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The lipopolysaccharide (LPS)-binding protein (LBP) has a concentration-dependent dual role in the patho-
genesis of gram-negative sepsis: low concentrations of LBP enhance the LPS-induced activation of mononu-
clear cells (MNC), whereas the acute-phase rise in LBP concentrations inhibits LPS-induced cellular stimu-
lation. In stimulation experiments, we have found that LBP mediates the LPS-induced cytokine release from
MNC even under serum-free conditions. In biophysical experiments we demonstrated that LBP binds and
intercalates into lipid membranes, amplified by negative charges of the latter, and that intercalated LBP can
mediate the CD14-independent intercalation of LPS into membranes in a lipid-specific and temperature-
dependent manner. In contrast, prior complexation of LBP and LPS inhibited binding of these complexes to
membranes due to different binding of LBP to LPS or phospholipids. This results in a neutralization of LPS
and, therefore, to a reduced production of tumor necrosis factor by MNC. We propose that LBP is not only
present as a soluble protein in the serum but may also be incorporated as a transmembrane protein in the
cytoplasmic membrane of MNC and that the interaction of LPS with membrane-associated LBP may be an
important step in LBP-mediated activation of MNC, whereas LBP-LPS complexation in the serum leads to a

neutralization of LPS.

Human lipopolysaccharide (LPS)-binding protein (LBP) is a
serum glycoprotein belonging to a family of lipid-binding pro-
teins which includes bactericidal/permeability-increasing pro-
tein (BPI), phospholipid ester transfer protein, and cholesterol
ester transfer protein (1, 18, 36). It consists of 456 amino acid
residues preceded by a hydrophobic signal sequence of 25
residues (31). LBP is synthesized by hepatocytes (26) and in-
testinal epithelial cells (42) and is present in normal serum at
concentrations of 5 to 10 pg/ml, rising up to 200 wg/ml 24 h
after induction of an acute-phase response (35). This rise in
LBP levels is caused by transcriptional activation of the LBP
gene mediated by interleukin-1 (IL-1) and IL-6 (17). LBP has
a concentration-dependent dual role: low concentrations of
LBP enhance the LPS-induced activation of mononuclear cells
(MNC), whereas the acute-phase rise in LBP concentrations
inhibits LPS-induced cellular stimulation (20). LBP binds a
variety of LPS (endotoxin) chemotypes from rough and
smooth strains of gram-negative bacteria and even lipid A, the
lipid moiety of LPS (37, 38). The LPS molecules, components
of the outer membrane of gram-negative bacteria, are impor-
tant mediators in the pathogenesis of gram-negative sepsis and
septic shock (25). Because the lipid A moiety has been shown
to be responsible for the biological activity of LPS in most in
vivo and in vitro test systems, it has been termed the endotoxic
principle of LPS (27).
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LPSs activate monocytes and macrophages to secrete in-
flammatory cytokines (tumor necrosis factor alpha [TNF-«]
and IL-1, etc.) and other potent mediators (32) by an intracel-
lular signal amplification pathway. These mediators, in turn,
act on additional target cells to produce cardiovascular shock,
multisystem organ failure, and septic shock (6, 13), one of the
major causes of death in intensive care units. Specific cellular
responses in organisms are generally mediated by receptors.
For endotoxin recognition, a binding protein/receptor system
has been postulated that involves LBP, the membrane bound
and soluble CD14 molecules, members of the family of Toll-
like receptors (32, 39), and a K* channel (5, 24).

LBP increases the capacity of LPS to induce cytokine release
by mononuclear phagocytes (8, 15), and neutralization of LBP
with rabbit anti-LBP antibodies (Abs) prevents binding of LPS
to monocytes (15) and protects mice from lethal endotoxemia
(11). The important role of LBP in LPS-induced cell activation
has been underlined by the observation that blood from mice
with a targeted deletion of the LBP gene was hyporesponsive
to LPS by at least 1,000-fold (48). In these mice, a transfer of
LPS to CD14 was not observed (16). It was shown recently,
using reconstituted planar membranes, that LBP intercalates
in a directed manner and transmembranously into bilayers
composed of an extracellular leaflet with a negative surface
charge density. LPS and lipid A were shown to bind to LBP on
both sides of the membrane, and binding at the extracellular
side led to a conformational change of the protein or a change
of its orientation in the membrane (14). Moreover, it has been
shown that LBP transfers phospholipids to LPS micelles (50).
It has been shown that an interaction of LPS with membrane-
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associated LBP is more likely to occur than the function of
LBP as a shuttle protein bringing LPS to the cell surfaces
independent of CD14 (31). For the subsequent signal trans-
duction, binding of complexes of LPS and LBP to CD14 is
necessary (46). Therefore, the formation of microdomains of
LBP, CD14, and other proteins involved in LPS signaling, e.g.,
the Toll-like receptors or ion channels, is likely.

