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ABSTRACT We investigated the inter-
action of tetanus toxin with small unila-
meliar vesicles composed of different
phospholipids as a function of pH, toxin
concentration, temperature, and ionic
strength of the solution. Tetanus toxin
increased the permeability of the vesi-
cles to fluorescent markers of molecu-
lar weight up to 700. The time course of
the permeabilization was described as
the sum of two exponential compo-
nents of which the faster accounts for
more than 70% of the total effect. Both
time constants decreased when the pH
of the solution was lowered and when
vesicles contained negative lipids.
These results can be explained in
terms of a phenomenological model
based on reaction rate theory. The
model assumes that tetanus toxin, after

equilibrating with the local pH existing
at the surface of the vesicles, inserts
into the lipid bilayer forming an ionic
channel through which solutes can dif-
fuse. Trigger event for the insertion of
the toxin is the protonation, and conse-
quent neutralization of one charged
group which makes the molecule more
hydrophobic. The intrinsic pK of this
group was found to be 3.4 = 0.2,
suggesting that it may be a carboxyl
group. Since the toxin equilibrates with
the local pH, the enhancing effect of
acidic phospholipids is merely ex-
plained by the creation of a negative
surface potential which increases the
local proton concentration. This was
confirmed by the inhibitory effect of
high Na* concentration which reduced
the surface charge by screening and

specific binding. We found still small
differences between the lipids tested
and the following order of sensitivity to
the action of the toxin: phosphatidylino-
sitol > phosphatidylserine > phospha-
tidylcholine ~ cholesterol.

The activation energy for the two
time constants was found to be 19.8
and 14.8 kcal/mol, fast and slow com-
ponent, respectively, i.e., slightly larger
than that for pure diffusion through the
bilayer.

The permeabilization induced by
tetanus toxin is a voltage-dependent
process because vesicles bearing an
inner negative potential were depolar-
ized very quickly whereas those bear-
ing an inner positive voltage were
barely depolarized at all.

INTRODUCTION

Tetanus toxin (TeTx) is a potent and specific neurotoxin
secreted by the bacterium Clostridium tetanii. The pro-
tein consists of two chains: L (50 kD) and H (100 kD)
linked by a disulfide bridge (1-3). It has been proposed
that gangliosides GD1b and GT1b or sialoglycoproteins
are the membrane receptor for the toxin (4-6). TeTx acts
at the level of both the central and the peripheral nervous
systems (7). Its paralyzing effects seem to require several
steps: binding to nerve terminals, internalization via
endocytic vesicles, retrograde axonal transport, and tran-
sition to presynaptic neurons (8—10).

It was shown that TeTx increases membrane perme-
ability both in artificial planar bilayers (11-14) and in
phospholipid vesicles (15). Interaction of tetanus toxin
with membranes is a complex process depending on
several parameters such as the pH of the ionic solution,
applied transmembrane voltage, and phospholipid compo-
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sition of the membrane (11-17). Despite the difference in
the target tissues, other bacterial toxins like diphtheria
toxin (11, 18), botulinum toxin (11, 19, 20), and exotoxin
A from Pseudomonas aeruginosa (21) have properties
similar to those of tetanus toxin in model systems. The
strong dependence of the model membrane—toxin interac-
tion on the pH of the ionic solution, the resistance of
mutant cells presenting defective acidification of endo-
somes (22), and the protective action of amines from
attack of toxins (23) have suggested that internalization
via endocytic vesicles is a determinant step for the action
of these bacterial toxins. The channel-forming properties
may be related to this step.

In this study we applied fluorimetric techniques to
reveal permeabilization of phospholipid vesicles induced
by TeTx with the main purpose of giving a more compre-
hensive and quantitatively accurate characterization of
the chemico-physical parameters controlling the toxin—
membrane interaction. Particularly, we investigated (a)
the kinetics of the interaction, in order to obtain informa-
tion on the molecular mechanism of the reactions leading
to the formation of the channel; (») the pH dependence of
the toxin insertion using vesicles of different lipid compo-
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sition; and (c) the influence of transmembrane voltage on
channel formation in phospholipid vesicles.

These experiments allowed us to present a simple
model based on reaction rate theory which may account
for our results. The key point of this model is that the
insertion of TeTx into a lipid membrane occurs efficiently
only when an acidic group of the molecule (pK 3.4) is
neutralized by one proton at the surface of the vesicle.

