibiotic with the lipid
A moiety of LPS (6), demonstrating for the first
time that lipid A contains a saturable binding site.

FEATURES OF PEPTIDE STRUCTURES
RECOGNIZED BY LIPID A

The antibiotic PMXB is a cyclic cationic peptide,
which is composed of 10 amino acids and a hydropho-
bic tail, a heptanoyl/octanoyl chain, at the N-terminus
of the molecule. PMXB contains in its structure several
uncommon amino acids not normally found in' mam-
malian cells, like D-phenylalanine and o,y-L-diamino-
butyric acid (DAB, six residues accounting for about
50% of the molecular mass of PMXRB). DAB is a ho-
molog of L-lysine, and the available evidence would
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suggest that it is responsible for the secondary rear-
rangement of this cyclic peptide through the internal
condensation of a DAB residue with L-threonine. It is
also thought to be responsible for the proteolytic sta-

bility of PMXB to serine proteases, such as trypsin and-

chymotrypsin. Also of interest from the toxicological
point of view, as a free amino acid it can function to
replace L-lysine in the protein synthesis of mammalian
cells (7). This lack of biodegradability results in the
accurnulation of PMXB in target organs (mainly kid-
neys and tissues of the nervous system) following its
administration to experimental animals leading to a sig-
nificant toxicity, which often ends with organ failure.
In order to investigate the contribution of the differ-
ent amino acid residues in PMXB to the physical-
chemical characteristics of the cyclic peptide for bind-
ing and detoxifying the lipid A moiety of LPS, we have
synthesized a series of synthetic peptides containing
natural amino acids, each of which replaces one of the
. residues found in the original structure of PMXB (8).
For the primary structure of synthetic peptides, L-lysine
was used for replacement of DAB residues in PMXB,
L-phenylalanine for replacement of p-phenylalanine,
and L-isoleucine for replacement of the heptanoyl/oc-
tanoyl chain at the N-terminal side of the molecule.
Recreation of the secondary rearrangement of the pep-
tides was achieved by insertion of two L-cysteine res-
idues in the primary structure, followed by oxidation
of the two sulfhydryl groups to form an internal disul-
fide bridge, thereby generating the cystine disulfide.
In this case, a cystine residue was replacing the DAB-
L-threonine internal bridge of PMXB, providing a nat-
ural rearrangement for the synthetic peptide (Fig. 1)
in a way similar to that by which proteins naturally
develop secondary structuré. The primary structure of

X-DAB-Thr-DAB-DAB- D}}\B— (D) Phe- Leu

HN

OC -Thr -DAB-DAB
He- Lys- Thr- Lys- Cys- Lys-Phe-Leu

)

S- Cys- Lys- Lys
Fig. 1 Suucture of polymyxin B and one of its peptide
analogs. Amino acids are in three-letter code. X = 6-Methyl
heptanoyl/octanoyl; DAB = o,y-didminobutyric acid. (From
Ref. 8.)
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PMXB and one of its synthetic analogs are indicated
in Figure 1. '
Synthetic peptides prepared according to this strat-

- egy have been of considerable value in allowing us to

elucidate the molecular constraints on amino acid se-

" quences tequired for efficient thermodynamically stable

binding of such peptides to lipid A. Analysis of these
peptides binding to lipid A has also led to the definition
of the size of its binding site. Further, this approach
has provided important information on some of the mo-
lecular characteristics that mammalian receptor pro-
teins should have for potential recognition of lipid A,
a crucial step in the design of peptide-based antagonists
of LPS (). Accordingly, the biological activity of syn-
thetic antiendotoxin peptides (SAEP), as assessed by
their ability to inhibit the toxic properties of a variety
of R- and S-chemotype LPS, has been determined in
both in vitro and in vivo studies by measuring the com-
petitive (dose-related) inhibition of LPS-induced clot-
ting of Limulus amebocyte lysate (LAL), local and sys-
temnic TNF and IL-6 production in mice, hemorrhagic
dermonecrosis in the rabbit (local Schwartzman reac-
tion), and lethality in mice (8,9). The results of -these
studies are reviewed in the following paragraphs.

