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ABSTRACT. We have investigated the mechanisms of interaction of the recombinant N-terminal portion of
bactericidal/permeability-increasing protein, rBfWith lipopolysaccharide (LPS) isolated from entero-
bacterial deep rough mutant strains. Experimentally, the ability of xB#®Iform monolayers at the
air/water interface and its action on lipid monolayers were analyzed. We have further studied the interaction
of rBPl,; with aggregates from phospholipids and Re mutant LPS by infrared and resonance energy transfer
spectroscopy and laser Doppler velocimetry. From monolayer experiments, the molecular area of a single
rBPIl1; molecule was estimated to be about 12nmt lateral pressures af 25 mN/m, rBP%; incorporated

into monolayers from negatively charged LPS and phosphatidylglycerol (PG) but not into those from
neutral phosphatidylcholine. rBRlincorporated not only into monolayers but also into liposomes made
from or containing negatively charged phospholipids, reducing the absolute value oftitential of

LPS and PG aggregates. Furthermore, due to intercalation;irB&ised the rigidification of the acyl
chains of lipids in the gel as well as in the fluid phase and significantly immobilized their phosphate
groups. High concentrations of Migions were found to have a protective effect against the action of
rBPl,;. On the basis of these results, the biophysical characteristics ofir&feldiscussed and a model

is proposed as to how the rBRRinduced influence on lipid monolayers and bilayers could explain#BPI
mediated effects on the bacterial membrane.

The bactericidal/permeability-increasing protein (BPI) lipid component, termed lipid A, anchoring the LPS in the
belongs to the group of antibacterial peptides of polymor- outer membrane (Rietschel et al., 1994), is a dominant
phonuclear neutrophils (PMN) capable of killing bacteria by initiator of the pathophysiological, i.e., endotoxic, effects of
oxygen-independent mechanisms. It is located in the azuro-invasive Gram-negative bacteria and a target for antibacterial
philic granules of neutrophils (Weiss & Olsson, 1987) and drugs interacting with the microbial cell surface. A close
constitutes an approximately 55 kDa cationic protein with a correlation has been found between endotoxin as the inciting
selectivity toward Gram-negative bacteria (Weiss et al., 1978; agent and the production of inflammatory mediators, the
Elsbach et al., 1979), most likely due to its strong affinity accumulation of which is causally related with the symptoms
for lipopolysaccharides (LPS) (Gazzano-Santoro et al., 1992, of Gram-negative bacterimea and septic shock (Brandtzaeg,
1995), the major components of the outer leaflet of the outer 1996). For BPI, beside its bactericidal effects an endotoxin-
membrane of Gram-negative bacteria. LPS, which consist neutralizing activity was described (Weiss et al., 1992;
of an oligo- or polysaccharide moiety and a covalently linked Elsbach & Weiss, 1993). Due to this double function, killing

of invading bacteria and detoxifying LPS, BPI represents a
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1 Abbreviations: LPS, lipopolysaccharide; F515 LPS, lipopolysac- N'termina| human BPI (with thg_exception that a PYSteme
charide of theEscherichia coliRe mutant strain F515; R45 LPS, is replaced by an alanine at position 132), is bactericidal and

lipopolysaccharide of thEBroteus mirabilisRe mutant strain R45; BPI, binds to and thereby neutralizes endotoxin (Horwitz et al
bactericidal/permeability-increasing protein; rBf?23 kDa N-terminal "

fragment of bactericidal/permeability-increasing protein; e3P kDa 1996). N-terminal fragments of BPI also inhibit LPS-
N-terminal fragment of bactericidal/permeability-increasing protein; induced E-selectin expression and reduced®Factivation

PMN, polymorphonuclear neutrophils; PMB, polymyxin B; PMBN,  in LPS-stimulated endothelial cells (Huang et al., 1995).
polymyxin B nonapeptide; PG, phosphatidylglycerol; PC, phosphati- . . . .

dylcholine; PE, phosphatidylethanolamine; DMPG, dimyristoylphos-  Although various studies with BPI and its fragments have
phatidylglycerol; DMPC, dimyristoylphosphatidylcholine; NBD-PE,  been performed concerning antimicrobial activity (Weiss et

N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phospatidylethanolamine; Rh-PE, al., 1975, 1978, 1984; Elsbach & Weiss, 1993; Capodici et
N-(rhodamine B sulfonyl)phosphatidylethanolamine; RET, resonance _ "’ ' on ] ' ! .
energy transfer; PBS, phosphate-buffered saflfephase transition  al-, 1994), LPS binding (Gazzano-Santoro et al., 1992, 1995;

temperature Capodici et al., 1994), LPS neutralization (Ooi et al., 1991,
S0006-2960(97)00176-1 CCC: $14.00 © 1997 American Chemical Society
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Elsbach & Weiss, 1993), experiments in animals (Kartalija . on -
et al., 1995; Koyama et al., 1995; Lechner et al., 1995; % o "

Hansbrough et al., 1996), and human trials (de Winter et o cor®

al., 1995), the biophysical parameters as the ability of BPI ° !

