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Abstract: Lipopolysaccharide binding protein (LBP) is a 60 kDa acute phase glycoprotein capable of binding
to LPS of Gram-negative bacteria and facilitating its interaction with cellular receptors. This process is
thought to be of great importance in systemic inflammatory reactions such as septic shock. A peptide
corresponding to residues 86–99 of human LBP (LBP86–99) has been reported to bind specifically with high
affinity the lipid A moiety of LPS and to inhibit the interaction of LPS with LBP. We identified essential
amino acids in LBP86–99 for binding to LPS by using a peptide library corresponding to the Ala-scanning of
human LBP residues 86–99. Amino acids Trp91 and Lys92 were indispensable for peptide–LPS interaction
and inhibition of LBP–LPS binding. In addition, several alanine-substituted synthetic LBP-derived peptides
inhibited LPS–LBP interaction. Substitution of amino acids Arg94, Lys95 and Phe98 by Ala increased the
inhibitory effect. The mutant Lys95 was the most active in blocking LPS binding to LBP. These findings
emphasize the importance of single amino acids in the LPS binding capacity of small peptides and may
contribute to the development of new drugs for use in the treatment of Gram-negative bacterial sepsis.
Copyright  2002 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The recognition of pathogenic bacteria and their
toxic products is very important for survival of
the host during infection and bacteraemia [1].
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4-methylbenzhydrylamine; rp-HPLC, reverse phase high
performance liquid chromatography; tBu, tert-butyl; TFA,
trifluoroacetic acid; TIS, triisopropylsilane
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Lipopolysaccharide (LPS, endotoxin) is an integral
part of the outer membrane of all Gram-negative
bacteria and is centrally involved in the recogni-
tion of bacteria by infected hosts. LPS elicits innate
immune reactions, including cytokine release, up-
regulation of adhesion molecules, phagocytosis,
oxygen radical production and some other effects
in diverse cell types [2]. Cell responses to LPS
are dependent on LPS-binding soluble proteins
and membrane receptors. In particular, LPS-
binding protein (LBP) and CD14 play a critical
role in mediating responses to LPS [3]. Binding
of LPS to LBP enhances the cellular effects of
LPS by facilitating subsequent binding to CD14.
Recent studies have also identified members of
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the Toll-like receptor family as potential compo-
nents of the signalling unit of the LPS receptor,
which transduce responses that are dependent on
LBP and CD14 [4]. Thus diverse evidence indi-
cates that LPS complexing with LBP is a major
event in mediating toxic responses triggered by
LPS [5].

The region between amino acids 82–108 of LBP
seems to be involved in LPS binding, as ascer-
tained by studies with synthetic LBP peptides [6,7].
Taylor et al. identified two overlapping peptides, cor-
responding to residues 91–108 of human LBP,
that specifically bound the lipid A moiety of
LPS with high affinity and inhibited LPS bind-
ing to LBP. On the other hand, Battafarano et al.
demonstrated that a synthetic peptide, comprising
residues 82–108 of human LBP, inhibited the LPS-
induced TNF-α secretion by macrophages in vitro.
In particular, the peptide corresponding to residues
86–99 of human LBP retained a significant bind-
ing to LPS and inhibited the binding of LPS to
LBP [8].

In order to design small molecules with increased
ligand-binding and neutralizing capacity it is often
necessary to prior identify peptides with specific
folds and proper functions [9]. Although through the
analysis of peptide structure one could determine
the contribution of each amino acid residue to a
specific function, this could also be approached
by additional studies. A valuable procedure is the
study of an alanine-scanning synthetic library based
on the parental sequence [10,11]. This may provide
extensive data from one screening step: for example
the residues decisive for the LPS binding capacity,
which could be changed without any impact on the
activity: the influence of the amphipathic character
or charge distribution in the bioactivity of the
peptide, among others.