GENERAL $TRUCTURE OF LIPID A—
BINDING PEPTIDES

Analysis of the primary as well as secondary structural
features of SAEP in relation to PMXB has revealed that
the characteristics of peptide-based structures required
for thermodynamically efficient binding and detoxifi-
cation of the lipid A moiety of LPS reside primarily in
their cationicity and amphipathicity, with a relatively
1kss, but nevertheless significant impact of the second-
ary rearrangement of the sequences for improving the
overall affinity of binding of peptides to lipid A. In
aqueous solutions, binding to lipid A appears to involve
a dual-step process, through a preliminary interaction
of the cationic amino acids (lysine, arginine) with the
anionic groups of lipid A (phosphates), followed by
the stabilization of the resulting molecular complex
through hydrophobic interactions involving the fatty
acid residues of lipid A, the hydrophobic amino acids
{e.g., phenylalanine and leucine), and most likely the
alky] chain of lysine or arginine residues as well. These
conclusions derive from experimental observations
showing that anionic amino acids cannot replace cati-
onic ones in the sequences of SAEP and still manifest
high-affinity lipid A binding, that the complex between
SAFEP and LPS is stable over a broad range of pH
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15 are ind2—11) and jonic strength (0.10-0.5 M), that the

wy amino groups of lysine residues are still ac-

ng to thissle for reaction with specific reagents following
1 allowinglex formation, and that the complex with LPS can
amino aadily dissociated by 1% (w/v) SDS treatment. The
namically: of peptide-based structures that would optimally
\nalysis ofss these features was found to be about 10 amino
| to the defi No detectable lipid A—binding activity was ob-
ar, this apfl for sequences having less than 67 amino acids
some of ttudies of molecular mechanics based on NMR
an receptoa of SATP (10} and of an analog peptide in com-
nition of lwith LPS have confirmed the conclusions reported
based anta) concemning the binding process in aqueous/polar
al activity ats (11).
), as asses the basis of these fundamental observations of

arties of a e-LPS—binding interactions, an algorithm has -

sen determieveloped in order to search for potential amino
\easuring thequences within the primary structure of well-
{ PS-inducsented LPS-binding proteins present in nature.
A1), local dgorithm predicts that any cyclic or linear se-
mice, heme encompassing a minimum of 6—7 amino acid
jchwartzmes, respectively, containing a minimum of three
he results dc cationic amino acids with solvent parameter
g paragrap! 1.5 kecal/mole (lysine and arginine) and hy-

sbic amino acids with solvent parameter values -

5 kcal/mole (tryptophan, phenylalanine, tyrosine,
Y A— , isoleucine, and valine), and characterized by a

f the ratio of number of cationic to number of

hobic amino acids (Re/h) =1 has a significantly
secondary sied probability of binding with high affinity to
¢B has reveid A-binding site of LPS (12).
| structures =st the hypothesis, we have analyzed the primary
inding and acid structure of well-established LPS-binding
§ reside priss to attempt to identify amino acid sequences
ty, with a 18 the three requirements of the algorithm de-
npact of theove. In situations where the candidate anti-LPS
es for imprees have been identified, the corresponding pep-
stides to lipere synthesized and employed in a variety of
_ A appears tdesigned to assess binding to lipid A and neu-

eliminary iron of the toxic effects of LPS both in vitro and -

1e, arginine) The first set of LPS-binding proteins that were
phates), folld include phylogenetically different proteins re-
> molecular 0 be involved in modulating different biological
% involving 18 of LPS (Table 1). These include CD14 (the
rophobic amL.PS receptor expressed on the cell membrane
), and most jimmunocompetent cells), LBP (a 60 kDa LPS-
‘esidues as wiprotein present in serum), BPI (a 55 kDa bac-
rimental obs petmeability-increasing protein first identified
is cannot repiorphonuclear cell granules), LALF (a 15 kDa
AEP and stilf Limulus amebocyte), and LEBP-PI (the 12
t the complenlus endotoxin-binding protein-protease inhib-
a broad ran €ach protein we have identified at least one
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candidate amino acid sequence fulfilling-all require-
ments of the algorithm defined above, and the corre-
sponding synthetic peptides have shown the capability
to bind and detoxify LPS in various assays (12—14).
Comparable results have been reported for some of
these protein sequences in independent studies carried
out in other laboratories (15—19). In Table 1, selectivity
expresses the ratio between the affinity constant value
of the considered peptide for E. coli BS LPS and that
of polymyxin B, as detected in the compefition assay
described in Ref. 8. LAL inhibition indicates the min-
imal ratio of peptide to LPS (w/w) capable of inhibit- .
ing the clotting induced by 0.125 EU/ml (0.04 ng/mi)
of E. coli BS LPS, in the Limulus amebocyte lysate
assay. ’

