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Bactenecins are a class of arginine-rich antibacterial peptides of bovine neutrophil granules. Two bactenecins
with approximate molecular weights of 5,000 and 7,000 designated Bac5 and Bac7, respectively, exert in vitro
a potent bactericidal activity toward several gram-negative bacteria (R. Gennaro, B. Skerlavaj, and D. Romeo,
Infect. Immun. 57:3142-3146, 1989). We have now found that this activity shows an inverse relationship to the
ionic strength of the medium and is inhibited by divalent cations and greatly potentiated by lactoferrin. Under
conditions supporting marked bactericidal activity, the two peptides cause a rapid increase in the permeability
of both the outer and inner membranes of Escherichia coli, as shown by unmasking of periplasmic ,-lactamase
and of cytoplasmic ,I-galactosidase. In addition, the two bactenecins inhibit the respiration of E. coli and
Klebsiella pneumoniae but not of Bac5- and Bac7-resistant Staphylococcus aureus. Furthermore, they induce a

drop in ATP content in E. coli, K. pneumoniae, and Salmonella typhimurium and a marked decrease in the rates
of transport and incorporation of [3H]leucine and [3H]uridine into E. coli protein and RNA, respectively. In
general, all these effects become evident within 1 to 2 min and reach their maximal expression within about 5
min. Overall, these data strongly suggest that the decrease in bacterial viability is causally related to the
increase in membrane permeability and the subsequent fall in respiration-linked proton motive force, with the
attendant loss of cellular metabolites and macromolecular biosynthesis ability.

Neutrophils are vehicles of rapid and effective animal
defense against invading microorganisms, toward which
they are guided by chemotaxins. Once the microorganisms
are internalized by phagocytosis, a variety of antimicrobial
factors are discharged into the phagosomes. These factors
may either be generated from molecular oxygen concomi-
tantly with phagocytosis (16) or preexist as proforms or
mature protein molecules in different populations of cyto-
plasmic granules (7-9, 26, 27, 29, 30, 33, 35, 36; M. Zanetti,
L. Litteri, R. Gennaro, H. Horstmann, and D. Romeo, J.
Cell Biol., in press; R. Gennaro, D. Romeo, B. Skerlavaj,
and M. Zanetti, in J. R. Harris, ed., Blood Cell Biochemis-
try, vol. 3, in press).

In bovine neutrophils the oxygen-independent antibacte-
rial activity is exclusively stored in the so-called large
granules (8). We have purified some of the cationic polypep-
tides responsible for this activity and shown that their
cationic nature can be ascribed to a content of arginyl
residues of at least 20% (9, 27). Among these peptides, which
have been named bactenecins, there are two proline-rich
components with molecular weights of about 5,000 and
7,000, designated Bac5 and Bac7, respectively (9). At con-
centrations of 2 to 50 ,ug/ml, Bac5 and Bac7 kill Escherichia
coli, Salmonella typhimurium, and Klebsiella pneumoniae.
However, even at a concentration of 200 ,ug/ml they are

unable to kill or suppress the growth of gram-positive
organisms such as Staphylococcus aureus and Streptococ-
cus agalactiae (9).

In an attempt to understand the mechanism by which Bac5
and Bac7 impair the capacity of at least some gram-negative
bacteria to divide, we first carried out bactericidal assays
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under different conditions of pH, ionic strength, and content
of divalent cations. We then investigated the effects of the
bactenecins on some vital functions of the target microor-
ganisms, such as respiration and permeability/transport of
the outer membranes (OM) and inner membranes (IM). The
data obtained suggest that Bac5 and Bac7 bind electrostati-
cally to the OM, where they dramatically increase the
permeability to small molecules. Within a few minutes they
also cause a marked increase in the permeability of IM and
inhibit the reduction of oxygen by the electron transport
chain. This impairs the generation of the transmembrane
potential and the production of ATP, required for several
processes, such as transport of protein and nucleic acid
precursors. In addition, we found that lactoferrin, an iron-
binding glycoprotein widely distributed in mucosal secre-
tions (20) and also present in neutrophil granules (3, 8),
markedly potentiates the bactericidal activity of bacte-
necins.

