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ABSTRACT. The mechanisms of interaction of the recombinant N-terminal portion of bactericidal/
permeability-increasing protein, rBRlwith various planar asymmetric and symmetric bilayer membranes,
including the lipid matrix of the outer membrane of Gram-negative bacteria, were investigated via electrical
measurements. For the lipopolysaccharide (LPS) leaflet of the outer membrane, isolated deep rough mutant
LPS ofEscherichia colistrain F515 (F515 LPS) arféroteus mirabilisstrain R45 (R45 LPS) were used.

The addition of rBPJ; to the LPS side of asymmetric LPS/phospholipid membranes, as well as to black
lipid membranes made from dioleoylphosphatidylglycerol (DOPG), led to membrane rupture. The
innermembrane potential difference resulted in a slight increase from 0 to 5 mV for symmetric DOPG
membranes but changed for asymmetric F515 LPS/PL membranes—f&firto +8 mV and for R45

LPS/PL membranes from37 to —5 mV following the addition of rBRkL. In all cases, the addition of

rBPIy; led to an increase in membrane current. The effect of /B&t the innermembrane potential
difference of LPS/PL membranes was significantly reduced in the presence of 40 mM {@bi@tlfrom

—36 to—31 mV for F515 LPS). On the basis of these results and from our studies on the interaction of
rBPIy; with lipid monolayers and aggregates [Wiese, A., et al. (18adrhemistry 3610301-10310],

a model is discussed explaining how the observed membrane rupture, increase of membrane current, and
change of transmembrane potential as induced by iBRay contribute to bacterial dysfunction.

The cell envelope of Gram-negative bacteria consists of A naturally occurring protein possessing the capacity to
the cytoplasmic membrane, the peptidoglycan layer, and anbind to bacteria-associated LPS resulting in reduction of
additional barrier, the outer membrane, which is strictly bacterial viability and to neutralize LPS is bactericidal/
asymmetric with respect to its lipid composition. Whereas permeability-increasing protein (BPI), an antibacterial polypep-
the inner leaflet of this membrane contains only phospho- tide of polymorphonuclear neutrophils (PMN) capable of
lipids, the outer leaflet is made up mainly from lipopolysac- illing bacteria by oxygen-independent mechanisms. BPI
charides (LPS)which consist of an oligo- or polysaccharide g |5cated in the azurophilic granules of neutrophils (Weiss

moiety and a covalently linked lipid component, termed lipid & Ol ; ; -
: : : sson, 1987) and is an approximately 55 kDa cationic
A, anchoring the LPS in the outer membrane (Rietschel et protein with a selectivity toward Gram-negative bacteria

al., 1996). LPS has been shown to play a major role in : ) :
pathophysiology of severe Gram-negative sepsis and, thusfwe'ss et aI.,'1.978, Elsbach et al., 1979), most likely due to
represents a target for antisepsis strategies. Its associatioffs Strong affinity for LPS (Gazzano-Santoro et al., 1992,
with the cell surface renders LPS a particularly interesting 1999)- Beside being bactericidal (Weiss et al., 1975, 1978,
target as it may serve as a receptor for antibacterial drugs.1984; Elsbach & Weiss, 1993; Capodici et al., 1994), BPI
also neutralizes the cytotoxic effects of LPS (Ooi et al., 1991,

. i . Elsbach & Weiss, 1993). Most of the antibacterial and LPS-
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1 Abbreviations: LPS, lipopolysaccharide; F515 LPS, lipopolysac- Furthermore, rBRL, representing a recombinant 21 kDa
charide of theEscherichia coliRe mutant strain F515; R45 LPS,  protein and corresponding to amino acids1B3 of N-

lipopolysaccharide of thBroteus mirabilisRe mutant strain R45; BPI, ; ; i ina i
bactericidal/permeability-increasing protein; rBf?23 kDa N-terminal terminal human BPI (with the exception that a cysteine is

fragment of bactericidal/permeability-increasing protein; EgR11 kDa replaced by an alanine at position 132) is bactericidal and
N-terminal fragment of bactericidal/permeability-increasing protein; pinds to and neutralizes endotoxin (Horwitz et al., 1996).
PMN, polymorphonuclear neutrophils; PMB, polymyxin B; PMBN, . . . .. )
polymyxin B nonapeptide; PE, phosphatidylethanolamine: PG, phos- Therefore, experiments in animals (Kartalija et al., 1995;
phatidylglycerol; DPG, diphosphatidylglycerol; PL, lipid mixture ~Koyama et al., 1995; Lechner et al., 1995; Hansbrough et

composed_of phosphatidylethanolamine, phosphatidylalycerol, and l., 1996) and human trials (de Winter et al., 1995; Kirsch
iphosphatidylglycerol in molar ratios of 81:17:2; , dioleoylphos- . .
phatidyglycerol; BLM, black lipid membrane;d,dipole potential; \d, et al., 1997) with N-terminal fragments of BPI have been