to form monolayers at the air/water interface, its molecular o.,ﬁ\o%o

area, and the mechanisms of its interaction with lipids remain o o o

to be defined. 0 N N &
Here, we have studied the behavior of suspensions of o o o AN

rBPl,;, the BPI fragment of highest therapeutic interest ° ° o mom

(Ammons & Mallari, 1996; Meijer et al., 1997; Kirsch et

al., 1997), and the interaction of rBfPWith lipid monolayers

and aggregates (the term aggregate is also synonymously

used for liposome). To acquire information on the lipid

specificity of rBPL;, we have performed pressure/area

measurements on monolayers made from LPS and chargedricure 1: Chemical structure of LPS of the deep rougstherichia
and uncharged phospholipids. Determination of gkgo- coli Re mutant strain F515 [according tohtnger et al. (1985)].
gefnrtll'?lngl ;Z%ea?rﬂcig]:gg;egﬁtﬁz 'ir:]ftlzir?gge;:ethaenglfrr;izncaend us_ed without further p_urification. The fluorescent dyes
potential and, therefore, on its binding. These determinations N;](zn'tr(.)'z’lls'?"bﬁ nzolxialgllzazlglr-:_ll-:yé)-PE (NBD'PhE) a(l;e]lc
were supplemented by resonance energy transfer experimentr ? an|1|n(|e:> bsu OEy) (OR ) were purchased from
to study the intercalation of rBRlinto aggregates made from olecular Frobes ( ugene,b_ )- inal f f
various phospholipids and from LPS. The interaction of Proteins. rBPl, a recom lnant_l_\l-termlna r_agment ot
(BPl: with LPS and with various phospholipids was human BPI, was produced ar_1d purified as d_escrlbed (Hor\Nlt_z
described by determining the acyl chain and phosphateet lal.., 1996) and was o_btalnfed as /a stgnle_, nongy;;)geglc
mobilities with Fourier-transform infrared spectroscopy. For solution at a concentration o 3 mg mL_ In citrate-buttere
the interpretation of the data obtained on the action of ¥BPI sa}lme (150 mM NacCl an(_jl 5 mM sodium citrate, pH 5)
earlier results on the interaction of the decapeptide polymyxin without detergents or stabilizers. The rgPamples were

; : : aliquoted, frozen in liquid nitrogen, and stored-af0 °C.
B (PMB) and__ its nonapeptide (PMBN) with membrane Before use, the samples were thawed, kept‘&,4and used
systems (Schider et al., 1992) were used by way of . = L L
comparison. within 1 week. The bactericidal activity of rBRIwas tested

. prior to use againdt. coli strain J5 as described by Capodici
The results of the present study allowed us to determine ¢ 4. (1994). Polymyxin B and its nonapeptide were

the following properties of rBBl. First, rBP}; forms a obtained from Boehringer (Mannheim, Germany).
monolayer at the air/water interface with a maximal lateral

pressure of about 35 mN/m, the molecular area of the Methods
molecule being about 12 rfmat a surface pressure of 25
mN/m. Second, rBR{ binds to negatively charged lipid
surfaces, followed by its insertion into the lipid matrix
causing rigidification of the acyl chains of the lipids. Third,

Film Balance MeasurementsThe molecular area of an
rBPIl;; molecule was estimated from pressure/area isotherms
of rBPI,; solutions at various concentrations (517.9 nM)
the binding and insertion of rBRI leads to significant N @n @queous subphase of 150 mM NaCl and S mM HEPES
changes of the surface potential of the lipids. a.‘t PH 7, which were recorded W'th a thermostated Langmuir

film balance equipped with a Wilhelmy system at 32.

i T?ese c_hang?s Itn n:e?\b;ﬁne characﬁ;lst_lcs are_assurgeﬂsplm was added to the subphase, and after 2 h, pressure/
0 piay an important role for the permeability-Increasing and 5o 5 jsotherms were recorded at a compression rate of 1.5

