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ABSTRACT: We have reported that Gram-negative organisms decorated with rough lipopolysaccharide (LPS)
are particularly susceptible to the direct antimicrobial actions of the pulmonary collectins, surfactant proteins
A (SP-A) and D (SP-D). In this study, we examined the lipid and LPS components required for the
permeabilizing effects of the collectins on model bacterial membranes. Liposomes composed of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), with or without roughEscherichia coliLPS (J5),
smoothE. coli LPS (B5), or cholesterol, were loaded with self-quenching probes and exposed to native
or oxidatively modified SP-A. Fluorescence that resulted from permeabilization of liposomes and diffusion
of dyes was assessed by microscopy or fluorimetry. Human SP-A and melittin increased the permeability
of J5 LPS/POPE liposomes, but not B5 LPS/POPE liposomes or control (POPE only) liposomes. At a
human SP-A concentration of 100µg/mL, the permeability of the J5 LPS/POPE membranes increased
4.4-fold (p < 0.02) compared to the control with no added SP-A. Rat SP-A and SP-D also permeabilized
the J5-containing liposomes. Incorporation of cholesterol into J5 LPS/POPE liposomes at a POPE:
cholesterol molar ratio of 1:0.15 blocked human SP-A or melittin-induced permeability (p < 0.05) compared
to cholesterol-free liposomes. Exposure of human SP-A to surfactant lipid peroxidation blocked the
permeabilizing activity of the protein. We conclude that SP-A permeabilizes phospholipid membranes in
an LPS-dependent and rough LPS-specific manner, that the effect is neither SP-A- nor species-specific,
and that oxidative damage to SP-A abolishes its membrane destabilizing properties. Incorporation of
cholesterol into the membrane enhances resistance to permeabilization by SP-A, most likely by increasing
the packing density and membrane rigidity.

The pulmonary collectins, surfactant proteins A and D,
are known to opsonize a variety of microorganisms and to
directly modulate the function of alveolar macrophages (1).
We have recently reported that the collectins also directly
inhibit the growth of Gram-negative bacteria by permeabi-
lizing the bacterial membrane (2). In general, rough strains
were more readily killed than smooth strains, suggesting that
LPS1 saccharide chain length is an important determinant
of bacterial susceptibility to the antimicrobial effects of the
collectins (3). The complexity of the LPS carbohydrate
structure has also been shown to play a role in bacterial
killing by bacterial permeability-inducing protein, cecropin,
magainin, and protamine (4). The permeabilizing activity of

the alveolar lining fluid derived from wild-type mice is
greater than that from SP-A knockout mice (5), suggesting
that SP-A plays an important role as an antibacterial protein
at the air-liquid interface.

The mechanism(s) of membrane permeabilization induced
by the collectins is not known. Most membrane-destabilizing
proteins are small charged proteins that can saturate mem-
brane surfaces or intercalate into bilayers and disrupt
membrane function through charge neutralization or pore
formation, respectively (6). Other proteins translocate through
the cell membrane and interact with cytosolic targets (7).
SP-A and SP-D are large oligomeric proteins which are
unlikely to penetrate through lipid bilayers but which may
conceivably perturb membrane surfaces (8). They are known
to bind to several molecular species that are prevalent on
the surface of Gram-negative pathogens, including li-
popolysaccharides (LPS), dimannose repeating units of some
capsular polysaccharides (SP-A) (9), phospholipids such as
phosphatidylcholine (SP-A) (10), phosphatidylinositol (SP-
D) (11), and other membrane proteins such as P2 outer
membrane protein ofHaemophilus influenza(SP-A) (12). It
is not clear which of these potential targets is required for
transduction of the permeabilizing effect of the collectins,
but LPS is a plausible possibility since it constitutes a
pathogen-associated molecular pattern that is common to all
Gram-negative organisms (13). LPS is composed of lipid
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A, a core oligosaccharide and an O-antigen. Both collectins
recognize LPS; SP-A preferentially binds to the lipid A
moiety (14), and SP-D binds primarily to the core oligosac-
charide (15).