SEARCH FOR LIPID A-BINDING PEPTIDES
IN THE PRIMARY STRUCTURE OF NATURAL
LPS-BINDING POLYPEPTIDES

Several natural cationic polypeptides of the animal
kingdom are known to have antibiotic properties
against gram-negative bacteria, at least in part by in-
creasing the permeability of the outer membrane (20).
Among these are defensins and defensin-related pep-
tides recently found in human skin, magainins, cecro-
pins, melittins, tachyplesins, and rabbit cationic pro-
teins (20—24). The algorithm has, therefore, been
applied to these natural polypeptides in order to iden-
tify specific sequences as potential binding site for LPS
and, if so, their potential use as synthetic anti-LPS an-
tagonist molecules. Indeed, several amino acid se-
quences with cationic amphipathic characteristics were
predicted in the primary sequence of these polypeptide
antibiotics (25), and several of these are now under
investigation in our laboratories for possible LPS-neu-
tralizing capability. Since natural cationic antibiotic
polypeptides seem to contain amino acid sequences
with characteristics comparable to those required for
binding and neuiralizing lipid A, our attention has been
also directed toward the investigation of associated
complementary activities of these anti-LPS synthetic
peptides; that is, the potential antibiotic activity of syn-
thetic peptides designed de novo according to the se-
quences predicted by the algorithin on gram-negative
bacteria (Tables 2 and 3). We have found that several
of these synthetic peptides manifest direct antibiotic'ac-
tivity in vitro, as well as synergistic activity with hy-
drophobic antibiotics like rifampin and erythromycin
(26).
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-(pH 2-11) and ionic strength (0.10-0.5 M), that the
primary amino groups' of lysine residues -are still ac-
cessible for reaction with specific reagents following
complex formation, and that the complex with LPS can
be readily dissociated by 1% {w/v) SDS treatment. The
length of peptide-based structures that would optimally
possess these features was found to be about 10 amino
acids. No detectable lipid A -binding activity was ob-

. served for sequences having less than 6--7 amino acids

(8). Studies of molecular mechanics based on NMR

spectra of SAEP (10) and of an analog peptide in com-

plex with LPS have confirmed the conclusions reported
above concerning the binding process in aqueous/polar

solvents (11).

On the basis of these fundamental observations of
peptide-LPS—binding interactions, an algorithm has
been developed in order to search for potential amino
acid sequences within the primary structure of well-
documented LPS-binding proteins present in nature.
The algorithm predicts that any cyclic or linear se-
quence encompassing a minimum of 67 amino acid
residues, respectively, containing a minimum of three
aliphatic cationic amino acids with solvent parameter
values =1.5 kcal/mole (lysine and arginine) and hy-

drophobic amino acids with solvent parameter values -

= —1.5 kcal/mole (u’yptophan, phenylalanine, tyrosine,
leucine, isoleucine, and valine), and characterized by a
value of the ratio of number of cationic to number of
hydrophobic amino acids (Re/h) =1 has a significantly
increased probability of binding with high affinity to
the lipid A—binding site of LPS (12).

To test the hypothesis, we have analyzed the primary
amino acid structure of well-established 1.PS-binding
proteins to attempt to identify amino acid sequences
fulfiling the three requirements of the algorithm de-
fined above. In situations where the candidate anti-LPS
sequences have been identified, the corresponding pep-
tides were synthesized and employed in a variety of
assays designed to assess binding to lipid A and neu-
tralization of the toxic effects of L.PS both in vitro and
in vivo, The first set of LPS-binding proteins that were
analyzed include phylogenetically different proteins re-
ported to be involved in modulating different biological
functions of LPS (Table 1). These include CD14 (the
55 kDa LPS receptor expressed on the cell membrane
of some immunocompetent cells), LBP (a 60 kDa LPS-
binding protein present in servm), BPI (a 55 kDa bac-
ltericidal permeability-increasing protein first identified
in polymorphonuclear cell granules), LALF {(a 15 kDa
factor of Limulus amebocyte), and LEBP-PI (the 12
kDa limulus endotoxin-binding protein-protease inhib-
itor). In each protein we have identified at least ome
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candidate amino acid sequence fulfilling all require-
ments of the algorithm defined above, and the corre-
sponding synthetic peptides have shown the capability
to bind and detoxify LPS in various assays (12—14).
Comparable results have been reporied for some of
these protein sequences in independent studies carried
out in other laboratories (15-19). In Table 1, selectivity
expresses the ratio between the affinity constant value
of the considered peptide for E. coli BS I.PS and that
of polymyxin B, as detected in the competition assay
described in Ref. 8. LAL inhibition indicates the min-
imal ratio of peptide to LPS (w/w) capable of inhibit- -
ing the clotting induced by 0.125 EU/ml (0.04 ng/ml)
of E. coli BS LPS, in the Limulus amebocyte Iysate
assay.