In the context of the whole protein, single or
double mutations of basic residues (Arg 94 and
Lys 95) within the proposed LPS binding motif of
LBP dramatically reduced the LPS binding activity
of LBP [12]. Nevertheless, no analysis of single
mutations of the small LBP86–99 peptide has been
reported so far. We constructed and screened an
Ala-scanning synthetic library restricted to the LBP
region 86–99 to identify indispensable amino acid
residues for peptide binding to LPS. This study could
contribute to the development of peptides or derived
molecules of potential prophylactic or therapeutic
value in the management of sepsis and other LPS-
associated disorders.

MATERIALS AND METHODS

Materials

All Fmoc-protected amino acids, HOBt and Rink
Amide MBHA resin were obtained from Bachem
(Switzerland). Trifluoracetic acid, piperidine, N ,N-
dimethylformamide (peptide grade), tert-butyl
methyl ether, diethyl ether and acetonitrile (HPLC
grade) were purchased from Caledon (Canada);
reagents for the Kaiser test, DIC and TIS from Merck
(Germany). All commercial reagents and solvents
were used as received with the exception of DMF,
which was stored over activated 0.4 nm molecular
sieves (Merck, Germany).

Peptide Synthesis

Peptides were synthesized using manual parallel
Fmoc/tBu solid phase chemistry on Rink Amide
MBHA resin (0.54 mmol/g, 0.1 mmol scale). Side-
chain protecting groups were as follows: Arg(Pmc),
Gln(Trt), Lys(Boc), Ser(OtBu) and Trp(Boc). Synthe-
ses were carried out in 15 polypropylene syringes
(10 ml) fitted with a polyethylene porous disc. Sol-
vents and soluble reagents were removed by suc-
tion. DIC/HOBt activation used at least a threefold
molar excess of Fmoc-amino acids in DMF for each
coupling cycle. In general no more than 2 h was
needed for the completion of the coupling reac-
tion, which was indicated by a negative Kaiser
test [13]. Removal of the Fmoc group was carried out
with 20% piperidine in DMF (1 × 1 min, 2 × 10 min).
Washings between coupling and deprotection steps
were carried out with DMF (5 × 1 min) using 5–10
ml/g resin for each wash. All coupling and washing
steps were performed under vigorous shaking. After
final deprotection each peptide-resin was washed
with DMF (5 × 1 min), methanol (5 × 1 min), diethyl
ether (5 × 1 min) successively and then dried under
vacuum overnight.

Cleavage from the resin and deprotection of
side chain protecting groups were performed by a
treatment with 10 ml of TFA/TIS/water (95/2.5/2.5)
for 2 h. Cleavage solutions were filtered into 15
50 ml centrifuge tubes containing 30 ml of cold
tert-butyl methyl ether. After centrifugation (5 min
at 3000 rpm) and decanting, the precipitates were
washed four times by addition of fresh ether.
The peptides were finally dissolved in 10 ml of
acetonitrile/water (1/1, v/v) and lyophilized.
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Purification and Characterization of the Peptides

Analytical rp-HPLC was carried out on a Pharmacia
LKB (Sweden) instrument comprising two solvent
delivery pumps (model 2150) and a system controller
(model 2152). A linear gradient from 0 to 60%
of solvent B (0.05% TFA in acetonitrile) in solvent
A (0.1% TFA in water) in 40 min was run on a Vydac
C-18 column (25 × 250 mm, 10 µm) at 0.8 ml/min
flow rate. UV detection was performed at 226 nm
in a Knauer variable wavelength detector (model
K-2500). Peptides were purified up to 99% purity
on the same instrument on a Vydac C-18 column
(25 × 250 mm, 10 µm). A linear gradient from 15%
to 50% of solvent B in solvent A during 50 min at
a flow rate of 4 ml/min was used. The absorbance
was monitored at 226 nm. The peptide molecular
mass was verified by mass spectrometry. The low-
energy MS/MS spectra were acquired using a hybrid
quadrupole orthogonal acceleration tandem mass
spectrometer QTOF from Micromass (Manchester,
UK) fitted with a Z-spray nanoflow electrospray
ion source. The mass spectrometer was operated
with a source at 80 °C and a drying gas flow
of 50 l/h. Peptides were dissolved in a solution
of 50% water/acetonitrile (v/v) containing 1%
acetic acid to reach an approximate concentration
of 5 pmol/µl. The rp-HPLC peptide solutions
were directly infused into MS by using a syringe
pump 74900 (Cole Palmer) at 5 µl/min. Voltages
applied to the capillary and cone were 3 kV and
35 V, respectively. Data acquisition and processing

were performed using a MassLynx system from
Micromass.

