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ABSTRACT. Gram-negative bacterial infections are often complicated by the inflammatory properties of
lipopolysaccharides (LPS) on or released from the bacterial outer membrane. When present in the mammalian
bloodstream, LPS can trigger a series of pathological changes, sometimes resulting in septic shock. Two related
mammalian proteins, bactericidal/permeability-increasing protein (BPI) and lipopolysaccharide-binding protein
(LBP), are known to affect the LPS-induced inflammatory response and are, therefore, of clinical interest. The
recently determined three-dimensional structure of human BPI provides information on the overall protein fold,
domain organization, and conserved regions of these two proteins. In addition, the discovery of two apolar lipid
binding pockets in BPI indicates a possible site of interaction with LPS. The BPI structure is a powerful tool for
the design of site-directed mutants, peptide mimetics/inhibitors, and BPI/LBP chimeras. These studies should
help further define the functions of BPI and LBP, and their mechanism of interaction with LPS. BIOCHEM
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LPS\ from Gram-negative bacteria can trigger a powerful
inflammatory response in mammals. LPS, also known as
endotoxin, is a complex glycolipid from the bacterial outer
membrane. It has no catalytic or pore-forming activities as
is common for protein toxins. However, when present in
the mammalian bloodstream, LPS can cause profound
pathological changes including low blood pressure, fever,
disseminated intravascular clotting, and multiple organ
failure [1]. In some cases, these changes culminate in septic
shock, an overwhelming systemic inflammatory response to
LPS in the bloodstream. Although the invading bacteria
can generally be killed with antibiotics, LPS on or released
from dying bacteria is still capable of inducing the inflam-
matory response [2]. The toxic effects of LPS were noted
more than a century ago by a student of Robert Koch in
Germany, who described a heat-resistant component of
Vibrio cholerae with pyrogenic activity. Despite the tremen-
dous advances in medical science over this period, at
present no effective treatment exists for LPS-related com-
plications, such as septic shock.

The biochemical pathway by which LPS produces an
inflammatory response is complex and has not been fully

characterized. However, a number of critical protein–LPS
and protein–protein interactions have been identified. We
focus here on two proteins relevant to the initial stages of
the inflammatory cascade. One of these is LBP, a protein
constitutively produced by hepatocytes and secreted into
the bloodstream [3]. LBP binds to LPS with high affinity,
and the levels of LBP are increased in response to LPS [4].
Several years ago, it was found that LBP plays a critical role
in the activation of immune cells by LPS, by acting as an
LPS-transfer protein [5, 6]. After binding LPS, LBP trans-
ports it to a cell surface protein (CD14) [7] of macrophages
and monocytes, increasing host sensitivity to LPS by several
orders of magnitude [8] (Fig. 1). Although proteins further
down the inflammation pathway, e.g. TNF, mediate many
of the damaging effects of the inflammatory response [2],
identification and characterization of the proteins involved
in the initial activation may help identify ways to block the
inflammatory cascade before TNF and other damaging
proteins are released.

LBP is closely related to a predominantly intracellular
protein found in the primary granules of polymorphonu-
clear neutrophils, BPI. Discovered and characterized by
Elsbach and Weiss, BPI also binds to LPS with high affinity
[9, 10]. In addition, it is potently bactericidal for Gram-
negative bacteria, acting in the phagocytic compartment of
the neutrophil to kill engulfed bacteria [11]. Normally
found in the bloodstream at low levels [12], BPI retains its
high affinity-binding to LPS in sera. However, in contrast
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to LBP, BPI neutralizes the inflammatory properties of LPS
in vitro [13], in whole blood ex vivo, and in animal and
human studies [14]. These observations suggested that by
adding BPI to the bloodstream, it should be possible to
reduce the amount of LPS available to bind to LBP, thereby
diminishing the inflammatory response. A number of clin-
ical applications for human BPI are currently under inves-
tigation [15, 16].

Because of their roles in the LPS-induced inflammatory
cascade and their ability to mediate the biological activity
of LPS, BPI and LBP have been the subject of extensive
biochemical characterization [17, 18]. However, until re-
cently, these studies proceeded without the benefit of
detailed structural information for either protein. The
recent determination of the three-dimensional structure of
BPI has opened a new chapter in understanding the
mechanism of action of these two proteins and their
interaction with LPS. Because of the close relationship
(45% amino acid identity) between BPI and LBP, the
structure of BPI provides a good model for LBP. In the

following sections, we describe the structure of BPI with
emphasis on its relevance for LBP and protein–LPS inter-
actions.

