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Polymyxin B nonapeptide, a polymyxin B derivative which lacks the fatty acyl
part and the bactericidal activity of polymyxin, was shown to sensitize smooth
encapsulated Escherichia coli (018:K1) and smooth Salmonella typhimurium to
hydrophobic antibiotics (novobiocin, fusidic acid, erythromycin, clindamycin,
nafcillin, and cloxacillin). The polymyxin B nonapeptide-treated bacteria were as
sensitive to these antibiotics as are deep rough mutahts. A lysine polymer with 20
lysine residues (lysine2o) had a largely similar effect. Larger lysine polymers and
the protamine salmine were bactericidal but, at sublethal concentrations, sensi-
tized the strains to the antibiotics mentioned above, whereas lysine4, streptomy-
cin, cytochrome c, lysozyme, and the polyamines cadaverine, spermidine, and
spermine had neither bactericidal nor sensitizing activity.

Gram-negative bacteria have an exceptionally
efficient barrier against many external influ-
ences: the outer membrane (OM), a unique
structure located outside the peptidoglycan.
This membrane makes gram-negative bacteria
resistant to host defense factors, such as lyso-
zyme, which are toxic to gram-positive bacteria.
In gram-negative bacteria that live in the gut, the
OM is an eflctive barrier, also giving protection
from bile and digestive enzymes (17, Z1). At the
same time, their OM excludes many antibiotics
(e.g., erythromycin, lincomycin, clindamycin,
novobiocin, fusidic acid, nafcillin, and cloxacil-
lini) (10, 21) and reduces the penetration of
several others (especially penicillin, ampicillin,
carbenicillin, and most cephalosporins) (21, 24,
29, 39). The well-known difficulty of treating
gram-negative infections is partially due to the
permeability barrier properties of the OM, sug-
gesting the possibility of making the bacteria
sensitive to many more antibiotics by disorga-
nizing their OM.
But is this disorganizing possible? Polymyxin,

a polycationic amphipathic antibiotic, is bacteri-
cidal to gram-negative bacteria by virtue of a
ddal mechanism of action: it disorganizes and
penetrates the OM to reach its final bactericidal
target, the cytoplasmic membrane (28, 31). An-
other OM-disorganizing agent is EDTA (re-
viewed by Leive in reference 16). UJnfortunate-
ly, both polymyxin and EDTA are also toxic to
eucaryotic cells and therefore do not seem use-
ful as therapeutic agents.

Chihara et al. (5, 6) have previously shown
that the removal of the fatty acid tail from
polymyxin significantly reduces its toxicity to
eucaryotes; however, the antibacterial activity

of the drug is lost at the same time. Could this
modified but still cationic polymyxin B nonapep-
tide derivative (PMBN) still disorganize the OM
to facilitate the entry of antibiotics?

In this paper, we show that a number of
polycationic agents, including PMBN, sensitize
smooth Escherichia coli and Salmonella typhi-
murium strains to several antibiotics by a factor
of 100 or more. We suggest that these agents do
so by reducing the permeability barrier function
of the OM. In an accompanying paper (34), we
describe in more detail the action of these poly-
cations on the OM permeability barrier and on
the OM morphology which supports this sugges-
tion.

MATERIALS AND METHODS
Bacterial strains. In most experiments, smooth S.

typhimurium and E. coli strains were used. The S.
typhimurium strain was SL6% (metA22 trpB2 Hi-b
H2-e,n,xfla-66 rpsL120) (38) of the LT2 cell line, and
the E. coli strain was IH3080 (EM40) (23), an 018:K1
strain isolated from the cerebrospinal fluid of a neo-
nate with meningitis. Strain SL696 was sensitive to the
smooth-specific phages of S. typhiiturium (P22C2 and
9NA) (38) but resistant to the R-specific phages (6SR,
Ffm, Br2, Br60, P221, and C21) (38). Strain IH3080
was sensitive to the lipopolysaccharide-specific phage
C21 and to the Kl capsule-specific phage Kla (12) and
agglutinated latex particles coated with Kl antibodies
(Orion Diagnostica, IHelsinki, Finland). These 0 and K
properties of the strains were verified throughout the
study. In some experiments, the deep tough Re mutant
SL1102 (38) of the S. typhimurium LT2 cell line was
also used.

