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Crystal Structure of Human BPI and Two Bound
Phospholipids at 2.4 Angstrom Resolution

Lesa J. Beamer, Stephen F. Carroll, David Eisenberg*

Bactericidal/permeability-increasing protein (BPI), a potent antimicrobial protein of 456
residues, binds to and neutralizes lipopolysaccharides from the outer membrane of
Gram-negative bacteria. At a resolution of 2.4 angstroms, the crystal structure of human
BPI shows a boomerang-shaped molecule formed by two similar domains. Two apolar
pockets on the concave surface of the boomerang each bind a molecule of phospha-
tidylcholine, primarily by interacting with their acyl chains; this suggests that the pockets
may also bind the acyl chains of lipopolysaccharide. As a model for the related plasma
lipid transfer proteins, BP!I illuminates a mechanism of lipid transfer for this protein family.

The outer membrane of Gram-negative
bacteria contains the complex glycolipid li-
popolysaccharide (LPS) (I). When present
in the mammalian bloodstream, LPS elicits a
powerful immune response that may include
fever, hypotension, multiple organ failure,
and, in severe cases, septic shock and death
(2). In mammals, two related (45% sequence
identity) LPS-binding proteins have been
characterized that mediate the biological ef-
fects of LPS and participate in the innate
immune response to bacterial infection:
LPS-binding protein (LBP) and BPI. LBP is
a plasma protein that enhances the inflam-
matory response to LPS (3), whereas BPI is
found in lysosomal granules of polymorpho-
nuclear neutrophils, is bactericidal, and neu-
tralizes the toxic effects of LPS (4). Recom-
binant NH,-terminal fragments of BPI re-
tain biological activity (5), neutralize LPS in
humans (6), and may have clinical utility
4).
BPI and LBP share functional and se-
quence similarity with two proteins respon-
sible for lipid transport in the mammalian
bloodstream (7). These plasma lipid trans-
port proteins are involved in regulating the
size, shape, and composition of lipoprotein
particles such as high-density lipoproteins,
and are not related to structurally charac-
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terized lipid-binding proteins such as the
lipocalins (8). Here, we present the crystal
structure of BPI and two bound phospho-
lipids at 2.4 A resolution. Our model pro-
vides the first structural information on the
LPS-binding and lipid transport protein
family and suggests a common mode of lipid
binding for its members.

Purified, full-length, nonglycosylated,
recombinant human BPI expressed in CHO
cells was crystallized by hanging drop vapor
diffusion at room temperature. The protein
concentration was 8.5 mg/ml and the crys-
tallization buffer contained 12% (w/v) poly-
ethylene glycol (molecular weight 8000),
200 mM magnesium acetate, and 100 mM
sodium cacodylate (pH 6.8). Two crystal
forms with slightly different cell dimensions

Fig. 1. (A) A ribbon dia-
gram of residues 1 to 456
of BPI, illustrating its boo-
merang shape. The NH,-
terminal domain is shown
in green, the COOH-ter-
minal domainin blue, and
the two phosphatidyl-
choline molecules in red.
The linker is yellow, and
the disulfide bond is
shown as a ball-and-
stick model. (B) View af-
ter rotating (A) 70° about
the long axis of the mole-
cule. Image produced
with  MOLSCRIPT (30)
and RASTERSD (37).

barrel

NH,-terminal
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grow under the same conditions in space
group C2, with one molecule per asymmet-
ric unit. Form 1 crystals are reproducible
and have cell dimensions of a = 185.0 A, -
b=372A, c=2843A and B = 101.3°.
Form 2 crystals appear rarely and have cell
dimensions ofa = 185.6 A, b =330, c =
85.2 A, and B = 101.6° (Tables 1 and 2).

BPIl is a boomerang-shaped molecule
with approximate dimensions of 135 by 35
by 35 A (Fig. 1, A and B). It consists of two
domains of similar size (NH,- and COOH-
terminals) that are connected by a proline-
rich linker of 21 residues (positions 230 to
250). The two domains form three structur-
al units; barrels are found at each end of the
protein, and a central B sheet forms an
interface between the barrels. The second-
ary structure and topology of the two do-
mains are similar, giving the protein pseudo-
twofold symmetry.