SEARCH FOR LIPID A-BINDING PEPTIDES
IN THE PRIMARY STRUCTURE OF NATURAL
LPS-BINDING POLYPEPTIDES

Several natural cationic polypeptides of the animal
kingdom are known to have antibiotic properties
against gram-negative bacteria, at least in part by in-
creasing the permeability of the outer membrane (20).
Among these are defensing and defensin-related pep-
tides recently found in homan skin, magainins, cecro-
pins, melittins, tachyplesins, and rabbit cationic pro-
teins (20-24). The algorithm has, therefore, been
applied to these natural polypeptides in order to iden-
tify specific sequences as potential binding site for LPS
and, if so, their potential use as synthetic anti-L.PS an-
tagonist molecules, Indeed, several amino acid se-
quences with cationic amphipathic characteristics were
predicted in the primary sequence of these polypeptide
antibiotics (25), and several of these are now under
investigation in our laboratories for possible LLPS-neu-
tralizing capability. Since natural cationic antibiotic
polypeptides seem to contain amino acid sequences
with characteristics comparable to those required for
binding and neutralizing lipid A, our attention has been
also directed toward the investigation of associated
complementary activities of these anti-LPS synthetic
peptides; that is, the potential antibiotic activity of syn-
thetic peptides designed de novo according to the se-
guences predicted by the algorithm on gram-negative
bacteria (Tables 2 and 3). We have found that several
of these synthetic peptides manifest direct antibiotic ac-
tivity in vitro, as well as synergistic activity with hy-
drophobic antibiotics like rifampin and erythromycin
(26).
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Table 1 Characteristics of Synthetic Peptides Predicted in the Primary Amino Acid

Sequences of LPS-Binding Natural Polypeptides

. LAL inhibition
Peptide sequences Rc/h Selectivity (wiw)
Predicted )
CD144; s Human 1.00 0.02 100
VKALRYRRL ‘
CD14 s Mouse : 1.00 0.03 200
KSLSLKRLTVR
LBP,;_ 100 Human 1.00 0.07 100
KVRESFFKL
LBPays..az4 Human 0.75 0.04 ’ 100
FLKPGKVEKV _ ‘
BPI,;. 5 Homan 1.33 0.04 100
KELKRIKI
BPlyg_ s Humnan 1.67 0.20 10 ‘
KWKAQKRFLK o
LALE, s Crab_ 1.50 1.83 1
KRLKWEKYKGKF :
LEBP-PI;_,; Crab 1.50 0.05 . 100
CQSWKSSEIRCGK., ‘
[Ts—s ]
Control i
LEBP-Plg_gs Crab : 0.25 0.00 >1000
CROQHGTYINCLEY
I §—s |
BPlyss. 160 Fluman ' 0.67 0.00 ~ >1000
IQLPHKKI
LAYLF;,_ 4 Crab 0.67 0.00 >1000

Amino acids éppeéx in one-letter code. Re/h value defines the ratio between aliphatic cationic {at physio-
logical pH) and hydrophobic amino-acids present in a selected sequence. :

Another protein that is of potential relevant interest
in the elucidation of the molecular basis of the inter-
action of proteins/peptides with the lipid A moiety of
LPS is tubulin, the globular protein responsible for mi-
crotubule formation in the cytoskeleton. This somewhat
ubiguitous protein has been also reported to bind LPS
(27). In the primary structure of tubulin, the algorithm
predicts seven amino acid sequences fulfilling all the
requirements (25), specifically at residues 156166,
287-299, 335-345, 362-373, 381-390, 383-401,
and 408—415. The implications deriving from the in-
teraction of tubulin with LPS may be of particular rel-

evance, especially if one considers the capability of
LPS to target various tissues in mammalian hosts and
be responsible for the failure of key organs like the
liver. 7

Another category of natural polypeptides that would
be of potential interest as a source of molecular infor-
mation useful for generating novel new synthetic pep-
tides specific for the lipid A moiety of LPS are opioid-
related peptides. In fact, lipid A is a pyrogenic, molecule
with reported somnogenic activity (28), and LPS is
known for its ability to induce, through lipid A, an
increase in the permeability of the blood-brain barrier
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Table 2 Synergism of Synthetic Peptides Designed De Novo with Rifampin and Erythromycin Against E. coli IH3080

Evaluated by Minimal Inhibitory Concentration (MIC)

MIC (pg/ml) at indicated peptide concentration (pg/ml)

Rifampin Erythromycin
Peptide 03 1 3 10 - 30 . 100 03 1 3 10 30 100
None 10 ‘ 30
Deacylpolymyxin B 10 01 0.01 — — - 10 3 1 o —_ —
KFFKFFKER 0w -1 0.03 0.03 0.01 - 30 30 1 3 1 —
IKFLEFLKFL 10 03 0.01 0.01 — — 30 10 1 1 e —
EKFKFKFKFjZ 10 10 3 1 0.1 — 30 30 30 30 1 en
S —38 :
IKTKCLKFLKKEZ 10 10 10 3 3 1 30 30 30 30 30 30
S—35
IRTRLCRFLRRCJ 3 3 3 1 1 0.1 80 30 30 10 1 1
5-—38

*The peptide alone inhibited growth.

