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Abstract 

Two related mammalian proteins, bactericidal/permeability-increasing protein (BPI) and lipopolysaccharide-binding 
protein (LBP),  share high-affinity binding to lipopolysaccharide (LPS),  a glycolipid found in the outer membrane of 
Gram-negative bacteria. The recently determined crystal structure of human BPI permits a structure/function analysis, 
presented here, of the conserved regions of these two proteins sequences. In the seven known sequences of BPI and  LBP, 
102 residues are completely conserved and may be classified in terms of location, side-chain chemistry, and interactions 
with other residues. We find that the most highly conserved regions lie at the interfaces between the tertiary structural 
elements that help create two apolar lipid-binding pockets. Most of the conserved polar and charged residues appear to 
be involved in inter-residue interactions such as H-bonding. However, in both BPI and LBP a subset of conserved 
residues with positive charge (lysines  42,  48, 92, 95, and 99 of BPI) have no apparent structural role. These residues 
cluster  at the tip of the NH2-terminal domain, and several coincide with residues known to affect LPS binding; thus, it 
seems likely that these residues make electrostatic interactions with negatively charged groups of LPS. Overall differ- 
ences in charge and electrostatic potential between BPI and LBP suggest that BPI’S bactericidal activity is related to the 
high positive charge of its NH2-terminal domain. A model of human LBP derived from the BPI structure provides ;L 

rational basis for future experiments, such as site-directed mutagenesis and inhibitor design. 
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The related mammalian proteins BPI and LBP function in the host 
response to Gram-negative bacterial infections. These two 456- 
residue proteins effect the inflammatory response to a highly toxic 
bacterial product, lipopolysaccharide (LPS), also known as  endo- 
toxin. LPS is  a phosphorylated glycolipid uniquely produced by 
Gram-negative bacteria where it  is  a critical component of their 
outer membrane (Raetz, 1996). When present in the bloodstream 
of mammals, bacteria and their LPS trigger a general inflammatory 
response. This response is usually protective; however, under cer- 
tain conditions it can overwhelm the host, leading to septic shock 
and death (Camussi et al., 1995). 

LBP is a serum protein produced constitutively by hepatocytes, 
and at higher levels during the acute phase response. LBP binds to 
LPS and transports it to CD14,  a membrane-linked receptor on the 
surface of macrophages and other cells of the immune system 
(Wright  et al., 1990). Binding of the LBP/LPS complex to CD14 
increases the host’s sensitivity to LPS by two orders of magnitude. 

Reprint requests to: David Eisenberg, UCLA/DOE Laboratory of Struc- 
tural Biology, Molecular Biology Institute, UCLA, P.O. Box 951570, Los 
Angeles, California 90095-1570; e-mail: david@mbi.ucla.edu. 

LBP has also been shown to transfer LPS to a soluble form of 
CD14 (sCD14) (Pugin  et al., 1993) and to HDL (Wurfel et al., 
1994) and phospholipid vesicles (Schromm et al., 1996), which 
may contribute to its removal from sera. 

LBP is related in both sequence (45% amino acid identity) and 
function to bactericidal/permeability-increasing protein (BPI). Both 
LBP and BPI bind to LPS (Tobias et al., 1988; Gazzano-Santoro 
et al., 1992) and are part of the innate immune response. However, 
unlike LBP, BPI is an intracellular protein found in cytoplasmic 
granules of polymorphonuclear neutrophils (Weiss & Olson, 1987). 
BPI  is potently bactericidal, targeting Gram-negative bacteria that 
have been endocytosed by the neutrophil. When added to the blood- 
stream, BPI and bioactive NH,-terminal BPI proteins are bacteri- 
cidal, and can bind to, clear, and neutralize LPS  (Elsbach & Weiss, 
1995), preventing the inflammatory response triggered by bacteria 
and their endotoxin. Thus, these two related proteins have oppos- 
ing effects; when LBP binds to LPS in vivo, it upregulates the 
immune response, whereas BPI diminishes it. 

The three-dimensional structure of BPI was recently determined 
in our laboratory at 2.4 8, (Beamer et al., 1997), and revealed that 
the protein had an unusual “boomerang” shape formed by two 
similar domains with a novel protein fold. In the crystal structure, 
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two apolar binding pockets were discovered,  each holding a mol- 
ecule of phosphatidylcholine, a zwitterionic phospholipid. BPI in- 
teracts primarily with the acyl carbons  chains of the phospholipid, 
and, because both phosphatidylcholine and LPS have acyl carbon 
chains, we proposed that LPS (or some portion of it) might also 
bind in these apolar pockets. 