Blocking LBP–LPS Interaction Using Synthetic LBP
Peptides

Equimolar solutions of each peptide were prepared
and stored in water for injection. Immuno-Maxisorb
plates (Nunc, Roskilde, Denmark) were coated
overnight at 4 °C with 10 µg anti-human LBP
monoclonal antibody (1E9 MAb) in PBS. Plates
were blocked by incubation with BSA 1% in
PBS for 1 h at room temperature. Washing steps,
and standard, samples and subsequent reagent
dilutions were performed with BSA 0.1% in
PBS. Two-fold serial dilutions of the standard
titration curve of rhLBP (recombinant human LBP)
were added in duplicate wells and plates were
incubated for 1 h at room temperature. The highest
concentration of rhLBP was 100 ng/ml and the
lowest 50 pg/ml. Biotinylated LPS from E. coli
055:B5 preincubated (1 h at room temperature) in
the absence or presence of different amounts of
peptides were added to the plates and further
incubated for 1 h. The optimal working dilution
of biotinylated-LPS was previously determined in
independent experiments. LPS bound to LBP was
detected using streptavidin–peroxidase conjugate
and TMB substrate [14]. The absorbance was
measured in a microplate ELISA reader at 450 nm.
Reduced OD values indicated the blockage of
LPS–LBP interaction. The significance of differential

Table 1 Peptides Derived from the Ala-scanning of the Parental Sequence LBP86–89

Code Sequence Theoretical mass Experimental mass Z Error

LBP86–99 RVQGRWKVRKSFFK 607.70 607.68 3 +0.02
A99 RVQGRWKVRKSFFA 588.68 588.66 3 +0.02
A98 RVQGRWKVRKSFA K 582.36 582.33 3 +0.03
A97 RVQGRWKVRKSA FK 582.36 582.34 3 +0.02
A96 RVQGRWKVRKA FFK 602.37 602.36 3 +0.01
A95 RVQGRWKVRA SFFK 588.68 588.65 3 +0.03
A94 RVQGRWKVA KSFFK 579.35 579.33 3 +0.02
A93 RVQGRWKA RKSFFK 598.36 598.35 3 +0.01
A92 RVQGRWA VRKSFFK 588.68 588.67 3 +0.01
A91 RVQGRA KVRKSFFK 569.35 569.33 3 +0.02
A90 RVQGA WKVRKSFFK 579.35 579.32 3 +0.03
A89 RVQA RWKVRKSFFK 612.37 612.34 3 +0.03
A88 RVA GRWKVRKSFFK 588.69 588.67 3 +0.02
A87 RA QGRWKVRKSFFK 598.36 598.35 3 +0.01
A86 A VQGRWKVRKSFFK 579.35 579.32 3 +0.03
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binding was analysed by Student’s t-test with
the Bonferroni correction, using the estimated
parameters of the different inhibition curves.

RESULTS AND DISCUSSION

A library of 15 N-terminal free peptides (Table 1) was
synthesized including the parental peptide LBP86–99.
All peptides were obtained with more than 99%
purity according to analytical rp-HPLC (Figure 1).
A good correspondence between theoretical and
experimental mass was obtained.

Figure 1 Analytical rp-HPLC chromatograms of A95
peptide. (A) crude and lyophilized A95; (B) purified A95.
A linear gradient from 0 to 60% of solvent B (0.05% TFA
in acetonitrile) in solvent A (0.1% TFA in water) in 40 min
was run on a Vydac C-18 column (25 × 250 mm, 10 µm)
at 0.8 ml/min flow rate. The absorbance was monitored
at 226 nm. The inset of rp-HPLC profile of crude A95 (A)
shows an expanded region of the ESI-MS spectra.