MATERIALS AND METHODS
Toxins

TeTx used in this work came from different sources but most of the
experiments were performed with a sample made available by Dr. R.
Rappuoli of Centro di Ricerche Sclavo, Siena, Italy (hereafter referred
to as TeTx.sc). Fragment B of TeTx was purchased from Calbiochem-
Behring Corp. (La Jolla, CA) and will be indicated as B-frag.ca. A set of
control experiments was run with samples of TeTx and B-fragment
kindly provided by Prof. B. Bizzini (Pasteur Institute, Paris) together
with a sample of tetanus toxoid, which will hereafter be indicated as
TeTx.bb, B-frag.bb, and toxoid.bb. A few control experiments were also
carried out with a sample of whole toxin kindly donated by Professor E.
Habermann (Liebig Institute, Giessen, FRG). All the proteins were
used without further purification. However, before use, samples
obtained from Professors B. Bizzini and E. Habermann were extensively
dialyzed against the appropriate buffer. SDS gel electrophoresis per-
formed under nonreducing conditions showed that TeTx.bb migrated as
two almost indistinguishable 150-kD bands, corresponding to the unre-
duced toxin, whereas TeTx.sc presented two additional bands of much
smaller intensity, at 100 and 50 kD.

Lyophilized 8-lysin from Staphylococcus aureus (24) was a kind gift
of Professor J. Freer (University of Glasgow, UK), and was also used
without further purification.

Preparation of lipid vesicles

Lipids used were egg phosphatidylcholine (PC) from Lipid Products
(South Nutfield, UK), phosphatidylserine (PS) and phosphatidylinosi-
tol (PI) from Avanti Polar Lipids (Birmingham, AL), and cholesterol
from Fluka AG (Buchs, Switzerland). Starting lipid concentration was
always 12.5 mg/ml; all binary mixtures were on a 1:1 molar basis.
Lipids were always more than 99% pure and gave one single spot by
TLC.

Small unilamellar vesicles (SUV) were prepared by sonication,
performed (as described in reference 25) in one of the following buffers.
Internal buffer A: 70 mM calcein (from Sigma Chemical Co., St. Louis,
MO), 50 mM NaCl and enough NaOH to give pH 7.0; internal buffer
B: 88 mM 6-carboxy-fluorescein (purchased from Calbiochem-Behring
Corp.), | mM EDTA, 2 mM TES, and enough NaOH to give pH 7.0.
SUV were eluted through a Sephadex G50 column using one of the
following buffers. External buffer A: 160 mM NaCl, 2 mM EDTA, 10
mM Hepes, adjusted to pH 7.0 by NaOH; external buffer B: 200 mM
NaCl, 2 mM EDTA, 10 mM Hepes adjusted to pH 7.0 by NaOH.
Vesicles prepared with internal buffer A and B were washed with
external buffer A and B, respectively, in order to remove the untrapped
fluorescent marker which was either calcein (710 mol wt), or 6-CF (376
mol wt). All of the external fluorophore was removed by this procedure
and SUV (whose average molecular weight is ~10 million) eluted in the
void volume to a final lipid concentration of ~2 mg/mL.

Marker release experiments

Aliquots of SUV, prepared as described above, were added to a quartz
cuvette containing 3 ml of either external buffer A or B and appropriate
amounts of KOH and HCl to get the desired pH. The pH was checked to
remain constant for the duration of the experiment. In a few experi-
ments the concentration of NaCl in buffer A was varied as specified.
The cuvette was continuously stirred and was thermostatted by means of
an external circulator to 23°C, if not otherwise specified. Temperature
of the cell was tested with a digital thermometer (model 871; Keithley
Instruments, Inc., Cleveland, OH). Fluorescence was measured with a
model FP550 spectrofluorimeter (Jasco Inc., Easton, MD). For calcein
release experiments the excitation wavelength was set at 494 nm (slit
width 5 nm) and emission at 520 nm (slit width 10 nm). Calcein release
from the interior of the vesicles was detected as an increase of the
fluorescence (26). Since the absolute value of fluorescence depends on
both the pH of the solution and the concentration of vesicles, 100% of
release was determined in each experiment by addition of 0.8 mM
Triton X-100. Comparison of the fluorescence produced by 100% of
release from fixed amounts of vesicles with a titration curve of pure
calcein permitted us to calculate the internal volume of the vesicles.
From the surface/volume ratio we estimated their average diameter to
be 40-50 nm. This value is in good agreement with reference data
(27, 28) and also indicates that the vesicles were actually unilamellar.
Spontaneous release of calcein had a halftime of hours under the most
unfavorable conditions (SUV composed of pure PC), and could be
neglected. 6-Carboxyfluorescein (6-CF) release was similarly detected
using excitation at 488 nm and emission at 519 nm (26). Spontaneous
release of 6-CF entrapped in PC vesicles could be neglected only when
the release induced by TeTx had a time constant shorter than 10 min.
No spontaneous release was present when using either PC/cholesterol or
PC/PS vesicles.