Cultivation of bacteria. Bacteria were grown in Luria
broth (18) at 37°C on a rotary shaker (220 rpm) until
they reached the early logarithmic phase of growth (40
Klett units; Klett-Summerson colorimeter, red filter),
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washed with 0.9o NaCl, and resuspended in 0.9o
NaCl (final optical density, 120 Klett units, corre-
sponding to -109 cells per ml). This suspension was
used as the inoculum for all experiments.

Sensitivity determinations. The minimal inhibitory
concentrations (MICs) of the antibiotics in the pres-
ence of polycationic agents were measured as follows.
Davis minimal medium (25) with added glucose (1
g/liter), Casamino Acids (1 g/liter; Difco Laboratories,
Detroit, Mich.); L-tryptophan (20 mg/liter), and in-
creasing amounts of the antibiotic to be tested was
inoculated with 104 cells per ml from a fresh suspen-

sion of the bacteria. Samples (200 ,ul) of this inoculated
medium were pipetted into wells of a microtiter plate
(Titertek, catalog no. 76-21305; Flow Laboratories,
Inc., Rockville, Md.). Each well already contained
increasing amounts of the polycationic agent to be
tested in 30 ,ul of 0.9%o NaCl. The plates were sealed
with adhesive tape and incubated at 37°C for 18 h. The
lowest concentration of antibiotic that completely in-
hibited visible growth was recorded and interpreted as
the MIC.

Davis minimal medium was used to avoid precipita-
tion of some polycations (salmine, polylysines), which
took place in complex media. The MIC of each polyca-
tionic agent was measured in a similar manner (antibi-
otics were omitted in the growth medium). If the
growth was less turbid in the presence of the polyca-
tion than in the control tubes, the polycation was
regarded to retard growth. Bactericidal action and
bacteriostatic action were differentiated by viable
count determination after incubation.

Polycationic agents. Polymyxin B sulfate, cyto-
chrome c, egg white lysozyme, spermine-hydrochlo-
ride, spermidine-hydrochloride, cadaverine-hydro-
chloride, and poly-L-lysine hydrobromides (with
approximately 20, 50, 115, or 300 lysine residues) were
obtained from Sigma Chemical Co., St. Louis, Mo.;
streptomycin sulfate was obtained from Hoechst AG,
Frankfurt (Main), West Germany; L-Lysine4-HCl was
obtained from Miles-Yeda Ltd., Rehovoth, Israel; and
salmine sulfate (protamine) was obtained from BDH
Ltd., Poole, England. Thermolysin-treated salmine
was prepared by incubating 150 mg of salmine with 7
mg of thermolysin (type x; Sigma) in 3.5 ml of 0.03 M
Tris-hydrochloride (pH 8.0) at 37°C for 16 h. Thin-
layer chromatography of the hydrolysate (cellulose-
coated aluminium foil; n-butanol-pyridine-acetic
acid-water [30:20:6:24, vol/vol]; Sakaguzi staining for
arginyl residues) did not reveal the salmine spot at
origin but showed a new heterogenous spot with an Rf
of -0.10. The preparation of PMBN is described
below.
PMBN. (i) Preparation. PMBN was prepared by an

enzymnatic hydrolysis of polymyxin B as originally
developed by Chihara et al. (6) for preparing colistin
nonapeptide from colistin (polymyxin E).