Each barrel (residues 10 to 193 and 260
to 421) contains three common structural
elements: a short a helix, a five-stranded
antiparallel B sheet, and a long helix (Fig.
2A), in that order. We call these elements
helix A, sheet N, and helix B in the NH,-
terminal domain and helix A’, sheet C, and
helix B’ in the COOH-terminal domain.
Sheets N and C have a series of B bulges
that change the direction of their strands
and cause a pronounced curve in the sheets.
In each domain, the long helix lies along
the concave face of the sheet, with the
helical axis at ~60° to the strands of the B

COOH-terminal
barrel

Central
g sheet ™
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sheet. A single disulfide bond between
Cys'*® and Cys'™ anchors helix B to the
final strand of sheet N. Situated between
the NH,- and COOH-terminal barrels is a
twisted, seven-stranded antiparallel B sheet
composed of four strands from the NH,-
terminal domain and three strands from the

COOH-terminal domain. This central
sheet forms an interface between the two
domains and is thus reminiscent of several
dimer interfaces stabilized by hydrogen
bonds between strands of a B sheet (9).
The structural similarity of the two do-
mains of BPI is shown by the superposition
(10) in Fig. 2B; they are related by a
rotation of 173° and have a root-mean-
square deviation (rmsd) of 3.0 A on the
basis of superposition of 169 Ca pairs. The
structure shared by these two domains

‘ -__To COOH-
terminus

_-ToNH,-
terminus

does not resemble other protein folds; sev-
eral structural alignment programs (11)
failed to reveal a significant match to any
known fold. Significant differences be-
tween the superimposed domains are
found in two loop regions containing res-
idues 45 and 96 in the NH,-terminal do-
main and residues 280 and 348 in the
COOH-terminal domain. These differenc-
es may be functionally important because
the loops around residues 45 and 96 in the
NH,-terminal domain have been impli-
cated in LPS-binding and bactericidal ac-
tivity (see below). This structural similar-
ity of the two domains was unexpected,
not only because of their lack of signifi-
cant sequence identity (<20%) but also
because of their functional differences.
The NH,-terminal domain of BPI is cat-

Fig. 2. (A) Schematic drawing of the BPI domain fold, shown in the same orientation as the NH,-terminal
domain in Fig. 1B. (B) Superposition of the NH,- and COOH-terminal domains of BPI, showing the
overall topological similarity. Residues 1 to 230 are green and 250 to 456 are blue. The NH,-terminal

domain is in the same orientation as in Fig. 1A.

Table 1. Structure determination. X-ray diffraction data were collected at room temperature with the
R-AXIS IIC imaging plate area detector mounted on a Rigaku RU200 rotating anode x-ray generator, Data
were processed with DENZO and SCALEPACK (22). For form 1 crystals, a native data set to 2.8 A was
collected from a single crystal, which was 92.4% complete overall [84.9% complete with an average //a(/)
= 2.3 in the outermost resolution shell, where / is observed intensity and o(/) is its SD]. A native data set to
2.4 A for form 2 was collected from two crystals and was 92.7% complete overall [94.6% complete with
an average //a(/) = 2.6 in the outermost shell]. Because they could be reliably reproduced, form 1 crystals
were used for all heavy atom soaks. The structure was solved by MIR with anomalous scattering. Heavy
atom sites were identified by difference-Patterson and difference-Fourier maps. Phase refinement was
performed with MLPHARE (23), producing a mean figure of merit (FOM) of 0.57. The MIR map (Fig. 3) was
improved by density modification including solvent flattening, histogram matching, and phase extension
using DM (23). After a partial model was obtained with FRODO (24), phase combination was performed
with SIGMAA (23) (final FOM = 0.89). CMNP, chloro-Hg-nitrophenol; DMM, dimethyl mercury; PCMBS,
parachloromercurybenzene sulfonate; TELA, triethyl lead acetate.