Depolarization experiments

To create a transmembrane potential, vesicles composed of egg PC were
prepared as described above, either in 200 mM KCl, 5 mM Hepes, |
mM EDTA, pH 7.0 (buffer C) or in 5 mM KCl, 195 mM TEA-CI, 5
mM Hepes, | mM EDTA, pH 7.0 (buffer D). To get a negative inner
potential, vesicles prepared in buffer C were suspended in a cuvette-
containing buffer D at the pH indicated in the text, to a final lipid
concentration of 50 ug/ml. Then valinomycin was added to give a final
concentration of 16 nM. For positive inner potentials, vesicles prepared
in buffer D were suspended in buffer C and treated as above. Nominal
potentials due to the diffusion of K ions can be evaluated from the
Nernst equation to be +92 mV, depending on the experimental configu-
ration chosen. Inner potential was measured by adding the hydrophobic
anion 8-anilinonaphthalene-1-sulfonate (ANS; 0.6 uM). ANS is
strongly fluorescent only when bound to lipids (18, 29), and conse-
quently, in the presence of a negative potential, a depolarization results
in an increase of the observed fluorescence. On the contrary, however,
fluorescence decreased when vesicles bearing a positive inner potential
were depolarized. Fluorescence was detected using an excitation wave-
length of 380 nm (bandpass 5 nm) and an emission wavelength of 483
nm (bandpass 10 nm), as described above.

RESULTS

Permeabilization of lipid vesicles
by tetanus toxin

Addition of TeTx.bb to a cuvette containing small unila-
mellar vesicles loaded with calcein promoted the release
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of the dye resulting in an increase of the total fluorescence
of the sample (Fig. 1). The time course of the kinetics of
interaction could therefore be determined as well as its
dependence on several different parameters such as lipid
composition of the vesicles, concentration of the toxin,
pH, temperature, and ionic strength of the solution.
Irrespective of the choice of these parameters, the time
course of the interaction could best be fitted by the sum of
two exponential components providing two time con-
stants, 7, and 7, respectively (see inset of Fig. 1). Under
most of the experimental conditions, the amplitude of the
faster component exceeds that of the slower component
by at least a factor of 2-3.

The main features of the interaction of TeTx with SUV
did not depend on the kind of fluorescent probe chosen to
detect the permeabilizing effects; in fact control experi-
ments performed either with 6-CF (see Fig. 3) or with the
complex terbium-dipicolinic acid (30) (data not shown)
gave similar results. They did not depend on the prepara-
tion of the toxin either, since different samples (i.e.,
TeTx.sc and TeTx.bb) gave comparable results. How-
ever, it must be stressed that samples of fragment B (i.e.,
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FIGURE 1 TeTx-induced permeabilization of lipid vesicles loaded with
calcein. 278 nM TeTx.bb was added, where indicated by the arrow, to
PS vesicles at pH 5 or 6 in external buffer A. Fluorescence, F(r),
increased after toxin addition, towards a steady state, F,,, indicating that
the dye was released by the vesicles. 100% of release was obtained in
each experiment by the addition of 0.8 mM Triton X-100. Final lipid
concentration was ~8 uM. (Inset) Half logarithmic plot of the time
course of fluorescence change, F, — F(t), at pH S, measured in
arbitrary units. The kinetics can best be fitted by the use of two
exponential components. A slow time constant, 7,, can be extrapolated
by the last part of the curve, whereas a fast time constant, 7,, is obtained
by the first part after subtraction of the slow component. The two time
constants found by a least squares method are 7, ~ 12sand 7, = 100 s.
Correlation coefficient was 0.99 in both cases. The fast and slow time
constants for the kineitcs at pH 6 were 33 and 275 s, respectively.

B-frag.ca and B-frag.bb) gave kinetics of permeabiliza-
tion which could be fitted by a single time constant.

pH and surface potential effects
on tetanus toxin action

As shown in Fig. 1 the rate of vesicle permeabilization
induced by TeTx.bb increased at low pH. For lipid
vesicles of different composition and TeTx.sc, the detailed
effects of pH on the two time constants 7, and 1, are
shown in Fig. 2, 4 and B, respectively. Results of experi-
ments performed with PC/PS vesicles were intermediate
between those of pure PC and pure PS and were omitted
for clarity. Pertinent fit parameters were listed in Table 1.
With all lipids both time constants increased with the pH.
Within one interval they changed approximately by a
factor of 10 for each pH unity, suggesting that a direct
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FIGURE 2 pH dependence of the kinetics of interaction of TeTx with
lipid vesicles. TeTx.sc (400 nM) was added to SUV of different
composition in external buffer A and the kinetic parameters of calcein
release determined as in Fig. 1. 7, and 7, are reported in 4 and B,
respectively, as a function of pH. Different symbols were used for
different lipid compositions. Theoretical lines were obtained by the best
fit to Eq. 17. The parameters obtained are listed in Table 1. Lipid
concentration was as in Fig. 1.
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binding of protons to the toxin takes place. Meanwhile, at
any fixed pH, both time constants were decreased by
using lipid vesicles with increasingly negative surface
charge. The results of a parallel set of experiments run
with TeTx.bb were similar to those reported in Fig. 2 and
were included in Table 1.