Born potential. performed.
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In a preceding study [Wiese et al., 1997 (preceding paper solution at a concentration of 3 mg/mL in citrate-buffered

in this issue)], we showed that rBiPbinds to and intercalates

saline (150 mM NaCl and 5 mM sodium citrate, pH 5)

into monolayers and aggregates containing negatively chargedvithout detergents or stabilizers. The rBPdamples were
lipids. Here, we report on studies aiming at an understandingaliquoted, frozen in liquid nitrogen, and stored-af0 °C.

of the consequences of these interactions on the function ofBefore use, the samples were thawed, kept’&a,4and used
the bacterial outer membrane. As a model, we have studiedwithin 1 week. The bactericidal activity of rBRIwas tested

the action of rBPJ; on the outer membrane reconstituted as

prior to use againsE. coli J5 as described by Capodici et

an asymmetric planar bilayer, consisting of LPS on one side al. (1994).

and of a phospholipid mixture (PL) on the other, the PL
mixture resembling the composition of the inner leaflet of

the bacterial outer membrane (Seydel et al., 1989). This

reconstituted system allowed us to obtain information on
rBPlx-induced changes in the electrical properties of the lipid

bilayer such as membrane potential (determined from current/

voltage curves of K-carrier-doped membranes) and mem-

The nonapeptide of polymyxin B (PMBN) was obtained
from Boehringer (Mannheim, Germany).

Preparation of Planar Bilayers and Electrical
Measurements

Lipid Bilayers According to the MontalMueller Method.

brane conductivity (from measurements of membrane cur- Planar bilayers according to the Monta¥iueller technique

rent). To acquire information on the lipid specificity of
rBPl,;, we have performed similar measurements with
symmetric (black lipid) membranes made from dioleoylphos-
phatidylglycerol (DOPG).

The results of the present study of the action of (BBh

the reconstituted outer membrane of Gram-negative bacteria,

in combination with known data about the interaction
mechanism of rBRL with the lipid matrix (Wiese et al.,

(Montal & Mueller, 1972) were prepared as described before
(Seydel et al., 1989). The apparatus for membrane formation
consisted of two Teflon compartments of 1.5 mL volume
each, which were separated by a Teflon septum (LEn5
thick) having a small aperture (typically 110n diameter).
Prior to membrane formation, the septum was treated with
a hexane/hexadecane mixture (20:1 v/v). Membranes were
finally formed by apposing the two identically or differently

1997), allowed us to develop the following model. rgpl composed lipid monolayers, each spread on aqueous bathing

after binding to the negatively charged lipid surface, inserts SOlutions, over the aperture. For the reconstitution of the
into the lipid matrix, an event that causes rigidification of OUter leaflet of the lipid matrix of the outer membrane, Re
the acyl chains of the LPS layer and its destabilization, LPS was used. The inner leaflet of the outer membrane was

eventually provoking membrane rupture. The binding and réconstituted from a lipid mixture (PL) composed of PE, PG,
insertion of rBP; results in significant changes of the and DPG in a molar ratio of 81:17:2. This particular mixture

membrane current, influencing membrane permeability for corresponds to that determined for Gram-negative bacteria,

hydrophobic molecules, and of the transmembrane potential,&:9-» S@lmonella typhimuriun{Osborn et al., 1972). For

which may influence channel gating, subsequently causing electrical measurements, planar membranes were voltage-
membrane dysfunction. clamped via a pair of Ag/AgCl electrodes (Type IVM E255,