bactericidal activity of BP!. mn?/s. The molecular area of the rBPPimolecules at a
given lateral pressure was estimated from the slope of a plot
MATERIALS AND METHODS of the number of rBRi-molecules added to the subphase
Materials as a function of the respective film area (Schwarz & Taylor,
1995). The incorporation of the protein into lipid monolayers
Lipids and Other ChemicalsLPS of the deep rough (Re) from the aqueous subphase was studied with monolayers
mutant of Escherichia coli strain F515 (for chemical spread from 1 mM chloroform solutions of DMPG and
structure, see Figure 1) and from the deep rough mutant ofDMPC, respectively, and with chloroform/methanol (9:1 v/v)
Proteus mirabilisstrain R45 were used in the experiments solutions of LPS. The experiments were run af@7 Prior
with LPS monolayers and aggregates. LPS were extractedto isotherm recording, monolayers were equilibrated at zero
by the phenol/chloroform/petroleum ether method (Galanos pressure for 5 min to allow evaporation of the solvent. The
et al., 1969), purified, lyophilized, and dialized. Dialysis monolayers were compressed to a lateral pressure of 25
guaranteed that the LPS samples contained less than InN/m [this value was chosen because it is within the range
divalent cation per 100 LPS molecules as proven by atomic of lateral pressures present in biological bilayer membranes
absorption spectroscopy. Egg phosphatidylcholine (PC), (Marcelja, 1974; Blume, 1979)]. rBRIwas added to the
phosphatidylglycerol (PG) from egg yolk, and phosphati- subphase and the compression was continued after 30 min
dylethanolamine (PE) fror. coliwere obtained from Sigma  to a final value of 40 mN/m. The subsequent expansion
Chemical Co. (St. Louis, MO). Dimyristoylphosphatidylg- isotherms were recorded at an expansion rate of 3.6/sam
lycerol (DMPG) and dimyristoylphosphatidylcholine (DMPC) To examine the influence of Mg ions, expansion isotherms
were purchased from Avanti Polar Lipids (Alabaster, AL) were recorded in the absence or presence of M@Cbr 40
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mM) in the subphase. F515 LPS monolayers were first from various phospholipids and F515 LPS. Respective
spread on the respective subphase and compressed to a laterakperiments with R45 LPS could not be performed for
pressure of 40 mN/m (compression rate 3.0¥sjnand then reasons as above. For the RET measurements, PC, PG, or
12 nM rBPbL; was added to the subphase. Thirty minutes F515 LPS aggregates were double-labeled with NBD-PE and
after rBP}; addition, expansion isotherms were recorded at Rh-PE. The fluorescent dyes were dissolved together with
an expansion rate of 0.6 nifa to allow incorporation of  PC, PG, or F515 LPS in chloroform in molar ratios [lipid]:
rBPI,; during the expansion process. As a control, expansion [NBD-PE]:[Rh-PE] of 100:1:1. The solvent was evaporated
isotherms were recorded after an equilibration period of 30 under a stream of nitrogen, and the lipids were resuspended
min at 40 mN/m without adding rBRl Because of thelong in phosphate-buffered saline (PBS) at pH 7.2, mixed
period of time (approximately 4 h) needed, these experimentsthoroughly, and sonicated with a Branson sonicator for 1
were done at a temperature of 20 to reduce evaporation min (1 mL solution). Subsequently, the preparation was
of the subphase and to avoid protein degradation. cooled for 30 min at £C, heated for 30 min at 58C, and
¢-Potential Measurements.Fixed charges within the recooled to £C. Preparations were stored &t@ overnight
headgroups of the lipid molecules provoke an electrical prior to measurement. A preparation of 990 of the
potential at each surface of the lipid bilayer with respect to double-labeled PC, PG, or F515 LPS aggregates (0.1 mM)
the surrounding bathing solution, the surface potential [for at 37 °C was excited at 470 nm (excitation wavelength of
review on membrane electrostatics see also Cevc (1990)].NBD-PE) and the intensities of the emission light of NBD-
At neutral pH, of the phospholipids only the phosphatidylg- PE (531 nm) and Rh-PE (593 nm) were measured simulta-
lycerol molecule carries one negative charge, whereas eachmeously on the fluorescence spectrometer SPEX F1T11
F515 LPS molecule carries four negative charges. The (SPEX Instruments, Edison, NY) in two separate emission
resulting surface charge densities ar@.52 As/n? (—3.25 channels. The protein was added after 50 s to a final
e/nmP) for F515 LPS and-0.05 As/n? (—0.31 g/nn¥) for concentration of 5@g/mL. Intercalation then led to changes
the phospholipid mixture resembling the inner leaflet of the in fluorescence intensities as a function of time (increase of
outer membrane, respectively, since the molecular cross-donor signal, decrease of acceptor signal; for the sake of
section of an F515 LPS molecule is 1.23%amd that of a clarity, in the Results section only the donor signal is plotted).
diacyl phospholipid is 0.55 nffdetermined from monolayer  To obtain identical intensities before the addition of rBPI
isotherms with a film balance). In the R45 LPS molecule, the emission intensities in both channels were recorded for
the 4-phosphate and the first Kdo are non-stoichiometrically 50 s under continuous stirring to determine the base line,
substituted with 4-amino-4-deoxyarabinopyranose (Vino-  and the slits of the two channels were adjusted to yield
gradov et al., 1994). As could be shown by MALDI mass identical intensities (180 000 cps). To exclude different
spectroscopy (data not shown), total substitution is ap- fluorescence behavior of the dyes in the phospholipid and
proximately 50%, resulting in about 3 negative charges/ LPS aggregates, i.e., that the incorporation of identical
molecule and a surface charge density-68.38 As/nt, amounts of unlabeled molecules would lead to different
corresponding te-2.36 &/nn? (molecular area of 1.27 rin changes in the fluorescence intensities, the two aggregate
To study the influence of rBR] on surface potential, we  systems were calibrated. For this, known amounts of
determined the&-potential (which is related to the surface unlabeled molecules were incorporated in the labeled ag-
potential of lipid aggregates) by measuring their electro- gregates. This step required chloroform solubility of the
phoretic mobilities [for review see Cevc (1993)]. The molecules used for calibration and thus excluded sBPI
C-potential was calculated according to the Helmheltz Instead we used the phospholipids PC and PE. The
Smoluchowski equation (Hunter, 1981) from the electroki- admixture of identical amounts of each of these phospho-
netic mobility of lipid aggregates, measured by laser Doppler lipids to the labeled phospholipid and LPS aggregates,
anemometry. The measurements were performed on arespectively, led to changes in fluorescence intensity, which
ZetaSizer 4 (Malvern Instruments GmbH, Herrsching, Ger- were comparable for PC and PE but different for the two
many) at 20°C and a driving electric field of 19.2 V/cm. aggregate systems. Therefore, to render the results og,rBPI
Lipid aggregates were prepared from 0.5 mM aqueous incorporation into the two aggregate systems comparable,
dispersions of F515 LPS or PG in buffer solution (2.5 mM the quotient of the fluorescence intensities after the addition
Tris/HCIl and 1 mM CsCl, pH 7) by sonification for 20 min  of rBPl; and the intensities achieved with aggregates
in an ultrasonic bath at 4TC. Subsequently, the preparation containing-beside the double-labeled lipie§0% of unla-
was allowed to equilibrate overnight at’@ before experi- beled PC or PE was taken as a measure.
ments were started. rBRland PMBN were solved in FTIR Spectroscopy.FTIR spectroscopic measurements
aqueous solutions of 150 mM NaCl and 5 mM sodium citrate were applied to detect changes of characteristics of vibra-
at concentrations of 95.2M and 1 mM, respectively. tional bands-i.e., their positior-of functional groups of the
Samples (2 mL) were prepared by diluting the lipid stock composing lipids upon interaction with externally applied
solution with buffer to a final concentration of 8vi, and compounds (here, rBRIand PMB), which renders informa-
the &-potential was monitored in dependence on increasing tion on the interaction between the latter and the lipid matrix.
amounts of rBRk and PMBN. Investigations into the All lipid samples were prepared as aqueous suspensions in
influence of rBP4; on theZ-potential of R45 LPS aggregates 5 mM HEPES buffer, pH 7, at high water content (20 mM
were not possible, because the protein led to immediatelipid corresponding to approximately 96% water content).
precipitation of the aggregates. For this, the lipids were suspended directly in distilled water
Resonance Energy Transfer Spectroscoplge resonance  and were temperature-cycled twice between 4 antCrénd
energy transfer (RET) technique is used here as a probethen stored at 4C for at least 12 h before measurement.
dilution assay (Struck et al., 1981) to obtain information on After the preparation of the LPS or phospholipid aggregates,
the incorporation of rBBI into aggregates (liposomes) made PMB or rBPL; was added in appropriate concentrations and
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the mixtures were briefly vortexed at 3€. Measurements T e e e B e
were performed on a Bruker FTIR spectrometer IFS55 40 [ A
(Bruker, Karlsruhe, Germany). The lipid samples were - - 17.9 M
placed in a Cajcuvette separated by a 1261 thick Teflon E 3BT
spacer. Temperature scans were performed automatically % 30 F \
in the range from 10 to 6580 °C with a heating rate of 3 S 5k 7.5 nM
°C/5 min. Every 3C, 50 interferograms were accumulated, g :
apodized, Fourier-transformed, and converted to absorbance § 20
spectra. 5 15 F 5.0nM
Thef <> a gel to liquid crystalline phase transition of the T 10 [
hydrocarbon chains was determined by monitoring the % -
symmetric stretching vibration of the methylene groups - 5r