(29) and the release of proinflammatory cytokines in
brain tissue (30) and to reproduce effects mimicking
those of opioid peptides (31).

Inflammation is a process involving several media-
tors, and it is now recognized that LPS-induced inflam-

mation in the brain of mice, following an intravenouns”

challenge, results in the upregulation of neurotactin, a
newly discovered membrane-anchored small protein of
the chemokine families, shortly after LPS challenge
(32). With this in mind, it could be important to note
that the sensation of pain follows the activation of no-
ciceptors, primary sensory neurons located on cells,

which are targets for opioids and are specialized to de-
tect tissue damage in the periphery and in the central
nervous system (33). Nociceptin or Orphanin FQ is a
new heptadecapeptide discovered in brain tissue of ..
mamunals, which resembles the opioid peptide dynor-
phin A and acts as an endogenous agonist of the opioid
receptor-like 1 (ORL1), a new G-protein coupled re-
ceptor (34,35). ORIL.1 is an orphan receptor, resembling
opicid receptors, whose ¢cDNA has been detected in
brain tissue of both humans and mice. Nociceptin in-
creases reactivity to pain by stimulating the ORL1 re-
ceptor, a process that can therefore be defined as no-

Table 3 Synergism of Synthetic Peptides Designed De Novo with Rifampin Against Klebsiella pneumoniae and E. cloacae

Evaluated by Minimal Inhibitory Concentration (MIC)

MIC (p.gfml) of rifampin at indicated peptide concentration {pig/ml)

K. pneumoniae KY12854

E. cloacae KY12645

Peptide ‘ 3 10 30 100 3 10 30 100.
None 10 10
Deacylpolymyxin B 0.3 01 NT NT 1 1 : NT NT
KIFEFFKFF 0.3 0.1 0.03 0.01 0.1 0.1 0.03 0.01
IKFLKFLKFL 0.3 0.03 0.01 —_ .03 0.03 0.01 0.01
CKFKFKFKFC 10 10 | 0.3 10 3 1 0.3
L s—s J ' ,
IKTKCLKFLKKjI 10 10 10 10 10 10 10 3
1§ — 8 .
IRTR(LIRFLRR 10 10 3 1 10 10 1 1
§—38

NT, Not tested,
“The peptide alone inhibited growth.
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ciceptive stimulation of a nociceptor. Of considerable
potential interest is the fact that nociceptin appears to
be unique within the family of dynorphin-related pep-
tides, which fulfills all the criteria required by the al-
gorithm for a peptide sequence efficiently binding lipid
A and potentially resulting in its detoxification. This
neurologic peptide has therefore been evaluated in a
variety of in vitro and in vivo assays for its ability to
neutralize the biological effects of LPS and has shown
a remarkable ability to bind and neutralize LPS in all
assays performed (25). Thus, there is a strong sugges-
tion that the opioid-related peptide nociceptin might to
date well serve as a potential target of LPS in the cen-
tral and peripheral nervous system of mammalians. It
is our hypothesis that it might function as an important
recognition system, serving to alert the host’s defenses
on the basis of an imbalance in the nociceptin/nocicep-
tor system. This reciprocal imbalance could in fum
serve in mammals as a physiological detector triggering
the early biological effects of an LPS insult (e.g., in-
flammation, fever) that follow gram-negative bacterial
infections,

DETOXIFICATION MECHANISM(S) OF SAEP -.

The biological activity of SAEP and PMXB in different
animal models of endotoxin-mediated cytokine release
and lethality is dose-dependent in experiments in which
R- and S-chemotype LPS has been used for either local
or systemic challenge (8,9,13) despite the fact that in
in vitro studies the binding of SAEP and PMXB to lipid
A is stoichiometric (6,8). This experimental observation
is most likely explained by the likely antagonistic ef-
fects exerted by SAEP and PMXB on the lipid A moi-
ety of LPS, through an active competition with receptor
proteins on cells and tissues of the mammalian host
(9). The fact, as discussed earlier, that serum LBP and
soluble or cell-associated CD14 contain amino acid se-
guences with characteristics comparable to SAEP
would support this conclusion.