In contrast to the enhancement of the LPS-induced activa-
tion of MNC by LBP, an LPS-neutralizing effect has also been
observed. At high concentrations, LBP inhibits LPS-mediated
cytokine release and prevents hepatic failure, resulting in a
significantly decreased mortality rate in LPS-challenged mice
as well as in a murine model of bacteremia (20). It has been
shown that LBP knockout mice were more susceptible to the
lethal effects of infection with live bacteria than healthy mice
(16). Furthermore, LBP has been found to mediate LPS trans-
fer to reconstituted high density lipoprotein (HDL) and to low
density lipoprotein, attenuating its stimulatory effects (40, 47).
LBP facilitates binding of a series of phosphatidylinosides and
phosphatidylserine to membrane-bound CD14 (43), resulting
in an inhibition of the LPS-induced response in monocytes.

LBP has often been compared to BPI. Both proteins bind
LPS, and a sequence comparison for human LBP and BPI
revealed 44% amino acid identity (31). BPI has been found on
the cell surface of human peripheral blood monocytes (7). In
contrast to BPI, LBP has no effect on the viability of gram-
negative bacteria at concentrations at which BPI is very effec-
tive (36), and the effects of LBP and BPI on LPS-induced
cytokine release from mononuclear phagocytic cells are coun-
teractive (8).

In this work, we focused on the differences leading to the
dual role of LBP in neutralization of LPS and enhancement of
LPS-mediated activation of MNC. To this end, we performed
experiments to determine the LPS-induced TNF-a production
by MNC. These data were correlated with those obtained from
biophysical experiments on the binding of LBP to phospholip-
ids and on CD14-independent binding and intercalation of
LBP and the LBP-mediated LPS binding to phospholipids. For
these experiments, surface plasmon resonance (SPR) and flu-
orescence resonance energy transfer (FRET) techniques were
utilized.

MATERIALS AND METHODS

Lipids and other chemicals. Deep rough mutant (Re) LPS from Escherichia
coli strain F515 (F515 LPS) (chemical structure according to references 28 and
45) was extracted by the phenol/chloroform/petroleum ether method (9), puri-
fied, lyophilized, and transformed into the triethylamine salt form. For the
preparation of the aggregates, LPSs were suspended in buffer (100 mM KClI, 5
mM HEPES, pH 7) by thorough vortexing and temperature cycled at least twice
between 4 and 56°C. Each cycle was followed by intense vortexing for a few
minutes, and then the LPSs were stored at 4°C for at least 12 h before measure-
ment.

Phosphatidylcholine (PC) and phosphatidylglycerol (PG) from egg, sphingo-
myelin (SM) and phosphatidylserine (PS) from bovine brain, and phosphati-
dylethanolamine (PE) from E. coli were from Avanti Polar Lipids (Alabaster,
Ala.). All phospholipids were used without further purification. For preparation
of the membranes from the phospholipid mixture resembling the composition of
the cytoplasmic membrane of macrophages (PL), PC, PE, SM, and PS were
mixed in a molar ratio of 38.1:27.3:19.4:15.2 (2, 19).

The fluorescent dyes N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-PE (NBD-PE) and
N-(rhodamine B sulfonyl)-PE (Rh-PE) were purchased from Molecular Probes
(Eugene, Oreg.).
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Proteins and antibodies. Recombinant human LBP (456-amino-acid holopro-
tein rLBP5,) in 10 mM HEPES, pH 7.5, was prepared according to the method
described in reference 34. The monoclonal mouse anti-mouse LBP Ab biG 33
immunoglobulin G1, which is cross-reactive with human LBP, was obtained from
Biometec (Greifswald, Germany).

Stimulation of human MNC by LPS. In experiments aiming at the determi-
nation of the cytokine-inducing capacity of LPS, human MNC were stimulated by
LPS, and TNF-a production of the cells was determined in the supernatant.

For the isolation of MNC, heparinized blood (20 IU/ml) from healthy donors
was processed directly by mixing with an equal volume of Hanks’ balanced salt
solution and centrifugation on a Ficoll density gradient for 40 min (21°C, 500 X
g). The interphase layer of MNC was collected and washed twice in serum-free
Hanks’ balanced salt solution and once in serum-free RPMI 1640 containing 2
mM L-glutamine, 100 U of penicillin per ml, and 100 pg of streptomycin per ml.
The cells were resuspended in serum-free medium, and the number of cells was
adjusted to 5 X 10° cells per ml. For stimulation experiments, 200 pl of MNC per
well (10° cells/well) was transferred to 96-well culture plates. LPS was serially
diluted in serum-free RPMI 1640 and added to the cultures (20 pl per well). The
cultures were incubated for 4 h at 37°C and 5% CO,. Supernatants were col-
lected after centrifugation of the culture plates for 10 min at 400 X g and stored
at —20°C until determination of the cytokine content.