Fifty-two milligrams of polymyxin B sulfate (corre-
sponding to -37 mg of polymyxin B) was dissolved in
4 ml of 0.07 M potassium phosphate buffer (pH 7.2),
after which 1 ml of ficin suspension (EC 3.4.22.3; P
4125, containing 25 mg of protein; Sigma) was added.
The mixture was incubated at 37°C for 3 h with light
shaking and then stirred in boiling water for 5 min, and
the,formed precipitate (denatured ficin) was removed.

(H) Purification. The solution was acidified with 50
,ul of 1 N HCI, washed twice with 2.5 ml of n-butanol,
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and then alkalified with 150 ,ul of 1 N NaOH and again
washed twice with 2.5 ml of n-butanol. A 2.6-ml
amount of the solution was then mixed with a suspen-
sion of 44 ml of CM-Sephadex C 50 (0.25 g/100 ml of
deionized water; Pharmacia Fine Chemicals AB, Upp-
sala, Sweden), incubated at 37°C for 5 min with
shaking, centrifuged (1,000 x g, 10 min), and washed
with 20 ml of deionized water. PMBN was eluted from
the Sephadex beads by two lots of 20 ml of 10%o
pyridine-109o acetic acid in water, lyophilized, dis-
solved in deionized water, and stored at -20°C.

(ill) Yield and purity. The PMBN concentration was
calculated from the amount offree amino groups found
in an amino group determination with a molecular
weight of 950. Polymyxin B sulfate was used as a
control. The yield was 63%. The aqueous solution of
PMBN preparation (1 mg/ml) was neutral (pH 7).
For purity analysis, the preparation was run in thin-

layer chromatography with cellulose-coated alumin-
ium foil (E. Merck AG, Darmstadt, West Germany)
and the solvent system n-butanol-pyridine-acetic
acid-water (30:20:6:24, vol/vol). The spots were visu-
alized by ninhydrin. The R1s were 0.56, 0.48, and 0.77
for polymyxin B, PMBN, and fatty acyl diaminobu-
tyric acid (formed in the enzymatic treatment), respec-
tively. Thin-layer chromatography of the PMBN prep-
aration (maximal amount, 20 ,ug) revealed a spot with
an Rf of 0.48, whereas 0.05 F&g of polymyxin B still
gave a visible spot with an Af of 0.56, indicating that
the PMBN preparation contained less than 0.25%
polymyxin. When 0.1 i.g of polymyxin B sulfate was
mixed with 10 Fg of the PMBN preparation, it still
migrated separately (Rf = 0.56) from PMBN.

Antibiotics. The following antibiotics were used:
novobiocin (sodium salt), Sigma; fusidic acid (sodium
salt), Lovens Kemiske Fabrik, Copenhagen, Den-
mark; erythromycin ethylsuccinate, Orion, Helsinki,
Pinland; clindamycin hydrochloride, The Upjohn Co.,
Kalamazoo, Mich.; nafcillin (sodium salt), Wyeth
Laboratories, Philadelphia, Pa.; cloxacillin (sodium
salt), Astra, S6dertilje, Sweden; and benzylpenicillin
(sodium salt), Novo Industri, Copenhagen, Denmark.
The stock solution of erythromycin was prepared by
dissolving 5.5 mg of erythromycin ethylsuccinate with
2 ml of 96% ethanol, after which deionized water was
added to a final volume of 5.5 ml. Other antibiotics
were readily dissolved in deionized water.

RESULTS
We have previously shown that salmine (the

protamine isolated from salmon sperm) and
polylysine, as well as polymyxin, sensitize the
rough Rb2-type S. typhimurium strain to deoxy-
cholate (33). In the present study, a larger selec-
tion of different polycationic agents was includ-
ed: polyamines with 2 (cadaverine), 3
(spermidine), or 4 (spermine) amino groups;
lysine polymers with 4, -20, -50, -115, and
-300 free e-amino groups; the basic proteins
lysozyme (molecular weight [mw], 14,000; 13%
basic amino acids) and cytochrome c (mw,
12,000; 20%o basic amino acids) as well as the
protamine salmine (mw, 4,000; containing 21
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FIG. 1. Structural formulas of polymyxin B and its derivative, PMBN, prepared by enzymatic (ficin)

treatment. Abbreviations: dab, diaminobutyric acid; phe, phenylalanine; thr, threonine; leu, leucine; F.A., fatty
acyl group. Polymyxin E differs from polymyxin B in having D-leucine instead of D-phenylalanine.