The BPI structure provides a framework to better understand the 
functional similarities and differences between BPI and LBP. Using 
this structure, we analyzed the location and potential structural 
roles of highly conserved residues in these two proteins. We have 
also constructed a homology model of LBP  to examine the distri- 
bution of charged residues on the protein surface and to compare 
regions of potential functional significance in the two proteins. 

A 

Results  and  discussion 

The conserved residues of the BPI/LBP family have been analyzed 
in terms of their location in the molecule, side-chain chemistry 
(polar, apolar, charged) and solvent accessibility, and possible struc- 
tural roles. In the following sections, we make two standard as- 
sumptions: (1 )  residues and/or properties that have been conserved 
evolutionarily are likely to be important for conserved functions, 
such as  LPS binding or structural integrity; and (2) residues/ 
properties that are not conserved between BPI and LBP may cor- 
relate with functional differences. A brief description of the BPI 
structure is included in the legend of Figure 1A. In the following 
discussion, residue numbers refer to the human BPI sequence. 

Barrel N central  8-sheet  Barrel C 
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Fig. 1. A: Schematic  diagram  of  BPI  showing  the  elongated  shape  and  emphasizing its pseudosymmetry.  Elements  of the 
NHz-terminal domain  (residues 1-229) are  shown in gray. and the COOH-terminal  domain  (residues 2.51-4.56)  in black. Strands 
are  indicated by arrows  and  helices  are  shown  as  rectangles. The two  domains  form  three  structural elements-the NHz-terminal 
barrel (barrel  N).  a  central  P-sheet.  and the COOH-terminal barrel (barrel C). Each barrel is composed  of  two  a-helices  (helices 
A and B in  barrel N and  A'  and B' in barrel C )  and  a  twisted  P-sheet. Barrel N  extends  from  residues 10-193: barrel C  includes 
residues  260-426.  The  remaining  residues form the central  p-sheet,  except  for  residues 230-250, which  make up a proline-rich 
linker  between  the  two  domains. The two  apolar  binding  pockets  are  situated  near the interfaces  between  each barrel and the central 
sheet. R: Sequence  alignment  of  the  three  known BPI and  four  known  LBP  sequences  (SWISS-PROT  accession  numbers: 
BPI-HUMAN P17213. BPI-BOVIN P174.53. BPI-RABIT 428739. LBP-HUMAN PI8428  (Theofan et al., 1994).  LBP-RABIT 
P17454. LBP-MOUSE Q61805. LBP-RAT Q63313). Alignment  was  performed with CLUSTAL W (Higgins & Sharp. 1989). 
Identical  residues  are  indicated by *. The two  one-residue  gaps in LBP  are  indicated with a  dash. 
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An alignment  of  the seven known BPI  and  LBP  sequences 
(Fig. 1B)  shows  an  obvious  evolutionary  relationship  between  the 
proteins. Of  the 456 residues,  102 are identical in all  seven  proteins 
(22% identity  overall)  and  occur  throughout  the  amino  acid  se- 
quence.  Based  on  the  BPI  model,  many  of  these  residues  fall in 
structurally  important  locations in the  protein,  such as near turns or 
loops.  Residues  with unusual backbone  flexibility  (Gly)  or  rigidity 
(Pro) are  also  highly  conserved.  All  members of  the family  share 
the  single  conserved  disulfide  bond  (Cys132  and  Cys175)  that 
anchors  helix B to the  &sheet of barrel N. From the  three- 
dimensional  model,  no  other  disulfide  bonds  are  expected  in  the 
family  members  with  additional  cysteines. 

Location of conserved residues 

Of the  102  strictly  conserved  residues,  46  are  in  barrel N, 28  are in 
barrel  C,  and  26  are  in  the  central p-sheet (excluding  the  linker 
region). This means  that  barrel N (182  residues) is 25%  conserved, 
barrel C (164  residues) is only  17%  conserved,  and  the  central 
sheet (90 residues  excluding  the  linker) is 31%  conserved. Al- 
though  the  conserved  residues  fall  throughout  the amino acid  se- 
quence,  highlighting  their  location  on  the  BPI  structure  (Fig.  2A) 
shows  that  they  tend to fall in the  center of the  protein,  near  the 
interfaces  between  the two barrels  and  the  central  p-sheet.  These 
residues  presumably  play  important  roles  in  maintaining  the  over- 