MATERIALS AND METHODS
Antibacterial peptides. Bac7 and Bac5 were acid extracted

from bovine neutrophil granules and purified by ion-ex-
change and high-performance reversed-phase chromatogra-
phies as previously described (9). Purification to homogene-
ity was confirmed by both analytical reversed-phase
chromatography and acid-polyacrylamide gel electrophore-
sis in the presence of 4 M urea (9). Peptides were dissolved
in 0.1% trifluoroacetic acid (TFA), and their concentrations
were determined by the method of Waddell (9).

Lactoferrin. Bovine milk lactoferrin, a gift of B. Senft,
University of Giessen, Federal Republic of Germany, was
iron desaturated (apolactoferrin) by dialysis against 0.2 M
sodium acetate buffer containing 40 mM EDTA and 0.2 M
sodium phosphate (pH 4.0) (21). The iron-free protein was

subsequently dialyzed extensively against deionized, dis-
tilled water and concentrated by evaporation. Concentration
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and iron desaturation were determined by A,,,) and A465,
respectively (10).

Bacteria. E. coli ATCC 25922, S. typliinuriiuiml ATCC
14028, and K. pneiumoniae ATCC 13883 were grown aero-

bically at 37°C in nutrient broth (Difco Laboratories, Detroit,
Mich.), whereas S. aiureus ATCC 25923 was grown in brain
heart infusion broth (Difco). Overnight cultures were trans-
ferred into fresh medium (1:25) and allowed to grow aerobi-
cally for 3 to 4 h to obtain mid- to late-logarithmic-phase
cultures, (A60 of approximately 0.45 for E. coli). Bacteria
were then harvested by centrifugation and resuspended in
the media selected for the various assays. Bacterial density
was assessed by turbidity at 600 nm, with reference to
previously determined standards.

E. coli K-12 AB1157, transformed with plasmid pNO1523
(encoding a periplasmic 1-lactamase) by the standard high-
efficiency transformation procedure of Hanahan (12), was a

gift of L. Dolzani, Institute of Microbiology, University of
Trieste. The transformed E. coli, which was used for OM
permeability assays, was grown aerobically in nutrient broth
in the presence of 50 pg of ampicillin per ml. Logarithmic-
phase cultures were washed twice with sterile physiological
saline to remove ampicillin and harvested as described
above.

E. coli ML-35, a lactose, permease-deficient strain with
constitutive cytoplasmic 3-galactosidase activity (lacI
lacZ+ lacY), utilized for IM permeability assays, was ob-
tained from D. Petit, Institute J. Monod, Paris, France, and
from E. Ruby, University of Southern California, Los An-
geles, Calif.

Bactericidal assays. The effects of different ionic strengths
and pHs and the presence of Ca2", Mg21 , and lactoferrin on
the bactericidal capacity of Bac7 and BacS were tested on

logarithmic-phase cells of E. coli ATCC 25922. Bacteria (1 x
106 to 1.5 x 106 CFU/ml or 8 x 106 to 15 x 106 CFU/ml in the
assays with lactoferrin) were incubated in a final volume of
200 ,ul for 1 h at 37°C in a shaking water bath with different
amounts of Bac7 or BacS. The buffers used for pH depen-
dency experiments were 10 mM sodium citrate at pHs 5, 5.5,
and 6 or 10 mM sodium phosphate at pHs 6, 6.5, 7, 7.5, and
8, both supplemented with 100 mM NaCl. Controls lacked
the bactenecins but contained TFA at a maximal concentra-
tion of 0.005%. At the end of the incubation, samples were

serially diluted with sterile saline solution, plated in dupli-
cate on nutrient agar, and incubated for 16 to 18 h to allow
colony counts.
OM permeability. Periplasmic 13-lactamase activity was

