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We analyzed the interaction between polyamines and the outer membrane of Escherichia coli cells using
potentiometric measurements with Ca2�, tetraphenylphosphonium (TPP�), and K� electrodes. The Ca2�

electrode was used to examine the ability of the polyamines to release Ca2� from the outer membrane. The
TPP� electrode was used to examine the ability to permeabilize the outer membrane, since the uptake of TPP�

was enhanced when the permeability barrier of the outer membrane was disrupted. The K� electrode was used
to examine permeabilization in the cytoplasmic membrane by monitoring the efflux of K� in cytosol. Although
Ca2� release was remarkably enhanced by increasing the number of amino groups in polyamines, no TPP�

uptake was observed with polyamines of a simple structure, such as ethylenediamine, spermidine, and sperm-
ine. TPP� uptake was observed when appropriate lipophilic moieties were further attached to the polyamines
with three or four amino groups, indicating that the existence of bulky moieties as well as the number of amino
groups is important to induce outer membrane permeabilization. Thus, 1-naphthylacetylspermine and N,N�-
bis[6-[[(2-methoxyphenyl)methyl]amino]hexyl]-1,8-octanediamine (methoctramine) were especially effective
in increasing the permeability of the outer membrane of E. coli cells, being comparable to polymyxin B
nonapeptide, a well-known cationic peptide showing such action.

The outer membrane of gram-negative bacteria prevents the
penetration of hydrophobic antibiotics into cells (5, 6, 21, 27).
Many cationic compounds have been found to enhance the
permeability of the outer membrane (5, 6, 21, 27). These
agents, if nontoxic, could be applied to the therapy of bacterial
infections to increase the permeability and sensitivity of gram-
negative bacteria to various antibiotics. Polymyxin B nonapep-
tide (PMBN) is one of the cationic compounds (see the struc-
ture in Fig. 1) inducing outer membrane permeabilization.
PMBN binds to lipopolysaccharide (LPS) molecules in the
outer membrane, and this binding is considered to trigger the
disruption in the permeability barrier of the membrane (6, 21,
27). Quite recently, the enantiomeric PMBN isomer, in which
every amino acid residue of PMBN is replaced by its enantio-
meric counterpart, was synthesized and examined for activity
in the outer membrane (24). Although this peptide bound
strongly to LPS, it did not permeabilize the membrane (24).
Apparently, the binding of the peptide to LPS was not enough
to permeabilize the outer membrane, indicating that other
factors are involved. On the other hand, much simpler poly-
amines than PMBN have been reported to increase the per-
meability of the outer membrane (8, 13). These polyamines
possess two or three amino groups, which were further modi-
fied with bulky hydrophobic moieties (8, 13). Thus, PMBN is
not the only compound to increase the permeability of the
outer membrane.

In the present study, we examined the effects of various
polyamines on the outer membrane of Escherichia coli cells to
clarify the basic structural requirement for permeabilization.

For this purpose, we tested several cationic compounds includ-
ing PMBN as shown in Fig. 1. Potentiometric measurements
made with ion-selective electrodes were used, because the
measurement process is fast, easy, and continuous in turbid cell
suspensions (3, 7, 8, 10, 11, 13–16, 26). In this study, we used
Ca2�, tetraphenylphosphonium (TPP�), and K� electrodes.
The Ca2� electrode was used to examine the ability of the
compounds to release Ca2� from the outer membrane (14, 15).
This approach seemed to be especially effective for analyzing
the action of cationic compounds on the outer membrane,
since these compounds are considered to expel divalent cations
(such as Ca2� and Mg2�) stabilizing LPS (14, 15). The TPP�

electrode was used to monitor the increase in permeability of
the outer membrane, because the uptake of TPP�, which was
stimulated by the membrane potential (inside negative)
formed in the cytoplasmic membrane, was promoted when the
permeability barrier of the outer membrane was disrupted (3,
8, 13–15). The K� electrode was used to monitor the increase
in permeability of the cytoplasmic membrane, which usually
leads to dissipation of membrane potential, resulting in the
efflux of the accumulated TPP� (10, 16).