Fig. 2. A: Ribbon  diagram  (Carson,  1991)  of the BPI structure. The NH2-terminal  domain is on  the  left.  Residues that are identical 
in all BPI  and LBP sequences are red others are yellow. The two bound  phosphatidylcholine  molecules  seen  in  the BPI crystal structure 
are  shown as space-filling  models  in  silver.  Although  the red residues fall throughout  the  protein, many are found  in  the  center of the 
molecule  near  the  two  lipid-binding  sites. B: Ribbon  diagram of BPI'S  NHZ-terminal domain.  Orientation  is  similar  to  that in A, Side 
chains for five conserved  lysines  in  the BPI/LBP family  (residues  42, 48, 92, 95, and 99) are shown in  red.  Unlike other charged 
residues in BPI,  these  residues do not  make  inter-residue  interactions in the structure and  may be involved  in electrostatic interactions 
with  negatively  charged  LPS  molecules.  Figure  prepared by RIBBONS (Carson,  1991). C: Electrostatic  surfaces of human  BPI,  and 
D Human LBP calculated by GRASP (Nicholls et al., 1991).  Negative  potential is shown in  red,  positive  potential  in  blue.  Orientation 
is the same for both  proteins  and  the  view  is  into  the  lipid  binding  pockets (protein has been  rotated  approximately 90" about its long 
axis  from  view  in A). The NHZ-terminal domain is  on the left; the  phospholipid  has  been  excluded from the  model.  Notice  the  high 
concentration of positive charge on BPI,  particularly in its NH2-terminal  domain. 
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all architecture of the protein and the spatial arrangement of the 
two barrels and central sheet. Because  the lipid-binding pockets 
are found in the same area of the protein, this  suggests that much 
of the structure of the protein is dedicated to preserving these 
pockets. Nineteen of these completely conserved residues are di- 
rectly involved in forming the pockets (a side-chain atom lies 
within 4 8, of a lipid atom or shows a change in solvent accessible 
surface area when the lipid is removed from the structure). It is 
noteworthy that these regions are also the most structurally con- 
served between the NH2- and COOH-terminal domains of BPI 
(L.J. Beamer & D. Eisenberg, unpubl.), further suggesting their 
functional relevance. 

Mapping the conserved residues on the three-dimensional struc- 
ture also highlights the fact that the NH2-terminal domains of the 
BPI/LBP family are more conserved than the COOH-terminal 
domains, consistent with known function. The NH2-terminal do- 
mains of BPI and  LBP are similar in function, both showing high 

affinity binding to LPS. On the other hand, it  is believed that the 
COOH-terminal domain of LBP interacts with the  CD14 receptor 
(Han  et  al., 1994), while it has been reported that the COOH- 
terminal domain of BPI promotes bacterial phagocytosis by neu- 
trophils (Iovine  et al., 1997) and has some endotoxin-neutralizing 
activity (Ooi et al., 1991; Abrahamson et  al., 1997). One stretch of 
residues (315-375) in the COOH-terminal domain is rather diver- 
gent in sequence. This corresponds to several strands of barrel C, 
an area generally on the opposite side of the protein as the lipid- 
binding pockets. It is possible that residues in this area of LBP 
interact with CD14, a hypothesis that could be tested by site- 
directed mutagenesis. 

Side-chain chemistry 

Most of the strictly conserved residues in the BPI/LBP family are 
apolar (Table 1 ) :  68 of the 102 conserved residues fall in this 

Table 1. Strictly conserved apolar residues in the BPULBP familya 

Residue Residue 
Solvent Solvent 

BPI'  LBP' Location accessible?d Pocket? 

Pro2 13 21 1 Central sheet Strand at bulge N Ile9 - Barrel N Strand N Y 
Leu209 207 Central sheet Strand N Pro3 - Central sheet Turn before strand Y 

BPIb  LBPC Location accessible?d Pocket? 

Leu14 - Barrel N Helix A N Y Leu220 218 Central sheet Strand N Y 
Ala17 - Barrel N Helix A N Y Gly226 224 Central sheet Strand at bulge N 
Gly21 - Barrel N Helix A N Y Pro236 234 Linker Y 
Leu25 - Barrel N Helix A N Y 

Phe263 261 Barrel C Helix A' N Y Pro35 - Barrel N Coil Y 
Met253 251 Central sheet Strand Y Leu29 - Barrel N Helix A N 
Pro247 245 Linker Y 

Phe53 - Barrel N Strand before bulge N Gly274  272 Barrel C Coil Y 
Leu63 - Barrel N Strand before bulge N Met284 282 Barrel C Loop Y 
Pro72 - Barrel N Turn Y Pro286 284 Barrel C Loop Y 