In this study, we used fluorescent probe-loaded liposomes
composed of LPS-containing model bacterial membranes to
characterize the molecular interactions that are required for
collectin-mediated membrane permeabilization.

MATERIALS AND METHODS

Reagents.Bovine serum albumin (BSA),Escherichia coli
Rc mutant J5 (rough) LPS,E. coli 055:B5 (smooth) LPS,
melittin, Chelex-100, cholesterol, cupric sulfate,â-phenan-
throlinedisulfonic acid, and disodium EDTA were from
Sigma-Aldrich (St. Louis, MO). The OxyBlot Protein Oxida-
tion Detection Kit was from Chemicon (Temecula, CA). The
BCA Protein Assay Reagent Kit was from Pierce (Rockford,
IL). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
L-phosphatidylcholine from egg yolk (EggPC), and 1-stearoyl-
2-linoleoyl-sn-glycero-3-phosphocholine (18:0-18:2PC) in
chloroform were from Avanti Polar Lipids, Inc. (Alabaster,
AL). The fluorescent probes 8-aminonaphthalene-1,3,6-
trisulfonic acid disodium salt (ANTS) andp-xylene bispy-
ridinium bromide (DPX) were from Molecular Probes, Inc.
(Eugene, OR). All other chemicals were analytical grade.
YM-3 MWCO 3000 Millipore (Bredford, MA) centrifugal
filter devices were used for concentration of protein. Spectra/
Por cellulose membranes (MWCO) 3500) (Spectrum
Laboratories, Inc., Rancho Dominguez, CA) were used for
dialysis.

SP-A Purification.Human SP-A was isolated from patients
with pulmonary alveolar proteinosis, a lung disease associ-
ated with the accumulation of surfactant lipids and proteins
in airspaces (16). Briefly, SP-A was purified by the method
of Suwabe (17) from the cell-free surfactant pellet of
bronchoalveolar lavage by serial sedimentation and resus-
pension in buffer containing 5 mM Tris, 150 mM NaCl, and
1 mM CaCl2, release by incubation with 2 mM EDTA, and
adsorption of the recalcified supernatant to mannose-
Sepharose affinity columns. SP-A was eluted from the
carbohydrate affinity column using 2 mM EDTA. The
purified proteins were dialyzed for 2 days against daily
changes of 2000 volumes of 5 mM Tris (pH 7.4) and 150
mM NaCl and for 1 day against 2000 volumes of 5 mM
Tris (pH 7.4) and stored at-20 °C. The EDTA content of
all protein samples that were used was measured by the
colorimetric method as previously reported (18). The average
final EDTA concentration was 5µM and was less than 25
µM in all SP-A reagents that were used.

Membrane Vesicle Preparation.POPE and LPS were used
to produce liposomes composed of model bacterial mem-
branes for assays of collectin-mediated permeabilization.
Multilamellar liposomes were prepared by the method of
Gregoriadis (19). In brief, POPE or POPE with LPS (85:15,
w/w) was dissolved in CHCl3 and methanol. The organic
solvent was evaporated to dryness in a rotary evaporator
under a N2 atmosphere at 20°C. The lipid film was hydrated
in 5 mM Tris, 150 mM NaCl, 1 mM EDTA, 12.5 mM
ANTS, and 45 mM DPX, and multilamellar liposomes were
generated by vigorous vortexing for 5 min. Liposomes were

separated from the unincorporated fluorescent label by
several rounds of centrifugation at 2000g for 5 min and
resuspension in 5 mM Tris, 150 mM NaCl, and 1 mM
EDTA.

Liposomes composed of saturated and unsaturated lipids
were generated for use as substrates in the lipid peroxidation
experiments. A lipid mixture composed of DPPC, cholesterol,
egg PC, and 18:0-18:2PC (1:1:0.15:0.15, w/w/w/w) in CHCl3

was evaporated to dryness under N2 and then hydrated in 5
mM Tris, 150 mM NaCl, and 3% Chelex-100-treated buffer.
Multilamellar liposomes were generated by vigorous vor-
texing for 10 min.