measured in transformed E. c(li K-12 with 7-(thienyl-2-
acetamido)-3-[2-(4-N,N-dimethyl-aminophenylazo)-pyridin-
ium methyl]-3-cephem-4-carboxylic acid (PADAC) as a sub-
strate (17, 38). Logarithmic-phase bacteria (about 6 x 106
CFU) were incubated at 37°C in 0.6 ml of 10 mM sodium
phosphate buffer (pH 7.5) with 100 mM NaCI and 50 ,uM
PADAC. After addition of either BacS or Bac7, the decrease
of A570 was recorded. An equivalent volume of 0.1% TFA
replaced the bactenecin solutions in control assays. To
determine the maximal rate of PADAC hydrolysis by fully
permeabilized cells, samples placed in an ice bath were

submitted to four 30-s cycles of sonication at 4 A with a

Branson sonicator equipped with a small probe. Total ,B-lac-
tamase activity was measured in the presence or absence of
bactenecins to exclude any potential interference by the
cationic peptides on the enzyme activity.
IM permeability. The 3-galactosidase activity of E. coli

ML-35 was measured with o-nitrophenyl-,B-D-galactopyran-
oside (ONPG) as substrate (17). Logarithmic-phase bacteria

(about 6 x 106 CFU) were incubated in 0.6 ml of 10 mM
sodium phosphate buffer (pH 7.5) containing 100 mM NaCl
and 1.5 mM ONPG at 37°C. At zero time, different amounts
of Bac5 or Bac7 were added and the rate of o-nitrophenol
production was recorded at 405 nm. In controls, an equiva-
lent volume of 0.1% TFA replaced the bactenecin solution.
Total P-galactosidase activity was measured with bacteria
lysed by ultrasonication (eight 30-s cycles at 4 A) in the
presence or absence of bactenecins to exclude any potential
interference by the cationic peptides with the enzyme activ-
ity.
Oxygen consumption. Respiration of logarithmic-phase

cultures of aerobically grown E. c oli ATCC 25922, K.
pnelumoniae, and S. aureus was measured with a Clark
electrode. The electrode chamber contained 1.2 ml of 10 mM
sodium phosphate buffer (pH 7.5) with 100 mM NaCl, 10 mM
glucose, 0.4 ml of nutrient broth (E. coli and K. pneumoniae)
or of BHI broth (S. aureus), and 0.1 ml of bacterial suspen-
sions (1.5 x 107 to 3 x 107 CFU).
ATP determination. E. coli ATCC 25922, K. pneumoniae,

or S. typhimuriumn (6 x 106 to 10 x 106 CFU/ml) in 10 mM
sodium phosphate buffer (pH 7.5) with 100 mM NaCl and 5
mM glucose were incubated at 37°C with Bac7 or BacS for 0,
5, 10, 20, and 40 min. At the end of the incubation, 180-,ul
portions of the bacterial suspensions were extracted with
0.5% (wt/vol) trichloroacetic acid (TCA) in the presence of 2
mM EDTA. After 30 min in ice and centrifugation at 11,000
x g for 5 min at 4°C, the supernatants were collected and
stored at -20°C. The ATP content in the TCA extracts was
measured with a luminometer as bioluminescence generated
in the presence of D-luciferin and luciferase (Pharmacia LKB
Biotechnology Inc., Uppsala, Sweden).
Uptake and incorporation of [3H]uridine and [3H]leucine.

The effects of bactenecins on the active transport of [5,6-
3H]uridine and L-[4,5-3H]leucine and their incorporation into
bacterial RNA and proteins, respectively, were studied in E.
coli ATCC 25922. Logarithmic-phase bacteria were resus-
pended in 10 mM sodium phosphate buffer (pH 7.5) with 100
mM NaCl and 5 mM glucose at a density of 1 x 107 to 1.5 x
107 CFU/ml. After preincubation at 37°C for 10 min, Bac7 or
BacS was added. At 0, 10, and 30 min, 2.5-ml portions of
bacterial suspensions were transferred to tubes containing 3
,uCi of [5,6-3H]uridine or L-[4,5-3H]leucine, and the incuba-
tion at 37°C was continued for 3 min.
To assess the efficiency of transport, 500-,ul samples were

immediately diluted with 4.5 ml of physiological saline,
filtered on 0.45-[Lm-pore-size Millipore membrane filters,
and washed once with the same volume of saline. To
evaluate the amount of radioactivity incorporated into mac-
romolecules, the remaining 2-ml portions of the suspensions
were treated with 2 ml of 10% TCA. After vigorous mixing,
samples were placed in an ice bath, divided into two identi-
cal aliquots, and filtered as described above, except that 5%
TCA was used to wash the filters. In both cases, filters were
air dried and immersed in 10 ml of scintillation fluid and the
radioactivity was counted in a liquid scintillation counter.