The immunological determination of TNF-« in the cell supernatant was de-
termined in a sandwich enzyme-linked immunosorbent assay as recommended by
the manufacturer and described elsewhere (10). Ninety-six-well plates (Greiner,
Solingen, Germany) were coated with a monoclonal Ab against TNF-« (clone 6b;
Intex AG, Muttenz, Switzerland). Cell culture supernatants and the standard
(recombinant TNF-a [rTNF-a]; Intex) were diluted with buffer. After exposure
to appropriately diluted test samples and serial dilutions of standard rTNF-a, the
plates were exposed to peroxidase-conjugated rabbit anti-rTNF-a Ab. The plates
were shaken for 16 to 24 h at 4°C. For the removal of free Ab, the plates were
washed six times in distilled water. Subsequently, the color reaction was started
by the addition of tetramethylbenzidine-H,O, in an alcoholic solution, and after
5 to 15 min, it was stopped by the addition of 1 M sulfuric acid. In the color
reaction, the substrate is cleaved enzymatically, and the product is measured
photometrically. This was done on an enzyme-linked immunosorbent assay
reader (Rainbow; Tecan, Crailsham, Germany) at a wavelength of 450 nm, and
the values were related to the standard. The TNF-a concentration was deter-
mined in duplicate at two different dilutions, and the values were averaged.

FRET. The FRET technique was used as a probe dilution assay (30, 33) to
obtain information on the intercalation of LBP and LPS into liposomes made
from various phospholipids. For the FRET experiments, phospholipid liposomes
were double labeled with NBD-PE and Rh-PE. The fluorescent dyes were dis-
solved together with PC, PG, SM, PS, PE, or mixtures of these phospholipids in
chloroform in molar ratios of 100:1:1 (lipid/NBD-PE/Rh-PE). The solvent was
evaporated under a stream of nitrogen, and the lipids were resuspended in
bathing solutions with 100 mM KCI and 5 mM HEPES at pH 7.0, mixed thor-
oughly, and sonicated with a Branson sonicator for 1 min (1 ml of solution).
Subsequently, the preparation was cooled for 30 min at 4°C, heated for 30 min
at 56°C, and recooled to 4°C. Preparations were stored at 4°C overnight prior to
measurement. A preparation of 900 pl of the double-labeled lipid liposomes (0.1
mM) at 37°C was excited at 470 nm (excitation wavelength of NBD-PE), and the
intensities of the emission light of the donor NBD-PE (531 nm) and acceptor
Rh-PE (593 nm) were measured simultaneously on the fluorescence spectrom-
eter SPEX F1T11 (SPEX Instruments, Edison, N.J.). LBP, Ab, and LPS aggre-
gates were added after 50, 100, and 150 s. Intercalation could be detected as a
change in fluorescence intensity as a function of time (increase of the donor
signal, decrease of the acceptor signal). For the quantitative analysis of FRET
data obtained from experiments using liposomes composed of different lipids,
the dilution effects (influence of non-membrane-active solutions on the emission
intensities) for each type of lipid were determined in control experiments, and
the donor signal was corrected correspondingly. This method allows for the
comparison of effects induced by LBP and LPS in liposomes composed of
different lipids. The increases in the corrected donor intensities at = 5 min (at
which point the intensities have nearly reached constant values) were depicted
graphically (see Fig. 3 and 4). For a qualitative analyses of experiments utilizing
liposomes composed of the same type of lipid in each case, the quotient of the
intensities of the donor dye and the acceptor dye were plotted against time
(hereafter designated the FRET signal) (see Fig. 5).

SPR experiments. An SPR technique (23) was used as a binding assay to detect
the interaction of LBP and LPS with immobilized liposomes made from PS. First,
a C1 sensor chip (Biacore AB, Uppsala, Sweden) was pretreated with 20 pl of a
4-pg/ml polylysine (Sigma Chemical Co., St. Louis, Mo.) solution to obtain a
positively charged chip surface. Then a 10 pM suspension of PS liposomes was
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FIG. 1. Effects of monoclonal anti-LBP Ab biG 33 immunoglobulin
G1 on LPS-stimulated TNF-a production by MNC under serum-free
conditions. MNC (5 X 10° cells/ml) were simulated with 0, 1, or 10 ng
of LPS per ml from Re mutant strain E. coli F515 in the absence of Ab
or in the presence of 10 or 50 wl of Ab (1 mg/ml).

injected to obtain an immobilized lipid matrix for interaction experiments with
LBP and LPS. LBP, LPS, and a preincubated (15 min, 37°C) mixture of LBP and
LPS were added at concentrations of 100 nM, 10 uM, and 100 nM plus 10 uM,
respectively. The running buffer was 100 mM KCI and 5 mM HEPES at pH 7.0,
and experiments were performed at 25 or 37°C at a flow rate of 10 pl/min in a
BIACORE 3000.