arginine residues) and a hydrolysate of it (frag-
ments with only 4 to 6 arginines) (1). Polymyxin
B was used as a reference compound. In addi-
tion, we prepared PMBN (Fig. 1). Purity analy-
ses showed that the PMBN preparation con-
tained no detectable amounts of polymyxin B
(polymyxin B content, <0.25%).
As test bacteria, we used a smooth strain of S.

typhimurium (LT2 strain SL696) and an encap-
sulated, smooth strain of E. coli (018:K1 strain
IH3080) isolated from the cerebrospinal fluid of
a neonate with meningitis.

Intrinsic antibacterial activities of polycations.
The intrinsic antibacterial activities of the poly-
cations are shown in Table 1. Polymyxin B had
by far the most potent antibacterial activity.
Protamine and the larger polylysines (lysine
polymers with .50 lysine residues [lysine,,o])
were also antibacterial. Lysine20 was clearly less
active than these against E. coli and totally
inactive against S. typhimurium. PMBN did not
have any effect on S. typhimurium but retarded
the growth of E. coli. Lysine4, polyamines,
lysozyme, cytochrome c, and the protamine
fragments did not inhibit the growth of either
strain. All the antibacterial polycations were
bacteriostatic at the MIC but exhibited a clear-
cut bactericidal activity at a concentration 3 to
10 times the MIC. No synergy or antagonism
could be observed; the MIC of protamine
(against S. typhimurium) was unchanged when it
was tested in the presence of concentrations of
up to 100 ,ug of the noninhibitory polycations
lysine20 or PMBN per ml.

Effect of polycations on sensitivity of smooth S.
typhimurium to novobiocin and fusidic acid. No-
vobiocin and fusidic acid are hydrophobic anti-
biotics to which enteric bacteria are resistant.
The deep rough mutants of enteric bacteria
which have a very defective lipopolysaccharide
structure and concomitantly an abnormal OM

are, however, strikingly sensitive to these drugs
(21, 33), as are also a number of less well-
characterized mutants with defective OM (2, 7).
These antibiotics were therefore used to probe
the effect of the cationic agents on outer mem-
brane permeability.
PMBN, which did not have any intrinsic anti-

bacterial action, sensitized smooth S. typhimur-
ium to novobiocin by a factor of -100 (Table 2).
Lysine20 gave similar results (.1,00-fold increase
in sensitivity). Subinhibitory concentrations (0.3
to 1.0 ,ug/ml) of protamine and lysine5O were also
effective in sensitization (.100-fold increase in
sensitivity to novobiocin), whereas lysine4, all
the tested polyamines, lysozyme, cytochrome c,

and the protamine fragments did not sensitize

TABLE 1. MICs of various polycationic agents
MIC (>g/ml) for0:

Polycation S. typhimurium E. coli
SL696 IH3080

Polymyxin B 1 1
PMBN o100 21iob
Protamine 3 3
Protamine fragments '100 .100
Lysine4 2100 2100
Lysine20 -100 30
Lysineo 3 3
Lysine115 3 3
Lysine_3w 3 3
Cadaverine 2100 .100
Spermidine .100 2100
Spermine -100 -100
Lysozyme -100 NDC
Cytochrome c->100 -100

a The MIC was defined as the lowest concentration
of the agent that prevented visible growth of the test
bacterium incubated for 18 h at 370C.