Chemicals. [5,6-3H]uridine (50 Ci/mmol) and L-[4,5-3H]
leucine (120 to 190 Ci/mmol) were from Amersham Interna-
tional (Amersham, Buckinghamshire, United Kingdom).
PADAC was from Calbiochem (La Jolla, Calif.), and ONPG
was from Sigma Chemical Co. (St. Louis, Mo.).

RESULTS

We measured the bactericidal potential of BacS and Bac7
under different experimental conditions. In the pH range 5 to
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TABLE 2. Effect of Ca2+ and Mg2+ on the bactericidal activity
of Bac5 and Bac7a

Treatment CFU/ml (log)
(concn [,ug/ml]) -(Ca2+, Mg2+) +(Ca2,+ Mg2+)

Untreated 6.15 6.15
Bac5, 20 3.04 5.14
Bac5, 50 <2.0 4.95
BacS, 100 <2.0 4.60
Bac7, 20 <2.0 5.44
Bac7, 50 <2.0 4.82
Bac7, 100 <2.0 4.13

" E. coli cells were treated with bactenecins for 60 min at 37°C in 10 mM
sodium phosphate with 50 mM NaCI (pH 7.5) in the absence or presence of
Ca2+ and Mg2+ (0.5 mM each).

FIG. 1. Effect of pH on the bactericidal activity of BacS and
Bac7. E. coli cells (1 x 106 to 1.5 x 106 CFU/ml) were treated with
25 ,ug of BacS (left panel, means + standard errors of the means of
three experiments) or Bac7 (right panel, means of two virtually
identical, independent experiments) per ml in either 10 mM sodium
citrate buffer (pHs 5.0, 5.5, and 6.0 [A]) or sodium phosphate pHs
6.0, 6.5, 7.0, 7.5, and 8.0 [0]) with 100 mM NaCl. The buffers used
had no effect on bacterial viability in control (no treatment) assays.

8, optimal efficiency of the two bactenecins against E. coli
was found at pH 7 to 8, while at pH 5 there was about 60%
of maximal bactericidal activity (Fig. 1). Bac5 and Bac7
killed E. coli more effectively with decreasing ionic strength
in the bactericidal assays (Table 1). Furthermore, the pres-
ence of Ca2+ and Mg2+ caused a significant reduction in the
bactericidal activity of both bactenecins (Table 2), whereas 5
mM glucose had no effect (data not shown).
Assuming the OM of the susceptible organisms to be the

most immediate target of Bac5 and Bac7, we then evaluated
the effects of the bactenecins on OM permeability by utiliz-
ing E. coli K-12 transformed with plasmid pNO1523. In these
cells, which displayed the same susceptibility to both Bac5
and Bac7 as the strain used in the bactericidal assays (data
not shown), the periplasmic 3-lactamase is virtually inacces-
sible to the substrate PADAC. The cleavage of PADAC by
1-lactamase is thus an indication of increased leakiness of
the permeability barrier of OM (38). Both Bac5 and Bac7
caused a dramatic increase in permeability to PADAC,
which under the assay conditions used was already evident
by 20 to 40 s and reached a maximum within 4 min (30 to 35%
accessibility to 3-lactamase compared with 1 to 5% in intact
E. coli and 100% in bacterial sonicates; range of three
independent experiments carried out with 50 ,ug of Bac5 or

TABLE 1. Effect of ionic strength on the bactericidal activity of
Bac5 and Bac7a

CFU/ml (log) with treatment:

NaCl concn Bac5 Bac

(mM) BacS Bac7
Expt 1 Expt 2 Expt 1 Expt 2

0 <2.0 <3.0 <2.0 <2.0
50 <2.0 4.20 3.40 <2.0
100 4.79 5.15 4.56 4.20
150 5.31 5.44 5.01 5.37

a E. coli cells were treated for 60 min at 37°C with bactenecins (20 ,g/ml) in
10 mM sodium phosphate (pH 7.5) containing different concentrations of
NaCI. Data for untreated bacteria (60 min): 6.18 (experiment 1) and 5.97
(experiment 2) CFU/ml (log).