Assays of Protein Oxidation.Human SP-A was oxidized
by exposing the protein to copper-induced peroxidation of
model surfactant lipids. Stock solutions of 10 mM CuSO4

were freshly prepared daily. Reaction mixtures composed
of 1 mg/mL DPPC/PC/Chol liposomes, 10µM CuSO4, and
proteins or controls were prepared in 3% Chelex-treated
saline (150 mM NaCl) or phosphate-buffered saline (PBS).
The mixtures were incubated at 37°C in a shaking water
bath for 24 h (18). Control reactions that included SP-A only,
lipids only, or CuSO4 only were also performed.

Analysis of Liposomal Permeability.An assay for assessing
the effect of SP-A on the permeability of model bacterial
membranes was developed. Liposomes composed of POPE,
LPS, and various amounts of cholesterol were loaded with
self-quenching dyes, ANTS and DPX, as described above,
and exposed to SP-A or melittin (positive control) at various
concentrations. Fluorescence that resulted from antimicrobial
peptide-induced leak and diffusion of ANTS and DPX was
measured by fluorescence microscopy or fluorimetry at
excitation and emission wavelengths of 353 and 520 nm,
respectively. For fluorescence microscopy, samples were
loaded together on the same slide and photographed at the
same gain so that direct comparisons of fluorescence intensity
could be made.

Assays of Protein-Associated Carbonyls.Oxidative modi-
fication of SP-A was determined by Western blot analysis
(Oxyblot) using an antibody to 2,4-dinitrophenylhydrazine
(DNP)-derivatized carbonyl groups. SP-A was incubated with
DNP, which forms adducts with protein-associated carbonyls.
After size fractionation by 8-16% SDS-polyacrylamide gel
electrophoresis under reducing conditions, protein species
were electrophoretically transferred to nitrocellulose mem-
branes. The membranes were sequentially incubated with a
rabbit anti-DNP IgG and horseradish peroxidase-conjugated
goat anti-rabbit IgG. Blots were developed by horseradish
peroxidase-dependent oxidation of the chemiluminescent
substrate SuperSignal (Pierce) and visualized using autora-
diography.

Total Protein Assays.Total protein concentrations were
analyzed using the BCA Protein Assay Reagent Kit (Pierce).
The absorbance was read at 570 nm.

Statistical Analysis.The Student’st-test was used for
comparisons between experimental groups, and ap of <0.05
was considered to indicate statistical significance. All data
are presented as means( the standard error unless otherwise
noted.

RESULTS

LPS-Dependent Permeabilizing ActiVity of SP-A on Model
Bacterial Membranes.Experiments were performed to
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characterize the direct permeabilizing effects of SP-A on
liposomal membranes composed of bacterial phospholipids
and LPS. Multilamellar vesicles were loaded with a set of
self-quenching probes which fluoresce as they diffuse apart.
Incubation of 100µg/mL human SP-A with liposomes
composed of POPE alone resulted in no changes from the
background level of fluorescence (Figure 1A). Similarly, the
well-characterized permeabilizing peptide, melittin, had no
effect on the permeability of POPE liposomes at a concentra-
tion that has been shown to be effective at killing bacteria
(15 µg/mL) (Figure 1B). Incorporation of J5 LPS into the
membrane of POPE liposomes (Figure 1C) rendered them
susceptible to permeabilization by 15µg/mL melittin (Figure
1E) or 100µg/mL human SP-A (Figure 1F), but not 100
µg/mL albumin (used as a negative control) (Figure 1D).
These data indicate that rough LPS confers susceptibility to
collectin-mediated permeabilization of POPE liposomes.