b Retarded growth at .1 Lg/ml.
c ND, Not done.
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TABLE 2. MICs of novobiocin for S. typhimurium in the presence of various polycationic agents
Novobiocin MIC (pgml) in the presence of polycation concn (*g/ml) or:

Polycation
0.0 or 0.1 0.3 1 3 10 30

Polymyxin B 2100 .100 0 0 0 0
PMBN 2100 10 3 3 1 1
Protamine .100 30 3 0 0 0
Protamine fragments a100 a100 2100 2100 a100 .100
Lysine4 .100 100 .100 .100 .100 1l00
Lysine20 2100 3 1 1 1 1
Lysine4 a100 30 1 0 0 0
Cadaverine .100 2100 2100 2100 .100 a100
Spermline 100 100 a100 .100 .100 2100
Spermqa.100 .100 .100 .100 100 .100
Streptomycin .100 .100 .100 .100 .100 .100
Lysozyme .ioo .100 .100 .100 .100 .100
Cytochrome c .100 2100 .100 .100 .100 .100

TOe MIC was defined as the lowest concetration of novoiocin that prevented visible growth of S.
typhimurium incubated for 18 h at 37C. 0. The polycationic agent alone inhibited growth.

the bacterium. Because S. typhimurum SL696
has a ribosomal resistance to the basic amino-

glyQoside streptomycin, the possible effect of
streptomycin on OM permeability was also test-
ed and found to be absent. In the assay system
used, subletha concentrations (s*.3 ig/ml) of
pqlymyxin did not have any action on OM
jSrmeability.
The results obtained when fusidic acid was

used as, a probe were very similar (Table 3).
Again, P?4BN and lysuie20 increased the OM
piermeability. A slight sensitization was also

caused by polymyxin B. Lysine4, the polya-
mines, lysozyme, and streptomycin were inac-
tive.

of smoothS. typI-uiu to otber
antibiotics by PMBN and lyslne2e. Because
PMBN and lysinef, had minima intrinsic anti-
bacterial aitivities but were potent sensitizei* to
novobiocin and fusidic acid, the sensiton of
smooth S. typhimurium to other antibiotics was
tested in the presence of these agents (Table 4).
PMBN sensitized the bacterium to all the hydro-
phobic antibiotics,tested (erythromycin, clinda-
mycin, cloxacillin, nafcillin). As a rule, 3 to 10
,ug of PMBN per ml was needed to make the
smooth strain as sensitive to these antibiotics as
is the deep rough Re strain of S. typhimurium
(Table 4). A slight sensitivity increase to penicil-
lim, which is believed to diffuse across the OM
through hydrophilic pores in the absence of
cgtionic agents (21), was also observed.

The results were basically similar when ly-
sie2o was used instead of PMBN. A stiking
difference, however, was the poor sensitization
to erythromycin and clindamycin, which are
mnbobasic antibiotics.
SnIt of smooth E. cli to by

PMBN and lysine2e. In the absence of polyca-
tions, smooth E. coli was slightly more sensitive

than S. typhimurium to the antibiotics tesed.
PMBN sensitized the strain to al theseaptbiot-
icsiand also retarded bacteial growth.at cgpcen-
trations of x1 Fg/ml (Table 5). At a coiacstra-
tion of as low as 0.3 g/ml,PM" ia dthe
sensitivity of the strain to fusidic acid an eryth-
romycin by factors of 100 and 30, respetvely.

Lysine20 was as effective in seaiation a
when S. typhimurium was used as a test orga-
nism. When compared with PUMN, its capacity
to sensitize bacteria to etromyciu and cln-
daycin was low, as it was in S. typhimurium.