Bac7 per ml) (Fig. 2). In keeping with the observed inhibition
of bactericidal potency, the presence of Ca2+ and Mg2+ in
the medium prevented the increase of OM permeability to
PADAC. However, when the divalent cations were added a

few minutes after Bac5 or Bac7 no change in the increased
hydrolysis of PADAC was observed (data not shown).
The inhibitory effects shown in the presence of high ionic

strength or of the divalent cations Ca2+ and Mg2+, as well as

the increased accessibility of the periplasmic P-lactamase to
its substrate, are all manifestations of early events occurring
when Bac5 or Bac7 binds to the OM of E. coli. To determine
whether the two bactericidal peptides also exert some effects
at the IM level, we evaluated their effects on bacterial
respiration, as an indirect measure of the integrity of the
electron transport chain, as well as the rate of the energy-
dependent transport of macromolecular precursors.
Both Bac5 and Bac7 caused a marked inhibition of the

respiration of E. coli and K. pneumoniae while not affecting
the oxygen consumption by bactenecin-resistant S. aureus

a

b1. b

oJA405

3min

a

OM PERMEABILIZATION IM PERMEABILIZATION

FIG. 2. Effect of bactenecins on the permeability of the OM and
IM of E. coli. Shown is the unmasking of periplasmic 3-lactamase
activity in transformed E. coli K-12 (left panel) and of cytoplasmic
P-galactosidase activity in E. coli ML-35 (right panel), measured as
described in Materials and Methods. Bacteria (about 107 CFU/ml)
were suspended in 10 mM sodium phosphate buffer (pH 7.5)-100
mM NaCl in the absence (all traces except trace b) or presence

(trace b) of Ca2' and Mg2+ (0.5 mM each). Traces a and a',
Untreated bacteria; c and c', BacS (10 p.g/ml); d and d', Bac7 (10
,ug/ml); e and e', BacS (50 jig/ml); b, f, and f', Bac7 (50 ,ug/ml).
Arrows indicate addition of bactenecins. The results shown are
representative of three virtually identical, independent experiments.

Bac5 Bac7

. . . . .4,
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FIG. 3. Effect of bactenecins on oxygen consumption of E. coli
(A), K. pneumoniae (B), and S. aureus (C). Bacteria (1.5 x 107 to 3
x 107 in 0.1 ml) were added (first arrows) to a medium made of 1.2
ml of 10 mM sodium phosphate (pH 7.5) with 100 mM NaCl, 10 mM
glucose, and 0.4 ml of nutrient broth (E. coli and K. pneumoniae) or
BHI broth (S. aureus). The second arrows indicate the additions of
bactenecins at 150 ,ug/ml. Vertical bars, 10 nmol Of 02; horizontal
bars, 1 min. The results shown are representative of several very
similar, independent experiments.

(Fig. 3). The inhibition of respiration reached its maximal
value (60 to 80%, range of at least three independent
determinations) 1.5 to 3 min after the addition of the bacte-
necins to the electrode vessel, suggesting that in addition to
the OM permeabilization there is also a rather rapid effect on
the IM.
The inhibition of respiration was very likely caused by a

direct effect on one of the components of the electron
transport chain. This was indirectly checked by measuring
the ability of an uncoupler to release from respiratory
control a bactenecin-inhibited system. Because bacteria tend
to have poor respiratory control, the system used in this
assay was rat liver mitochondria. We found that the oxygen
consumption by these organelles was also inhibited by
bactenecins (data not shown), consistent with previous
observations made with a cationic antibacterial fraction of
neutrophil granules (24). When the inhibition reached a

LL
(
to
0
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Ea.

