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Mechanism of Tetanolysin-Induced Membrane Damage: Studies with
Black Lipid Membranes
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Tetanolysin produced similar rates of leakage of K+ and hemoglobin from erythrocytes. When studied by
using cholesterol-containing black lipid membranes, this hemolysin induced conductance steps with a broad
frequency distribution. These findings are inconsistent with the formation of structural channels and suggest
that tetanolysin acts by causing lipid perturbations.

Tetanolysin is a cytolytic toxin produced by Clostridium
tetani. It is closely related to a group of oxygen-labile
hemolysins that include streptolysin 0, cereolysin, and at
least 12 others (4). These toxins cause permeability changes
in liposomes and biological membranes, resulting in cell
lysis. The membrane "receptor" for these toxins is choles-
terol (4, 18), and cells which lack this lipid are insensitive to
the action of these toxins. The interaction of tetanolysin and
the other hemolysins with erythrocyte membranes or lipo-
somes results in the formation of characteristic arc- and ring-
shaped structures seen by electron microscopy (7, 9, 17).
The rings probably represent either aggregates of toxin or
toxin-cholesterol complexes, but they have also been con-
sidered as sites of pore formation (4).
Two models for the permeability caused by this toxin have

been proposed. Rottem et al. (18) hypothesized that the
target membrane becomes unstable by complexation of the
toxin with cholesterol, thereby perturbing the interaction of
cholesterol with phospholipids. Alving et al. (1) found that in
cholesterol-containing liposomes, the lytic activity of tetano-
lysin was not influenced by temperature or by the fatty acyl
chain length of liposomal phospholipids. They concluded
that cholesterol-dependent lysin-mediated damage was
caused by formation of a pore consisting of a complex of
toxin and cholesterol.

Tetanolysin was highly purified from crude culture fil-
trates of C. tetani, as described previously (1). Tetanolysin is
a single polypeptide chain of about 45,000 daltons. Our
preparations contain two isozymes of equal specific activity
with isoelectric points at pH 6.1 and 6.4. These properties
are similar to those described by Mitsui et al. (13). The
tetanolysin had a specific activity of greater than 106 hemo-
lytic units (HU)/mg of protein. The definition of an HtJ is
arbitrary (see reference 1).
To exatnine the mechanism of lysis, we first studied

leakage of molecules from erythrocytes. In many cases
erythrocyte lysis is caused by a colloid osmotic mechanism
(19). For instance, complement employs this mechanism of
erythrocyte lysis. According to that mechanism, the lytic
agent initially causes a permeability change for small ions or
molecules. The ions or small molecules then lose their ability
to serve as an osmotic balance against the macromolecules
inside the cell. Consequently, the cell swells and eventually
ruptures. According to the colloid osmotic mechanism,
permeation of small ions or molecules precedes the leakage
of the large molecules.

* Corresponding author.

Figure 1 shows tetanolysin-induced leakage of hemoglobin
and K+ in the same cell population. The rates of leakage of
hemoglobin and K+ appear to be similar. Apparently, tetan-
olysin forms perturbations in the membrane large enough to
allow penetration of a molecule as large as hemoglobin.
Treatment of erythrocytes with streptolysin 0 also causes
the simultaneous release of 86Rb and hemoglobin (8). In
those experiments it was shown that extracellular bovine
serum albumin does not retard these losses (8), indicating a
lesion larger than either hemoglobin or bovine serum albu-
min. Thus, studies with tetanolysin and streptolysin argue
against a colloid osmotic lytic process.
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FIG. 1. Tetanolysin-induced release of K+ and hemoglobin from

erythrocytes. Tetanolysin (0.5 ml; 7,500 HU) was added to 50 ml of
0.85% NaCl-2 mM dithiothreitol-10 mM Tris-chloride (pH 7.0)
containing a 1% (vol/vol) suspension of sheep erythrocytes which
had been washed four times in saline. At the times shown, samples
of 1.2 ml were withdrawn and centrifuged for 30 s in a Beckman
Microfuge. The supernatant solutions were analyzed for hemoglobin
by absorbance at 570 nm and for K+ by using an atomic absorption
spectrophotometer (Jarrell Ash; model 810). Experimental values
were normalized as a percentage of the maximum value obtained
after lysis in distilled water. Open symbols, with hemolysin; solid
symbols, control; circles, K+; squares, hemoglobin.

321



322 NOTES

-

z

-cc

80

60

J. BACTERIOL.

A

40~

20

0
0.0

I-

-J

o
.05'

Ilrnn n 11 n h. n n..

80 160 240 320
CONDUCTANCE STEP (pS)

400

To characterize the nature of the lesion in more detail, we
turned to studies with black lipid membranes (BLMs). The
BLM has been used as an exquisitely sensitive assay system
to study transport of ions mediated by transport entities such
as carriers and channels. Changes in membrahe conductance
of the BLM will also occur when certain molecules perturb
its structure by as yet undefined mechanisms, Which have
been called lipid perturbations (5). Based on an analysis of
the pattern of conductance fluctuations, it is possible to
distinguish between channel formation and lipid perturba-
tions. Using that criterion we show that tetanolysin induces
conductance changes by perturbing lipid bilayer structure.
BLMs were formed by spreading the membrane-forming

TABLE 1. Characteristics of tetanolysin-induced conductance in
BLM

Parameter Tetanolysin Gramicidin

Conductance step A with 28 pS 4 pSa,b
highest frequency

Histogram width (,AA/A) 2.25 0.09a
Concentration dependence Nonlinear Proportionalc
Voltage dependence None Noned
Selectivitye 0.8 if

a See reference 3. pS, Picosiemens.
b Extrapolated to 0.15 M
c Log (conductance) proportional to log (concentration) (11).
d Some voltage dependence due to membrane thinning (2).
e Transference number for positive monovalent cations.
f See reference 16.