The final goal of the present study was to identify the fun-
damental structure of the polyamines inducing the outer mem-
brane permeabilization. We found that increasing the number
of amino groups and an appropriate lipophilic character are
prerequisite for such action. Thus, 1-naphthylacetylspermine
and methoctramine are effective in disrupting the permeability
barrier of the outer membrane of E. coli cells.

MATERIALS AND METHODS

Materials. The reagents were obtained from the following sources: calcium
ionophore II (N,N,N�,N�-tetracyclohexyl-3-oxapentanediamide) and bis(2-ethyl-
hexyl) sebacate were from Fluka (Buchs, Switzerland); potassium tetrakis(p-
chlorophenyl)borate (KTpClPB), sodium tetrakis[3,5-bis(2-methoxyhexafluoro-
2-propyl)phenyl]borate (NaHFPB), TPP chloride (TPPCl), EDTA, and
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morpholinepropanesulfonic acid (MOPS) were from Dojindo Laboratories (Ku-
mamoto, Japan); polyvinyl chloride (PVC; degree of polymerization, 1,020) was
from Nacalai Tesque (Kyoto, Japan); methoctramine tetrahydrochloride,
1-naphthylacetylspermine trihydrochloride, spermine tetrahydrochloride, sper-
midine trihydrochloride, benzylamine hydrochloride, 1,2-bis(2-aminophenoxy)
ethane-N,N,N�N�-tetraacetic acid (BAPTA), choline chloride, and melittin (from
bee venom, approximately 85% by high-performance liquid chromatography)
were from Sigma (St. Louis, Mo); N-benzylethylenediamine and 4-N-benzylsper-
midine were from Aldrich (Milwaukee, Wis.); PMBN was from Boehringer
Mannheim (Mannheim, Germany); methylamine hydrochloride and ethylenedi-
amine dihydrochloride were from Tokyo Kasei (Tokyo, Japan); and Tris was
from Wako (Osaka, Japan). All other chemicals were of analytical reagent grade.

Electrode system. Ca2� and TPP� electrodes were constructed using PVC-
based membranes (2, 10, 14). The PVC membranes had the following compo-
sition: Ca2� electrode, 1 mg of calcium ionophore II, 0.6 mg of KTpClPB (50
mol% relative to the ionophore), 60 �l (about 55 mg) of bis(2-ethylhexyl)
sebacate and 30 mg of PVC; TPP� electrode, 0.5 mg of NaHFPB, 60 �l (about
55 mg) of bis(2-ethylhexyl) sebacate, and 30 mg of PVC. The materials were
dissolved in tetrahydrofuran (about 1 ml) and were poured into a flat petri dish
(28-mm diameter). Then the solvent was evaporated off at room temperature.
The resulting membrane was excised and attached to a PVC tube (4-mm outside
diameter and 3-mm inside diameter) with tetrahydrofuran adhesive. The PVC
tube was filled with an internal solution comprising 10 mM CaCl2 for the Ca2�

electrode or 1 mM TPPCl and 10 mM NaCl for the TPP� electrode, and the
sensor membrane was conditioned overnight. The electrochemical cell arrange-
ment was Ag,AgCl/internal solution/sensor membrane/sample solution/1 M
NH4NO3 (salt bridge)/10 mM KCl/Ag,AgCl. A K�-selective glass electrode (type
1200) was purchased from Toko Chemical Laboratories (Tokyo, Japan). Poten-
tial measurements were made with a voltmeter produced by a field-effect tran-
sistor operational amplifier (input resistance, �1012 �, LF356; National Semi-
conductor, Sunnyvale, Calif.) connected to a recorder (LR4220E; Yokogawa,
Tokyo, Japan). The detection limit was defined as the intersection of the extrap-
olated linear regions of the calibration graph (1). The selectivity coefficients of
the electrode, ki,j

Pot, were determined by the fixed interference method (1) using
the respective chloride salts. The constant concentrations of interfering ions were
0.5 M, except for the K� glass electrode, which was 0.005 M for Na� and NH4

�,

and the Ca2� electrode, which was 10�6 M for TPP�. All measurements were
made at room temperature (about 25°C).