However, other experimental observations merit dis-
cussion. For instance, binding of SAEP and PMXE to
lipid A in undiluted serum does not occur at the stoi-
chiometry observed in aqueous solutions when mea-
sured by two independent methods [e.g., surface plas-
mon Tesonance (SPR) and equilibrivm molecular
dialysis (9)]. The presence of serum therefore, appears
to interfere with the efficiency of binding, and a sig-
nificant dilution of serum is required in order to restore
full binding activity to the level observed in agueous
solutions. Since neither ionic strength nor pH of the
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medium offers reasonable explanations for this discrep-
ancy, as binding to lipid A by SAEP and PMXB is not
affected by these two parameters in a broad range of
values- (), the observed interference may be due to

either the presence of LPS-binding components or in-

trinsic physical-chemical features of the serum envi-
ronment. Despite these in vitro observations, SAEP are
very active in the neutralization of the toxic effects
associated with LPS when given prophylactically and
therapeutically in vivo (8,9,13,17). These effecis are
manifest even within a time frame of treatment broader
than the experimentally observed half-life time for
SAFEP in the bloodsiream (9). For instance, LPS-de-
pendent production of tumor necrosis factor (TNF),the
proinflammhatory cytokine generally recognized as re-
sponsible for many of the toxic effects induced by LPS,
is significantly inhibited by SAEP in the organs, tis-
sues, and sera of animals challenged by LPS, either
intravenously, intraperitoneally, or intradermally (9).
On these bases, it is reasonable to postulate that the
biological manifestations of SAEP activity as an LPS
neutralization event oceur at the tissue level rather than
in the serum.

There are, however, recent findings concerning
novel properties of cationic amphipathic peptides that
suggest an additional molecular mechanism leading to
the inhibition of LPS-induced effects. It has been re-
ported that, at least in vitro, PMXB can serve as a
selective and potent antagonist of calmodulin through
the formation of a stable molecular complex (36). Also,
p-amino-acid analogs of the peptide antibiotic melittin
bind to calmodulin, which is remarkably tolerant ster-
ically, and the resulting complexes have been shown to
be highly stabilized by van der Waals forces (37). Since
calmodulin is a multifunctional protein often involved
in the cellular signaling pathways of mammalian cells,
where it plays the role of a phosphokinase activator,
the capability of cationic amphipathic peptides to in-
teract with calmodulin could result in the inhibition of
the LPS-induced signal pathway by a pathway inde-
pendent of its ability to interact with LPS. This hy-
pothesis would be supported by the observation that
calmodulin is a well-characterized subunit of the in-
ducible nitric oxide synthase (NOS) from macrophages
(38) and human hepatocytes (39), the enzyme respon-
sible for the synthesis of the biological mediator nitric
oxide, a potent hypotensive agent, which can be over-
produced in the vasculature after exposure to LPS (40).
In this respect, our laboratory has investigated the ca-
pability of SAEP to inhibit in vitro the enhancing effect
of calmodulin on the phosphodiesterase activity, which

leads to the degradation of the cyclic-AMP to 5'-AMP.
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tive only of lipid A—specific sequences present in the
primary structure of natural polypeptides, the variety of
peptide structures evaluated in various studies suggest
that the physical-chemical characteristics of SAEP
might also represent the primary target for lipid A in
the conformationally defined structure of proteins.
Also, as in the case of the opioid-like peptide nocicep-
tin, the developed algorithm might help the discovery
of novel LPS-binding polypeptides whose binding ac-
tivity for LPS is still unknown or not yet related to
their biological function in nature. The size of peptide
sequences optimally determined to bind to lipid A in
aqueous solvents (8,13) is comparable to the size re-
ported for epitopes recognized by monoclonal antibod-
ies (45,46) as well as for interaction with the major
histocompatibility complex class I molecules (47). This
consideration would allow the interesting speculation
that the mechanism of LPS recognition by natural poly-
peptides may well bear similarities to the  immunorec-
ognition system. Finally, several different clinical uses
of anti-LPS synthetic peptides can be envisioned that,
if snccessful in the near future, would allow innovative
approaches in clinical medicine for prophylaxis and
treatment of diseases caused by gram-negative bacteria
and the related effects due to the release of LPS during
the infectious process, such as endotoxic shock.

REFERENCES

1. Rietschel ET, Brade H, Brade 1., et al. Lipid A, the
endotoxic center of bacterial lipopolysaccharides: rela-
tion of chemical structure to biological activity. Prog
Clin Biol Res 1987; 231:25~53, ]

2. Seydel U, Brandenburg K, Koch MHJ, et al. Supra-
molecular structure of lipopolysaccharide and free lipid
A under physiological conditions as determined by syn-
chrotron small angle X-ray diffraction. Eur I Biochem
1989; 325--332.

3. Rietschel ET, Brade H, Holst O, et al. Bacterial endo-
toxin: chemical constitution, biological recognition,
host response and immunological detoxification. In:
Rietschel ET, Wagner H, eds. Pathology of Septic
Shock. Berlin: Springer-Verlag, 1996:39-81.