Leu76 - Barrel N Strand N Y Pro310 308 Barrel C Loop Y 
Ile80 - Barrel N Strand N Met312 310 Barrel C Loop Y 
Gly89 - Barrel N Strand at bulge N Leu347 345 Barrel C Turn Y 
Phe97 - Barrel N Turn Y Pro348 346 Barrel C Turn Y 
Phel04 - Barrel N Strand N Phe356 354 Barrel C Strand at bulge N 
Ile113 - Barrel N Strand N Gly377 375 Barrel C Strand N Y 

Y 
Leu119 - Barrel N Strand N Y Leu388 387 Barrel C Strand Y 
Gly120 - Barrel N Strand before turn Y Gly394 392 Barrel C Loop before helix B' Y 
Cys135 134 Barrel N Strand, disulfide Y Phe396 394 Barrel C Loop before helix B' Y 
Ile139 138 Barrel N Strand N Pro415 413 Barrel C Helix B' Y 
Leu154 152 Barrel N Helix B N Leu421 419 Barrel C Helix B' N Y 
Leu IS7 155 Barrel N Helix B Y Pro426 424 Barrel C Coil Y 
Ile162 160 Barrel N Helix B N Leu427 425 Central sheet Coil Y 
Cys175 173 Barrel N Helix B, disulfide Y Pro428 426 Central sheet Coil N 
Val182 180 Barrel N Helix B N Y Leu435 433 Central sheet Strand N 
Leu186 184 Barrel N Helix B N Y Phe446 444 Central sheet Strand Y 
Pro188 186 Barrel N Helix B Y Leu447 445 Central sheet Strand N 
Leu193 191 Barrel N Coil N Gly450  448 Central sheet Strand N 
Pro1 94 192 Barrel N Coil Y Ala451 449 Central sheet Strand N 

Gly13 - Barrel N Helix A N Y Ala217 215 Central sheet Turn Y 

Gly47 - Barrel N Strand after turn Y Ala266 265 Barrel C Helix A' N 

Gly75 - Barrel N Strand N Pro303 301 Barrel C Loop Y 

Leul l7  - Barrel N Strand N Y Leu379 377 Barrel C Strand N 

Y 

aMost of these residues are solvent inaccessible, and they tend to cluster near the lipid binding pockets, 
'Residues of the human BPI sequence, 
'Residue numbers for human LBP when different from  BPI. 
dSolvent accessibility was calculated with X-PLOR (Bmnger, 1990). Residues with less than 5 A* of exposed surface area were classified as buried. 



category, and include the 19 residues mentioned above that par- 
ticipate in forming the apolar lipid binding pockets. Except for 
glycines and prolines, most of these residues are solvent inacces- 
sible and are buried in  the hydrophobic core of the protein. Despite 
the pockets, each barrel has  a substantial hydrophobic core, formed 
by packing of the  two helices against the twisted sheet. Apolar 
residues that are not buried include several phenylalanines (97, 
396,446), leucines (427,388,347, 157), methionines 284 and 312, 
and Ala217. Most of these residues are in the relatively hydropho- 
bic COOH-terminal domain, and are found in loops or turns, in- 
creasing their solvent accessibility. 

Conserved charged and polar residues in the BPI family are 
involved in multiple inter-residue interactions. Twenty-three polar 
residues and 10 charged residues are strictly conserved (Tables 2 
and 3). Most of these residues appear to make interactions with 
other residues of the protein, including salt bridges and side chain- 
side chain or side chain-backbone H-bonds. However, given the 
medium (2.4 A) resolution of the BPI structure, it cannot be stated 
with certainty that a particular residue interacts with another. There- 
fore, the described interactions are based solely on reasonable 
interaction distances between the residue pairs. Potential inter- 
actions with solvent molecules were not considered as part of this 
analysis. 

Table 2 details the conserved polar residues found in the BPI/ 
LBP family. The vast majority of the side  chains of these residues 
make H-bonds with backbone atoms in the protein. This type of 
side chain-backbone interaction, where one partner is basically 

Table 2. Strictly  conserved  polar  residues in the  BPI/LBP familya 

L.J.  Beamer  et  al. 

immobile, has fewer  degrees of freedom than side chain-side chain 
interactions where both are  free to move. Therefore, these residues 
may play critical ro!es in maintaining the tertiary structure of the 
protein by, for example, linking secondary structural elements to- 
gether. A number of instances of this  are seen in Table 2, including 
interactions between P-strands, between a helix and a strand, and 
between the barrels and central sheet. Two interesting cases are 
found in barrel C where an asparagine from each helix makes a 
bidentate interaction with the backbone atoms of an adjacent barrel 
strand. One of these residues, Asn264 from helix A', forms a H-bond 
to the backbone amide and carbonyl of Leu 326 on the second 
strand of the barrel. On helix B', Asn418 forms  a bidentate H-bond 
with the backbone atoms of Leu379 from the final strand of barrel 
C. These bidentate interactions require that the side chain is both 
a H-bond donor and acceptor, explaining why it is highly conserved. 