Preparation of E. coli cells. E. coli W3110, a derivative of K-12, was used. Cells
were grown in minimal salt medium, supplemented with 1% Polypeptone, at
37°C under aerobic conditions (14). Cells were harvested during the exponential
phase of growth, washed twice with buffer (100 mM choline chloride and 50 mM
MOPS-Tris, pH 7.2), and suspended in the same buffer at 12 mg of cell pro-
tein/ml (8, 10, 12–16). The protein content was determined by the method of
Lowry et al. (18).

Assay procedure. For the measurement of Ca2� release, the cell suspension
was diluted in an assay solution containing 100 mM choline chloride, 10 mM
Tris-lactate, and 50 mM MOPS-Tris (pH 7.2). The final volume was 1 ml, and the
final protein concentration of E. coli cells was 0.6 mg of cell protein/ml. The Ca2�

electrode was immersed in the E. coli cell suspension, along with a miniaturized,
hand-made reference electrode (10) to monitor Ca2� release from cells. The
present electrode system was compact, and, therefore, an assay solution volume
as low as 1 ml could be examined. TPP� uptake and K� efflux were measured
simultaneously. In this case, the cell suspension was diluted in an assay solution
containing 100 mM choline chloride, 10 mM Tris-lactate, and 50 mM MOPS-Tris
(pH 7.2), and then TPPCl was added to adjust the initial TPP� concentration in
the cell suspension to 10 �M. The final protein concentration of E. coli cells was
the same as for the measurement of Ca2�, but the final volume was 2 ml. The
suspension was constantly stirred with a stir-bar. Subsequently, a cationic sub-
stance dissolved in water was added and incubated for a further 3 min. In some
cases, melittin was added following the addition of the cationic compound to
cause further change in the permeability of the cytoplasmic membrane.

RESULTS

Response characteristics of electrodes. Figure 2 shows the
calibration graphs of Ca2�, TPP�, and K� electrodes. The
graphs were obtained by measuring known amounts of CaCl2,
TPPCl, or KCl added to a solution containing 100 mM choline
chloride and 50 mM MOPS-Tris (pH 7.2) and plotting the
concentrations against the obtained corresponding potential

FIG. 1. Structures of cationic compounds tested in this study. PMBN, methylamine, ethylenediamine, spermidine, spermine, benzylamine,
N-benzylethylenediamine, 4-N-benzylspermidine, 1-naphthylacetylspermine, and methoctramine.
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readings. All the present electrodes exhibited a near-Nernstian
response. The slope and detection limit of each electrode are
summarized in Table 1.

The selectivity coefficients of the electrodes are given in
Table 2. The Ca2� electrode showed no significant interfer-
ence from inorganic cations, including K�, and organic cations,
such as choline, used in this study. However, the interference
from TPP� was enormous. Because PVC-based membrane
electrodes generally suffer significant interference from li-
pophilic TPP� (9), we used a K� glass electrode to simulta-
neously measure TPP� uptake and K� efflux. The K� elec-
trode showed no significant interference from TPP� and
choline. However, this electrode showed low selectivity against
certain inorganic cations such as Na� and NH4

�. The TPP�

electrode showed no significant interference from either the
inorganic or organic cations used in this study.

The response times (90% final signal) of the Ca2�, TPP�,
and K� electrodes were less than 10 s when the concentrations
of Ca2�, TPP�, and K�, respectively, were changed from 50 to

100 �M in a solution containing 100 mM choline chloride and
50 mM MOPS-Tris (pH 7.2).