v(CH,). The peak position of(CH,) is known to lie at olb——t—1 . 1.
approximately 2850 crt in the gel phase and to shift at a 10 20 30 40 50 60
lipid-specific temperature (phase transition temperatlige)
to 2852.3-2852.5 cm?! in the liquid crystalline phase
(Mantsch & McElhaney, 1991). The interaction of the LA B L L B L |
protein with the lipid headgroups was studied by monitoring 5x10“ - B -
the antisymmetric stretching vibration of the negatively
charged phosphate groupg(PO,") in the range from 1220

to 1260 cnt?,

The evaluation of the band parameters (peak position and
intensity) was performed after subtraction of superimposed
water bands. Thus, the position of the peak maxima could
be determined with a precision of better than 0.1 &m

Because in all experimental systems relatively large
amounts of protein have to be introduced and the supply of
recombinant protein was not unlimited, each experiment was
repeated at least twice. Deviations of more than 5% have Ot T T T T 17
never been observed. 0 10 20 30 40 50 60

Film area / cm’

FIGURE 2: (A) Pressure/area isotherms of rBfMonolayers on

. N . rBPl,; suspensions of different concentrations. Subphase: 150 mM
Surface Actiity. When amphiphilic o hydrophobic  \aci' 8 mi HEPES-buffered at pH 7. 37 °C. (B) Estimation

molecules are _added to an aqueous subphase, they tend t6f the molecular area of rBRImolecules. Number of molecules
adsorb to the air/water interface and thus reduce the surfaceadded to the subphase is plotted as a function of the occupied area

tension of the subphase. On a film balance, the generatecht @ lateral pressure of 25 mN/m (squares). From a regression
films (monolayers) can be compressed, and the lateral @nalysis (line), the molecular area was calculated to be +138
pressure at any surface area can be related to the surface
tension for a given subphase temperature (the lateral pressur@, film area (Figure 3), whereas for a DMPC monolayer
corresponds to the difference between the surface tensionginder otherwise identical conditions no significant change
of a subphase in the absence and presence of a monolayer)y film area could be observed (Figure 3B). The increase
From the pressure/area curves at a given temperaturgn fim area was most pronounced for the F515 LPS
(isotherms), the surface area occupied by the surfactantmonolayers, indicating the strongest incorporation. The
molecules (area per molecule) at a given lateral pressure cafincorporation into R45 LPS monolayers was half that into
be calculated. Furthermore, the incorporation of molecules 515 LpS but comparable to that into DMPG monolayers.
from the subphase into a monolayer can be studied. For an understanding of these observations it should be
Aqueous suspensions of rBPled to the formation of  considered that phospholipid monlayers contain twice the
rBPIl2; monolayers at the air/water interface. In Figure 2A number of molecules per unit area as do LPS monolayers.
pressure/area isotherms of rBPmonolayers on rBB{ To investigate the influence of Mg on the interaction of
suspensions of different concentrations in 5 mM HEPES rBPI,; with LPS monolayers, expansion isotherms of F515
subphases containing 150 mM NaCl are presented. At low LPS monolayers were recorded in the absence and presence
rBPIz; concentrations, an exponential increase of lateral of 40 mM MgCk and in the absence and presence of 12 nM
pressure with decreasing film area was observed, whereagBPl,; (Figure 4). Clearly, the addition of rBRIto the
at higher rBPJ; concentrations, the lateral pressure showed subphase led to a much more pronounced increase in film
an initial linear increase that slowed at higher lateral pressuresarea in the absence than in the presence of MgiEkhould
above 30 mN/m. In Figure 2B the relation between the be noted, however, that Mggtself caused a slight increase
number of molecules added to the subphase and the occupieth film area.
area at a lateral pressure of 25 mN/mis plotted. Aregression ¢-Potential. The interaction of externally applied sub-
analysis showed that the molecular area of one #BPI stances with the lipid bilayer may induce changes in the
molecule at the air/water interface was 138.9 nnt. surface potential, in particular when these substances carry
For LPS and DMPG monolayers compressed to 25 mN/ electric charges. The determination of changes of the surface
m, the addition of rBRY}, into the subphase led to an increase potential following the interaction with polycationic mol-

o
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Ficure 3: Expansion isotherms of LPS monolayers (A) and phospholipid monolayers (B) before and after the addition of different amounts
of rBPI,; to the subphase at a lateral pressure of 25 mN/m (expansion rate 3.0 mm/s). Subphase: 150 mM NaCl, 5 mM HEPES-buffered
atpH 7,T = 37 °C.