Data N

Resolution i i

Crystal eS&L)jt ° comp(l(t;;(;eness & s(llt'?)s Reunst f)za\;\?g:? MID}
Native 1 2.8 92.4 8.6
Native 2 24 92.7 7.2
CMNP 3.2 84.8 6.1 1 66.0 2.04 0.15
DMM 3.5 72.8 9.8 11 65.0 1.49 0.26
PCMBS 3.1 66.4 9.4 3 77.0 1.27 0.38
HgCl, 3.0 86.5 6.9 1 49.0 213 0.18
K,PtCl, 3.2 93.3 8.2 3 90.0 0.68 0.13
K,PtBrg 3.1 94.8 5.8 3 73.0 0.88 0.14
TELA 3.3 94.0 11.3 2 86.0 0.80 0.15
TELA-HgCI, 3.3 91.4 9.6 3 63.0 1.90 0.18
Xenon 3.4 98.2 18.9 5 87.0 0.69 0.18
K,UOF 3.0 75.0 8.6 2 65.0 1.40 0.16

ionic and retains the bactericidal, LPS-
binding, and LPS-neutralization activities
of the intact protein (5, 12, 13). The
COOH-terminal domain is essentially
neutral and shows limited LPS-neutraliza-
tion activity (14). However, the structural
similarity of the two domains may reflect a
previously undetected functional similari-
ty: Each domain contains a binding pocket
for a phospholipid.

After the amino acid sequence had
been traced in the electron density maps,
two regions of extended electron density
remained that could not be accounted for
by protein atoms. This density, found in
the interior of both domains, was present

Table 2. Model refinement and statistics for form
2 crystals. The model was refined at 2.8 A through
iterative cycles of simulated annealing with
X-PLOR (25) and manual rebuilding; 10% of the
data were set aside before refinement began for
Ry (26) calculations. When the model had been
refined to an R factor of 20.4% (R, = 32.6%)
with the 2.8 A data, rigid-body minimization was
performed against the 2.4 A data set (R = 29.8%
to 3.5 A after minimization). Additional cycles of
simulated annealing, positional refinement, corre-
lated individual temperature factor refinement,
and manual rebuilding reduced the R factor to
22.5% and R, ., = 29.5% (no intensity cutoff). An
overall anisotropic temperature factor and bulk
solvent correction were used since R, showed
improvement. The model was confirmed by cal-
culating simulated-annealing omit-maps for every
part of the structure. The final model contains all
456 residues of the protein, 48 well-ordered wa-
ters, and two molecules of phosphatidylcholine.
Regions of the backbone with poor electron den-
sity include residues 148, 232 to 236, 258 to 260,
and parts of the loop between residues 281 and
311. Side chains with poorly defined density were
truncated to alanine. The model was examined
with the programs PROCHECK (27), VERIFY (28),
and ERRAT (29).

Data
Resolution (&) 2.4
Unique reflections (V) 18,808
Completeness (%) 92.7
Atoms in model
Protein (non-hydrogen) 3531
Phosphatidylcholine 102

Water 48
Refinement parameters

Resolution range (A) 500t02.4

R factor* (%) 225

Rieo (%) 295
Average atomic B factors

Protein 445

Lipid N, C 56.9, 59.0%

Waters 53.1
Deviation from ideality (rmsd)

Bonds (A) 0.007

Angles (°) 1.4

Dihedrals (°) 26.0

Impropers (°) 1.2

Ry = 100(S, 1, — (O1)/(Z,,), where () is the mean intensity of all symmetry-related reflections /. tRcyye =
=T, = Fal - Frica)/(Z] Foyy = Fol) for centric reflections; phasing power = [2Fy ai(SFpryons — Fericaig) 272
FMID (mean isomorphous difference) = 2| F,, — Fal/ZF5, where Fr, is the derivative structure factor, F is the native
structure factor, and the sum is over all reflections common to both data sets.
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*R= 100(ZlFps — Fonc V(EFops), Where F and Fy,
are the observed and calculated structure factors,
respectively. 1B factors for the lipids bound in the
NH,- and COOH-terminal domains.
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in the multiple isomorphous replacement came the predominant feature in F,,, — mass spectrometry of the sample used for
(MIR) maps (Fig. 3) at an intensity similar F_,. maps after sequence fitting (both crystallization revealed two molecules,
to that of the protein density, and it be- form 1 and form 2 crystals). Electrospray  with relative molecular masses of 522 and
787, in approximately equal amounts.
Tandem mass spectrometric analysis was
consistent with the two species being
phosphoglycerides containing a phos-
phatidylcholine head group and either one
or two 18-carbon acyl chains with one
double bond. Phosphatidylcholine (Fig.
4A) is abundant in eukaryotic cells and is
presumably bound by BPI in the cells from
which the protein is isolated.