10

steady state and an uncoupling concentration of Ca2" was
added to the mitochondria, no recovery of the respiration
rate was observed, thereby suggesting that the antibacterial
peptides may directly affect the function of a component (or
components) of the electron transport system.

Concurrent with the respiratory inhibition in E. coli, as
well as in K. pneumoniae and S. typhimurium, Bac5 and
Bac7 also induced a drop in the ATP content (Fig. 4). This
effect was time and dose dependent, without apparent dif-
ferences in susceptibility among the three organisms tested.
In parallel, there was also a decrease in the rate of transport
of [3H]leucine (Fig. 5) and [3H]uridine (Fig. 6) which was
accompanied by an even greater reduction of incorporation
of these precursors into protein and RNA, respectively. The
adverse effects on both the ATP turnover and the transport/
incorporation of solutes reached a significant value within 3
to 5 min.
The effects of Bac5 and Bac7 on IM functions suggest that

there may also be a perturbation of the integrity of this
membrane. This was checked with E. coli ML-35, whose
susceptibility to the bactericidal action of BacS and Bac7
was similar to that of E. coli ATCC 25922 (data not shown).
In the ML-35 strain, which is deficient in lactose permease
and thus virtually impermeable to lactose and its analogs,
both bactenecins caused a significant increase in IM perme-
ability, as measured by the unmasking of cytoplasmic p-ga-
lactosidase. With Bac5 or Bac7 at 50 ,ug/ml, the IM perme-
abilization occurred after a lag of 1.5 min and reached a
steady state by about 7 min (Fig. 2). Compared with the
enzyme activity of sonicates of an equivalent number of
bacteria, this steady state corresponds to about 40% (37 to
44%, range of three independent experiments) of total ,B-ga-
lactosidase accessibility to ONPG.

Finally, we found that apolactoferrin, which in bovine
neutrophils is associated with the specific and the large
granules (8), markedly potentiated the bactericidal effect of
both bactenecins. Although per se ineffective at the concen-
trations tested (50 to 300 ,ug/ml), apolactoferrin greatly
increased the antibacterial capacity against E. coli of subop-
timal and optimal concentrations of Bac7 (Table 3) and BacS
(data not shown) both in the absence and in the presence of
Ca2+ and Mg2+.

DISCUSSION
Normal neutrophils of different animal species kill in-

gested S. typhimurium and E. coli with considerable efficacy

B

30

Time (min)
FIG. 4. Effect of bactenecins on the ATP content of E. coli (A), K. pneumoniae (B), and S. typhimurium (C). Bacteria (6 x 106 to

10 x 106/ml) were incubated for various times at 37°C with 50 ,ug (final concentration) of Bac5 (0) or Bac7 (O) per ml in 10 mM sodium
phosphate buffer (pH 7.5) containing 100 mM NaCl and 5 mM glucose. 0, Untreated bacteria. Experiments were carried out in duplicate.
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FIG. 5. Inhibition by bactenecins of [3H]leucine uptake and
incorporation into proteins of E. coli. Bacteria (1 x 107 to 1.2 x
107/ml) were treated at 37°C with BacS or Bac7 in 10 mM sodium
phosphate buffer (pH 7.5) containing 100 mM NaCl and 5 mM
glucose. *, Untreated bacteria; 0, 10 jig of each bactenecin per ml;
0, 50 jg of each bactenecin per ml. Assays of L-[4,5-3H]leucine
uptake and incorporation into bacterial proteins were performed as

described in Materials and Methods. Data from two independent but
very similar experiments, both carried out in duplicate, were com-
bined.

under anaerobic conditions (23, 36) or in the presence of
myeloperoxidase inhibitors (25), thereby suggesting that
these cells possess potent oxygen- or hydrogen peroxide-
independent bactericidal mechanisms against at least some
gram-negative bacteria.