T T T T T T 7 The interaction of rBR} and PMBN with PG aggregates
40 [\ —— MgCl,free control . led to effects similar to thoge seen with F515 LPS (Figure
e 5 ---- 40 mM MgCl, ] 5B), but at much lower peptide concentrations. The satura-
% 30 _ tion values £&+13 mV for rBPb; and~+3 mV for PMBN)
= were reached at molar ratios of [rBRI[PG] ~ 1:20 and
g [PMBN]:[PG] ~ 1:4.
§ 20 7 Resonance Energy TransfeFo examine the intercalation
s i T of rBPI,; into lipid- or LPS membrane systems, we also
® 10 - determined the energy transfer between two fluorescent
% 5 ] markers. After the addition of 24M rBPIl»; to a 0.1 mM
- ok suspension of double-labeled F515 LPS or PG aggregates,
e 4 .y ] an increase in fluorescence intensity of the donor signal

(indicative for rBP$; incorporation) was observed (Figure
6). For PC aggregates under otherwise identical conditions,
Film area / cm’ no incorporation of rBRL was observed as indicated by a
FIGURE 4: Expansion isotherms (expansion rate 0.6 mm/s) of F515 slight decrease in intensity, which was due to dilution effects.
LPS monolayers in the absence and presence of 40 mM MgCl For a comparison of the amount of rBPincorporated into

and before and after the addition of 12 nM rBRb the subphase ; i ; i
at a lateral pressure of 40 mN/m. The arrows mark the isotherms the different lipid aggregates, the signals after ggdldition

after rBP}, addition. Subphase: 150 mM NaCl, 5 mM HEPES- Were normalized to those for a common preparation with a
buffered at pH 7T = 20 °C. ’ known amount of unlabeled PC or PE (see Materials and

Methods). Here (Figure 6B), only the results for calibration
ecules thus provides direct information regarding the binding with PC are depicted, showing that more rgPivas
process. To assess this parameter thpotential was  incorporated into F515 LPS than into PG aggregates.
determined in the absence and presence of #BPd Mg+. FTIR SpectroscopyFourier-transform infrared spectros-
Comparative measurements were performed with PMBN, copy was applied to study the interaction of rgPhnd in
which is known to attach to the hydrophilic and negatively some cases, PMB, with the hydrocarbon chains and phos-
charged lipid headgroups and not to intercalate deeply into phate groups of LPS, DMPG, and DMPC (DMPG and
the hydrophobic moiety (Beurer et al., 1988). PMBN instead DMPC had to be chosen instead of PG and PC, because the
of PMB has been chosen to get results on the surfacelatter two phospholipids do not exhibit am < § phase
potential, which can be used for determination of the potential transition of the acyl chains in the physiological temperature
profile in bilayer membranes (Wiese et al., 1997). In those range). In Figure 7, the peak positionafCH,) is plotted
experiments PMB could not be applied because of its versus temperature for F515 LPS suspensions in the presence
permeabilizing activity (Schider et al., 1992). of different concentrations of rBRI (A) and PMB (B).

The influence of rBR}, and PMBN on the&-potential of Clearly, the phase transition temperatiligat 32°C for LPS
F515 LPS and PG aggregates is shown in Figure 5. Theof theE. coli Re mutant is shifted to higher temperatures in
addition of increasing amounts of rBlPto a suspension of  the presence of rBRL This effect can already be observed
F515 LPS aggregates (Figure 5A) led to a nearly linear at a molar ratio of [F515 LPS]:[rBR{] = 10:1 and increased
increase of thé-potential from approximately-57 mV and with protein concentration. Concomitantly, a concentration-
a reversal of thé€-potential up to a saturation value fL2 dependent decrease of the wavenumber values (correspond-
mV, which was reached at a molar ratio of [rBf[F515 ing to an increase of the state of order) over the whole
LPS]~ 1:10. In contrast, much higher amounts of PMBN temperature range occurred, indicating that the hydrophobic
were needed to reach a saturation vals® (mV) that is moiety of F515 LPS was rigidified. The effects of PMB on
significantly lower than that observed with rBRI the acyl chains of F515 LPS were completely different: (i)

20 30 40 50 60
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Ficure 5: -potential of 25uM suspensions of F515 LPS (A) and PG (B) aggregates in dependence on the amoung,cAmBFIMBN,
respectively, added to the aggregate suspensions. Buffer: 2.5 mM Tris/HCIl and 1 mM CsCITpH 20 °C.

@ tively. For R45 LPS and rBR{ similar effects could be
X 281 A M observed (data not shown).
= % PG To obtain information on the lipid specificity of the rBRI
£ - action, experiments with negatively charged (DMPG) and
S ur neutral zwitterionic phospholipids (DMPC) were also per-
3 29 [ formed (Figure 8). For DMPG (Figure 8A), the action of
© [ +rBPI,, rBPl,; was similar to that observed for LPS (Figure 7A):
% 20 t— FO1SLPS T. was increased and the acyl chains were rigidified in a
§ 18 R PC concentration-dependent manner. For DMPC, howeler,
€ C TR ANA A G A was left unchanged and the acyl chains were fluidized in
5 16 both phases (Figure 8B). In contrast, the interaction of PMB
= oy with the two phospholipids led to a fluidization in the gel
14 phase of DMPG buT; was not affected, whereas in the case

60 8 100 120 140 of DMPC no effects were observed (data not shown).