CRYSTAL STRUCTURE OF BPI

The structure of full-length (456 amino acids), human BPI
was determined by X-ray crystallography and has been
refined to 2.4 Å resolution [19]. It has several remarkable
features (Fig. 2A). One of these is the overall shape of the
protein. Unlike most soluble proteins, which are approxi-
mately globular, BPI has an unusual “boomerang” shape. Its
longest dimension (135 Å) is nearly four times the other
two. BPI is organized into two domains (N- and C-
terminal), each with approximately 200 amino acids (Fig.
2B). The two domains are connected by a proline-rich
linker of 21 amino acids, which runs along the surface of
the protein. Each domain contains a “barrel” formed by two
a-helices and a highly twisted antiparallel b-sheet. In the
center of the protein, the two barrels are connected by a
smaller antiparallel b-sheet formed by residues from the
beginning and end of each domain. The overall topology of
BPI is distinct from other proteins of known structure, and
defines a novel protein fold.

The crystal structure revealed that the two domains of
BPI have remarkably similar structures, a feature not
predicted from its amino acid sequence. In fact, the se-
quence similarity between the N- and C-terminal domains
(,20% identity) is considerably less than that between the
BPI and LBP protein sequences. Nevertheless, the two
domains share all major secondary and tertiary structural

FIG. 1. Schematic showing the different effects of LBP and BPI
on the LPS-induced inflammatory cascade.

FIG. 2. (A) A ribbon diagram of human BPI. The N-terminal domain (on the left) is cyan, the C-terminal domain is blue, and the
proline-rich linker is in light green. The two bound phospholipids are shown as ball-and-stick in red. Note the elongated shape of the
protein and approximate 2-fold symmetry. Reprinted with permission from Ref. 19 (Beamer LJ, Carroll SF and Eisenberg D, Crystal
structure of human BPI and two bound phospholipids at 2.4 angstrom resolution. Science 276: 1861–1864, 1997). Copyright 1997
American Association for the Advancement of Science.** (B) Schematic showing the arrangement of structural elements relative to
the amino acid sequence of BPI. Residues in the N-terminal domain are indicated in cyan; residues in the C-terminal domain are in
blue. The two barrels are shown as boxes, and the proline-rich linker as a zig-zag line. Remaining residues (shown as a line) form the
central b-sheet, which connects the two barrels. Amino acid numbers for each structural unit are indicated below.

** Readers may view, browse, and/or download this material for temporary copying purposes only, provided these uses are for noncommercial personal
purposes. Except as provided by law, this material may not be further reproduced, distributed, transmitted, modified, adapted, performed, displayed,
published, or sold in whole or in part without prior written permission from AAAS.
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elements, giving the protein pseudo 2-fold symmetry. This
two-domain organization is apparently conserved in all
known BPI and LBP sequences [20], and it seems likely that
these two domains arose from a gene duplication event of a
primitive monomeric ancestor [21]. Consistent with the
two-domain organization, both BPI and LBP show distinct
functional differences for their two domains. In the case of
BPI, the N-terminal domain retains the bactericidal, LPS-
binding, and LPS-neutralization activities of the intact
protein [10, 13, 22]. The C-terminal domain shows some
LPS-neutralization activity [10, 23] and has been impli-
cated in opsonization of Gram-negative bacteria [24]. The
N-terminal domain of LBP also carries the LPS-binding
activity [25, 26], while its C-terminal domain is necessary
for transferring LPS to CD14 [25].

LIPID BINDING POCKETS

Perhaps the most unexpected result of the determination of
the structure of BPI was the discovery of two lipid binding
sites [19]. During model building, two extended regions of
electron density were discovered in deep, apolar pockets of
the protein. Electrospray mass spectrometry determined the
bound ligands to be phosphatidylcholine. The lipid-binding
pockets are located on the concave surface of the boomer-
ang, one in each domain near the interface of the barrels
and central b-sheet. Although each pocket is found pri-
marily in one domain of the protein, residues from both
domains make contacts with each ligand. The phospholipid
molecule binds with its acyl carbon chains buried in the
core of the protein. Extensive van der Waals contacts are
formed between the carbon tails and apolar side chains of
the protein, whereas the zwitterionic headgroup lies at the
opening of the pocket and is exposed to solvent.