DIWCUSSION
A number of cationic agents have been report-

ed as inhibitory or lethal to enteric bacte.
Besides polymyxins (28), these inclde- prot-
amine (14, 33) polylysine (3, 14, 33), hiatones
(14), and the cationic polypeptides is Ied from
polymorphonuclear leukocytes (19, 37). A pun-

TABLE 3. MICs of fusidic acid fr S. typk n
in the presence of various ponycatonicaunts

Fusidic acid MIC (a/MIsn dwrprsusce
Polyeation of polyctio cc (1) :

0.OorO.1 0.3 1 3 10 30

Polymyxin B 300 100 0 0 0 0
PMBN 300 100 30 30 10 >3
Protamine 300 300 100 0 0 0
LysieW4000 300 300 300 300
LYSieMo 300 i 10100 30 30 30
Lysinc,o 300 1300 30 0 0 0

The MIC was defined as the lowest_otatiaton
of fusidic acid that e visibgoth of S.
"hypiurwmr incubated for 18 h at 370C. In additn,
the following polycionic agents did no'sensite the
test boterium to fsidic acid: cadaverine, speidine,
spennne, streptomycin, and lysozyme. 0, The polyca-
tic aent alone inhibited growth.
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TABLE 4. MICs of various antibiotics against deep rough S. typhimurium (Re), smooth S. typhimurium, and
Smooth S. typhimurium in the presence of PMBN or lysine2o

MIC (tg/ml) for:

AntibioticS.p-Smooth Smooth S. typhimurium in the presence of indicated concn
Antibiomucaumtyhi Styphimurium (tegWml) Of:.cmurium Swithout PMBN Lysine2oReReolycaons 0.3 1 3 10 0.3 1 3 10

Novobiocin 3 .100 10 3 3 1 3 1 1 1
Fusidic acid 10 300 100 30 30 10 300 100 30 30
Erythromycin 3 .100 30 10 10 3 -100 -100 .100 .100
Clindamycin 3 100 30 10 10 10 100 100 100 30
Cloxacilhin 30 .1,000 300 100 100 30 .1,000 100 100 30
Nafcilhin 30 .1,000 .1,000 100 100 30 .1,000 100 100 30
Benzylpenicillin 3 10 10 10 3 3 10 3 3 3

a The MIC was defined as the lowest concentration of antibiotic that prevented visible growth of the test
bacterium incubated for 18 h at 37°C.

fied ,-lysin-like peptide of normal rabbit serum
(mw, -1,800; four basic amino acids) is bacteri-
cidal to both gram-positive and -negative bacte-
ria (4). Recently, two basic bactericidal peptides
(mw, -7,000; 13 to 14 basic amino acids) have
been isolated from hemolymph of the pupae of
giant silk moths vaccinated with enteric bacteria
(15).

Previous reports on OM permeability increase
by polycationic agents other than the antibiotic
polymyXin, however, are scarce. We have previ-
ously shown that protamine and polylysine, as
well as polymyxin, sensitize a rough (Rb2) strain
of S. typhimurium to deoxycholate (33). Fur-
thermore, the cationic leukocyte protein BP
(mw, -50,000; 15% basic amino acids) has been
shown to increase the sensitivity of E. coli and
S. typhimurium to actinomycin (37). Interesting-
ly, rough mutants were significantly more sensi-
tive to this effect than smooth strains.

In the present paper, we have shown t-hat low
concentrations (0.3 ,ug/ml) of various polyca-
tionic agents sensitize smooth enteric bacteria to

antibiotics such as novobiocin, fusidic acid,
erythromycin, clindamycin, nafcillin, cloxacil-
lin, and penicillin. In fact, the polycations made
the smooth strains as sensitive to antibiotics as
is the deep rough Re strain of S. typhimurium,
which has a very abnormal OM (21). These
polycationic agents included protamine (mw,
-4,000; 21 arginine residues) and lysine5o-HBr
(mw, -10,000; 50 free NH2 groups), which are
growth inhibitory or bactericidal at higher con-
centrations (3 to 10-gu/m%), and PMBN (mw,
-950; 5 free NH2 groups) and lysine20-Hbr (mw,
-4,000; 20 free NH2 groups), which have lower
or no antibacterial activities of their own. It is
likely that the permeability-increasing action of
polycations is due to their strong binding to the
acidic core and lipid A part of lipopolysaccha-
ride (26, 35), which disorganizes the OM, as
discussed in the accompanying paper (34).