Time /'s Since rBP}; and PMB are polycationic molecules, their
- interaction with the negatively charged phosphate groups of
g 1 the lipids are likely to occur. To analyze this interaction,
g [ B F515 LPS we studied the influence of the two compounds on the
3 10 | antisymmetric stretching vibration of the phosphate groups
@ g9 vadPO;7) at 1260 cm?, which primarily corresponds to the
§ undisturbed, weakly hydrated vibration. As shown in Figure
VO 0.8 F o~ A 9, both compounds led to a reduction in the absorbance of
9_ - PG the phosphate vibration of F515 LPS; however, to obtain a
E 07 comparable reduction to that of rBfPhbout 10-fold higher
g 0.6 B concentrations of PMB were required. This decrease of the
g | band intensities can be interpreted to result from an im-
2 os - PC_ ] mobilization of the phosphate groups due to binding of gBPI
= - or PMB, respectively. Also in this system, the action of
S 0.4 . L . L rBPl,; on DMPG was comparable to that on F515 LPS,
o 100 120 140 whereas only a very small effect on DMPC was observed
Time /s (data not shown).

FiIGurRe 6: Change of the donor (NBD-PE) fluorescence intensities

after addition of 2.4«M rBPI; to 0.1 mM suspensions of PC, PG, DISCUSSION

or F515 LPS aggregates double-labeled with NBD-PE and Rh-PE

in dependence on time. Buffer: PBS at pH 712+ 37 °C. BPI and its bioactive N-terminal fragments are bactericidal

against a variety of Gram-negative bacteria (Ooi et al., 1987,
no change ofT; could be observed except for the highest 1991; Capodici et al., 1994; Gazzano-Santoro et al., 1992;
PMB concentration used, at which the phase transition Horwitz et al., 1996). From previous studies, BPI is known
disappeared, since the wavenumber values in the gel phas¢o bind to the outer membrane of these bacteria and to change
were raised to those typical for the liquid crystalline phase, their permeability toward molecules such as actinomycin D
(i) in the gel phase, a concentration-dependent fluidization (Weiss et al., 1978). The action of BPI comprises several
(increase in wavenumber values) occurred; and (i) the molar distinguishable phases. Whereas the binding of BPI triggers
F515 LPS-to-peptide stoichiometries required to induce a immediate alterations of the bacterial outer envelope, en-
shift (e.g., by 2 wavenumbers) were 1:0.3 and 1:1, respec-hances the permeability toward actinomycin D, and inhibits
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FIGURE 7: Peak position of the symmetric stretching vibratigfCH,) versus temperature for 10 mM F515 LPS suspensions in HEPES (5
mM) buffer in the presence of different amounts of rBRA) and PMB (B).
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Ficure 8: Peak position of the symmetric stretching vibratiafCH,) versus temperature for 10 mM DMPG (A) or DMPC suspensions
in HEPES (5 mM) buffer (B) at different amounts of rBPI
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Ficure 9: Infrared absorbance spectra for F515 LPS suspensions (10 mM) in HEPES (5 mM) buffer in the range of the antisymmetric
stretching vibration of the negatively charged phosphaigPO,™) at 37°C at different concentrations of rBRI(A) or PMB (B).

the growth of susceptible microbes, the organisms exhibit reversible phase is apparently followed by an irreversible
little or no macromolecular degradation and remain capable one, which may be due to alterations of the cytoplasmic
of macromolecular biosynthesis for incubation periods of up membrane (In’'t Veld et al., 1988). For these BPI effects,
to several hours. The sublethal effects of this initial phase the molecular mechanisms remain to be determined. Re-
can be reversed by addition of high concentrations of MgCl cently, the N-terminal fragment rBRIhas attracted much
(=40 mM) or 0.1% bovine serum albumin to the growth attention as a possible therapeutic compound in Gram-
medium (Weiss et al., 1978; Mannion et al., 1990). This negative infections (Huang et al., 1995; Horwitz et al., 1996;
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Ammons & Mallari, 1996; Meijer et al., 1997; Kirsch et al.,
1997).

Wiese et al.

BPI plasma levels of healthy humans (typically less than 1
ng/mL) (Froon et al., 1995; White et al., 1994). However,

On the basis of the present studies, we have determineddue to electrostatic attraction involved in the interaction

characteristics of rBR] that may play an important role in
the interaction of rBR} with bacterial membranes and thus
may provide an explanation of the bactericidal effects of the
protein.

The initial step in the interaction of rBRIwith membranes

between rBR% and negatively charged lipids, an accumula-
tion of the BP}; molecules at the surface of the lipid layer
might occur. The comparatively high amounts of rBRked

in the RET,-potential, and in particular the FTIR experi-
ments (up to 168 mg/mL) were needed because of the high

is its binding to the membrane surface. This step requireslipid concentration in the sample suspensions (up to 50 mg/
negative charges on the membrane surface as provided bynL).