Calcium Dependence of the Membrane Permeabilizing
Effects of SP-A.Most of the host defense properties of SP-
A, including opsonization (20), aggregation (21), and direct
bacterial killing, are calcium-dependent. We used fluorim-
etery to assess the calcium requirements for permeabilization
and release of labeled probes into the extraliposomal space
(Figure 2). Incubation of POPE liposomes with CaCl2 and
100µg/mL human SP-A or 15µg/mL melittin did not result
in the release of the label. Melittin but not SP-A increased
the permeability of J5 LPS/POPE membranes in the absence
of calcium. When 100µg/mL SP-A was incubated with J5/
POPE liposomes in the presence of 5 mM calcium, however,

the permeability increased 4.4-fold (p < 0.02) compared to
that of the control with no added SP-A. In contrast, addition
of calcium diminished the permeabilizing activity of 15µg/
mL melittin by more than 40% as has been reported by others
(22). Neither the protein-free filtrate (MWCO) 3000)
prepared from the SP-A reagent or 100µg/mL albumin
affected J5 LPS/POPE liposome permeability. We conclude
that the membrane destabilizing effect of SP-A on J5/POPE
liposomes is calcium-dependent and that the mechanism of
permeabilization is distinct from that of melittin.

Effect of Cholesterol on the SP-A-Induced Permeability
of POPE Liposomes.Cholesterol increases the stability and
packing density of membranes (23) and decreases the
permeability of phosphatidylcholine liposomes (24). Lipo-
somes composed of POPE and J5 (Figure 3A) or POPE, J5,
and cholesterol (Figure 3B) exhibited only minimal back-
ground fluorescence. Addition of cholesterol to J5 LPS/POPE
liposomes appeared to decrease their size but enhanced their
resistance to permeabilization by 100µg/mL human SP-A
or 15 µg/mL melittin (Figure 3C,D), as assessed by both
fluorimetry (Figure 2) and fluorescence microscopy (Figure
3E,F). Incorporation of increasing amounts of cholesterol [up
to 25% (w/w) cholesterol:POPE ratio] into J5/POPE lipo-
somes produced a dose-dependent reduction in the level of
permeabilization by human SP-A or melittin (Figure 4A).
Cholesterol-containing liposomes incorporated more of the
fluorescent probes ANTS and DPX than cholesterol free
vesicles (Figure 4B), so diminished fluorescence from the
cholesterol liposomes was not a consequence of less efficient
vesicle loading. These data indicate that the rigidity of the
membrane plays an important role in the susceptibility of
the model bacterial membranes to antimicrobial peptides.

FIGURE 1: Incorporation of rough LPS-J5 into POPE liposomes
confers susceptibility to permeabilization by human SP-A. Fluo-
rescence microscopy of ANTS/DPX probe-loaded POPE liposomes
upon exposure to (A) 100µg/mL human SP-A or (B) 15µg/mL
melittin (positive control) or POPE/LPS-J5 liposomes alone (C) or
upon exposure to (D) 100µg/mL albumin, (E) 15µg/mL melittin,
or (F) 100µg/mL human SP-A. Experiments were performed in
the presence of 1 mM CaCl2. All photographs were made at 100×
magnification.

FIGURE 2: SP-A-induced leakage of POPE-containing liposomes
is calcium-dependent. Incubation of fluorescent probe-loaded POPE/
LPS-J5 liposomes with 100µg/mL human SP-A or 15µg/mL
melittin in the presence of calcium resulted in the release of the
fluorescent label into the extraliposomal space. In contrast, neither
100µg/mL albumin nor the filtrate from the human SP-A reagent
(MWCO ) 3000) had an effect on the permeability of the POPE/
LPS-J5 liposomes. Incorporation of cholesterol (25%) into the
liposomal membrane blocked the susceptibility of POPE/LPS-J5
liposomes to permeabilization. The rate of leakage of ANTS/DPX
into the extraliposomal space was measured by fluorimetry as
described in Materials and Methods. Data are expressed as means
( the standard error (n ) 5). Asterisks denote ap of <0.05.
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ActiVity of SP-D and Collectins from Other Species on
Membrane Permeability.To determine if LPS-dependent
collectin-mediated permeabilization was species-dependent,
we tested rat pulmonary collectins as permeabilizing factors
for J5/POPE liposomes (Figure 5). Like human SP-A, rat
SP-A at a concentration of 100µg/mL increased the rate of
leakage of ANTS and DPX from J5 LPS/POPE liposomes
3-fold (p < 0.05) compared to the rate of the control with
no protein added. Rat SP-D at 10µg/mL was also effective.
Neither of the rat collectins increased the permeability of
POPE only liposomes. These data indicate that the perme-
abilizing effect of the pulmonary collectins on model
bacterial membranes is not restricted to the human proteins
or to SP-A.