The presence of apolar binding pockets in the BPI
structure suggests that several related proteins may share
similar modes of ligand binding. In the BPI–phosphatidyl-
choline complex, the most extensive protein–lipid contacts
are made with the carbon tails of the lipid. This “tails-in,
head-out” orientation of the bound phosphatidylcholine
shields the apolar regions of the ligand from solvent, and
would be consistent with lipid transport activity such as
that shown by LBP [5, 6]. It is also consistent with the
known relationship between BPI and LBP and two mam-
malian lipid transport proteins, CETP and PLTP. These
two proteins regulate the size and composition of lipopro-
tein particles in the blood [27]. Although less closely
related to BPI (;25% amino acid identity) than LBP,
amino acid sequence comparisons indicate that CETP and
PLTP share the major structural features of the family,
including the two domain architecture, overall protein fold,
and, presumably, the lipid binding pockets. The ligands
transported by CETP and PLTP include fatty acids, cho-
lesteryl esters, retinyl esters, and phospholipids. It seems
likely that these ligands bind in apolar pockets similar to
those seen in the BPI structure, allowing these poorly

soluble compounds to be transported through the aqueous
environment of the bloodstream.

An analysis of the amino acid sequences of BPI and LBP
in light of the BPI crystal structure suggests that the pockets
are of functional importance to both proteins. Multiple
sequence alignments indicate that the most highly con-
served regions of BPI and LBP cluster in the center of the
protein, near the lipid binding pockets [20]. This evolution-
ary conservation implies that the pockets have functional
significance. However, the known functions of BPI do not
require phospholipid binding. In contrast, it has been
shown that LBP can transfer LPS into certain phospholipid
membranes [28, 29], and can also transfer phospholipids
from membranes to high density lipoprotein particles [30].
In addition, several lines of evidence suggest that LPS and
phospholipid may be exchanged in a reciprocal fashion by
LBP. This highlights the intriguing possibility, already
implied by the crystal structure, that the apolar pockets are
involved in LPS-binding and/or transport, in addition to
phospholipid binding.

From a structural standpoint, there are similarities be-
tween LPS and phosphatidylcholine (Fig. 3). Both BPI and
LBP show high affinity binding to the lipid A region of
LPS, its biologically active component. Lipid A is com-
posed of a disaccharide headgroup substituted with a vari-
able number of carbon tails, usually six [31]. It is conceiv-
able that some of the carbon tails of lipid A could fit in the
apolar pockets in a manner similar to the observed phos-
phatidylcholine. Therefore, we have proposed that the
pockets might be sites of interaction between LPS and BPI.
Biochemical data indicate other potential sites of interac-
tion with LPS. LPS-binding peptides derived from the
sequence of both BPI and LBP have been identified [32,
33]. In general, they are positively charged and map to areas
at the tip of the N-terminal domain (left side of Fig. 2A).
Mutants of several conserved, positively charged amino
acids from this area of LBP show a decrease in LPS-binding
and transfer activities [34]. The relative importance of the
apolar pockets and positively charged tip remains to be
determined, but it appears likely that both play some role in
the function and action of these proteins

FUTURE DIRECTIONS

While the three-dimensional structure of BPI has provided
important new insights, many questions remain about the
mechanisms of action of BPI and LBP. For example, does
lipid A bind in the apolar pockets? How does BPI neutralize
LPS? Why is BPI bactericidal, and, conversely, why isn’t
LBP? Does BPI have lipid transfer activity like the other
members of the family? Perhaps the most important con-
tribution of the crystal structure of BPI will be as a platform
for designing future studies. The detailed structural infor-
mation provided allows the rational design of site-directed
mutants, deletion mutants, BPI/LBP chimeras, and bioac-
tive peptides, to name a few. Along with additional
structural data, these studies should provide insights into
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protein–LPS interactions and the mechanism of action of
this expanding protein family. At the same time, they will
provide clues about how proteins mediate the toxic effects
of LPS and may help develop new therapies for sepsis and
other complications of Gram-negative bacterial infections.

Funding was provided by NIH and DOE. We thank Gary Kleiger for
comments on the manuscript. The authors encourage those interested in
modeling LBP to use SWISS-MODEL at http://expasy.hcuge.ch/
swissmod/SWISS-MODEL.html.
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