The two lipids are bound in extensive
apolar pockets on the concave surface of
the boomerang, situated between the NH,-
and COOH-terminal barrels and the cen-
tral B sheet. In the NH,-terminal domain,
the entrance to the pocket is formed by
helices A and B. The back and sides are
formed by sheet N and the central sheet.
The two acyl chains insert ~15 A into the
interior of the protein and are surrounded

. A A A A
— o Helixa (3 —

BPI  VNPGV¥VRISQKGLDYASQQGTAALQKELKRIKIPDYSDSFKIKHLGKGHYSFY SMDIREFQLPSSQISMVPNVGLKF SIS NANIKISGKWK---AQKRFLKMSGNFOLS 127

LBP  ANPGLVARITDKGLQYAAQEGLLALQSELLRITLPDFTGDLRIPHVGRGRYEFHSLNIHS CELLHSALRPVPGQGLSLSISDSS IRVQGRHA- - - VRKSFFKLQGSFDVS 127

PLTP  EFPGCKIRVTSKALELVKQEGLRFLEQELETITIPDLRGK----- EGHFYYRISEVKVTELQLTSSELDFQPQQELMLQITKASLGLRFRRQ---LLYNFFYDGGYINAS 182

CETP HEAGIVCRITKPALLVLNHETAKVIQTAFQRASYPDITGEKAMMLLGQVKYGLHNIQISHLSTASSQVELVEAKSIDVSIQNVSVVEKGTLKYGYTTAWNLGIDQSIDFE 117
* * * *

* *

Fig. 3. Electron density
(purple) of the final 2.8 A
MIR map contoured at
1.06 and superimposed
on the refined model. The
area shown is in the lipid-
binding pocket of the
NH,-terminal domain of
BPI. The phosphatidyl-
choline is yellow and the
surrounding protein  at-
oms are green.

}o 0
o A A A i ' A
— —S——e— | Helix B (s it
(o] - BPI /EG<MSISAULK:LGSNPTSGKPTITCSSCSSHINSVNVHISKSKV-GWLIQLFNKKIESALRNKMNSQVCEKVTNSVSSE{LQP&;QTLPVMTKIDAGINYGLVAPPAT 215
c
a PLTP  AEG-VSIRTGLELSRDPA-GRMKYSKVSCQASYSRMHAAFGGT-F-KXVYDFLSTFITSGMRFLLNQQICPVLYHAGTVLLNSLLDTVPVRSSVDELVGIDYSLMKDPVA 208
>

LBP  WXG-ISISVNLLLGSES-SGRPTVTASSCSSDIADVEVDMSGD-L-GWLLNLFHNQIESKFQKVLESRICEMIQKSYSSOLQPYLQTLPYTTEIDSFADIDYSLVEAPRA 213

CETP  IDSAIDLQINTQLTCD--SGRVRTDAPOCYLSFHKLLLHLQGEREPGNIKQLFTRFISFTLKLVLKGQICKEI-NVISNIMADFVQTRAASILSDGDIGVDISLTGOPYVI 224
* * * * * * *

Phosphatidyl- LPS BPT  TAETEDVQMKGE FYSENHAN - --PPPFAPPYME FPAAHDRMIY L GL SOYEFNTAGLVIQEAGIMKETLRDOMIPKESKFRLTTKFF GT - --FLPEVAKKFPRMKIQIHS 319

Sheling LBP  TAQMLEVMFKGETFHRNHRS - --PVTLLAAVMSLPEEHNKMVY FATSOYVENTASLVYHEEGYLNFSITODMIPPOSNIRLTTKSFRP- - -FVPRLARLYPNMNLELQGS 317

PLTP  STSNLDMDFRGAFFPLTERNNSLPNRAVEPQL - - -QEEERMVYVAF SE FFFDSAMESY FRAGALQLLLYGDKVPHDLOMLLRATYFGS---IV-LLSPAVIDSPLKLELR 311