In a previous study we showed that the peptide
corresponding to the LBP amino acid region 86–99
(LBP86–99) was able to interfere with the LBP–LPS
interaction and to inhibit the toxic effects of LPS [8].
The contribution of each amino acid residue to the
LPS binding capacity of LBP86–99 was examined by
using the single substituted peptides conforming to
the Ala-scanning synthetic library. Peptides were
pre-incubated with LPS–biotin, and these mixtures
were subsequently added to rhLBP-coated surfaces
to verify the ability of each synthetic peptide to inter-
fere with LBP–LPS interaction. In initial experiments
all peptides were used at 12 µg/ml, a concentra-
tion that was clearly inhibitory for LBP86–99 in this
assay. In parallel experiments it was demonstrated
that peptides did not bind to 1E9 MAb or interfere
with the recognition of rhLBP by this monoclonal
antibody (data not shown). A non-related peptide,
B6-1 (KSVIIGSTGGSPEKHHSTVQL), which does not
bind to LPS, was used as a negative control in all
experiments.

The results are shown in Figure 2. The peptides
could be classed in five major groups according to
their relative ability to block LPS:LBP interaction,
with respect to the parental peptide LBP86–99. Pep-
tides corresponding to A94, A95 and A98 mutations
showed a strong ability to block the interaction of
LPS–LBP, as ascertained by a sustained abroga-
tion of LPS-binding at every concentration of hLBP
tested. A second group of peptides, including A86,
A90 and A96 was more inhibitory than LBP86–99,
but less potent than the previous group of mutant
peptides.

Peptides A87, A88 and A89 showed an interfer-
ence rather similar to LBP86–99. Mutants A93, A97
and A99 affected LBP:LPS binding marginally only
at LBP concentrations over 25 ng/ml, while pep-
tides A91 and A92 did not interfere with LBP–LPS
interaction. It was remarkable that alanine substi-
tutions of Trp91 and Lys92 completely abrogated
the capacity of these peptides to interfere with
LBP:LPS interaction. Thus, it seems that these two
amino acids are crucially involved in the binding
of the peptides to LPS and consequently in deter-
mining an efficient inhibition of LBP–LPS interac-
tion.

To further characterize the contribution of sin-
gle alanine-substitutions to the strength of LPS-
inhibitory activity, we measured the capacity of
mutant peptides of the first group (A94, A95 and
A98) to block the LBP–LPS interaction, using a min-
imum concentration of 1 µg/ml of these peptides.
Peptides were preincubated for 1 h with 2 ng/ml
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Blocking interaction LBP-LPS using the mutants
A94, A95 and A98 
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Figure 2 Blocking of LPS–LBP interaction using synthetic peptides from the LBP86–99 restricted Ala-scanning library.
Two-fold serial dilutions of the standard titration curve of rhLBP (recombinant human LBP) were added in duplicate to
wells pre-coated with 10 µg of anti-human LBP monoclonal antibody (1E9 MAb), and plates were incubated for 1 h at
room temperature. Biotinylated LPS from E.coli 055:B5 preincubated (1 h at room temperature) in the absence or presence
of 12 µg/ml of peptides were added to the plates and further incubated for 1 h. LPS bound to LBP was detected using
streptavidin-peroxidase conjugate and TMB substrate. Absorbance was measured in a microplate ELISA reader at 450 nm.
Representative data of one of three independent experiments are shown. A, •LPS, ×LBP86–99, �B6-1, ◊A94, +A95, ©A98.
B, •LPS, ×LBP86–99, �B6-1, +A86, �A90, ©A96. C, •LPS, ×LBP86–99, �B6-1, ©A87, +A88, �A89. D, •LPS, ×LBP86–99,
�B6-1, +A93, �A97, ©A99. E, •LPS, ×LBP86–99, �B6-1, +A92, ©A91.