RESULTS

Influence of LBP on the LPS-induced TNF-a production by
MNC under serum-free conditions. As a measure of the bio-
logical activity of LPS, its ability to induce TNF-a in human
MNC was determined. TNF-a, together with IL-1 and IL-6, is
one of the important mediators induced by endotoxin.

To investigate whether the LBP-mediated activation of
MNC by LPS is dependent on the presence of free LBP in the
serum, we washed MNC three times in serum-free medium to
remove serum LBP as completely as possibly. The addition of
1 and 10 ng of LPS per ml clearly led to a concentration-
dependent increase of TNF-a production (Fig. 1) which was
also observed in lower amounts when the cells were washed
four or five times in serum-free medium. This TNF-a produc-
tion could be reduced or even completely inhibited by prein-
cubating the MNC with the monoclonal anti-LBP Ab prior to
LPS addition (Fig. 1).

To investigate whether the sequence of addition of LBP and
LPS plays a role in the function of LBP, we applied LBP at
different concentrations and LPS at identical concentrations (1
ng of LPS per ml = 400 pM) in different sequences to serum-
free MNC. Under both conditions, an increase in LPS-induced
TNF-a release from MNC was observed with increasing
amounts of LBP (Fig. 2); no significant difference resulted
from the different sequences of LPS and LBP addition (data
not shown). In contrast, the addition of a preincubated mixture
of LBP and LPS (15 min, 37°C) to the MNC led to a signifi-
cantly lower level of TNF-a production than did the absence of
additional LBP. A TNF-a concentration comparable to that of
unstimulated MNC was reached at a molar ratio of 10:1 (LBP/
LPS) of the preincubated complexes. LPS-induced IL-6 release
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was also reduced in a dose-dependent way when LPS was
preincubated with LBP (data not shown). Qualitatively iden-
tical results were obtained at an LPS concentration of 10 ng/ml
(data not shown).

Intercalation of LBP and LPS into phospholipid mem-
branes. FRET spectroscopy was used to investigate the inter-
calation of LBP into phospholipid membranes and its ability to
mediate endotoxin intercalation into the respective bilayers.
Liposomes prepared of PC, PS, PG, PL, and mixtures of PS
and PC (PS-PC) and PS and PE (PS-PE) were labeled with the
donor and acceptor dyes. In Fig. 3, the difference between
changes in the donor intensity after the addition of 10 pl of
buffer and the addition of LBP (10 wl, 180 nM) (Fig. 3A) or
LBP (10 pl, 180 nM) and LPS (100 pl, 10 M) (Fig. 3B) to the
various liposome suspensions (10 wM) is plotted against the
average number of negative charges per lipid molecule. In the
absence of LPS, a linear correlation between these two param-
eters was observed (Fig. 3A). Even for the electrically neutral
PC liposomes, a slight increase in the donor intensity is ob-
served. In contrast, the LBP-mediated intercalation of LPS
into the liposomes is not linearly correlated with the number of
charges per lipid molecule (Fig. 3B): a change in donor inten-
sity after subsequent addition of LPS to liposomes in the pres-
ence of LBP was observed for PS but not for PG liposomes.
Moreover, higher increases in the donor intensity were obtained
with PS-PE or PL liposomes than with PS-PC liposomes. A slight
but significant increase in the donor signal was also observed
after the addition of LBP and LPS to PC liposomes.

The increase in donor intensity after the addition of LBP
(5.5 pl, 100 nM) did not depend significantly on temperature
(data not shown), but the further addition of LPS (100 wl, 10
pM) led to changes in the donor intensity which increased
exponentially with increasing temperature (Fig. 4).

To gain further insight into the influence of the monoclonal
anti-LBP Ab on the interaction of LBP with the target mem-
branes, experiments with PS liposomes were performed. Below
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FIG. 2. Influence of LPS, LBP, and LPS/LBP complexes on the
TNF-a production of MNC under serum-free conditions. The F515
LPS concentration (1 ng/ml = 400 pM) and number of cells (5 X 10°
cells/ml) were identical in all experiments. LBP was either added
subsequently (m) or as preincubated (15 min, 37°C) LPS/LBP com-
plexes (@) at the indicated LBP/LPS molar ratios.
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FIG. 3. Changes in the donor emission intensity in FRET experi-
ments upon addition of 10 ug of LBP (180 nM) (A) or additional F515
LPS (10 M) (B) to double-labeled liposomes composed of different
phospholipids (10 wuM). PS-PC and PS-PE are equimolar mixtures, and
PL is composed of PC, PE, SM, and PS in molar ratios of 38.1:27.3:
19.4:15.2. Changes in donor intensity are plotted against the average
number of net negative charges per lipid molecule.