4, Morrison DC, Lei MG, Kirikae T, et al. Endotoxin re-
ceptors on mammalian cells. Immunobiology 1993;
187:212--226.

5. Rifkind D. Prevention by polymyxin B of endotoxin
lethality in mice. J Bacteriol 1967; 93:1463—1464.

6. Momison DC, Jacobs DM. Binding of pelymyxin B to
the lipid A portion of bacterial lipopolysaccharide. Im-
munochemistry 1976; 13:813-818.

7. Christensen HN, Liang M. Transport of diamino acids
into the Erlich cell. J Biol Chem 1966; 241:5542—
5551.

10.
11,

12.

13.
14.
15.

16.

17.

18.
19.

20.

21,

22.

23.

24.

Porro

Rustici A, Velucchi M, Faggioni R, et al. Molecular
mapping and detoxification of the lipid A binding site
by synthetic peptides. Science 1993; 25%:361--365.
Demitri MT, Velucchi M, Bracci L, et al. Inhibition of
L.PS-induced systemic and local TNF production by a
synthetic anti-endotoxin peptide (SAEP-2). I Endotox
Res 1996; 3(6):445-454. .

Liao SY, Ong GT, Wang KT et al. Conformation of
polymyxin B analogs in DMSO from NMR spectra and
molecular modeling. Biochim Biophys Acta 1995;
1252(2):312--320.

Bhattacharjya S, David SA, Mathan VI, et al. Poly-
myxin B nonapeptide: conformations in water and in
the lipopolysaccharide-bound state determined by two
dimensional NMR and molecular dynamics. Biopoly-
mers 1997; 41(3):251-265.

Porro M. Structural basis of endotoxin recognition
by natural polypeptides. Trends Microbiol 1994; 2:65-
66.

Velucchi M, Rustici A, Porro M. Molecular require-
ments of peptide structures binding to the lipid A region
of bacterial endotoxins. In: Nerrby E, Brown I, Chan-
ock RM, Ginsberg HS, eds. Vaccines '94. New York:
Cold Spring Laboratory Press, 1994:141-146,

Porro M. Cyclic or linear conformations of sequences
binding lipid A: Does it really matter? Trends Microbiol
1994; 2:338.

Little R, Kelner DN, Lim E, et al. Functional domains
of recombinant bactericidal/permeability increas-
ing protein (rBPI23). J Biol Chem 1994; 265:1865~
1872.

Battafarano RJ, Dahiberg PS, Ratz CA, et al. Peptide
derivatives of three distinct lipopolysaccharide binding
proteins inhibit lipopolysaccharide-induced tumor ne-
crosis factor-alpha secretion in vitro, Surgery 1995;
118:318-324.

Kloczewiak M, Black KM, Loiselle P, et al. Synthetic
peptides that mimic the binding site of horseshoe crab
antilipopolysaccharide factor. J Tnfect Dis 1994; 170:
1490--1497.

Larrick JW, Hirata M, Zheng H, et al. A novel granu-
Iocyte-derived peptide with lipopolysaccharide-neutral-
izing activity. J Immunol 1994; 152:231-240.

Hoess A, Watson S, Siber GR, et al. Crystal structure
of an endotoxin-neutralizing protein from the horseshoe
crab, limulus anti-LPS factor, at 1.5 A resolution.
EMBO ¥ 1993; 12:3351-3356.

Vaara M. Agents that increase the permeability of the '
outer membrane. Microbiol Rev 1992; 56:395-411.
Hirata M, Shimomura Y, Yoshida M, et al, Characteri-
zation of a rabbit cationic protein (CAP18) with lipo-
polysaccharide-inhibitory activity. Infect Immun 1994;
62:1421--1426.

Harder J, Bariels J, Chistophers E, et al, A peptide an- ~
tibiotic from human skin. Nature 1997; 387:861.
Gough M, Hancock REW, Kelly NM. Antiendotoxin
activity of cationic peptide antimicrobial agents. Infect
Immun 1996; 64:4922-4927. o
Iwanaga S, Muta T, Shigenaga T, et al. Structure-func-
tion relationships of tachyplesins and their analogues.
In: Marsh J, Gooden JA, eds. Antimicrobial Peptides
(Series Ciba Foundation Symposia). Chichester, UK:
John Wiley & Sops, 1994:160-174.




LPS/Lipid A—Binding Synthetic Peptides

235,

26.

27.

28.

29.

30,

31.

32.

33.

34,

35.

36.