Action of PMBN against bacterial outer membrane as in-
vestigated with ion-selective electrodes. First, we used the elec-
trodes to analyze the action of PMBN, well known as an outer
membrane permeabilizer (5, 6, 21, 27), in E. coli cells. Because
the Ca2� electrode suffered serious interference from TPP�,
Ca2� release was measured independently in the absence of
TPP�, while TPP� uptake and K� efflux were measured si-
multaneously. As shown in Fig. 3, Ca2� release was observed
immediately after addition of PMBN. The release implied that
the structure of the outer membrane had become disorganized,
since the divalent cations are essential for maintaining the LPS
layer in this membrane (5, 6, 21, 27). An increase in perme-
ability caused by the disorganization of the outer membrane
structure was directly shown by the rapid uptake of TPP� after
addition of PMBN. The fact that PMBN suppressed the efflux
of K� in cytosol indicated that the peptide caused an increase
in the permeability of the bacterial outer membrane only. We
added a bee venom, melittin, to obtain further evidence that
PMBN disrupted the permeability barrier of the outer mem-
brane. The addition of melittin alone to cells did not enhance
TPP� uptake at all due to the barrier function of the outer
membrane (6, 12, 22). When melittin was added after cells had
been treated with PMBN, it caused the rapid efflux of K� and
concurrently the release of the accumulated TPP� (Fig. 3b and
c), showing that PMBN opened a pathway, through which
melittin with a molecular weight of about 3,000 could pass
through the outer membrane, reaching the cytoplasmic mem-
brane to increase its K� permeability.

Figure 4 shows the dose-response relationship between
Ca2� release and TPP� uptake. There was a good correlation,
suggesting that PMBN stimulated TPP� uptake immediately
after the peptide induced significant Ca2� release.

Is the uptake of TPP� induced whenever Ca2� is released?
Then the question arose as to whether TPP� uptake was al-
ways induced when Ca2� release occurred. To answer this
question, we examined the correlation between Ca2� release
and TPP� uptake using simple cationic compounds, such as
methylamine, ethylenediamine, spermidine, and spermine. For
comparison, the effect of MgCl2 was also examined. The Ca2�

release and TPP� uptake induced by the incubation of cells
with 100 �M PMBN for 3 min were assigned values of 100%,
and the ability of cationic substances to cause these effects was

FIG. 2. Calibration graphs for Ca2�, TPP�, and K� electrodes in a
solution containing 100 mM choline chloride and 50 mM MOPS-Tris
(pH 7.2). Closed circles, Ca2� electrode; open circles, TPP� electrode;
and crosses, K� electrode. Electromotive force (E) between each ion-
selective electrode and reference electrode is plotted against logarith-
mic ion concentration.

TABLE 1. Electrode parameters

Electrode Slope (mV per decade) Detection limit (�M)

Ca2� electrode 28.5 3.3
TPP� electrode 58.8 0.2
K� electrode 59.0 4.6

TABLE 2. Selectivity coefficients of electrodes, log ki,j
Pota

Interfering ion
Coefficient for:

Ca2� TPP� K�

Mg2� �4.8 �6.7 �4.9
Ca2� �6.7 �4.5
Na� �4.4 �6.5 �1.4
K� �4.3 �6.3
NH4

� �3.9 �6.3 �1.2
Trisb �4.8 �6.4 �4.8
Choline �4.7 �6.1 �4.9
TPP� 5.7 �3.7

a i � Ca2� (for Ca2� electrode), TPP� (for TPP� electrode), or K� (for K�

electrode), and j � interfering ion.
b pH was adjusted to 7.2 using HCl.
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expressed as 50% effective doses (ED50s; concentrations giving
50% Ca2� release or TPP� uptake). These ED50s were esti-
mated from the dose-response curves obtained by the incuba-
tion of cells with the cationic substances for 3 min. As sum-
marized in Table 3, the concentrations required for 50% Ca2�

release lowered in the order of methylamine � ethylenedia-
mine � spermidine � spermine, showing that the greater the
number of amino groups in cationic substances, the more ef-
fective the Ca2� release from cells. Notably, spermine with
four amino groups induced Ca2� release in the concentration
range as low as that of PMBN. Nevertheless, none of the
substances caused TPP� uptake.