In bovine neutrophils this mechanism may involve two
proline- and arginine-rich peptides, Bac5 and Bac7, that we
have purified from granule extracts. In fact, in vitro both
peptides markedly reduce the ability of a variety of gram-
negative organisms to form colonies (9). Here we have
shown that Bac5 and Bac7 permeabilize both the OM and IM
of E. coli and inhibit its respiration, ATP synthesis, and
transport functions. Some of these effects were also inves-
tigated with other gram-negative microorganisms, such as S.
typhimurium and K. pneumoniae.

Inhibition of bactericidal activity by increasing concentra-
tions of NaCl suggests that the early interaction of cationic
BacS and Bac7 with the target cells involves electrostatic
binding to negatively charged surface molecules. These
molecules are very likely the lipopolysaccharide (LPS) mol-
ecules of the outer envelope, which contain clusters of
carboxylic and phosphate groups in their core region (18).
This is further supported by the observed inhibitory action of
Ca2" and Mg2", which are known to stabilize the LPS
molecules into an ordered and cohesive layer by binding to
their negatively charged groups (18). An immediate binding
to LPS has also been suggested for other cationic bacteri-
cidal polypeptides of neutrophils (6, 34). In particular, the
bactericidal/permeability-increasing protein of human neu-
trophils is homologous to a LPS-binding protein found in
acute-phase sera (11, 32). A prompt enzymatic trimming of

100-
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E
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0
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Bac5
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60-
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30-
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0

Bac 3
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Bac7

Bac7

10 30

Time (min)

FIG. 6. Inhibition by bactenecins of [3H]uridine uptake and
incorporation into RNA of E. coli. Bacteria (1 x 107 to 1.5 x 107/ml)
were treated with Bac5 or Bac7 under the conditions described in
the legend to Fig. 5. Assays of [5,6-3H]uridine uptake and incorpo-
ration into RNA were performed as described in Materials and
Methods. Symbols are as in Fig. 5. Data from two independent but
very similar experiments, both carried out in duplicate, were com-
bined.

the carbohydrate chains of the LPS of ingested bacteria,
with a concomitant relaxation of the molecular complexity
masking the negative charges in the LPS core region, would
thus facilitate bactenecin binding and the subsequent bacte-
ricidal processes.

In this frame one should consider the potentiating effect of
apolactoferrin on the bactericidal activity of BacS and Bac7.
In fact, this protein has been shown to promote a LPS
release from the OM of E. coli similar to that promoted by
the metal chelator EDTA (5). Concurrently with the LPS
release, the OM becomes more permeable to some agents
that are normally excluded. One such agent is the antibiotic
rifampin, whose antibacterial effects at subinhibitory con-
centrations are increased by the presence of lactoferrin (5).
Under some circumstances, apolactoferrin is bacterio-

static or bactericidal for a variety of gram-negative and

TABLE 3. Effect of lactoferrin on the bactericidal activity of
Bac7a

CFU/ml (log) with lactoferrin concn (,ug/ml)
Treatment

0 50 300 0 50 300

Untreated 6.95 7.22 7.23 6.96 7.11 6.93
Bac7 (2 jig/ml) 6.58 6.35 4.11 6.94 6.65 4.07
Bac7 (10 ,ug/ml) 5.88 3.94 <2.70 6.38 4.50 2.66

Untreated 6.98 7.03 7.23 7.12
Bac7 (25 jg/ml) 5.04 <2.70 6.10 1.90
Bac7 (25 ,ug/ml) + 6.51 5.58 6.90 4.96
Ca2+ and Mg2+

a E. coli cells were treated for 60 min at 37°C with Bac7 in 10 mM sodium
phosphate buffer (pH 7.5) containing 100 mM NaCI with or without Ca2+ and
Mg2+ (0.5 mM each) in the presence or absence of apolactoferrin. Results of
two independent experiments are shown.
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gram-positive microorganisms (2, 4, 5, 20, 22). We have
employed apolactoferrin concentrations which are not toxic
to E. coli and observed that under these conditions there is
a remarkable potentiation of the bactericidal activity of Bac5
and Bac7. These observations suggest that in phagocytosing
neutrophils, bactenecins and lactoferrin may act synergisti-
cally when both granular components are discharged in the
phagosomes (8) or extracellularly at inflammatory sites.
The drop in viability of E. coli treated with either Bac5 or