Only two of the strictly conserved polar/charged residues fall 
near the entrance of a lipid-binding pocket, Asp200 and q1-270. 
However, neither of these two residues seems to be directly in- 
volved in lipid binding; rather they interact with each other. Tyr270 
is found on helix A' of barrel C, and Asp200 is found in a turn of 
the central P-sheet which approaches the COOH-terminal lipid 
binding pocket. Asp200 stabilizes this turn by making two H-bonds 
with backbone atom of residues 202 and 203. It also interacts with 
Tyr270 at end of helix A', linking barrel C to the central P-sheet. 
These two residues appear to be conserved for structural reasons, 
rather than direct protein-lipid interactions. Overall, it seems that 
the residues at the entrances of the pockets are more variable than 

Residue 

B P I ~  LBPC Location Interactionsd 

Asn2 
Tyr16 
Gln26 
Tyr5 1 
Ser55 
Trp9 1 
Ser125 
Thr 1 29 
Ser133 
Ser136 
Glnl87 
Tyr 189 
Thr 192 
Tyr207 
Tyr255 
Ser259 
Am264 
Tyr270 
Ser350 
Ser391 
Tyr407 
Am41 8 
Gln441 

- 

- 
- 

- 
- 

- 
124 
128 
132 
135 
185 
187 
190 
205 
253 
257 
262 
268 
348 
389 
405 
416 
439 

Central sheet 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Barrel N 
Central sheet 
Central sheet 
Central sheet 
Barrel C 
Barrel C 
Barrel C 
Barrel C 
Barrel C 
Barrel C 
Central sheet 

Coil 
Helix A 
Helix A 
Strand 
Strand 
Strand 
Loop 
Strand 
Strand at bulge 
Strand 
Helix B 
Helix B 
Coil 
Strand 
Strand 
Strand 
Helix A' 
Helix A' 
Loop 
Loop 
Helix B' 
Helix B' 
Strand 

bb H-bond to Pro241, connects N-terminus to linker 
bb H-bond to Tyr455, links helix A to central sheet 
- 

- 
- 
bb H-bond to Gly102 and Asnl03, links neighboring strands 
sc H-bond to As11122 
bb H-bond to Gly120; helps hold two strands together 
- 

- 
bb H-bond to Ile130; connects helix B to sheet 
bb H-bond to Ala431; connects helix B to central sheet 
bb H-bond to Tyrl89, Ala431; connects helix B to central sheet and helps terminate helix 
bb H-bond to Pro426, holds together N- and C-terminal domains 

bb H-bond to Gly4, stabilizes central sheet 
bb H-bond to Leu326, Asp260; bidentate interaction from helix A' to sheet 
H-bond to sc of Asp200; near C-pocket entry 
Mutated to Ala 
bb H-bond to Gly394 

bb H-bond to Leu379; bidentate interaction from helix B' to sheet 

- 

- 

- 

aMost of the conserved polar residues are involved in inter-residue interactions such as H-bonding. 
bResidues of the human BPI sequence 
'Residue numbers for human LBP when different from BPI. 
dTable includes all side chains with at least one atom that can form an H-bond and does not include charged residues (see Table 3). bb stands for 

backbone, sc for side chain. Distance cutoff for proposed interactions is 3.2 A. 
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Table 3. Conserved charged residues in the BPI/LBP familya 

Residue 

BPI 

Arg8 

Lysl2 
Lys42' 
Lys48' 
Lys92 
Lys9Y 
Lys99e 
Asp 105 
Glu163' 
Asp200 
Asp22 1 e 

Glu227 
Asp260e 
Asp282 
Arg292 
Lys296 
Asp340d 

Lys225 

LBP' 

- 

- 

- 

- 

- 

- 

- 

- 
161 
198 
Glu2 19 
223 
225 
258 
280 
290 
294 
Glu338 

Location Interactionsd 

Central sheet Strand 

Barrel N Helix A 
Barrel N Strand 
Barrel N Strand 
Barrel N Strand 
Barrel N Strand 
Barrel N Strand 
Barrel N Strand 
Barrel N Helix B 
Central sheet Turn 
Central sheet Strand 
Central sheet Strand 
Central sheet Strand 
Barrel C Helix A' 
Barrel C Loop 
Barrel C Loop 
Barrel C Loop 
Barrel C Strand 