Then the question arose as to why these substances did not

induce TPP� uptake, though they caused Ca2� release. It
seemed likely that the substances replaced with Ca2� can also
stabilize the outer membrane. To test this possibility, we used
chelating agents. We noticed that MgCl2 also elicited Ca2�

release at moderate concentrations. Thus, we expected the
outer membrane replaced by Mg2� to be safe from attack by
the chelating agent BAPTA, which does not bind to Mg2� (23),
and to be attacked by EDTA having the ability to chelate with
Mg2�. As control experiments, we examined the effects of two
chelating agents on untreated cells. As shown in Fig. 5, both
EDTA and BAPTA stimulated TPP� uptake to eliminate the
intrinsic Ca2� stabilizing the LPS layer (Fig. 5a and b). In the
Mg2�-treated cells, however, BAPTA did not increase TPP�

uptake, while EDTA did (Fig. 5c), indicating that the outer
membrane replaced by Mg2� completely escaped attack by
BAPTA as was expected. Then a similar experiment was con-
ducted using ethylenediamine-treated cells (Fig. 5d). In this
case, we added EDTA, but no TPP� uptake occurred, showing
clearly that ethylenediamine also stabilizes the outer mem-
brane. The effect of spermine was the same as that of ethyl-
enediamine (Fig. 5e).

What kind of structure is required for TPP� uptake? To
identify the structure required for uptake of TPP�, we referred
to reports (8, 13) that cationic compounds with a few basic
charges, which possess hydrophobic moieties, enhanced the
permeability of the outer membrane. We then chose poly-
amines modified with an appropriate lipophilic group (such as

FIG. 3. Ca2� release (a), TPP� uptake (b), and K� efflux (c) in-
duced by PMBN. For the measurement of Ca2� release (a), E. coli
cells were suspended in a solution (1 ml) containing 100 mM choline
chloride, 10 mM Tris-lactate, and 50 mM MOPS-Tris (pH 7.2) at 0.6
mg of cell protein/ml. TPP� uptake (b) and K� efflux (c) were mea-
sured simultaneously. In this case, E. coli cells were suspended at the
concentration used for the Ca2� release measurement in an assay
solution (2 ml) containing 100 mM choline chloride, 10 mM Tris-
lactate, 50 mM MOPS-Tris (pH 7.2), and 10 �M TPPCl. At the time
indicated by the first arrow, PMBN was added at a final concentration
of 100 �M. The second arrow indicates when melittin was added at a
final concentration of 20 �M.

FIG. 4. Dose-response curves for Ca2� release and TPP� uptake
induced by PMBN.

TABLE 3. ED50s (concentrations giving 50% Ca2� release and
TPP� uptake) of cationic substancesa

Cationic substance
Concn giving:

Ca2� release (�M) TPP� uptake (�M)

PMBN 5–10 10–20
MgCl2 50–100 �500
Methylamine �500 �500
Ethylenediamine 200–500 �500
Spermidine 20–50 �500
Spermine 5–10 �500