In Fig. 3 the effects of pH on TeTx.sc-induced release
of 6-CF are reported.

Usually, toxin from a stock solution at pH 6.0 was
added to a cuvette containing the vesicles at the desired
pH. We also verified that incubation of TeTx.sc at pHs
ranging between 2.7 and 3.2 for at least 30 min did not
change the time course of permeabilization. This indi-
cates that, even at these extreme values of pH, no
irreversible denaturation or self-aggregation of the toxin
takes place.

TABLE 1 Kinetic parameters for the permeabilization
of lipid vesicles by tetanus toxin

m

Agent Dye Lipid pK T(A) T(B) k(A) k.(B)
s s sttt
TeTx.sc Calc. PC 34 900 6 0.133 20
PC/PS 33 850 5 0.141 24
PS 34 500 3 0.240 40
PC/P1 27 900 06 0.133 200
TeTx.bb Calc. PC 35 600 12 0.288 144
PC/PS 34 500 8 0.346 21.6
PS 40 400 8 0432 216
PC/PI 34 400 2 0432 86.5
TeTxsc 6-CF PCorPC/chol 34 800 7 0.150 17.1
PC/PS 3.1 1,000 2 0.120 60
T2
Agent Dye Lipid pK T(A) T(B) k.(A) k.(B)
s s s
TeTx.sc Calc. PC 3.6 3,000 45 0.040 2.7
PC/PS 32 3,000 20 0.040 6
PS 3.6 2,000 40 0.060 3
PC/P1 3.0 9,000 6 0013 20
TeTx.bb Calc. PC 36 800 45 0.216 38
PC/PS 34 800 45 0.216 38
PS 36 800 40 0.216 4.3
PC/PI 34 700 12 0.247 144
TeTx.sc 6-CF PCor PC/chol 3.4 4,000 50 0.030 2.4
PC/PS 35 3,500 30 0.034 4

The parameters listed in the table were obtained by the best fit of the
experimental data in Figs. 1-2 (and of other data not shown) with Eq.
17. pK is the co-logarithm of the dissociation constant KX of that
expression. T(A) and T(B) are the asymptotical values of 7 at high and
low pH, respectively, whereas k,(A) and k,(B) were obtained from T(A)
and T(B) assuming the validity of Eq. 17 and using the appropriate
values for v,, 8, and T;.
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FIGURE 3 Same as Fig. 2 but using vesicles loaded with 6-CF in
external Buffer B. At pH >5 the spontaneous release of 6-CF from PC
vesicles had a halftime comparable to that of toxin-induced release and
hence data were not included. PC/cholesterol vesicles did not leak and
data could be fitted using the same parameters for PC vesicles, and
accordingly only one theoretical line is shown.

Dependence of the kinetics on
toxin and vesicle concentration

As expected for a chemical reaction, both rate constants
increased almost linearly with the concentration of the
toxin, either in the case of TeTx.sc or in the case of
TeTx.bb (Fig. 4, A and B, respectively). On the other
hand, they were almost independent of the vesicle concen-
tration, as illustrated in the case of two different toxin
concentrations in Fig. 5 4.

A linear increase in the number of permeabilized
vesicles (up to a saturation number) was observed when
increasing amounts of toxin were sequentially added to
the same sample during the same experiment (Fig. 5 B).
This indicates that there is no cooperativity in the perme-
abilizing action of TeTx, i.e., that toxin—vesicle interac-
tion is a one-to-one reaction.
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FIGURE 4 Dependence of the kinetics of interaction upon toxin concen-
tration. The two time constants describing the time course of vesicle
permeabilization are plotted in a double logarithmic plot against the
concentration of TeTx added. TeTx.sc and TeTx.bb were used in 4 and
B, respectively, on PC/PS vesicles either loaded with 6-CF, in buffer B
at pH 4 (A), or loaded with calcein in buffer A at pH 4 (B). Solid lines
were drawn according to Eq. 17, i.e., with a slope of —1, using the
parameters listed in Table 1.

Dependence of the kinetics on the
ionic strength of the solution

Data shown in Figs. 2-3 indicate that TeTx action on
lipid vesicles was faster in the presence of negative lipids,
possibly because of the reduced local pH in the proximity
of the vesicle surface. This interpretation prompted the
investigation of the effects of ionic strength on the rate of
interaction, since counterions can modulate the surface
membrane potential by specific binding as well as by
unspecific screening (31).