CETP TASYLESHHKGHFIYKKVSE-DLPLPTFSPTL -~ -LGDSRMLYFWFSERVFHSLAKVAFQDGRLML SLMGD- - - -EFKAVLETRGENTNQEIFQEVVGGFPS-QAQVTVK 325
* * k * *

* *

A A A A A (e o
) ) —— R — DR { Helix B

BPI  ASTPEHLSVQPTGLTEY@ANDVQAFAVLPNSSLASLFLTGEHET G SEEMSAESNRE-VGEMKIDRLLLELKHSNIGPFPVEL === - ammmammans LQDIMNYIVPI 411
LBP  VPSAPLLNFSPGNLSVDPYMEIDAFVLLPSSSKEPVFRLSVATNVSATLTFNTSKI-TGFLKPGKVKVELKESKVGLFNAEL - ---LEALLNYYILN 409
PLTP  VLAPPRCTIKPSGTTISVTASVTIALVPPDQPEVQLSSMTMDARL SAKMALRGKAL -RTQLDLRRFRIY SNHSALESLALIP- LQAPLKTMLQT 403

CETP  CLKMPKISCQNKGVVVNSSYMVKFLFPRPDQQHSVAYTFEEDIVTTVQASY SKKKLFLSLLDFQITP----v-vmmemaamaiaan KTVSNLTESSSESIQSFLQSMITA 416
* *

BPI  LLPRENEMAQK G- PLETPARVQLY NV -~ LQPHQNFLLF GADVVEK = - === - e e 456

LBP  TFYPKFNDKLAEGF-PLPLLKRVQLYDLG---LQIHKDFLFLGARVQYMR«~cn = v ommmmmacmmmmmmoa V456

PLTP  GVMPMLNERTHRGV-QIPLPEGINFVHEV---VTNHAGFLTIGADLHFAKGLREVIEKNRPADVRASTAPTPSTAAV 476
CETP VGIPEVMSRLEVVFTALMNSKGVSLFOIINPEIITRDGFLLLQMDFGFPEHL--LVDFLQSLS === ===-=nnnun- 476
*

Fig. 5. Amino acid sequences of human BPI, LBP, PLTP, and CETP. The alignment was performed with
CLUSTAL (32) using all 11 known protein sequences from mammals {3, 33), but only the four human
Fig. 4. (A) Covalent structure of phosphatidylcho-  sequences are shown. Residues that are completely conserved in all proteins are indicated by an asterisk
line and the lipid A region of LPS from E. coliand  below the sequence; those that are highly conserved are indicated by a dot. The secondary structure of
S. typhimurium. Phosphate groups are indicated  BPl is indicated above the sequences. The B strands are indicated by arrows; strands that make up the
by P. Adapted, with changes, from (7). (B) Slice  central B sheet are shown with gray arrows. Because of the B bulges and pronounced twisting, some of
through the interior of BPI showing the lipid-bind-  the B strands have one or more residues that do not show classical H-bonding pattems or ¢y angles;
ing pocket in the NH,-terminal domain. The sol-  these breaks are indicated by /A above the strands. The « helices are shown as cylinders, and one-residue
vent-accessible surface of the protein was calcu-  breaks in helices B and B’ are indicated with a vertical dashed line. The horizontal dashed line indicates the
lated without lipid present and is shown in white,  linker region. Peptides from BPI and LBP with the highest LPS-binding activity (78, 34) are in bold italics.
the interior of the protein is green, and the phos-  The disulfide bond is indicated by S-S. Residues with atoms within 4 A of the NH,-terminal lipid are
phatidylcholine is purple. Protein residues are shaded; residues within 4 A of the COOH-terminal lipid are shown in reverse type. Abbreviations for the
shown as ball-and-stick in yellow. Image pro- amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L,
duced with MSP (75). Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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by apolar side chains (Fig. 4B). The head
group lies at the entrance of the pocket and
is exposed to solvent. The pocket in the
COQCH-terminal domain, which has a
slightly larger opening, is formed by the
analogous secondary structures. Both basic
and acidic side chains found near the en-
trances of the pockets are available for elec-
trostatic interactions with the zwitterionic
head group. When the lipids are removed
from the model, the pocket in the NH,-
terminal domain has a solvent-accessible
surface area (15) of 557 A” and the pocket
in the COOH-terminal domain has an area
of 413 A?, for a total of 970 A% The
intensity of the electron density for the two
acyl chains in both pockets is similar and
does not indicate whether the single acyl
chain species is found predominantly in
either pocket.