Zak GmbH, Simbach, Germany) that were connected to the
headstage of a BLM 120 bilayer membrane amplifier
(Biologic, Claix, France) with a feedback resistor of G
(the side opposite to protein addition was grounded).
o ) Membrane current and holding voltage were stored on a DAT
Lipids and Other ChemicalsLPS of the deep rough (Re)  {ape recorder (DTR 1200, Biologic). The stored signals were
mutant quscherlghla colstraln'F515 (F515LPS)was used gant to the microcomputer system filtered by a 4-pole low-
in experiments with asymmetric F515 LPS/PL membranes. 55 Bessel filter (Ithaco Scientific Instruments, Ithaca, NY),
Some experiments were performed with R45 LPS, which ihe corner frequency of which was adjusted to 10 HB (
was isolated from the deep rough mutanPobteus mirabilis dB) and digitized at a sampling rate of 10 Hz with a PCI
strain R45. LPS was extracted by the phenol/chloroform/ 500g9w-1 analog input board (Intelligent Instrumentation).

petroleum ether method (Galanos et al., 1969), purified, cyrrent was positive when cation flux was directed toward
lyophilized, and dialyzed. Dialysis guaranteed that the LPS o grounded compartment.

samples contained less than 1 divalent cation per 100 LPS
molecules as proven by atomic absorption spectroscopy.

Phosphatidylethanolamine (PE) frof coli, phosphati-
dylglycerol (PG) from egg yolk (sodium salt), diphosphati-
dylglycerol (DPG) from bovine heart (disodium salt), and
dioleoylphosphatidyglycerol (DOPG) were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Natural phospholipids for the preparation of
Montal—Mueller membranes were dissolved (2.5 mg/mL)
in chloroform, and LPS was dissolved (2.5 mg/mL) in
chloroform/methanol (10:1 v/v).

The K* carrier nonactin was obtained from Sigma (St.

MATERIALS AND METHODS

Materials

Black Lipid Membranes.Symmetric membranes were
prepared according to the method of Mueller and Rudin
(Mueller et al., 1963), because this technique yielded a better
stability as compared to membranes prepared by the Mental
Mueller technique. For the formation of so-called black lipid
membranes (BLM), a solution of DOPG (10 mg/mL) in
n-decane was spread over the aperture (typically A20
diameter) which connects the inner volume (0.8 mL) of a
perspex compartment with the chamber (4.2 mL) of the
surrounding Teflon block (DOPG was used instead of PG
because of its solubility in-decane). For the measurement
of membrane current, a bilayer headstage with @ G
Louis, MO). feedback resistor, Type HAMK2TC, was connected to a

Proteins. rBPl,;, a recombinant N-terminal fragment of bilayer power supply, Type BPS06/01 (R. A. P. Montgomery,
human BPI, was produced and purified as described (Horwitz London, U.K.). The thinning process of the membrane was
et al., 1996) and was obtained as a sterile, nonpyrogenicmonitored via the measurement of the membrane capacitance
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LPS PL carries one negative charge, whereas each F515 LPS
molecule carries four negative charges. The resulting surface
charge densities are0.52 As/n? (—3.25/nn¥) for F515

a0 T T LPS and—0.05 As/n? (—0.31/nn?¥) for the PL mixture,
L : . .
¢ idal i b respectively, since the molecular cross-section of an F515
potential barior LPS molecule is 1.23 n#rand that of a diacylphospholipid
is 0.55 nn? (determined from monolayer isotherms with a
Uo+ Us film balance). In the R45 LPS molecule, thephosphate

and the first Kdo are nonstoichiometrically substituted with
4-amino-4-deoxy-arabinopyranose (Vinogradov et al., 1994).
Ucc: As could be shown by MALDI mass spectroscopy (data not
Uee, shown), total substitution is approximately 50%, resulting
J_ in about 3 negative charges/molecule and a surface charge
- 1 ‘ density of —0.38 As/n? corresponding to—2.36e/nn?
Ficure 1: Schematic representation of the intrinsic membrane (molecular area of 1.27 nfp From these surface charges,

potential profile for F515 LPS/PL membranes [adopted from Schoch the surface potential can be calculated according to the Gouy
et al. (1979)]. Negative surface charges induce the Gouy-Chapmanequation (McLaughlin, 1989):
potentialUgc. The trapezoidal innermembrane potential barrier is

= Easinh—a

caused by the dipole potentidUg) and the self energy (Born
o 1/2
positions of the corners of the trapezoidal potential barrier. Z& (SGGOkTNAC)