Bac7 was more marked in the pH range between 7 and 8 than
at a more acidic pH. However, the observed reduction in
bactericidal efficiency below pH 7 should not be considered
too significant in considering potential bactenecin functions
in vivo. In fact, the effects of Bac5 and Bac7 on gram-
negative bacteria reach a maximum within only a few
minutes, when the pH of the phagocytic vacuoles is still
slightly alkaline (28, 30).
Computer modeling of Bac5 and Bac7 reveals that several

conformations are possible with an asymmetrical distribu-
tion of polar and apolar amino acid residues on the surfaces
of both bactenecins (S. Pongor, R. Gennaro, and D. Romeo,
unpublished data), implying that both peptides may have an
amphiphilic character. The adoption of an amphiphilic heli-
cal conformation has been predicted for and subsequently
found in a variety of antimicrobial polypeptides, such as
melittin (14), magainin 2 (19), and cecropin A (13), whose
functions are related to perturbation of cell membranes.
Actually, both Bac5 and Bac7 appear to perturb the integrity
of the OM of E. coli K-12, as assessed by an increased
accessibility of periplasmic ,B-lactamase to PADAC. Fur-
thermore, within the time interval in which they increase
OM permeability, but with a slightly delayed onset, they also
make the IM permeable to ONPG, a hydrophilic substrate of
,B-galactosidase.
Bac5 and Bac7 also affect respiration, which in aerobically

grown gram-negative bacteria is carried out by two oxidase
systems localized in the IM and oxidizing ubiquinol gener-
ated by dehydrogenases (1). This inhibition is very likely due
to a direct interaction with one of the components of these
electron transport chains, as suggested by indirect evidence
provided by experiments carried out with rat liver mitochon-
dria. The transport of electrons to oxygen is coupled to the
formation of a transmembrane electrochemical proton gra-
dient, utilized to drive bacterial ATP synthesis, solute up-
take, and other energy-requiring, membrane-associated pro-
cesses. As expected, bactenecin-treated E. coli cells show
both a reduced content of ATP and a reduced ability to take
up [3H]uridine and [3H]leucine, coupled to a parallel inhibi-
tion of incorporation of these precursors into RNA and
protein, respectively.
The effects of Bac5 and Bac7 onIM functions suggest that

these polypeptides cross the OM and reach the cytoplasmic
membrane. It is feasible that in the phagosome, concomi-
tantly with Bac5 and Bac7, other polypeptides may pass
through the OM, possibly aggravating the lethal effects of
bactenecins (31). Thus, the biochemical lesion responsible
for the ultimate death of Bac5- and Bac7-susceptible micro-
organisms may be a combination of an increased permeabil-
ity of both the OM and IM and the disruption of the proton
motive force, with the related sequelae of loss of cellular
metabolites and alteration of energy-requiring, membrane-
associated processes.

Other antibacterial cationic polypeptides of human neu-
trophils, such as bactericidal/permeability-increasing protein
and defensins, have also been reported to induce increased
membrane permeability and inhibition of respiration of some

gram-negative bacteria (15, 17, 33). Unlike bactenecins,
defensins require that the susceptible microorganisms are in
a state of active metabolism (17). This might be linked to the
necessity of actively transporting defensins to their molecu-
lar targets, whereas bactenecins, as discussed above, after
binding to the OM might assume an amphiphilic conforma-
tion suitable for passive diffusion to their target(s).

Staphylococci and streptococci are resistant to Bac5 and
Bac7 (9). Furthermore, even at 300 ,ug/ml neither polypep-
tide lyses erythrocytes (unpublished results) and Bac7, cor-
responding to the anti-herpesvirus polypeptide 111a24 (9, 37),
is devoid of cytotoxicity to the mammalian cells used to
support viral growth. Resistance to Bac5 and Bac7 by some
gram-positive bacteria as well as by mammalian cells might
simply be explained by failure of effective binding of the
antimicrobial peptides, which thereby could not reach an
apolar environment necessary for the adoption of an am-
phiphilic, membrane-perturbing conformation.
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