negatively charged lipids. Weiss et al. (1983) have already The slight increase in film area at lateral pressures below
discussed the role of charges in the action of BPI on Gram- 25 mN/m of monolayers made from DMPC is likely due to
negative bacteria, and de Kruiff (1994) has stressed thethe surface activity of the protein itself, i.e., rBPItself
general important role of anionic phospholipids for the forms protein monolayers at the air/water interface (Figure
translocation of proteins into and across biological mem- 2). The course of the isotherms indicates that at lateral
branes. BPI binding should lead to a reduction in negativity pressures above approximately 35 mN/m the protein is
of the surface potential, and as shown here, the negativeexcluded from the monolayer into the subphase. This is in
C-potentials of PG and of F515 LPS aggregates are indeedaccordance with measurements of the surface tension of
even overcompensated upon addition of rBRFigure 5). rBPI,; suspensions and the dependence on protein concentra-
The protein concentration necessary to obtain saturation wagion. Here, a maximal reduction of surface tension from 72
roughly 2-fold lower for PG than for F515 LPS. Therefore, mN/m (protein-free subphase) to about 40 mN/m could be
the saturating concentrations of the protein correlate with achieved (unpublished results). Thus, the difference in
the surface charge densities of the two lipids [F515 LPS surface tension of 32 mN/m agrees well with the maximal
carries four net negative charges whereas PG carries onlylateral pressure of 35 mN/m.

one, but the molecular area of F515 LPS (1.23)imlarger The intercalation of rBRI into lipid matrices is further

by a factor greater than 2]. Since functional properties of supported by the RET measurements, which showed that the
membrane proteins [e.g., porins (Wiese et al., 1994; Brunenprotein intercalated into the negatively charged F515 LPS
& Engelhardt, 1995)] are influenced by the transmembrane and PG aggregates but not into neutral PC aggregates (Figure
potential and surface charges (Gallin & McKinney, 1990), 6). In accord with the surface charge density of the lipids,
these data not only confirm the binding of rBPbut also the amount of incorporated rBRlis maximal for the F515
may contribute to an understanding of the bactericidal activity LPS aggregates. However, a quantitative calculation of the

of the protein.

amount of protein molecules inserted into the F515 LPS

In all lipids used in the present investigations, the negative matrix cannot be performed, since this requires a calibration
charges were represented by phosphate residues, and in F516&f the changes in fluorescence intensity in relation to protein

and R45 LPS additionally by carboxyl groups. Binding of
rBPI,; led to the immobilization of the phosphate groups
(Figure 9), showing their importance in the interaction of
rBPI,; with the lipids. In accordance with this interpretation
are the effects of rBR{ on the neutral phospholipid DMPC.
Future experiments will examine whether rBPinduces
similar effects with lipids in which the negative charge is

concentration. For this, a preparation of mixed aggregates
from a given amount of F515 LPS together with a known
amount of rBPJ; molecules in the chloroform phase would
be required. It is likely, however, that the protein would
not tolerate this procedure unaltered.

As found in the present studies, a dramatic effect of sBPI
on membrane systems is the rigidification of acyl groups.

represented by other negatively charged functional groups.The different effects on the acyl chain mobility upon the

The second step in the interaction of rBPWwith the

intercalation of rBP4; and of PMB into the hydrophobic

membrane is its intercalation into the membrane from the moiety of the target lipid assemblies may depend on the
aqueous phase. This leads in monolayer experiments to arhydrophobicity, the net positive charge, and the size of the

increase in film area of the negatively charged lipids LPS
and DMPG (Figure 3). The significantly larger increase in

two peptides. rBRL appears to intercalate deeply into the
hydrocarbon moiety and causes its rigidification, as indicated

film area seen with F515 LPS monolayers is due to the higher by the shift in the wavenumbers of tlgCH,) vibration to
surface charge density. This holds also for R45 LPS, evenlower values and a shift of; to higher temperatures with

though the effect is less pronounced. Obviously, gBPI
incorporation into the various monolayers is correlated with

increasing protein concentration (Figure 7A). Interestingly,
the magnitude of these effects at comparable sB&bn-

their surface charge density. The significance of negative centrations were similar for both types of LPS and DMPG.
surface charges or surface charge densities is further supThis surprising observation finds its explanation when the

ported by the protective effect of Mgg&bn the incorporation

of rBPI; into F515 LPS monolayers (Figure 4). Interest-
ingly, the concentration of rBRlin the subphase required
for the induction of significant effects (2.5 nM, corresponding
to 53 ng/mL) was more than 2 orders of magnitude lower

particular sample preparation for the FTIR measurements is
considered: lipid and protein are vortexed together in a small
volume at relatively high molar concentrations, whereas in
all other experiments the protein was added to a larger
volume of equilibrated lipid systems. In the latter systems,

than BPI concentrations observed in body fluids of abscessthe local concentrations of the protein reached in the lipid
cavities harboring Gram-negative and Gram-positive bacterial matrix are again strongly dependent on the negative surface

species (up to some micrograms per milliliter) (Opal et al.,
1994) or rBP}; peak levels after infusion with rBRI(up to
10 ug/ml) (Bauer et al., 1996) but significantly higher than