we designate the quotient of the intensities of the donor dye
and the acceptor dye as the FRET signal. The addition of LBP
(180 nM) to double-labeled PS liposomes (10 wM) at ¢t = 50 s
led to an increase in the FRET signal, and the addition of LPS
(10 pM) at ¢ = 150 s led to a further increase (Fig. SA). When
anti-LBP Ab (20 pl at £ = 100 s) was added after the first
addition of LBP (at + = 50 s), the FRET signal increased
slightly, and the effect of the LPS addition (at r = 150 s) was
completely abolished (Fig. SA). To investigate whether the Ab
can inhibit the intercalation of LBP into the PS liposomes, we
preincubated LBP and the Ab for 15 min at 37°C and then
added these complexes to the PS liposomes. Under these con-
ditions, the FRET signal increased slightly compared to that
seen with LBP alone, and the effect of subsequently added LPS
was completely abolished again (Fig. SA).

To investigate the role of uncomplexed and LPS-complexed
LBP in the interaction with membranes, LBP and LPS were
added successively or as a preincubated mixture to double-la-
beled PS liposomes. The results are shown in Fig. 5. The succes-
sive addition of LBP (180 nM) and LPS (10 nM) resulted in near-
ly identical changes to those described above (Fig. 5A). The
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inverse sequence of addition led only to a slight increase in the
FRET signal after LPS addition, which is indicative for a neg-
ligible interaction between LPS and PS liposomes (Fig. 5B).
The further addition of LBP caused an increase in the FRET
signal to a value (2.4) comparable to that of the experiment in
which 180 nM LBP and 10 uM LPS were added. In contrast to
the effects of uncomplexed LBP and LPS, the addition of
preincubated LPS/LBP complexes did not change the FRET
signal (Fig. 5B). When LBP was added to PS liposomes prior to
the addition of LPS/LBP complexes, an increase in the FRET
signal was observed (Fig. 5B) which was, however, smaller than
that obtained after the addition of LPS alone (Fig. 5B).
Binding of LBP and endotoxin to immobilized lipids. SPR
experiments were performed to investigate the binding of LBP
and LPS to immobilized liposomes, and the results are sum-
marized in Fig. 6. From both panels of the figure it can clearly
be seen that the first injection of PS liposomes (20 wl, 10 uM)
led to an increase in response units, indicating binding of the
liposomes to the polylysine-covered surface of the chip. Fur-
ther injections of PS liposomes (20 and 40 wl) did not increase
the signal, leading to the conclusion that the first addition led
to complete coverage of the surface with PS. The subsequent
addition of LPS (40 wl, 10 pM) did not lead to its binding to
the PS surface (Fig. 6A). In contrast, injection of LBP (40 pl,
100 nM) resulted in its binding to the PS surface, and this could
not be reversed by washing the surface with running buffer.
Subsequent injection of 10 wM LPS suspension in steps of 40
wl led to a saturable binding to the PS/LBP surface in the
absence of unbound LBP (Fig. 6A). The absence of unbound
LBP is guaranteed by the continuous flow of LBP-free buffer
solution over the surface. Comparable masses of LBP and LPS
bound to the chip, and therefore, more than a 20 fold-higher
number of LPS molecules bound to the PS/LBP surface than of
LBP molecules to the PS surface (based on the relative mo-
lecular masses of LPS and LBP). In contrast to this observa-
tion, LPS/LBP complexes (40-wl complex of 10 uM LPS and
100 nM LBP preincubated for 15 min at 37°C) did not bind to
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FIG. 4. Changes in the donor emission intensity in FRET experi-
ments upon addition of LBP (180 nM) and F515 LPS (10 uM) to
double-labeled liposomes composed of PS (10 M) to determine de-
pendence on buffer temperature.
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FIG. 5. Time kinetics of changes in the quotient of the donor and
acceptor emission intensities (Iponor/acceptor) N FRET experiments
upon addition of LBP (200 nM), F515 LPS (10 pM), and anti-LBP Ab
(20 pl, 1 mg/ml) to double-labeled PS liposomes (10 wM) at various
time points and in various combinations (A) Addition of LBP at¢ = 50
s and F515 LPS at ¢t = 150 s (trace a); addition of LBP at r = 50 s,
anti-LBP Ab at ¢ = 100 s, and F515 LPS at ¢t = 150 s (trace b); addition
of preincubated LBP and anti-LBP Ab at# = 50 s and F515 LPS at¢ =
150 s (trace c). (B) Addition of LBP at ¢+ = 50 s and F515 LPS at ¢ =
150 s (trace a); addition of F515 LPS at ¢t = 50 s and LBP at ¢ = 150
s (trace b); addition of preincubated LBP and F515 LPS at ¢ = 50 s
(trace c); addition of LBP at ¢ = 50 s and preincubated LBP and F515
LPS at t = 150 s (trace d).