Salt bridge with Asp221, sc H-bond to  Thr219, bb H-bond to Phe246 holds 

Salt bridge with Asp451, links C-terminal to N-terminal domain 
together beginning and end of N-terminal domain, stabilizes central P-sheet 

- 

- 

- 
- 

- 
sc H-bond to Ser88 
sc H-bond to Arg167 and His159; may help stabilize bend in helix 
sc H-bond to Tyr270, bb H-bond to 202, 203; at pocket entry 
Salt bridge to Arg8; sc H-bond with Thr219 
Salt bridge to Glu227 
Salt bridge to Lys225; sc H-bond to Tyr261 at start of barrel C 
bb H-bond to Tyr261 
Salt bridge to Arg292; bb H-bond to Leu293 
Salt bridge to Asp282; bb H-bond to Asp282, Pro286 
Not well defined in structure 
Salt bridge with Lys389 on back of barrel C 

aMost of these residues make inter-residue contacts, except for a subset in the NHZ-terminal domain, which may  be involved in LPS 

hResidues of the human BPI sequence. 
'Residue names and numbers for human LBP when different from BPI. 
dResidues indicated in bold font under Interactions are strictly conserved. 
'Indicates that charge is strictly conserved, but not side chain identity. 

binding. 

those that make up their interiors. Because the apolar interiors of 
the pockets presumably confer little specificity to binding, these 
pockets may accommodate a variety of apolar ligands. 

Because of their potential interactions with the negatively charged 
LPS molecule, the charged residues of BPI and LBP (particularly 
the lysines and arginines) are of considerable interest. A closer 
inspection of the charged residues in the BPI/LBP family reveals 
18 that are completely conserved (10 positive and 8 negative), 8 in 
barrel N, 5 in barrel C, and 5 in the central P-sheet.  For this 
discussion, we consider all residues that have conserved charge 
rather than only those with identical side chains. An analysis of the 
roles of the conserved charged residues shows that they fall into 
two general categories (Table 3). The first group contains residues 
that are involved in inter-residue interactions and, therefore, appear 
to have a role in maintaining the structural integrity of the protein. 
The second category contains residues that have no obvious struc- 
tural roles and are presumably conserved for functional reasons 
common to the  two proteins, such as LPS binding. 

Potential structural roles of the conserved charged residues are 
detailed in Table 3. One of these, Asp200, is located near the 
COOH-terminal lipid-binding pocket and was discussed above. 
Other interactions include three salt bridges where each of the 
residues involved is strictly conserved. One of these is between 
Arg8 and Asp221. This interaction appears to hold together the 
beginning and end of the NH2-terminal domain, and stabilizes the 
central P-sheet. The second pair, Glu227 and Lys225, are both in 
the central P-sheet and this  side chain-side chain interaction may 
serve to keep the intervening residue, a flexible glycine, in the 
correct conformation.  Glu227  also makes a H-bond to Tyr61 at  the 

beginning of helix A' in barrel C. The third conserved salt bridge 
is between Asp282 and Arg292, and occurs in a  loop in barrel C, 
one of the areas that differs significantly from its counterpart in 
barrel N. Another of the charged residues is involved in a poten- 
tially important set of interactions in barrel N.  It is Glu163 (also 
Asp), which occurs just after a critical bend in helix B. This bend 
allows this relatively long helix (40 residues) to pack more tightly 
against the twisted sheet of barrel N, allowing the formation of a 
closely packed hydrophobic core. Glu163 makes interactions with 
the side chains of two relatively conserved residues Arg167 (also 
Gln) and His159 (also  Arg/Gln).  This extended network of inter- 
actions may help stabilize the bend in helix B, which interrupts the 
regular helical H-bonding pattern. 

The second category of conserved charged residues, those with 
no apparent structural role, are found exclusively in the NH2- 
terminal barrel (Fig. 2B). These five residues (lysines 42, 48, 92, 
95, and 99) are solvent exposed and  make no apparent interactions 
with any other residues in the NH2-terminal domain, which is 
highly positively charged. None of these residues is near the lipid- 
binding pockets, a potential site of interaction with LPS. However, 
previous experiments have indicated a role for several of these 
residues in LPS binding. For instance, peptides derived from this 
region of BPI have anti-LPS and antibacterial activity (Little et al., 
1994). In addition, site-directed mutagenesis of lysines 95 and 99 
of LBP  shows  a decrease in LPS binding and rate of LPS transfer 
(Lamping et al., 1996). It, therefore, seems likely that the posi- 
tively charged residues mentioned above function in LPS recog- 
nition or binding, possibly through electrostatic interactions with 
phosphorylated sugar groups of LPS.  Thus, the interaction of BPI 
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and LBP with LPS appears to be a complex and potentially multi- 
step process, involving several distinct regions of the protein: the 
patch of positively charged residues described above, the apolar 
pockets, and perhaps other areas as well. This proposal is consis- 
tent with functional evidence  for both electrostatic and hydropho- 
bic components of BPI’S interaction with the bacterial membrane 
(Weiss et al., 1983). 