Consistently, with our hypothesis, it was found that the
interaction of TeTx with PC/PS vesicles was progres-
sively slower as the ionic strength of the NaCl solution
was increased (Fig. 6).
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FIGURE S Effect of varying the toxin/vesicles ratio on the kinetics of
interaction. (4) Different amounts of PC/PS vesicles loaded with 6-CF
were added to a solution (buffer B) at pH 4 containing 400 nM TeTx.sc.
The two time constant of permeabilization are reported in a double
logarithmic plot versus vesicle concentration. Solid lines are the predic-
tions of Eq. 17 using the parameters reported in Table 1. (B) Increasing
amounts of TeTx.sc were added to a cuvette containing PC/PI vesicles,
loaded with calcein in buffer A at pH 4. The percentage of lysis was
determined as a function of toxin concentration. The linear increase at
low toxin concentrations indicates that permeabilization is a one-to-one
mechanism.

Dependence of the kinetics
on the temperature

To estimate the activation energy in the reaction between
TeTx and lipid vesicles, the temperature dependence of
the rate of permeabilization was examined in the range
from 5° to 50°C. The results are presented in an Arrhe-
nius plot in Fig. 7 for the case of TeTx.sc and PC/PS
vesicles at pH 4. We found a strong coupling between the
rate constant and the temperature. There is approxi-
mately a fourfold change of 7, and a threefold change of
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FIGURE 6 Effect of NaCl concentration on the kinetics of toxin-vesicle
interaction. 400 nM TeTx.sc were added to a solution containing PC/PS
vesicles loaded with calcein (buffer A, pH 5) and different concentra-
tions of NaCl. The two time constants of permeabilization are reported
in a half logarithmic plot versus salt concentration. Solid lines are the
predictions of Eq. 17 using the parameters reported in Table 1.

7, when raising the temperature from 20°C to the physio-
logical value of 37°C. Similar results were also obtained
using PS vesicles at pH 7.0: r, decreases three times and
7, four times.

Approximately the same temperature dependence was
found when TeTx.bb was applied to PS vesicles at pH 7.0:
7, was decreased by a factor of 4 and 7, by a factor of 3.
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FIGURE7 Arrhenius plot of the kinetic parameters of toxin-vesicle
interaction. 400 nM TeTx.sc were added to a solution containing calcein
loaded PC/PS vesicles at different temperatures in Buffer A, pH 4. The
reciprocals of the two time constants of permeabilization are reported in
a half logarithmic plot versus the reciprocal of the absolute temperature.
Solid lines are the predictions of Eq. 17 using the parameters listed in
Table 1 and an activation energy of 19.8 kcal/mol for 7, and 14.8
kcal/mol for 7,.

Dependence of the kinetics on the
transmembrane voltage

The results presented so far can easily be understood in
terms of the channel-forming properties of TeTx, which
were first demonstrated using planar lipid membranes
(11, 12). It was shown recently, on that system, that the
channel-opening probability strongly increases with the
application of a transmembrane voltage, provided that
the compartment opposite to that of toxin addition is the
negative one (13). This finding prompted us to study the
interaction of TeTx with vesicles bearing a 90 mV inner
potential either positive or negative (Fig. 8). 100% of
depolarization in this case was obtained by addition of
another bacterial cytotoxin, i.e., §-lysin from Staphylo-
coccus aureus.

do-Lysin, in small concentrations (~20 ug/ml), causes
complete depolarization of lipid vesicles as well as natural
cells (32, 33). We found that vesicles bearing a negative
inner potential were strongly depolarized either at pH 4 or
at pH 7 by TeTx.sc, and in fact no further depolarization
could be obtained by addition of Staphylococcus aureus
o-lysin (16 pg/ml). In contrast, vesicles with positive
inner potential were barely, if not at all, depolarized by
TeTx.sc either at pH 7 or at pH 4 as compared to the
action of 4-lysin.

The time constants of the depolarization (obtained with
the method used in Fig. 1) were less pH dependent in the
presence of an internal negative potential. They changed
from7, =13.5sand r, =47.3satpH7tor, = 11.6 sand
79 = 25 s at pH 5. These values can be compared with
those in Fig. 2 for the case of unpolarized PC vesicles at
pH 5 that are 7, = 250 and 7, = 730 s, i.e., more than 20
times larger. When the internal voltage was positive, even
at pH 5, the two time constants were as large as 7, = 30
and 7, = 690 s, not very different from the values for
unpolarized vesicles.