the PS surface (Fig. 6B). Injection of LBP (40 wl, 100 nM) led
to the previously described binding of LBP to the PS surface;
however, the further addition of LPS/LBP complexes (40 l)
did not increase the response. Thus, it may be concluded that
the LPS/LBP complexes do not bind either to PS or to PS/LBP
surfaces. Binding of LBP and LBP-mediated binding of LPS to
a PC surface was also observed, but the effects were reduced
compared to their binding to PS surfaces (data not shown).

All effects observed in the FRET and SPR experiments
depend on the concentrations of LBP and LPS and/or the
molar ratio of LBP/LPS used. The data shown in Fig. 3 to 6
represent the results with the best visible effects.

DISCUSSION

In earlier investigations into the influence of LBP on the
LPS-mediated activation of MNC, a dual role was observed. It
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was the aim of this study to elucidate the different mechanistic
principles leading to the enhancement of LPS-mediated acti-
vation of MNC and the inhibition of this effect at higher LBP
concentrations (20).

LBP-mediated activation of MNC. LPS is a potent inducer
of TNF-a production by MNC, even under serum-free condi-
tions (15, 29). This was verified by our data shown in Fig. 1.
Our observation of a suppression of TNF-a release by anti-
LBP Ab under serum-free conditions provides strong evidence
that LBP is still present (Fig. 1). The presence of LBP may be
explained in two ways: washing of MNC does not completely
remove serum LBP or LBP is present in a membrane-bound
state on the surface of MNC. There is considerable evidence in
the literature supporting the proposed binding of LBP to the
cytoplasmic membrane of MNC: (i) binding of LPS to mono-
cytes in serum-free media independent of CD14 was observed
(15), possibly mediated by LBP, (ii) LBP interacts with various
phospholipids (14, 30, 50), and (iii) BPL, a protein with high
sequence homology to LBP, has been detected on the surface
of monocytes (7). These findings stimulated us to investigate
the interaction between LBP and phospholipid membranes
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FIG. 6. Time kinetics of changes in the response units in SPR
experiments upon injection of LBP and LPS. Injections are marked in
the diagram, and the following concentrations were used: Cpg = 10
uM, Cgsis LPS = 10 uM, and C| gp = 100 nM. For preincubated (15
min at 37°C) complexes of LPS/LBP, 10 uM F515 LPS and 100 nM
LBP were used.
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FIG. 7. Cartoon of proposed mechanisms of interaction between LBP, LPS, and phospholipid membranes independent of membrane-bound
CD14. (A) Interactions that may be involved in the LPS-induced activation of MNC: intercalation of LBP into the membrane (a), LBP-mediated
binding and/or intercalation of LPS (different scales were used for the cartoons of LPS aggregates in solution and in membrane-intercalated LPS)
(b), and activation of MNC by signaling proteins such as Toll-like receptors or ion channels (c). (B) Interactions that may cause neutralization of
LPS by LBP: LPS aggregates do not bind to or intercalate into lipid membranes (a), LBP intercalates into LPS aggregates (b), and LPS/LBP
complexes do not bind to or intercalate into lipid membranes (c) or bind to LBP-doped membranes (d), whereas binding to other components of

MNC is still possible (e).

utilizing different biophysical techniques and also standard bi-
ological assays for determination of TNF-a production.

Interaction between LBP and phospholipid matrices. The
SPR experiments clearly demonstrate binding of LBP to im-
mobilized PS (Fig. 6A) and, to a lesser degree, to PC (data not
shown) which could not be reversed by washing with buffer.
Furthermore, the FRET data provide strong evidence for an
intercalation of LBP into differently composed phospholipid
liposomes with a dependence on the average number of net
negative charges per lipid molecule and even into zwitterionic
PC liposomes (Fig. 3A). Thus, the existence of negatively
charged lipids, or of other negatively charged constituents in
the outer membrane leaflet of MNC, is not a prerequisite but
may enhance the membrane intercalation of LBP. For this
reason, in further experiments negatively charged PS lipo-
somes were used to obtain signals significantly above the de-
tection limit of the FRET system.