Effect of O-Antigen Chain Length on the SP-A Permeabi-
lizing ActiVity of Model Bacterial Liposomes.SP-A binds
preferentially to rough LPS. To determine if smoothE. coli
LPS (B5) also confers susceptibility to permeabilization by
SP-A, we prepared fluorescent probe-loaded POPE liposomes
with or without LPS B5 and exposed them to 100µg/mL
SP-A or 15µg/mL melittin (as a positive control). Neither
SP-A nor melittin had significant permeabilizing activity on
B5/POPE liposomes (Figure 6), and incorporation of cho-
lesterol into the membrane had no effect. These data indicate
that smooth LPS fails to confer susceptibility to collectin-
mediated permeability on POPE liposomes.

Effect of Lipid Peroxidation on the Membrane Destabiliz-
ing ActiVity of SP-A.SP-A is intimately associated with

saturated and unsaturated phospholipids in the alveolar space
and is exposed to oxygen tensions which vary from
atmospheric levels to 100% in patients with hypoxic respira-
tory failure on supplemental oxygen therapy. To determine
whether clinically relevant oxidative damage to SP-A affects
the permeabilizing activity of the protein on model bacterial
liposomes, we exposed SP-A to air- or copper-induced
surfactant lipid peroxidation and then to fluorescent probe-
loaded J5/POPE liposomes. Oxidative damage of the col-
lectins was first confirmed by a Western blotting technique
which detects carbonyl adducts (Figure 7A). Both copper-
induced oxidation and exposure to air- and copper-induced
lipid peroxidation caused a significant increase in the amount
of SP-A-associated carbonyls. Oxidation of SP-A by any of
these methods clearly blocked the permeabilizing activity
of the protein, whereas simple mixing of SP-A with model
surfactant lipids immediately prior to incubation with the
liposomes had no effect on this function (Figure 7B). Taken
together, these data suggest that oxidative damage to SP-A
blocks the permeabilizing activity of the collectin on LPS-
containing POPE liposomes, as it does for whole organisms
(5).

FIGURE 3: Incorporation of cholesterol into rough LPS-J5-contain-
ing liposomes blocks SP-A-induced permeabilization. Fluorescence
microscopy of (A) POPE/LPS-J5 liposomes alone, (B) POPE/LPS-
J5/cholesterol liposomes alone, (C) POPE/LPS-J5 liposomes upon
exposure to 15µg/mL melittin, (D) POPE/LPS-J5/cholesterol
liposomes upon exposure to 15µg/mL melittin, (E) POPE/LPS-J5
liposomes upon exposure to 100µg/mL SP-A, and (F) POPE/LPS-
J5/cholesterol liposomes upon exposure to 100µg/mL SP-A.
Experiments were performed in the presence of 1 mM CaCl2; 100×
magnification was used.

FIGURE 4: Cholesterol blocks the SP-A-mediated permeabilization
of POPE/LPS-J5 liposomes in a concentration-dependent manner.
Permeabilization of POPE/LPS-J5 liposomes containing various
amounts of cholesterol in the presence of 100µg/mL human SP-A
(- - -) or 15 µg/mL melittin (s) is shown in panel A. Loading of
ANTS/DPX label into the cholesterol-containing liposomes was
more effective than for the cholesterol-free liposomes (B). Leakage
of ANTS/DPX into the extraliposomal space was assessed by
fluorimetry as described in Materials and Methods. Data are means
( the standard error (n ) 5). Asterisks denote ap of <0.05.
Experiments were performed in the presence of 1 mM CaCl2.
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DISCUSSION

We have previously reported that surfactant proteins A
and D cause bacterial aggregation and permeabilization (3,
25). Rough Gram-negative bacteria containing truncated LPS
domains are most susceptible to these activities. In this study,
we used model bacterial liposomes containing phospholipids
and lipopolysaccharides to characterize collectin-mediated
membrane destabilization. The major findings here are that
the collectin permeabilizing activity is calcium- and LPS-
dependent, that rough but not smooth LPS can confer
susceptibility to permeabilization, and that oxidative damage
to SP-A blocks the permeabilizing function of the protein.