Control experiments

TeTx-induced calcein release from lipid vesicles may, in
principle, occur either by formation of a pore large
enough to allow the molecule to diffuse through it, or by
formation of a narrow pore via a colloid osmotic lysis of
the vesicles (24). To discriminate between these two
mechanisms we added an osmotic protectant into the
external solution. We found that release of calcein was
not at all affected by the presence of an isoosmotic
concentration of raffinose (600 mol wt) in the external
medium (data not shown), indicating that osmotic imbal-
ances are not likely to be involved in the permeabilization
process.

We compared the action of TeTx (two different prepa-
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FIGURES Effects of transmembrane potential on the interaction of
TeTx with lipid vesicles. PC vesicles were polarized either at a negative
(A) or at a positive (B) internal voltage by addition of valynomicin in
the presence of a transmembrane KCl concentration gradient. Then,
400 nM TeTx.sc were added either at pH 7 (upper trace in each panel)
or at pH 4 (Jower traces). With negatively polarized vesicles TeTx
caused a strong depolarization at both pH values, and no further
depolarization could be obtained by subsequent addition of Staphylo-
coccus aureus 8-lysin (16 ug/ml). Conversely TeTx caused only a weak
depolarization of positively polarized vesicles at both pH values, as
compared to 5-lysin. Membrane potential was estimated by means of the
voltage-sensitive fluorescent dye ANS. External buffer C was used in 4
and external buffer D in B. Double bars in A indicate two interruptions
of =100 s (upper trace) and ~200 s (lower trace).

rations), its fragment B, and a derived toxoid, all at the
same molar concentration, on PC/PS vesicles. The
results, at two different values of pH, are summarized in
Table 2. We found that the two toxin preparations
behaved similarly, whereas both fragment B and the
toxoid were much less active and produced a permeabil-
ization whose time course was described by one single
exponential component.

Finally, TeTx.sc tried on planar lipid bilayers induced
the formation of fast-fluctuating ionic channels which are
voltage and lipid dependent (Gambale, F., unpublished
result), and whose characteristics were similar to those

TABLE 2 Comparison of the effects of tetanus toxin,
its fragment B, and a derived toxoid on lipid vesicles

pH4.7 pH3.2
Agent [ T 7 Release 1, 1, r  Release
s K} s % s s K} %
TeTx.sc 25 160 — 88 65 371 — 94
TeTx.bb 34 157 — 75 12 64 — 92
B-fraghb — — 660 12 — — 275 81
Toxoidbb — — 410 8 — — 153 66

The kinetic parameters for the permeabilization of lipid vesicles by two
preparations of TeTx, by its fragment B, and by a toxoid all at the same
molar concentration, 278 nM, are compared at two different values of
pH. Time course of permeabilization by TeTx was the sum of two
exponential components of time constant 7, and 7, (see Fig. 1), whereas
permeabilization by fragment B, and by the toxoid, was well fitted by
one single component of time constant 7. All the time constants are given
in seconds. 100% release was obtained by addition of Triton X-100 as in
Fig. 1. Lipid vesicles were comprised of PC/PS and loaded with
calcein.

recently described (13, 14) with a different toxin prepara-
tion.

DISCUSSION

We will show in the following that the effects of TeTx on
lipid vesicles can be adequately understood within the
framework of a model based on reaction rate theory. The
model makes a number of assumptions on the mode of
action of this toxin. Some of these assumptions will be
discussed immediately, others will be introduced later for
the sake of clarity.

It is assumed that TeTx interacts with a lipid vesicle,
becomes incorporated, and forms a pore permeable to
molecules of molecular weight up to 700. This assumption
is based on the fact that lipid vesicles are indeed perme-
abilized by TeTx (Figs. 1 and 8), that the release is

. neither due to an osmotic swelling (see control experi-

ments), nor to a solubilization of the vesicles of the kind
produced by a detergent (because in this case the fluores-
cence of ANS would never increase, as in Fig. 8 4, but
always decrease as we checked using Triton X-100), and
finally because the formation of ionic channels by TeTx
was already postulated in previous papers (11-
13, 15, 16, 34).

Because of the small dimensions of our vesicles the
formation of just one toxin channel (with a conductance
as reported in reference 13), will dissipate the gradient of
any permeant molecule within a few milliseconds (35),
i.e., much faster than our experimental resolution. This
means that the rate-limiting event observed is the forma-
tion of channels into the vesicles.
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For a description of the channel formation mechanism,
we will follow the treatment and the formalism given by
Schwarz (36, 37) for the interaction of macromolecules
with large aggregates. The insertion of one toxin molecule
into the vesicular aggregate is envisaged as a two-step
mechanism with the formation of one intermediate “en-
counter” state, T,,, populated by toxin molecules which
are in close contact with the surface of the vesicles. This
state is in equilibrium with free toxin, T}, by diffusion in
solution, and with inserted toxin, T, by diffusion
through the lipid bilayer. Accordingly, the reaction
scheme is

kq k,
Tf = Tenc = Tins’ (1)
-d -r
where ky and k_, represent the rate of diffusion and
back-diffusion of TeTx in the water phase, while k, and
k _, represent the same quantities for the lipid phase.