In the assay system used, sublethal concentra-
tions (s0.3 ,ug/ml) of polymyxin caused only
slight sensitization to antibiotics. We suggest
that the permeability-increasing action of poly-

TABLE 5. MICs of various antibiotics against E. coli in the presence of PMBN or lysine20
MIC (>Lg/ml) fora:

E. coli in the presence of indicated concn (4Lg/ml) of:
Antibiotic

E. coli PMBN Lysine20
0.3 1b 3b 1 0.3 1 3

Novobiocin 30 10 10 3 3 10 3 1
Fusidic acid 100 3 3 3 1 100 30 10
Erythromycin 30 1 1 1 1 30 30 10
Clindamycin 30 3 3 3 3 30 10 10
CloxacilHin .300 100 100 30 30 NDc 30 10
Penicillin 10 10 10 3 3 ND 3 3

a The MIC was defined as the lowest concentration of antibiotic that prevented visible growth of the test
bacterium incubated for 18 h at 37°C.

b PMBN alone retarded growth.
c ND, Not done.
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myxin is masked by its direct bactericidal ac-
tion. However, it is also possible that low con-
centrations of polymyxin were inactivated by
absorption onto the walls of the wells in the
plastic microtitration plates (32, 36).

Cationic agents possessing two (cadaverine)
three (spermidine, streptomycin), or four (sper-
mine, lysine4) net basic charges were totally
inactive as both OM permeability increasing
agents and antibacterial agents, although the
polyamines, streptomycin, and lysine4 interact
with isolated lipopolysaccharide (9; M. Vaara
and T. Vaara, unpublished data) and streptomy-
cin has been shown to increase the permeability
of Pseudomonas aeruginosa OM to lysozyme
(13). Apparently, an interaction with lipopoly-
saccharide is not sufficient to increase OM per-
meability. In fact, cations possessing only a few
basic charges could stabilize the OM and de-
crease its permeability, as do the divalent cat-
ions Mg2' and Ca2+ (20, 22, 27). Spermine,
spermidine, and streptomycin have been de-
scribed to stabilize lysozyme-induced E. coli
spheroplasts against lysis in water, although the
molecular mechanism of this stabilization is not
known (30). The basic proteins cytochrome c
(mw, 12,000; 20%o basic amino acids) and egg
white lysozyme (mw, 14,000; 13% basic amino
acids) have also been reported to interact with
lipopolysaccharide (8, 11). They did not, howev-
er, increase the permeability of the OM (Table 2
and 3). This might be explained by a lower
content of basic amino acids in these proteins
than in protamine, polylysines, and PMBN. Fur-
thermore, protamine fragments with only four to
six arginine residues did not have any permeabil-
ity-increasing activity, although PMBN, with
only five amino groups, was active.
As a whole, the results suggest that even as

few as five basic charges are sufficient to in-
crease OM permeability if the charges are in a
favorable conformation, as they are in PMBN, a
direct derivative of the natural OM-active antibi-
otic polymyxin. If the basic charges are in a less
proper conformation, more of them are needed,
and the sensitization to some antibiotics (eryth-
romycin, clindamycin; Tables 4 and 5) still re-
mains poor.
Polymyxin might be an ideal agent to disorga-

nize the OM structure. It is a potent bactericidal
drug and may facilitate its own permeation
through the OM. Thus, its permeability-increas-
ing effects are largely masked by its direct lethal
action. Chihara et al. (5, 6) tried to develop a
polymyxin derivative lacking toxic action on
eucaryotic membranes. The significantly less
toxic derivative PMBN, however, had lost its
antibacterial activity. We have shown that
PMBN retains OM permeability-increasing
properties.
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