charge density.
In contrast to rBR4;, similar experiments with PMB show
a concentration-dependent fluidization of the acyl chains of
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F515 LPS and DMPG and no influence &g (Figure 7B). From the evaluation of pressure/area isotherms of mono-
These observations can be explained by assuming that thdayers formed from pure rBRil suspensions, the molecular
PMB molecules, the positive charges of which are exclu- area of one protein molecule was estimated as #1389
sively located on the amino acids, bind to the interface region nn? at a lateral pressure of 25 mN/m (Figure 2). At this
of the lipids, thus acting as spacer molecules and providing lateral pressure the addition of 10 nM rBR(corresponding
more space for the hydrocarbon chains of the lipids and, to 2.4 x 10"* molecules) into the subphase led to an increase
subsequently, allowing a higher mobility (fluidity). This in film area of the F515 LPS monolayer from 22.1%to
comparison leads to the conclusion that, due to the intercala-31.2 cn? (Figure 3A). As the data of Figure 2B suggest,
tion of rBPkL;, the space within the hydrophobic moiety of this increase in area corresponds to the incorporation of 8.4
the lipids is reduced. x 10 rBPl;; molecules. This calculation shows that, under
Following the interaction with DMPC, rBRj increases ~ the applied experimental conditions, 35% of the protein
the fluidity of the acyl chains in both phases in a concentra- Molecules were incorporated into the monomolecular film
tion-dependent manner, whereds remains unchanged. 2and that the stoichiometry of rBifland F515 LPS in the
Though DMPC carries a phosphate group, the negativef”m is ap_prommately 1:21. _In the case of R45 LPS the
charge is neutralized by the choline. The increase of the INCréase in monolayer area induced by the same amount of
fluidity of DMPC acyl chains, in contrast to a decrease in Protein was only half that observed for F515 LPS, yielding
the case of LPS and DMPG, might be due to the smaller & st0|ch|ometry of approximately 1:42. This cor'responds
electrostatic interaction with DMPC, which leads to a less @PProximately to the lower surface charge density of R45
deep intercalation of the protein into the hydrophobic moiety. LPS @s compared to F515 LPS. This implies that only part
Thus, rBP; proteins may not interact directly with the acyl ©f the LPS molecules are actually complexed by ¢8Bhd

chains but rather lead to a separation of the lipid headgroupsthat the interaction leads to a lateral separation Qf dom_ains
allowing a higher mobility of the hydrocarbon chains. of complexed and noncomplexed LPS. A respective estima-

. . e tion for DMPG leads to an even higher ratio in favor of the
The results discussed so far for the lipid specificity clearly lipid
show that rBPJ; interacts not only with F515 LPS but also '

. hi ith th 4 bindi It must, however, be taken into consideration that these
with R45 LPS. T 'S agrees with the reported binding g, gre only rough estimates for an rBRIPS stoichiometry
capacities of the protein and its antibacterial activities, which

. | because the incorporation of rBPinto the monolayer could
were shown to be comparable fBr coli strain J5 andP. lead to a structural rearrangement of the protein resulting in
mirabilis strain R45 (Capodici et al., 1994). FL_thhermore, a molecular area differing from that deduced from the pure
from our results it may be concluded that the action of 8P pp | monolayers. Furthermore, within the 30 min waiting
IS not regtr_mte_d to LPS but _ra’Fher extend_s to negatively period until the compression isotherms were continued, not
charged lipids in general. This is true despite the observa- | o the protein may have interacted with the monolayer.
tions that the binding affinity of BPI to immobilized LPS  tage facts may explain the differences between the sto-
(Gazzano-Santoro et al., 1992, 1995) and to the outerjchiometric data from monolayer measurements and the
membrane of intact bacteria (Capodici et al., 1994; Gazzano-pigher ratios (factor of 2) obtained from the saturation values
Santoro et al., 1994) is high. In view of the fact that the ¢'he ¢ potential (Figure 5). Although the latter method
protein, besides being hydrophobic, expresses properties ofq,q require the knowledge of the rBRlistribution within
a polycationic molecule, this is not surprising. Importantly, e gifferent lipid layers in the aggregates (is it restricted to
however, infusion of the related protein rBPIn human 0 grface or does it move into inner lipid layers?), we could
endotoxin challange studies was well tolerated (von der conciyde that the rBRELPS ratios are well below 1:2 and
Méhlen et al., 1995). are, thus, in contrast to those determined with intact bacteria

Our findings could also explain the effects of BPI on (Gazzano-Santoro et al., 1994) from the ratio of the amount
isolated bacterial cytoplasmic membrane vesicles as de-of bound BPI and the number of LPS molecules per
scribed by In't Veld et al. (1988). In this study it was shown bacterium.
that BPI disrupted the functional integrity (inhibition of The stabilizing effect of MgGl is interesting also in
lactate-dependent proline uptake, efflux of previously ac- another aspect. It has been reported that2@mM MgCh
cumulated proline, and changes in Gnsumption in the  protect against the permeability-increasing effects of BPI
presence of lactate) of the cytoplasmic membranes of bothobtained either from rabbit (Weiss et al., 1975, 1983, 1984)
Gram-negative and BPI-insensitive Gram-positive bacteria. or human granulocytes (Weiss et al., 1978) toward the
Similarly, Horwitz and Nadell (1995) have shown that, in antibiotic actinomycin D. Surprisingly, Mggldid not
addition to intact Gram-negative bacteria, BPI is cytotoxic influence the binding of BPI to isolated LPS, whereas its
to mycoplasma and L-forms of Gram-positive bacteria. The binding to the surface of intact bacteria was inhibited (Weiss
detection of surface-associated BPI on mononuclear cells byet al., 1975). We show here that high concentrations of
Dentener et al. (1996) would also be in accordance with an MgCl, (40 mM) in the bathing solution of the membranes
affinity of BPI for negatively charged phospholipids. Fur- lead to their protection against the action of rBRFigure
thermore, the intercalation of rBRIinto phospholipid 4), providing supportive evidence for the protective role of
liposomes resembling the lipid composition of macrophages Mg?* ions.
fits this picture (Schromm et al., 1996). It should be Insummary, our data show that rBPbinds to negatively
emphasized, however, that in all experiments involving charged lipids and most strongly to F515 LPS. The binding
rBPI,; interacting with membrane surfaces from the aqueous is followed by the deep intercalation of the protein into the
environment, rBR} exhibited a significantly higher activity  hydrophobic interior of the membrane, causing immobiliza-
toward LPS because of its higher negative surface chargetion of the hydrocarbon chains. Furthermore, the intercala-
density. tion leads to large changes in the surface potential, which
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may influence the gating behavior of outer membrane
proteins. These effects may also occur in the bacterlal
membrane and participate in their dysfunction.
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