Electrostatics and LBP model 

Despite their overall sequence similarity, BPI and LBP differ con- 
siderably in their predicted isoelectric points and net charge. Hu- 
man LBP has an overall charge of -4 (ranging in other  species 
from -4 to +4), while human BPI  is +12 (ranging from +12  to 
+27). In the human proteins, BPI’S NH2-terminal domain (resi- 
dues 1-230) carries most of the positive charge of the protein 
(+ lo), while LBP’s NH2-terminal domain has an overall charge of 
-4.  The COOH-terminal domains of human LBP and BPI are 
neutral and +2, respectively. Although the above comparisons can 
be made simply on the basis of sequence data, the three-dimensional 
structure of BPI offers the first opportunity to map, at least ap- 
proximately, the locations and distributions of charged residues on 
LBP.  To directly compare the electrostatic surfaces of BPI and 
LBP, we have constructed a homology model of LBP (described 
below) using the crystal structure of BPI. 

The human BPI and LBP proteins have an overall sequence 
identity of 45% and can be aligned over their entire length with 
only two one-residue gaps in LBP  (Fig.  1B). Homology modeling 
between proteins with approximately 50% sequence identity has 
been shown to produce reasonably accurate models that typically 
have a backbone RMS deviation (RMSD) of 1.0 from crystal 
structures determined after the models were constructed (Chung & 
Subbiah, 1996). Each of the one residue gaps in LBP  occur in 
loops or turns of the BPI structure, and therefore should have 
minimal effect on the overall tertiary structure. Thus, LBP can be 
expected to share the general structural features of BPI: its elon- 
gated shape, pseudosymmetry, the three structural elements (two 
barrels and central sheet), and also the apolar lipid-binding pock- 
ets.  Solvent accessibility calculations (Connolly, 1983) indicate 
that the size of the lipid-binding pocket in the NH2-terminaI do- 
main of the LBP model (607 A’) is very close to that of the 
pockets of BPI  (Beamer  et al., 1997). However, the pocket in the 
COOH-terminal of LBP domain is considerably smaller (285 A2).  
Because these calculations were made using a model of limited 
accuracy, they should be interpreted with caution. Nevertheless, if 
the COOH-terminal pocket of LBP cannot accommodate the same 
ligand as the COOH-terminal pocket of BPI, this could explain 
some of the functional differences between the COOH-terminal 
domains of BPI and LBP (mentioned above), as well as differences 
in complex formation with LPS (Tobias et al., 1997). 

The electrostatic  surface  potentials  calculated by GRASP 
(Nicholls  et al., 1991) illustrate the differences in overall charge 
and  charge distribution of the two proteins (Fig.  2C,D).  The pos- 
itive residues (blue) in  BPI are generally concentrated near the tip 
of the NH2-terminal domain and along the concave face of the 
boomerang (side of pocket entrances). LBP also has a small area of 
positive charge near the tip of its NHz-terminal domain. However, 
it lacks the distinct positive potential of BPI and has few signifi- 
cantly charged patches on its surface. Despite this overall differ- 
ence in charge, both BPI  and  LBP bind to the negatively charged 
LPS with high affinity (Kd - M), although LBP has an 

approximately 50-fold lower binding constant (Gazzano-Santoro 
et al., 1994). 

One functional difference between BPI and LBP that might 
correlate with the difference in charge is bactericidal activity. In 
one current model for cytotoxicity, the highly cationic BPI is be- 
lieved to displace the divalent cations, primarily Ca2+ and Mg2+, 
which cross-link the phosphate groups of LPS molecules, in a 
fashion similar to that which has been shown to occur with the 
bactericidal peptide polymixin B (Elsbach et al., 1985). Perme- 
ability changes in the bacterial membrane (Mannion  et al., 1990) 
suggest that the displacement of these cations breaks apart the 
lattice of LPS molecules on the bacterial surface, allowing phos- 
pholipids from the inner leatlet of the outer membrane to flip into 
the outer leaflet. Concurrently, the displaced CaZf ions can bind 
and activate endogenous phospholipases that degrade the newly 
accessible phospholipids (Elsbach et a]., 1985). While BPI is po- 
tently cytotoxic to Gram-negative bacteria, LBP has no detectable 
bactericidal  activity  at  physiological  concentrations (Horwitz 
et al., 1995). In addition, two lipid transfer proteins (CETP and 
PLTP) related to BPI and  LBP also show high affinity binding to 
LPS (P.S. Tobias, pers. comm.) (Hailman et al., 1996), but have no 
known bactericidal activity. Both of these proteins also lack the 
high net positive charge of BPI. A positively charged peptide de- 
rived from residues 85-99  of BPI exhibits bactericidal activity 
(Little et al., 1994). However, it is not known whether the peptide 
acts by the same mechanism as the intact protein. 