a Amounts of Ca2� release and TPP� uptake induced by the incubation of
cells with 100 �M PMBN for 3 min were defined as 100%.
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N-benzylethylenediamine, 4-N-benzylspermidine, and 1-naph-
thylacetylspermine), and examined the relationship between
Ca2� release and TPP� uptake. As in Table 3, the ability of
these polyamines to cause Ca2� release and TPP� uptake is
expressed as the ED50 (Table 4). For reference, the values of
PMBN are again shown. The concentration ranges at which the
polyamines with hydrophobic groups caused Ca2� release were
similar to those of the polyamines without hydrophobic groups
shown in Table 3. However, we observed that 4-N-benzylsper-
midine and 1-naphthylacetylspermine evoked the uptake. No-
tably, 1-naphthylacetylspermine caused efficient TPP� uptake
in a concentration range comparable to that of PMBN. This
indicates that the hydrophobic component is especially impor-
tant for making TPP� permeable, in addition to the number of
amino groups. To confirm the importance of these require-
ments, we examined the effect of methoctramine. This com-
pound, originally developed as an antimuscarinic agent (19),
has four amino groups and two methoxyphenyl groups. It was
found that methoctramine also induced TPP� uptake at low
concentrations, though the concentration range required for
Ca2� release could not be determined owing to the interfer-
ence from this compound with the Ca2� electrode. We further
measured the action of melittin after adding methoctramine.
As shown in Fig. 6, the addition of melittin caused a rapid
efflux of K�, concomitant with the rapid release of accumu-

lated TPP�, opening a large pathway in the outer membrane as
in the case of PMBN.

DISCUSSION

Several assay systems have been developed to analyze the
interaction between cationic compounds and the bacterial
outer membrane (4). The dansyl polymyxin B displacement
assay and the 1-N-phenylnaphthylamine (NPN) assay using
fluorescent probes are particularly effective for analyzing this
interaction (4, 17, 20). Dansyl polymyxin B has been shown to
bind to divalent cation-binding sites of LPS, resulting in a
greatly enhanced fluorescence of the dansyl group. This prop-
erty enabled us to determine the relative LPS-binding affinities
of agents based on their ability to competitively displace dansyl
polymyxin B from LPS. Thus, this approach is very useful for
examining the binding ability of agents on LPS (4, 20). The
NPN assay determines the ability of agents to permeabilize the
outer membrane because, upon the destabilization of this
membrane in the presence of an energy inhibitor, NPN parti-
tions into the hydrophobic environment of the cytoplasmic
membrane, where it emits a strong fluorescence (4, 17).

In this study, we made potentiometric measurements with
ion-selective electrodes to analyze the actions of cationic com-
pounds in E. coli cells. The use of ion-selective electrodes for
a biochemical analysis is attractive, because the measurement
is fast, easy, and continuous in a turbid cell suspension (3, 7, 8,
10, 11, 13–16, 26). Hence, ion-selective electrodes have widely
been applied to the assay of membrane permeability (3, 8, 10,
13–16). For analyzing changes in the permeability of cytoplas-
mic membranes of living cells, the use of a K� electrode is

FIG. 5. Effects of chelating agents on TPP� uptake. As control
experiments, EDTA (a) or BAPTA (b) was added at a final concen-
tration of 1 mM to untreated cells at the time indicated by the arrow.
(c) After E. coli cells were preincubated with 0.5 mM MgCl2 for 3 min,
BAPTA and EDTA were, respectively, added at a final concentration
of 1 mM at the times indicated by the first and second arrows. The cells
were preincubated with 0.5 mM ethylenediamine (d) or 0.5 mM sperm-
ine (e) for 3 min, and EDTA (final concentration, 1 mM) was added at
the time indicated by the arrow. EDTA and BAPTA were adjusted to
pH 7.2 using Tris.

FIG. 6. TPP� uptake (a) and K� release (b) induced by methoc-
tramine. Assay conditions were the same as for Fig. 3. At the time
indicated by the first arrow, methoctramine was added at a final con-
centration of 100 �M. The second arrow indicates when melittin was
added at a final concentration of 20 �M.