Porro M, Rustici A, Velucchi M, et al. Natural and syn-

thetic polypeptides that recognize the conserved lipid A
binding site of lipopolysaccharides. Fo: Levin J, Pollack
M, Yokichi T, Nakano M, eds. Endotoxin and Sepsis:
Molecular Mechanisms of Pathogenesis, Host Resis-
tance and Therapy. New York: Joha Wiley & Sons,
1998:315-323. ‘

Vaara M, Porro M. Group of peptides that act syner-
gistically with hydrophobic antibiotics against gram-
negative enteric bacteria. Antimicrob Agents Chermn-
other 1996; 40:1801-18035,

Ding A, Sanchez E, Tancino M, et al. Interactions of
bacterial lpopolysaccharide with microtubule proteins.
J Immunol 1992; 148:2853-2858,

Cady AB, Kotani S, Shiba T, et al. Somnogenic activ-
ities of synthetic lipid A. Infect Imnmun 1989; 57:396-
403,

Quagliarello V, Scheld VM. Bacterial meningitis; path-
ogenesis, pathophysiology and progress. N Engl J Med
1992; 327:864-872.

Faggioni R, Benigni F, Ghezzi P. Proinflammatory cy-
tokines as pathogenic mediators in the central nervous
system: brain-periphery connections. Neuroimmuno-
modulation 1995; 2:2—15.

Yirmiya R, Resen H, Donchin O, et al. Behavioural
effects of lipopolysaccharide in rats: involvement of en-
dogenous opioids. Brain Res 1994; 648:80—86.

Pan ¥, Lloyd C, Zhou H, et al. Neurotactin, a mem-- .

brane-anchored chemokine upregulated in brain inflam-
mation. Nature 1997; 387:611-617.

Taddese A, Nah SY, McCleskey EW. Selective opioid

inhibition of small nociceptive neurons. Science 1995;
270:1366-1369.

Meunier JC, Mollerau C, Toll L, et al. Isolation and
structure of the endogenous agonist of opioid receptor-
like ORL1 receptor. Nature 1995; 377:532--335.
Reinscheid RX, Nothaker H, Bourson A, et al. Or-
phanin FQ: neuropeptide that activates the opioidlike G
protein-coupled receptor. Science 1995; 270:792-794.
Hegemann L., Vanrooijen LAA, Traber J, et al. Poly-
myxin B is a selective and potent antagonist of cal-
modulin. Eur J Pharm 1991; 207:17--22.

37,

38.

39,

40.

41,

42,

43,

45.

46.

47,

411

Fisher PJ, Prendergast FG, Ehrhardt MR, et al. Cal-
modulin interacts with amphiphilic peptides composed
of all D-amino acids. Nature 1994; 368:651-653.

Cho HIJ, Xie Q, Calaycay J; et al. Calmodulin is a sub-
unit of nitric oxide synthase from macrophages. J Exp
Med 1992; 176:599--604.

Geller DA, Lowenstein CJ, Shapiro RA, et al. Molec-
ular cloning and expression of inducible nitric oxide
synthase from human hepatocytes. Proc Natl Acad Sci
USA 1993; 50:3491-3495.

Moncada S, Palmer RM]J, Higgs EA. Nitric oxide phys-.
iology, pathophysiology and pharmacology. Pharmacol
Rev 1991; 43:109-142.

Craig WA, Turner JH, Kunin CM. Prevention of the
generalized Shwartzman reaction and endotoxin lethal-
ity by polymyxin B localized in tissue. Infect Immun
1974; 10:287-292.

Gu XX, Tsai 'CM. Preparation, characterization and im-
munogenicity of meningococcal lipooligosaccharide-
derived oligosaccharide-protein conjugates. Infect Im-
mun 1993; 61:18731879.

Velucchi M, Rustici A, Meazza C, et al. A model of
Neijsseria meningitidis vaccine based on LPS micelles
detoxified by synthetic anti-endotoxin peptides. J En-
dotox Res 1997; 4{(4):261-272.

Acki H, Kodama M, Tani T, et al. Treatment of sepsis.
by extracorporeal elimination of endotoxin using pol-
ymyxin B-immobilized fiber. Am J Surg 1994; 167
412-417.

Cygler M, Rose DR, Bundle DL. Recognition of cell-
surface oligosaccharide of pathogenic Salmonella by an
antibody Fab fragment. Science 1991, 253:442-445.
Nnalue NA, Lind SM, Lindberg AA. The disaccharide
L-o-D-heptose 1—7-1.-a-D-heptose 1—> of the inner
core domain of Salmonella lipopolysaccharide is acces-
sible to antibody and is the epitope of a broadly reactive
monoclonal antibody. J Immunol 1992; 149:2722-

. 2728,

Parker KC, Bednarek MA, Hull LK, et al. Sequence
motifs important for peptide binding to the human
MHC class I molecule, HLA-AZ. J Immunol 1992; 149:
31580-3587.