-

(1)

potential,Ug). A®, innermembrane potential differencg;andn,, UGC

applying the voltage-induced capacitance relaxation methodwWhere k is the Boltzmann constanf is the absolute
(Benz & Janko, 1976). For this purpose, the headstage wasl€émperature,e is the relative dielectric number of the
modified in a way that the clamp voltage could be switched Subphasesy is the dielectric constang is the elementary

to the output of a function generator (Voltcraft FG-506, charge,Z is the valence of the counterions, is the
Conrad Electronic, Hirschau, Germany). The side opposite concentration of the subphase (here, the ionic strength of
to protein addition was grounded. The output signals were the bathing solutions)Na is Avogadro’s number and is
filtered with an 8-pole Butterworth low-pass filter type 901 the surface charge density (all in SI units). The calculated
(Frequency Devices, Haverhill, MA) at a corner frequency values give Only a crude estimation because the blndlng
of 20 Hz. If necessary, the signals could further be amplified €ffects, especially of the divalent Nlg ions, were neglected.

by a factor of 10. Data storage and digitization were done  T0 study the influence of rBRion the intrinsic membrane

as described for the MontaMueller membranes. potential, we calculated the innermembrane potential differ-
enceA® from current/voltagel(U) characteristics of carrier-
Membrane Potential doped bilayer membranes.

o o Innermembrane potential profiles were derived froin
The intrinsic membrane potential is composed of the ¢,yes obtained from kcarrier-doped bilayers. For these
surface potential and the innermembrane potential. The sumg;,dies. membranes according to the Montdleller tech-

of the intrinsic membrane potential and a potential resulting nique and BLM were prepared as described above in a
from an externally applied clamp voltage (or from a pathing solution consisting of 100 mM KCI and 2 mM MgCl
transmembrane ion gradient) results in the transmembrane(fOr membrane stabilization) or 50 mM KClI, respectively,
potential [Figure 1; adopted from Schoch et al. (1979) for pffered with 5 mM HEPES at pH 7. The *Kcarrier
LPS/PL membranes]. _ nonactin was added to both compartments before membrane
The surface potential is provoked by fixed charges on the preparation at a final concentration ofs510°7 M in the
membrane surface. The innermembrane potential arises frontase of MontatMueller membranes ands 108 M in the
the dipole potentialldp), which is created by dipole moments  cgse of BLM.
within the lipid matrix and the interface region of the bilayer  The electric current through carrier-doped membranes
and the adsorbed water molecules, and from the Born self-provides two different types of information. From changes
energy (Born potential)g) of a charge in the low-dielectric  in the current upon rBRj addition at a fixed voltage, changes
medium of the membrane [Schoch et al., 1979; for review in the height of the potential barrier within the membrane

on membrane electrostatics see also Cevc (1990)]. can be calculated according to
Lipid asymmetry may provoke a potential difference
between the two surfaces of the bilayer membrane. An Ay = — RT L 2

asymmetric potential profile has been observed in membranes
with an asymmetric distribution of the surface charge
densities on the opposing monolayers (Hall & Latorre, 1976), wherely is the current before andis the current after the

in membranes with a symmetric distribution of the charge addition of rBP}; (McLaughlin, 1977). The potential profile
densities but with an asymmetry with respect to the head- across the various bilayers before and after addition of#BPI
group conformations of the two leaflets (Latorre & Hall, to the cis compartment was probed via the registration of
1976), and for symmetric membranes with asymmetry of the 1/U characteristics. For this purpose, the applied voltage (cis
subphases (Schoch et al., 1979). An extreme asymmetry incompartment grounded) could be varied in 1 mV steps by a
charge densities as well as in headgroup conformationsbuilt-in power supply or continuously via an external control
occurs for asymmetric LPS/PL bilayers. At neutral pH, of voltage. The latter was connected to the membrane amplifier
the phospholipids only the phosphatidylglycerol molecule from an analog output card PClI 20093-W (Intelligent
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Instrumentation, Leinfelden-Echterdingen, Germany) plugged 100 —T—"—T—"T1T""—T—"—T"—1"7
into an AT-compatible microcomputer system. The evalu-
ation of thel/U curves was done according to procedures
described previously (Seydel et al., 1992). Briefly, the
currentl as a function of the voltagt) applied with the
voltage clamp is obtained from