Because of their roles in the innate  immune system and LPS- 
induced inflammatory response, BPI and LBP are of potential 
interest as therapeutics or targets for inhibitor design. Our recent 
determination of the structure of human BPI provides the first 
structural model for this functionally distinctive protein family. An 
analysis of the conserved residues in the BPI/LBP family reveals 
that the most highly conserved regions of this protein are involved 
in forming the lipid-binding pockets, suggesting their functional 
importance. In addition, our analysis identifies targets for site- 
directed mutagenesis studies. Together with more and higher res- 
olution crystal structures, these studies should help define the site(s) 
of LPS interaction and the mechanisms of action of BPI and LBP. 

Materials and methods 

Sequence alignment 

The amino acid sequences of three BPI proteins and four  LBP 
proteins have been published (SWISS-PROT accession numbers: 
BPI-HUMAN P17213, BPI-BOVIN PI 7453, BPI-RABIT 428739, 
LBP-HUMAN PI8428  (Theofan  et al., 1994), LBP-RABIT 
P17454, LBP-MOUSE 461805, LBP-RAT 463313). A multiple 
sequence alignment (Fig. 1B) of these seven sequences was per- 
formed using the program CLUSTAL W  (Higgins & Sharp,  1989). 

Model building 

An initial model of LBP was constructed from the BPI coordinates 
(PDB  code lbpl) using the program HOMOLOGY (Molecular 
Simulations Inc., San Diego, CA). The sequences of human LBP 
and BPI were automatically aligned and the  side chains of BPI 
were changed to those of  LBP. Two one-residue gaps in LBP 
(between residues 130-131 and 160-161) were repaired and the 
resulting structure was energy minimized. The model was visually 
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inspected, obvious  errors  corrected, and then subjected to 100 
cycles of energy minimization in X-PLOR (Brunger, 1990). The 
final LBP model has an RMSD for Ca atoms of 0.36 8, with the 
refined BPI structure. The  two additional residues at the COOH- 
terminus of LBP were modeled as extensions of the final P-strand. 

Model qualiiy 

Several methods are available for assessing the quality of protein 
crystal structures and models, and two of these were used to ex- 
amine the LBP model. The program ERRAT (Colovos & Yeates, 
1993) analy7es the statistics of nonbonded interactions between 
different atom types of proteins, and produces a histogram show- 
ing residues with unusual contact statistics (those that fall above an 
expected 95% confidence limit). In the 2.4 8, BPI model, 93% of 
the residues lie below the 9 5 8  confidence limit. Residues above 
the limit are concentrated in two regions of the sequence. The first 
region (residues 143-148) is in a poorly defined loop of barrel N, 
and several side  chains in this area could not be resolved in the 
electron density maps. The other area (residues 233-248) is in  the 
proline-rich linker between domains of BPI, and also has a number 
of unresolved side  chains.  The minimized LBP model has 82% of 
its residues below this 95% confidence limit. As might be ex- 
pected, the same areas that were problematic in the BPI structure 
are also so in  the LBP model. Two additional areas with at least a 
three-residue stretch above the 95% limit are found from residues 
71-75 and from 117-120. 

The 3D-ID profile method (Bowie  et al., 1991) can also be  used 
to assess the local environments of amino acids in a protein struc- 
ture. A 3D-ID profile is a measure of how compatible a residue is 
with its environment in the model, based on an analysis of a 
database of well-refined structures. The program VERIFY3D (Luthy 
et al., 1992) calculates a score for each residue averaged over a 
21-residue sliding window. Low scoring areas of the structure 
indicate regions with unusual environments, possibly indicating 
structural errors. In the BPI model, the lowest scoring region oc- 
curs around residue 350 and corresponds to a turn between strands 
of barrel C. Although highly solvent exposed, this area is well 
defined in the electron density and is not expected to be incorrect. 
In the LBP profile, the lowest scoring region occurs from residues 
230-240 and corresponds to the linker region that also scored 
poorly in  ERRAT. Thus. as assessed by several independent meth- 
ods, the overall quality of the LBPmodel appears satisfactory, with 
the possible exception of residues 230-248. 
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