SP-A and SP-D inhibit the incorporation of metabolic
precursors into RNA and protein of Gram-negative organ-
isms, produce zonal growth inhibition ofE. coli in agar
plates, and increase access of the impermeant probes
propidium iodide and phosphatase substrate, ELF 97, to
nuclear and periplasmic targets, respectively (3, 5). Rough
E. coli laboratory strains are more susceptible than smooth
strains to collectin-mediated permeabilization, and the growth
of some but not all clinical isolates ofE. coli, Klebsiella,
and Enterobacteris inhibited (3, 26). Bordetella pertussis
andBordetella bronchisepticaare Gram-negative organisms
with very simple LPS structures characterized by a branching
core and a nonrepeating terminal trisaccharide, which are
resistant to the collectins (25). Deletion of the terminal sugar
renders the organisms susceptible to aggregation and per-
meabilization by SP-A and SP-D. Collectively, these data
suggest that bacterial permeabilization and killing require
an interaction between collectins and LPS, most likely by
binding of the proteins to the proximal core and/or lipid A
moieties of the glycolipids. Liposomes composed of POPE
were used for the permeabilization studies because POPE is
a major lipid component of Gram-negative bacterial mem-

FIGURE 5: Permeabilization of rough LPS-J5-containing POPE
liposomes is not species- or collectin-type-specific. Incubation of
POPE/LPS-J5 liposomes with 100µg/mL rat SP-A or 10µg/mL
rat SP-D resulted in leakage of the fluorescent label from the
liposome. Permeabilization of ANTS/DPX liposomes was assessed
by fluorimetry as described in Materials and Methods. Data are
means( the standard error (n ) 5). Asterisks denote ap of <0.05.
Experiments were performed in the presence of 1 mM CaCl2.

FIGURE 6: Smooth LPS does not confer susceptibility of POPE
liposomes to permeabilization by human SP-A. Incubation of
cholesterol-free or cholesterol-containing POPE/LPS-J5 liposomes
with 100 µg/mL human SP-A or 15µg/mL melittin did not result
in the release of the fluorescent label from liposomes. Incorporation
of the cholesterol into the POPE liposomes at a weight ratio of
25% had no effect on label release. Fluorimetry was performed as
described in Materials and Methods. Data are means( the standard
error (n ) 5). Asterisks denote ap of <0.05. Experiments were
performed in the presence of 1 mM CaCl2.