_K [AD + (n, — n)U] eV _1 3 <
m (n,—n,) AAD+mU) _ camU ©) :Q
©
wherea = (Zey)/(kT), K is a constant for each membrane g 80 O
(depending, among other things, on its area and thickness), O 60 &
n, and n, are the relative distances of the edges of the 40 é
potential walls for the two leaflets to the membrane surface 20 <
on the cis side, and® is the potential difference between -100 I 10 £
these edges (Schoch et al., 1979). The three parameters _4o9 | 71208
describe the shape of the trapezoidal energy barrier and were - 7409
determined from the experimental curves by computer fitting e T T T R S R 'gg 3
of eq 3. 0 5 10 15 20 25 30 35 <
RESULTS Time / min
FIGURe 2: Membrane current (upper trace) and clamp voltage
Influence on Membrane Conductancélembrane con-  (jower trace) for an asymmetric F515 LPS/PL membrane. Addition

ductance is a measure for the integrity of the lipid bilayer. of 500 nM rBP}; to the LPS side is indicated by arrow (PL-side
An intact, undisturbed bilayer has a negligible electrical grounded). Bathing solution: 0.15 M NaCl, 5 mM HEPES-buffered
conductivity. Static or transient pores or lesions cause aatPH 7, T =37°C.
transient or permanent increase of conductivity. Thus, the _ )
measurement of membrane conductivity of differently com- 1€ lesion diameter was calculated to be —125l nm
posed lipid bilayers should yield information on any perturb- @Ssuming a cylindrical geometry of the lesion and a
ing effects of rBPJ; and, with that, on its membrane activity. membrane thlckness of 6 nm. Evaluatlon'of the conductivity
For asymmetric F515 LPS/PL membranes and at a cIampOf single fluctuations [based on the quotient of the current

voltage of+20 mV, the addition of 500 nM rBRj to the variance and the mean current according to Neher and
F515 LPS side led to a relatively small increase in membrane Stévens (1977) and assuming that the macroscopic current
current and to a noisy current signal. Upon switching the results from the superposition of independent fluctuations

clamp voltage between negative and positive polarity with With very small probabilities] gave a value of about 3 pA
increasing absolute values, the membrane current increased!dependent of the applied clamp voltage. From the mean
proportionally. At positive clamp voltages the membrane membrane current, a conductivity of the single lesion

broke at+50 mV (Figure 2): at negative clamp voltages the between O._02 and 0.11 nS could t_)e derived. At higher#BPI
absolute value of the breakdown voltage was significantly concentrations (180 nM), current increases could be observed

higher (<—80 mV). At rBPh; concentrations- 1 «M, the even at zero clamp voltage. Under these conditions, a sudden

membranes broke immediately after protein addition even Membrane rupture often occurred, and at still higher protein
at zero clamp voltage. concentrationsX1 uM) the membranes broke in all experi-

For R45 LPS/PL membranes, the addition of the same MeNts immediately (data not shown).
amount of rBP4; to the R45 LPS side did not induce any To determine whether divalent cations protect the mem-
conductance Changes at C|amp Vo|tages bel®d® mV (data brane against the action of rBRI measurements with a
not shown). bathing solution containing 40 mM Mgg@lvere performed.

For BLMs made from DOPG, a current proportiona| to In these experiments, even at rBPdoncentrations of 350
the clamp voltage was observed prior to the addition of the "M and clamp voltages up t&:100 mV no rBP}, effects
protein (Figure 3). The addition of 60 nM rBRIcaused could be observed. However, after further addition of eBPI
Sing|e current fluctuations above a C|amp V0|tage-|-gf0 (flnal concentration 500 nM) the membranes broke down at
mV (Figure 3B). The current increased with increasing 1100 mV, whereas they withstood negative voltages 00
clamp voltage, and the single current fluctuations were MV (data not shown).
followed by a macroscopic current increase, finally leading Membrane Potential The determination of the intrinsic
to membrane rupture. Upon changing the polarity, these membrane potentiala combination of surface potential,
effects were observed only at clamp voltages80 mV. dipole potential, and innermembrane potential differ-
Recordings at higher sample frequencies (1 kHz instead ofence—provides information on the interaction of externally
10 Hz) allowed the calculation of the single fluctuation applied compounds because their interaction with the lipid
conductivity, which was in the range of 6-0.8 nS for the bilayer may induce changes in the intrinsic membrane
DOPG membranes and did not significantly depend on the potential profile, in particular when these substances carry
applied clamp voltage. The mean lifetime of the conductance electric charges. The induced changes in the transmembrane
fluctuations was about 2 ms. From the mean single potential may also influence the function of membrane
fluctuation conductivity and the specific conductivity of the proteins and thus contribute to the impairment of bacterial
subphase (14 mS/cm for 150 mM NacCl at room temperature), functions. To acquire information on changes in the inner-
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Ficure 3: (A) Membrane current (upper trace) and clamp voltage
(lower trace) for a painted membrane of DOPG. Addition of 60
nM rBPl,; to the cis side is indicated by arrow (trans-side

grounded). (B) Single current fluctuations at a clamp voltage of
+40 mV; sampling rate 1 kHz. Bathing solution: 0.15 M NacCl, 5

mM HEPES-buffered at pH 7T = 20 °C.

membrane potential, we recordBtd curves of K-carrier-
doped planar membranes in the absence and presence
rBPly;, PMBN, and Mg+.