TABLE 4. ED50s (concentrations giving 50% Ca2� release and
TPP� uptake) of polyamines with appropriate

hydrophobic groupsa

Cationic substance
Concn giving:

Ca2� release (�M) TPP� uptake (�M)

PMBN 5–10 10–20
Benzylamine �500 �500
N-Benzylethylenediamine 200–500 �500
4-N-Benzylspermidine 20–50 500
1-Naphthylacetylspermine 5–10 5–10
Methoctramine —b 20–50

a Amounts of Ca2� release and TPP� uptake induced by the incubation of
cells with 100 �M PMBN for 3 min were defined as 100% as in Table 3.

b Ca2� release could not be measured owing to interference with the elec-
trode.
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quite effective, because K� is present in the cytoplasm of all
kinds of cells, and the permeability-increasing action of bio-
logically active substances in different cells can be easily com-
pared (10, 12). Ion-selective electrodes are also useful for
assaying the permeability of the bacterial outer membrane (8,
13–15). The outer membranes of gram-negative bacteria have
entirely different lipid compositions from most other biological
membranes, including bacterial cytoplasmic membranes (5, 6,
21, 27). The outside of the outer membrane consists of a highly
charged LPS layer stabilized by divalent cations (such as Ca2�

and Mg2�), forming an effective permeability barrier against
lipophilic compounds. In this case, the use of a TPP� electrode
is quite convenient (3, 8, 13–15). TPP� cannot permeate the
outer membrane, but it can pass through the cytoplasmic mem-
brane and accumulates in the bacterial cytosol according to the
membrane potential (inside negative) formed in this mem-
brane. Hence, the uptake of TPP� in cells occurs only when
the permeability barrier of the outer membrane is disrupted (3,
8, 13–15). This process can be monitored in situ using a TPP�

electrode.
We were interested in using a Ca2� electrode to investigate

the action of biologically active substances on the outer mem-
brane. This approach is especially effective for analyzing the
action of cationic compounds on the outer membrane, since
the initial function of these compounds is to expel divalent
cations stabilizing LPS (8, 13). PMBN is one of the cationic
compounds which can disrupt the permeability barrier of the
outer membrane (5, 6, 21, 27). In this study, we found that
PMBN displaced divalent cations, leading to disruption of the
outer membrane, since the concentration required for Ca2�

release was almost the same as that required for TPP� uptake.
Thus, we were particularly interested in investigating the cor-
relation between Ca2� release and TPP� uptake using various
cationic compounds as shown in Fig. 1. As for polyamines with
a simple structure, such as ethylenediamine, spermidine, and
spermine, Ca2� release but no TPP� uptake was observed.
This implied that polyamines replaced by divalent cations sta-
bilized the outer membrane structure. In fact, this was con-
firmed by experiments using chelating agents; that is, EDTA
did not act on cells pretreated with ethylenediamine or sperm-
ine.

We observed that polyamines with three or four amino
groups were quite effective in removing Ca2� from the outer
membrane. The ED50 (5 to 10 �M) of spermine for Ca2�

release was the same as that of PMBN. To cause TPP� uptake,
it is reportedly important to have a bulky hydrophobic compo-
nent (8, 13). Thus, we further modified polyamines with ap-
propriate hydrophobic groups. As was expected, they were very
effective in stimulating TPP� uptake, indicating that the pres-
ence of a bulky hydrophobic component is quite important for
making the TPP� permeable, in addition to the number of
amino groups. Notably, 1-naphthylacetylspermine and methoc-
tramine were found to cause TPP� uptake effectively at low
concentrations, being comparable to PMBN. There was, how-
ever, a large difference in the ED50s for TPP� uptake between
4-N-benzylspermidine (500 �M) and 1-naphthylacetylsper-
mine (5 to 10 �M), though they have the same three amino
groups and an appropriate lipophilic moiety. This indicated
that the structure of the polyamines required for permeabili-
zation of the outer membrane is very complex and that the

overall structure helps to induce such action. Quite recently,
Tsubery et al. (24, 25) reported that very subtle changes in the
structure of PMBN greatly affected its ability to permeabilize
the outer membrane, supporting the above view. Although the
fundamental structure of the polyamines inducing outer mem-
brane permeabilization has been elucidated, the structures of
the most effective compounds are not entirely clear.
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