In this context it is noteworthy that the macrophage cyto-
plasmic membrane contains negatively charged lipids, mainly
PS and cardiolipin (2, 19); however, the distribution to the two
leaflets is not well known. LBP shares 44% amino acid se-
quence identity with BPI (31), which has been detected on the
cytoplasmic membrane of human peripheral blood monocytes
(7) in tight association. In studies using reconstituted mem-
branes, negative charges are responsible for the binding and
intercalation of the polycationic BPI (44) which may be rep-
resented by anionic lipids or even other negatively charged
constituents present in the cytoplasmic membrane. The inter-

calation of LBP into the lipid matrix is temperature indepen-
dent (data not shown) and cannot be inhibited by the mono-
clonal anti-LBP Ab (Fig. 5A).

In experiments using reconstituted planar bilayers, it was
previously shown that for symmetric PS membranes, LBP in-
tercalates transmembranously and in a directed orientation
into bilayers (14), as shown schematically in Fig. 7A. Binding
and intercalation of LBP into LPS aggregates were also ob-
served (12, 38) (Fig. 7B).

LBP-mediated intercalation of LPS. For an elucidation of
the biological function of LBP, the characterization of the
interaction of this protein with LPS is important. It is well
known that LBP binds to a variety of LPS chemotypes from
rough and smooth strains of gram-negative bacteria and to
lipid A (37, 38) and mediates the intercalation of LPS from
LPS aggregates, which do not interact with lipids by themselves
(Fig. 7B), into phospholipid liposomes (30, 49) (Fig. 7A). We
show here in SPR experiments that more than 10 LPS mole-
cules bind to one LBP molecule associated with immobilized
PS. It is rather unlikely that one LBP molecule binds such a
number of LPS molecules directly because the proposed LPS
binding site of LBP is too small. Thus, we propose that LBP
binds to individual LPS molecules within an LPS aggregate or
that LBP transfers a number of LPS molecules into the target
membrane.

The LBP-mediated intercalation of LPS into phospholipid
matrices depends significantly on the lipid composition of
these matrices, which may result from different geometries of
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the lipid headgroups and/or different phase states (fluidity of
the acyl chains). An influence of the phase state of LPS and/or
the lipid matrix can also be derived from the exponential in-
crease of LBP-mediated LPS intercalation in dependence on
temperature (Fig. 4). However, a difference cannot be distin-
guished between the influence of the fluidity of the PS matrix
and that of Re LPS. Both lipids have a phase transition tem-
perature (7,) within the experimental temperature range of 10
to 40°C (PS, T,, ~ 18°C; Re LPS, T, =~ 36°C) and, therefore,
undergo significant changes in their fluidities.

The monoclonal anti-LBP Ab does not influence the inter-
calation of LBP into PS liposomes (Fig. 5A), but it nearly
completely inhibits the LBP-mediated LPS intercalation. It
made no difference whether LBP was preincubated with the
Ab or if the Ab was even bound to LBP already intercalated
into PS liposomes. These data demonstrate that the Ab used in
our experiments can interact with intercalated LBP and sub-
sequently inhibit interaction with LPS. This mechanism may
thus explain the observed inhibition of LPS-induced MNC
activation.

Thus, LBP binds and intercalates into phospholipid mem-
branes and mediates binding of more than 10 Re LPS mole-
cules to each of these LBP/lipid complexes. Both of these
phenomena vary in their intensity, depending on the lipid com-
position. Inhibition of LPS-induced TNF-a production by
MNC by the anti-LBP Ab may be interpreted as an inhibition
of LBP-mediated intercalation of LPS into the lipid matrix as
confirmed by FRET experiments. Thus, we propose that the
interaction of LPS with membrane-associated LBP can be an
important step in LBP-mediated activation of MNC by LPS
(Fig. 7A). This concept of membrane-bound LBP would ex-
plain the observation that LPS binds to monocytes in serum-
free media independent of CD14 (15). However, the concen-
tration of LBP on the cytoplasmic membrane of MNC and the
concentration required for cell activation are unknown. For
subsequent signal transduction, the binding of LPS/LBP com-
plexes to CD14 has been shown to be a necessary step (46).
Therefore, the formation of microdomains (41) of LBP, CD14,
and other proteins involved in LPS signaling, such as the Toll-
like receptors or ion channels, is likely to occur.

LPS neutralization by LBP. In contrast to the enhancement
of LPS-induced activation of MNC by LBP, an LPS-neutraliz-
ing effect has also been characterized. At high concentrations,
LBP inhibits LPS-mediated cytokine release and prevents he-
patic failure, resulting in a significantly decreased mortality
rate in LPS-challenged mice as well as in a murine model of
bacteremia (20). Furthermore, LBP is essential for the survival
of an intraperitonally induced Salmonella enterica serovar Ty-
phimurium infection as shown in experiments using LBP /"
knockout mice (16). It was previously found that LBP mediates
LPS transfer to reconstituted HDL, attenuating its stimulatory
effects (47). This transfer may represent one possible mecha-
nism for neutralization of LPS by LBP, and our data also
support a second mechanism, the complexation of LBP and
LPS.