The addition of rBPJ; (final concentration of 300 nM) to

the LPS side of an asymmetric F515 LPS/PL or R45 LPS/
PL membrane doped with nonactin led to an increase in

membrane conductivity by a factor of~% without any

induction of current fluctuations. In Figure 4, only the results
for the former system are depicted.
doped BLMs prepared from DOPG, the addition of 100 nM

In the case of nonactin-

Biochemistry, Vol. 36, No. 33, 19970315

innermembrane potential barrier is decreased by a value
between 29 and 43 mV in the case of LPS/PL membranes
and by less than 17 mV in the case of DOPG BLMs.

The measuretlU curves and the respective fits (according
to eq 3) for asymmetric F515 LPS/PL membranes before
(Figure 4A) and after (Figure 4B) the addition of 300 nM
rBPl,; or PMBN clearly show that the asymmetry of the
characteristic is reversed and the potential differende
rises from—36 mV before to+-8 mV after addition of rBR.

The respective shift iA® for R45 LPS/PL membranes was
from —37 to —5 mV (data not shown). The addition of the
same concentration of PMBN to the LPS side of F515 LPS/
PL membranes did not significantly alter membrane con-
ductivity and, in contrast to rBRJ, changed the potential
difference from—36 to —47 mV.

To study the role of Mg in the interaction of rBRL with
the outer membrane, we have determined the influence of
Mg?* alone and in the absence and presence of xB#
the innermembrane potential of nonactin-doped F515 LPS/
PL-membranes. MggI(40 mM) in the bathing solution
reduced the membrane current by a factor ©% and
increased the asymmetry of th&) curves from—36 to—59
mV (Figure 5). In the absence of MgCIBPI,; led to an
increase of membrane current and shifi\eb from —36 to
—31 mV (Figure 5B). The change in the height of the
potential barrier was calculated to 842 mV. In most
cases, the fits for thé/U curves were ideal; i.e., they
superimposed the measured data completely. The values for
the parameters; andn, were 0.22 and 0.78, respectively.
In the case of symmetric DOPG BLMs, only a slight increase
of A® from 0 to approximately 5 mV for rBR{ concentra-
tions from 0 to 140 nM could be observed (data not shown).

In combination with the known changes of the surface
potential, which were derived frodtpotential measurements
(Wiese et al., 1997), the data obtained from the carrier
measurements allow us to make estimations of the membrane
potential profiles. In Figure 6, the potential profiles are
depicted for F515 LPS/PL membranes in bathing solutions
in the absence and presence of 40 mM Mg&id in the
absence and presence of rBRir PMBN on the LPS side
of the membrane. The data of Figure 6B once more show
that rBP}; led to an increase oA®, whereas PMBN and
Mg?* led to a decrease, and that rBRdid not provoke an

dditional change iA® in the presence of 40 mM Mgg&l

he changes i\® induced by PMBN, but not by rBRi,
corresponded to the changes in thpotential. The height
of the potential barrier (refered to the midpoint of the slope
of the innermembrane potential) was not changed by PMBN
but was increased by Mg and decreased by rBf

DISCUSSION

The antibacterial action of BPI and its bioactive N-terminal

rBPIl,; to one side of the membrane only increased the fragments is promoted by their binding to the outer mem-

conductivity by a factor ok2 (data not shown). It should
be noted that rBR| concentrations used for the Montal

brane, thus triggering immediate alterations of the outer
envelope, e.g., enhancement of its permeability toward

Mueller membranes and for BLMs cannot be compared hydrophobic antibiotics like actinomycin D (Weiss et al.,
quantitatively because of the different preparation techniques1978) and inhibition of the growth of susceptible microbes.
and the larger membrane area of BLMs. Furthermore, the The sublethal effects of this initial phase are reversed by

concentration of rBRI at the membrane surface might be
different from that in the bathing solution due to accumula-
tion of the polycationic rBRL at the negatively charged

addition of high concentrations of Mggll>=40 mM) or 0.1%
bovine serum albumin to the growth medium (Weiss et al.,
1978; Mannion et al., 1990). This reversible phase is

membrane surface. According to eq 1, the height of the apparently followed by an irreversible phase, which may be
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Ficure 4: I/U curves and derived innermembrane potential differences of nonactin-doped asymmetric F515 LPS/PL membranes before
(A) and after (B) the addition of rBR{ and PMBN, respectively, to the LPS side. Bathing solution: 0.1 M KCI and 2 mM Md&inM
HEPES-buffered at pH 7T = 37 °C. The fits (dotted lines) were calculated according to eq 3.