FIG. 2. Tetanolysin-induced conductance changes in BLMs.
The BLM was formed from a 2% solution of oxidized cholesterol in
n-decane. Both compartments contained 145 mM NaCl and 10 mM
HEPES at pH 7.4. Tetanolysin was added to one compartment at a
final concentration of 2,000 HU/ml. The voltage was applied from a
DC battery switched at arbitrary times. Current was passed through
the BLM by means of Ag/AgCl electrodes and fed into a current
transducer that converted current (shaggy line) into a voltage signal.
The histogram in (B) shows the probability of the occurrence of
conductance fluctuations taken from (A) pS, Picosiemens. The
ordinate represents the number of fluctuations of magnitude A
divided by the total number of fluctuations. A total of 230 events
were taken, divided into 100 intervals.

solution under water across a circular hole (1-mm diameter)
in a teflon cup (15). Each chamber contained 145 mM NaCl
and 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid) at pH 7.4. Measurements were made in a
voltage clamp BLM apparatus. The membrane-forming solu-
tions were either oxidized cholesterol (20) or a mixture of
egg phosphatidylcholine (Avanti Biochemicals) and choles-
terol. A portion of the tetanolysin stock solution, which
contained 106 HU/ml, was added to one chamber of the
BLM apparatus, and changes in current were measured with
a very sensitive (picoamperes) current amplifier.

In our first BLM experiments using phosphatidylcholine
and cholesterol we found that tetanolysin exhibited the same
cholesterol specificity as in liposomes (1, 17) and cells (18):
below 30% cholesterol there was no effect of tetanolysin on
bilayer conductance, and above 30% the BLM ruptured
(data not shown). Although BLM rupture indicated that
tetanolysin grossly perturbed its structure, the phosphatidyl-
choline-cholesterol BLM was not amenable to the study of
tetanolysin-lipid interaction, since we only observed all-or-
none lysis. We therefore decided to use oxidized cholesterol
BLMs, which are known to be more resistant to disruption.

Figure 2A shows the effect of tetanolysin on the conduc-
tance of an oxidized cholesterol BLM. Conductance
changed in the form of a very heterogeneous pattern of
fluctuations in step size, rather than in the discrete, uniform
steps characteristic of channels (10). This impression is
confirmed quantitatively by examining a histogram of the
distribution of conductance fluctuations (Fig. 2B). Histo-
grams of conductance steps produced by channels (e.g.,
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gramicidin and porin) exhibit narrow variations in conduc-
tance step size around the mean conductance of the channel.
This variation is defined as AA/A, where A is the value of the
conductance step size at the peak of the histogram (with the
highest probability of occurrence), and AA is the interval
covering 75% of the events around A. Structural channel
formers such as gramicidin typically give values of less than
0.1 (Table 1). An analysis of the histogram in Fig. 2B yields a
value of AA/A = 2.25 for tetanolysin-induced conductance.
Such an analysis leads us to conclude that the conductance
seen with tetanolysin represents lipid perturbations rather
than true channel formation.
We had seen similar heterogenous fluctuation patterns

with the hepatic asialoglycoprotein receptor (6) and with
melittin (12). However, in contrast to those proteins, the
conductance induced by tetanolysin was not voltage depen-
dent (data not shown).
Another indication that tetanolysin-induced conductance

is mediated by lipid perturbations is its concentration depen-
dence. For a number of agents the logarithm of the conduc-
tance has been shown to be a linear function of the logarithm
of the concentration of the channel former in the medium
neighboring the BLM. The concentration dependence of
tetanolysin-induced conductance was quite nonlinear and
complex: below a certain concentration range (approximate-
ly 2,000 HU/ml), there was essentially no conductance
increase. At a threshold concentration of 2,000 HU/ml there
was a steep rise in tetanolysin-induced conductance. Above
2,500 HU/ml the conductance increase was virtually inde-
pendent of protein concentration.
We measured the ion selectivity of tetanolysin-induced

conductance by measuring the membrane potential of the
BLM as a function of salt gradient. This measurement
yielded a slope of -40 mv/log decade concentration gradient
for NaCl, indicating that the tetanolysin-induced conduc-
tance is cation selective, with a transference number of 0.83.
This is consistent with the fact that tetanolysin is negatively
charged at neutral pH. This negative charge at the mouth of
the perturbation presumably permits cations to pass, where-
as anions are somewhat restricted. The properties of tetano-
lysin-induced conductance are summarized in Table 1, and
compared with the properties of a structural channel, grami-
cidin.
Although the internal diameter of hemolysin rings (20 to 30

nm) would be adequate to allow passage of macromolecules
(7, 9, 14, 17), such structures do not appear to form holes
through the membrane when examined by electron micros-
copy after freeze-fracture of erythrocytes (7, 14). This is
consistent with our observed frequency distribution of con-
ductance steps, indicating that the permeability pathway
induced by tetanolysin is caused by lipid perturbations
rather than by formation of structural channels.

We thank Joan May for assistance with the atomic absorbance
spectrophotometry and James L. Cowell for helpful comments.
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