The subsequent addition of LBP and LPS, or vice versa, to
MNC induced an LBP concentration-dependent increase in
TNF-a production as shown in Fig. 2 and as previously pub-
lished by other groups (8, 15). Complexation of LPS and LBP
(by preincubation for 15 min at 37°C) prior to application,
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however, led to a decrease of TNF-a (and also IL-6) produc-
tion with increasing LBP concentration (Fig. 2). These results
are indicative of a direct LPS-neutralizing effect of LBP inde-
pendent of other components like HDL or low density lipopro-
tein. As can be seen from Fig. 2, a very low LBP/LPS molar
ratio of 1:10* affects the biological activity of LPS. This can be
explained by two possible effects. First, since LPS is diluted
from a stock solution down to the final concentration, it exists
as aggregates. Therefore, the number of effective LPS mole-
cules at the aggregates’ surfaces is much smaller than the total
number of molecules in the aggregates, and thus, the binding
of LBP to one of the effective LPS surface molecules leads to
the binding of an aggregate. Second, electron micrographs of
freeze fractured phospholipid liposomes showed that LBP
causes a cross-linking of the liposomes, thus reducing the num-
ber of single aggregates (data not shown) and, with that, the
number of effective molecules at the surface.

To confirm our hypothesis that the interaction of LPS with
membrane-associated LBP is an important step in LBP-medi-
ated activation of MNC, the neutralizing effect of LBP has to
be understood. To this end we performed FRET and SPR
experiments to elucidate the missing interaction of the LPS/
LBP complexes with lipid membranes. The FRET data clearly
document that LPS/LBP complexes do not intercalate into PS
liposomes (Fig. 5B), whereas the data on the intercalation of
these complexes into PS liposomes containing intercalated
LBP do not allow unequivocal conclusions because the pres-
ence of free LBP in the buffer cannot be excluded in these
experiments. Due to the removal of all unbound components,
more precise data on the binding of LPS/LBP complexes to
lipids can be obtained from SPR experiments. These experi-
ments show that LPS/LBP complexes do not bind to immobi-
lized PS liposomes (Fig. 7B) or to LBP intercalated into the PS
membranes (Fig. 6B and 7B). Both of these experiments pro-
vide important information: (i) LBP inhibits the binding of
LPS aggregates to LBP intercalated in the target membrane,
(ii) LPS inhibits the binding of LBP to the target membrane,
and (iii) the binding of LPS to LBP is different from that of
phospholipids to LBP. Thus, we propose that LBP contains
two binding domains, one exclusively for phospholipids and
one for LPS and phospholipids. Based on the observation that
the double mutant Glu-94/Glu-95 of the N-terminal domain of
LBP is completely lacking LPS transfer and cell stimulatory
activity (21), it is likely that a tip on the N-terminal domain is
responsible for LPS binding (4).

Summarizing, complexation of LPS and LBP prior to the
binding of LPS to membrane-associated LBP results in LPS
neutralization and, thus, to inhibition of MNC activation.
These results do not exclude binding of LPS/LBP complexes to
other proteins such as CD14 (Fig. 7B). However, from the fact
that no TNF-a production was induced by the LPS/LBP com-
plexes, it may be presumed that even if the complexes bind to
other components, LPS is neutralized by LBP.

In this work, we focused on understanding the different
mechanisms underlying the dual role of LBP in neutralizing
LPS and enhancing the LPS-mediated activation of MNC. We
provide evidence that LBP mediates the LPS-induced cytokine
release of MNC under serum-free conditions. LBP binding and
intercalation into lipid membranes is enhanced by negatively
charged components, e.g., lipids, and intercalated LBP can
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mediate the intercalation of LPS into membranes. In contrast,
prior complexation of LBP and LPS causes inhibition of the
binding of these complexes to the membrane due to different
binding between LBP and LPS and LBP and phospholipids.
This results in a neutralization of LPS and, with that, in a
reduction of TNF-a production by MNC. We thus propose
that LBP is located in strong association with the cytoplasmic
membrane of MNC, as has been shown for BPI (7), or even
intercalated into it and that interaction of LPS with the mem-
brane-associated LBP may be an important step in LBP-me-
diated activation of MNC by LPS, whereas binding of LPS to
serum LBP provokes neutralization of LPS. In in vitro (in the
presence of serum) and in particular in vivo experiments, this
clear distinction between the two roles of LBP cannot be elab-
orated because the effects are concentration dependent and a
variety of further proteins and other serum constituents, such
as soluble CD14 (3), BPI (8), CAP18 (22), and lipoproteins
(47), enhance or suppress LPS-induced activation of MNC.
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