As shown in reference 36, because T, is a short-lived
state compared to T; and T, (as it will be demonstrated
later), Scheme 1 is actually equivalent to the simpler
scheme:

Kn
Tf*= ﬂm’ (2)
Kaa
where
Ku = (kr kd)/(kr + k—d) (3)
and
Ky = (k_ k_g)/(k, + k_g). 4)

Since the binding of TeTx to lipid vesicles is virtually
irreversible (16, 17), it follows that k_, = 0 and also K4, =
0.

Therefore, from Scheme 2 we have

d[ 7]
de

= K. [T{] [P], C)

where quantities in square brackets are concentrations,
and [P] indicates the total phospholipid available, related
to the concentration of vesicles, [V], by

[P] = [V]uB. (6)

m is the average number of lipid molecules per vesicle,
ranging 1.2-1.4 x 10* in our experiments, and 8 is the
fraction of lipid which is located in the outer leaflet,
~0.62-0.64.

In a typical experiment [7;] is 400 nM, while the
concentration of vesicles, [V], is 0.8 nM. 100% of perme-
abilization induced by TeTx was not reached in the
experiments, implying that some of the vesicles carry no
channels at all and hence that only very few vesicles carry

more than one channel. We can thus safely assume that
each permeabilized vesicle carries at most one channel,
and hence that [T;] remains constant throughout the
reaction. Accordingly we may write a new rate constant

K* = K, [T7] uB. )

Introducing [V], as the initial concentration of vesicles,
we get the following expression for the concentration of
unreacted vesicles:

V1=Vl — T (®)

Under these conditions Eq. 5 is easily integrated using
Eqs. 6-8 to obtain

(V] =1[V], exp (-t - K*). )

The time constant for the disappearance of intact vesicles
is thus

T =1/K* (10)

The total fluorescence, F, i.e., our observable, is given by
F,([V], — [V]), and changes with time as given by Eq. 9
(F, is the average fluorescence increase for the permeabil-
ization of one vesicle).

It is possible to calculate theoretically both k4 and k _4
since, in the case that no specific interaction develops
between toxin and vesicles in the encounter state, they are
given by (36)

ky—4rNDR,/u (11)
k_4y=4x DR, /v, (12)

where N is Avogadro’s number, D is the coefficient of
diffusion of the toxin in solution, and R, and v, are the
radius and volume of the encounter zone, which is
assumed to be a spherical shell of radius R + L around
each vesicle, with R the radius of the vesicle and L the
diameter of the toxin molecule.

Estimates of k4 and k _4 can be obtained using R, = 25
nm (calculated assuming a spherical shape for the toxin in
solution and a partial specific volume of 0.72 cm’/g
typical for proteins [38]) and the Stokes-Einstein expres-
sion for D. The resulting values are kg = 6.3 x 10° M™!
s'and k_q = 0.33 x 10°s™". The average lifetime of the
encounter state, 7¥*, is then

T‘= l/k_d, (13)

i.e., 3 us. This lifetime is short enough to justify the
assumption that the encounter state is short-lived com-
pared to the other two, but, on the other hand, it is long
enough to let the toxin equilibrate with the local pH in the
encounter zone as discussed in Appendix A.

Low pH can induce a conformational transition into
TeTx promoting the exposition of a hydrophobic region of
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the molecule (17, 39). Accordingly, we assume that TeTx
at the surface of a vesicle is in a fast, pH-dependent,
equilibrium between two different configurations, T, .(A)
and T,,(B), which have different rates of diffusion into
the lipid phase namely k,(A) and k,(B). In particular, the
diffusion rate of the protonated, “hydrophobic,” form,
k.(B), is much faster than the other. As demonstrated in
Appendix A, because the exchange between the two
forms A and B is fast compared to the lifetime of the
encounter state, this equilibrium can be taken into
account by simply substituting the following for k, of
Scheme 1:

ke = [k{A) + k(B) H/K]/(1 + H/K), (14)

where H is the proton concentration in the encounter
region and K is the intrinsic dissociation constant for the
binding of protons to TeTx.