FIGURE 7: Exposure to reactive oxygen species produced by copper-
initiated lipid peroxidation of surfactant phospholipids blocked the
permeabilizing activity of human SP-A on POPE/LPS-J5 liposomes.
(A) Oxidative modification of SP-A that occurred during a 24 h
exposure at 4 or 37°C was assessed by Western analysis using an
antibody to DNP-derivatized carbonyl moieties. (B) The fluores-
cence which resulted upon leakage of ANTS/DPX from POPE/
LPS-J5 liposomes was measured in the absence of any addition
(1) or upon exposure to 15µg/mL melittin (2), SP-A preincubated
at 4 °C for 24 h (3), SP-A preincubated at 37°C for 24 h (4),
SP-A preincubated with surfactant phospholipids at 37°C for 24 h
(5), SP-A preincubated with surfactant phospholipids and 10µM
CuSO4 at 37°C for 24 h (6), SP-A preincubated with 10µM CuSO4
at 37°C for 24 h (7), and SP-A and surfactant phospholipids without
preincubation at 37°C for 24 h (8). Data are means( the standard
error (n ) 5). Asterisks denote ap of <0.05. Experiments were
performed in the presence of 1 mM CaCl2.
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branes (27) and because neither SP-A nor SP-D interacts
with POPE (28). Fluorescent probe-loaded POPE liposomes
were permeabilized by the collectins only if rough LPS was
incorporated into the membranes; smooth LPS had no effect.
These data are consistent with the observed preferential
permeabilization of roughE. coli strains by SP-A and SP-D
(3). Permeabilization by SP-A only occurred in the presence
of calcium. The majority of collectin binding interactions
with microbial ligands are mediated by the carbohydrate
recognition domain CRD and require calcium (29). Solution
of the crystal structure of the trimeric C-terminal domains
of rat SP-A suggests possible mechanisms for interaction of
SP-A with LPS (30). Calcium binding sites in the CRD
determine the positioning of a flexible loop involved in ligand
binding interactions. In close proximity, a hydrophobic cleft
lined by tyrosines 161, 164, 192, and 208 forms a putative
binding pocket for acyl side chains. Polar moieties of LPS
may interact with a cluster of basic residues (Arg216,
Arg222, and Gln220) which was found to be tightly
associated with 2-(N-morpholino)ethanesulfonic acid (MES),
a small molecule which is structurally analogous to phos-
phocholine. Garcia-Verdugo et al. (30) recently reported that
the aggregation of rough LPS micelles but not the binding
of SP-A to Re-LPS is calcium-dependent, most likely by a
mechanism that includes calcium-induced self-aggregation
of SP-A. How calcium participates in the mechanism of
permeabilization is unclear but may include a cation require-
ment for binding of SP-A to LPS or to itself (self-
aggregation), a calcium-induced conformational shift in the
CRD, or a calcium-dependent intramolecular relationship
between protein domains.

We found that incorporation of cholesterol into the POPE/
J5 LPS liposomal membrane produced a dose-dependent
resistance to permeabilization by the collectins. Cholesterol
is known to reduce membrane permeability by ordering acyl
chains and promoting the straighter “trans” configuration of
double bonds, effects that stabilize and thicken phospholipid
bilayers in vitro (23, 31) and in vivo (32). Cholesterol
decreased the rate of melittin-induced membrane leakage
(24), presumably by enhancing membrane packing and
stability. The cholesterol content of mammalian membranes
may constitute a protective mechanism against antimicrobial
peptides. Although bacterial membranes generally contain
little or no cholesterol, some species are able to modulate
their cholesterol content in response to environmental influ-
ences (33).

Melittin binds to electrically neutral and negatively charged
lipid bilayers and forms pores in bilayer vesicles (34, 35).
We found that the requirements for melittin-induced mem-
brane disruption were in some respects similar to those for
the collectins, in that cholesterol reduced the rate of leakage
from liposomes and rough but not smooth LPS conferred
susceptibility to permeabilization. However, in contrast to
the collectins, the membrane disruptive effects of melittin
were calcium-independent and, in fact, were partially blocked
by calcium addition, as also reported by others (22). These
data suggest that melittin and collectins permeabilize mem-
branes by different mechanisms.

We found that exposure of SP-A to lipid peroxidation
results in the loss of membrane permeabilizing activity. These
results are consistent with the previously reported effects of
oxidizing stimuli, including the neutrophil oxidative burst

and hyperoxia, on the antimicrobial activity of SP-A (5).
Oxidative modification of tyrosine residues, which form part
of the putative LPS interacting domain of SP-A, has been
implicated in the loss of phospholipid binding activity (36).
Additional studies will be required to determine the oxidative
protein modifications which result in loss of permeabilizing
activity.

In conclusion, we find that LPS can confer susceptibility
of model bacterial membranes to collectin-mediated perme-
abilization. Cholesterol can enhance the ordering and integ-
rity of the membrane and increase resistance of POPE
membranes to destabilizing collectin effects. The LPS
structural requirements for collectin permeabilization and the
susceptibility of this collectin activity to oxidative damage
are similar to those reported for Gram-negative bacteria (3).
We postulate that LPS constitutes a “handle” that provides
the collectins with a mechanism for distorting or perturbing
membrane structure and for creating defects that allow small
hydrophilic molecules such as water to enter and traverse
the bilayer. The model used in this study may be useful for
the testings of truncated collectin molecules or peptides based
on collectin sequences that have potential permeabilizing
activity and therapeutic value.
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