— T — 7T
10F A A® = 36 mV 10 B 40 mM MgCl,, rBPI, :
AD =31 mV
[ ' N
<é 05} 05
= I
Z I
g 0.0 0.0 *
= : |
o L | 40 mM MgCl,;:
A® = -59 mV
05 F -05
L 1 1 o PR IR T | L 1+ 1 PR B R BT |
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Ficure 5: 1/U curves and derived innermembrane potential differences of nonactin-doped asymmetric F515 LPS/PL membranes without
(A) and with (B) additional 38 mM MgGlin the absence and presence of rB@h the LPS side. Bathing solution: 0.1 M KCl and 2 mM
MgCl,, 5 mM HEPES-buffered at pH 7, = 37 °C. The fits (dotted lines) were calculated according to eq 3.

due to alterations of the cytoplasmic membrane (In't Veld al., 1996) but significantly higher than BPI plasma levels of
et al., 1988). For an understanding of these BPI effects we healthy humans (typically less than 1 ng/mL) (Froon et al.,
recently investigated the interaction of rBPWwith lipid 1995; White et al., 1994). However, due to an accumulation
monolayers and aggregates [Wiese et al., 1997 (precedingof rBPI,; at negatively charged membrane surfaces the local,
paper in this issue)]. It was shown that rBfdinds to and effective concentration of the protein at the bilayer surface
incorporates into monolayers and aggregates of negativelyis not known.
charged lipids. Due to this incorporation the negative surface  The interaction of rBRL with various lipid systems results
potential and the fluidity of the hydrocarbon moieties were in an increase in membrane current and in a disruption of
reduced. On the basis of the results of the present study,reconstituted planar membranes, provided the surface to
we now present a model that may explain the g#iduced  which the protein was added was composed of negatively
bacterial dysfunction on the basis of membrane rupture, charged lipids (Figures 2, and 3). On the basis of the results
increase of membrane current, and change of transmembranef these studies, it is reasonable to assume that the mecha-
potential. nisms leading to membrane rupture involve the charge-
In this paper, we studied the interaction of rBPWith dependent binding of rBRI to the negatively charged
various model membrane systems including an asymmetricmembrane surface, its intercalation into the hydrophobic
bilayer composed of LPS on one side and a phospholipid moiety, and the rigidification of the hydrocarbon chains. The
mixture on the other side, which is, thus, a model of the influence of charges on the interaction of rBPWith the
lipid matrix of the outer membrane of Gram-negative bilayer membranes is further supported by the observations
bacteria. The concentrations of rBPin our experiments  that (i) membrane rupture occurred at lower absolute values
of up to 500 nM are in the range observed in the body fluids of the clamp voltage, when its gradient forced the polyca-
of abscess cavities harboring Gram-negative and Gram-tionic rBPkL; molecule to the membrane surface, i.e., when
positive bacterial species (Opal et al., 1994) or (BPeak the clamp voltage was positive, and (ii) the increase in
levels after infusion with rBRg (up to 10ug/mL) (Bauer et membrane current induced by rBPbccurred in F515 LPS/
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FiGure 6: Intrinsic membrane potential profiles for F515 LPS/PL membranes in the absence (A) and in the presence of 30G;nM rBPI
(solid line), 300 nM PMBN (dashed line), and 40 mM Mg@dlotted line), respectively, on the LPS side of the membrane in the bathing
solution (B). The Gouy-Chapman potentials were obtained from eq 1, and the trapezoidal innermembrane potential profiles were calculated
from the respective fits of eq 3 to the experimental data. Changes in the height of the potential barrier were obtained from eq 2, and changes
in the Gouy-Chapman potential were derived fromgdhmotential measurements (Wiese et al., 1997). The innermembrane potential differences
A® were taken from the evaluation of the corresponditugcurve.