of LPS–biotin and the mixtures were then added
to rhLBP-coated wells. As shown in Figure 3, A95
peptide displayed the strongest blocking effect on
LPS:LBP interaction. The binding of LPS to LBP
was more than 50% inhibited at LBP concentrations
higher than 25 ng/ml. Interestingly, these results
indicated that the inhibition displayed by the A95

mutant peptide was not affected by the concentra-
tion of LBP, at least within the evaluated range.
A similar effect was previously described for the
parental peptide LBP86–99[8], although as demon-
strated herein more than 12 µg of LBP86–99 was
necessary to similarly block the LPS–LBP interac-
tion. It should be pointed out that by mutating Lys95
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Blocking interaction LBP-LPS using 2 ng/ml
of LPS and 1 µg of LBP(86-99), A94, A95 and A98
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Figure 3 Blocking of LPS–LBP interaction using peptides
LBP86–99, A94, A95 and A98 at a lower concentration.
In this experiment peptides at 1 µg/ml were preincubated
with biotinylated LPS from E. coli 055:B5 (1 h at room tem-
perature). Other experimental conditions were as described
in Figure 2. Data from a representative experiment out
of three are presented. LPS, ×LBP86–99, �A-94, ♦A-95,
©A98.

into alanine the alternating pattern of hydrophilic
and hydrophobic residues within the peptide was
extended up to Phe97, in addition to eliminating a
positive-charged amino acid.

The region between amino acids 86 to 104 was
first proposed as the LPS binding domain of LBP
based on similarities of the amphipathicity pattern
of this region with the protruding loop of the Limulus
anti-LPS factor (LALF), an LPS-binding protein from
the Limulus horseshoe crab [15]. A similar discrete
region in BPI was also described as a presumed
LPS binding site by these authors. Subsequent
studies have demonstrated that synthetic peptides
corresponding to these putative LPS-binding sites
were able to block LPS-mediated responses both
in vitro and in vivo [6,7,12,16]. However, the
contribution of each amino acid residue within these
sequences to the observed inhibitory effects has not
been previously described. Using this Ala-scanning
based approach we determined that, within the
peptide sequence corresponding to the human LBP
region 86–99, amino acids Trp91 and Lys92 are
indispensable for the efficient interaction of peptides
with LPS, in terms of the inhibition of LPS binding
to LBP. These residues are included centrally
in the region between Arg90 and Arg94, which
seems to constitute a core of higher amphipathicity
within the peptide sequences. On the contrary,
a single changes of Arg94, Lys95 or Phe98 into
alanine potentiated the interference of peptides
with LBP–LPS interaction, indicating that these
residues in the original sequence, in the context

of the peptides, are detrimental for their efficient
interaction with LPS. This effect was maximal for
the alanine-substitution at position 10 (Lys95),
which also marks the apparent importance of an
alternating hydrophobic-hydrophilic sequence for
peptides to interfere with LBP–LPS binding. Other
single residues, which seem to be important for
the inhibitory effect, are Val93, Phe97 and Lys99;
the alanine-substitutions of the two formers affected
the extended amphipathic sequence previously
assumed. The last residue, Lys99 could be involved
in electrostatic interactions with lipid A phosphate
groups, as could be the case for the only other
positive charged amino acid essential for the
blocking effect of these peptides, Lys92.

CONCLUSIONS

Single indispensable amino acids for the binding of
a synthetic peptide, LBP86–99, to LPS were described
through a one step screening of a restricted Ala-
scanning library. Simultaneously, single substi-
tutions that increase the inhibitory activity on
LPS–LBP interaction of the peptides were also
defined throughout this procedure. Alanine at posi-
tions 9 or 10 of the 14 residue-peptide sequence,
instead of arginine or lysine respectively, improved
the interaction of these small peptides with LPS,
as indirectly revealed by a decrement of the bind-
ing of LPS to LBP in the presence of the peptides.
In contrast, Trp6 and Lys7 were essential for an
effective binding of peptides to LPS. In addition, this
study provided preliminary data on the structural
features of these peptides that seem to be important
for their activity, such as amphipathicity and the
positioning of charged residues. The present inves-
tigation illustrates the convenience of this type of
procedure for obtaining information potentially use-
ful for the development of endotoxin antagonists for
clinical use.
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