The discovery of bound phospholipid in
the BPI structure suggests a possible site of
interaction between BPI and LPS. Phos-
phatidylcholine and LPS share some struc-
tural  similarity, including negatively
charged phosphate groups and, most nota-
bly, acyl chains (Fig. 4A). Because BPI's
function is to bind a lipid (LPS) and be-
cause a lipid is bound in pockets of BPI, it
seems reasonable that acyl chains of LPS
bind in the apolar pockets. The following
observations support this hypothesis: (i)
The acyl chains of lipid A are known to be
essential for binding by BPI (16); (ii) the
binding pockets of BPI are reminiscent of
cavities in other lipid-binding proteins (8);
and (iii) BPI has significant sequence sim-
ilarity to two lipid transfer proteins (see
below).

Qur proposed site of interaction be-
tween BPI and the acyl chains of LPS
differs from that suggested by previous
work focusing on the NH,-terminal do-
main. Fragments containing the NH,-ter-
minal domain of BPI have been identified
with equivalent or greater bactericidal and
LPS-binding activities relative to the full-
length protein (5, 13). The activity of one
NH,-terminal fragment was reduced when
residues past position 12 or between posi-
tions 169 and 199 were deleted (17). The
structure shows that these deletions affect
elements of the barrel (at the beginning of
helix A and from the middle to the end of
helix B) and could alter its structure. Al-
though the barrel seems to be the minimal
structural unit with full activity, three
smaller regions of this domain retain LPS-
binding, LPS-neutralization, and bacteri-
cidal activity (18): residues 17 to 45 (most
of helix A and the first B strand of sheet
N), residues 82 to 108 [a B hairpin (19)
between strands 3 and 4 of sheet NJ, and
residues 142 to 169 (a segment preceding
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and including part of helix B). These three
regions include 18 basic residues (and only
four acidic residues) and form a positively
charged tip on the NH,-terminal domain
(Fig. 1, left) that may make favorable elec-
trostatic interactions with negatively
charged groups of LPS. Further studies are
necessary to determine the relative impor-
tance of the apolar pockets and the posi-
tively charged NH,-terminal tip to BPI’s
LPS-binding and bactericidal activities.
BPI is the first member of the mamma-
lian LPS-binding and lipid transfer family
to have its three-dimensional structure de-
termined. BPI and LBP are related to two
lipid transfer proteins, cholesteryl ester
transfer protein (CETP) and phospholipid
transfer protein (PLTP) (7). Alignment of
the amino acid sequences of human BPI,
LBP, CETP, and PLTP with BPI’s second-
ary structure (Fig. 5) shows that structur-
ally important residues are conserved in
the four proteins. The two cysteines that
form the single disulfide bond and are
critical to the function of BPI (5) are
completely conserved. Also, the pattern of
hydrophobic and hydrophilic residues in
the B strands indicates that the B bulges
responsible for the extensive sheet twist-
ing are preserved. The conserved sequenc-
es strongly suggest that members of the
LPS-binding and lipid transfer family
share BPI’s two-domain structure and that
the two domains are similar in topology.
It is likely that the lipid transfer pro-
teins also share the apolar binding pockets
found in BPI. Striking parallels are found
between our BPI-phosphatidylcholine
structure and previous work showing that
CETP copurifies with an equimolar
amount of phosphatidylcholine (7) and
has two distinct binding sites (20)—one
for neutral lipids and another for phospho-
lipids. The known ligands of CETP and
PLTP (cholesteryl esters, triglycerides,
retinyl esters, and phospholipids) all con-
tain at least one acyl chain that could bind
in apolar pockets similar to those in BPI,
which suggests a common mode of ligand
binding in this family. Sequestration of
these hydrophobic chains in interior pock-
ets may be critical to the function of the
lipid transfer proteins: transfer of apolar
ligands in an aqueous environment. Thus,
the structure of BPI illuminates the action
of the plasma lipid transfer proteins and
may lead to a better understanding of how

BPI and LBP interact with LPS.
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