PL membranes at lower clamp voltages than in R45 LPS/ higher than in the absence of MgCIAlso, MgCl signifi-
PL membranes. From earlier measurements on the stoichi-cantly reduced the influence of rBff2lon A® (Figures 4B
ometry of rBP}; binding to the lipids we concluded thatthe and 5). Most likely, MgCl inhibits the incorporation of
rigidification may occur in distinct domains rather than rBPI,; into the membrane (Wiese et al., 1997).
homogenously over the entire membrane (Wiese etal., 1997). cyrrent fluctuations from leakages at the border between
The borders between regions of different fluidity might serve (jgigified and fluid membrane areas were observed only in
as leaks for ion flow and as nuclei for membrane rupture. 5 fow experiments with DOPG-BLMs (Figure 3B). It is
Our findings may also explain findings of In’t Veld et al.  obvious that the size of the corresponding lesions is too small
(1988), who showed that BPI disrupted the functional to allow single rBP4; molecules to permeate. These
integrity of the cytoplasmic membrane of isolated bacterial observations are in contrast to findings from corresponding
cytoplasmic membrane vesicles of both Gram-negative andexperiments with PMB, in which we showed that the
BPI-insensitive Gram-positive bacteria. decapeptide-induced transient membrane lesions are large
We have previously found that when the temperature of eénough to allow the passage of PMB molecules into the
the bathing solution of LPS/PL membranes was reduced periplasm (Schider et al., 1992). These differences in the
below the phase transition temperature of Re LPS, theaction of rBPk; and PMB may explain the observed
membranes are strongly destabilized and frequently break.differences in their effects on inner membrane vesicles,
The destabilization caused by rBPis significantly reduced  although other mechanisms may also play a role (In't Veld
in the presence of high concentrations of Mg@ven though et al., 1988).
Mg?* ions themselves may provoke a rigidification of the  The destabilizing effect of rBRI may not represent the
acyl chains and an increase in. Df LPS aggregates only mechanism operative in its lethal effect on Gram-
(Brandenburg & Seydel, 1990). Clearly, the rigidification negative bacteria. A second mechanism may be based on
induced by the two agents is of different character: while the influence of rBP4 on the intrinsic potential of the outer
Mg?* ions lead to a cross-linking between the individual LPS membrane. Due to the presence of water-filled pores formed
molecules in the headgroup region, the deep intercalationpy outer membrane proteins, differences in the ion concen-
of rBPIy; into the hydrophobic moiety causes membrane trations on both sides of the outer membrane should not
disturbance and, because of the size of the protein moleculesgontribute to the transmembrane potential by charge separa-
also a spatial separation of the lipid molecules, thus reducingtion. However, it was shown that gating of outer membrane
their intermolecular association. proteins depends mainly on the surface potential (Wiese et
The stabilizing effect of MgGlhas, furthermore, notable  al., 1994). Addition of rBPk clearly led to a dramatic
implications for the protection against the activity of BPI. change in the innermembrane potential difference frodn
Thus, it has been reported that-120 mM MgCl, protects = —36 mV for the unmodified F515 LPS/PL bilayer te8
against the permeability-increasing effects of the protein mV in the presence of the protein (Figure 6), as determined
toward actinomycin D (Weiss et al.,, 1975, 1978, 1983, from the respectivé/U curves (Figures 4 and 5). For R45
1984). Surprisingly, MgGldid not influence the binding  LPS/PL-membranes, the shift ik was from—37 to —5
of BPI to isolated LPS, whereas its binding to the surface of mV. The smaller shift in the latter system may be explained
intact bacteria was inhibited (Weiss et al., 1975). These by the lower surface charge density of the R45 LPS layer as
observations are backed by our findings that at high compared to that of the F515 LPS layer and the therefore
concentrations of MgGI(40 mM) in the bathing solution of  reduced incorporation of rBRI molecules. These effects
the membranes, the protein concentration necessary to inducef rBPI,; on the two membranesone resembling the lipid
an increase in membrane current was more than 10-fold matrix of the outer membrane of a PMB-sensitive (F515 LPS/
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PL) species; the other, that of a PMB-resistant species (R45surface charge density and, thus, the highest affinity toward
LPS/PL)—are in agreement with findings that the bactericidal BPI.

activity of the protein is also comparable for PMB-sensitive

(E. coliJ5) and PMB-resistanP( mirabilis R45) bacteria ~ ACKNOWLEDGMENT
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an increase in negativity te 59 and—47 mV, respectively.
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