In the case of vesicles bearing a surface potential, ®,
this modulates the local pH through an electrostatic
attraction of protons, which can be expressed as

H = H,exp (-®/kT), (15)

where H, is the concentration of protons in the bulk
solution. It is possible to evaluate H for any given set of
experimental conditions, such as bulk pH, lipid composi-
tion of the vesicles, and ionic strength of the solution, by
means of the Gouy-Stern theory (40) as shown in Appen-
dix B.

Combining Egs. 3, 7, and 10 we get

_ krkd
Tk T+ k.,

-1
[T: ] uﬂ) . (16)

k. has an upper limit in k (B), that is 200 s~! at most in
these experiments (see Table 1) and is therefore much
smaller than k_4. With the condition k, « k_4 and
substituting for Eqs. 11 and 12 and 14, we get

k(A) + k. (B) (H/K)
1+ H/K

-1
Nuv, 8 [Tf], Y

which was used to fit all of the experimental results.
According to Eq. 17, r depends on the pH, the charge of
the vesicles, and (through the surface potential) the ionic
strength of the solution. Furthermore, it is linearly depen-
dent on the reciprocal of toxin concentration, but indepen-
dent of vesicle concentration. Eventually, through the
volume of the encounter zone, v, it is inversely related to
the size of the vesicles.

It must be noted that the time course of fluorescence
change in our experiments could only be fitted by the sum
of two exponential components (r, and 7,), suggesting
that in this case the mechanism described above might be
oversimplified. Alternatively, the two time constants may

result from the microheterogeneity of the entire toxin
already mentioned in Materials and Methods. This last
possibility is reinforced from the observation that experi-
ments with B-fragment gave a single time constant. For
the rest we will assume that the second hypothesis is
correct, i.e., the two time constants arise from two simple
mechanisms, which function like that outlined above,
running in parallel during the experiment. This assump-
tion is also suggested by inspection of Figs. 2-7, which
show that both time constants have the same qualitative
dependence on all the experimental parameters tried, i.e.,
pH, lipid composition, toxin and vesicle concentration,
temperature, and ionic strength, therefore implying that
they represent similar phenomena and not, for example,
successive steps of one complex mechanism.

It is worth noting that there are only three free
parameters in the expression for 7, i.e., k(A), k.(B), and
K. The values of the parameters used to fit the experimen-
tal data of Figs. 2-7 are listed in Table 1. K turns out to be
a constant providing an intrinsic pK of 3.4 + 0.2 for the
protonable group of the toxin. This value corresponds to
the pH at which TeTx exposes a hydrophobic domain
(and irreversibly binds Triton X-100), which is in the
range 3.4-3.6 as obtained from Fig. 8 in reference 39. It is
also near the intrinsic pK of carboxyl groups on amino
acid residues of proteins (41). It is worth stressing that no
restrictions have been placed on the value of K and that
experiments shown in Figs. 2-7 were all fitted by the
same set of parameters. As for the other assumptions
made, the involvement of the surface potential in the
activation of the insertion process is proved by the depen-
dence on Na* concentration as shown in Fig. 7, whereas
the concentration dependence of Figs. 4 and 5 indicates
that TeTx is indeed active as a monomer.

Values of k.(A) and k,(B) listed in Table 1 have been
obtained on the basis of Eq. 17 using appropriate v, 8,
and [T;]. A discussion of these values should consider that
an upper limit to their value is given by unrestricted
diffusion of at least part of the protein through the
bilayer. The minimum value of this upper limit is given by
(36)

k(diff) = D*/L d, (18)

where d is the thickness of the bilayer and D* is the
coefficient of diffusion of the protein through the lipid
phase. Values of D* for proteins can be found in the
literature and range 1-4 x 1073 cmz/s (42, 43); accord-
ingly k,(diff) ranges 2-8 x 10*s~".

The largest k.(B) we have obtained is ~2 x 10? s7!,
which is still much smaller than the pure diffusion value,
thus indicating the presence of constraints to the motion.
Comparison of k,(B) obtained with different lipid compo-
sitions indicate that the restrictions found increase with
the following sequence: PC/PI < PS ~ PC/PS < PC ~
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PC/cholesterol. One might say that PS, and PI even
more, facilitate the insertion of TeTx into the lipid
membrane (17, 44) also in analogy to the cases of diph-
theria (45) and botulinum toxin (19). However, this
specific effect is not very large compared to the effect of
the surface charge itself. Extrapolating the theoretical
curves obtained with the parameters of Table 1 to the case
of zero surface charge, the remaining differences between
the time constants with the different lipid compositions
are all within a factor of 2.5.

Also the claim that GD1b acts as a receptor for this
toxin (46, 12, 39) should at least in part be corrected for
the contribution of negative surface potential. In fact, the
double charge of this molecule (46) alone would give rise
to an increase of the rate of interaction (50% in experi-
mental conditions of reference 39).

Values of k,(A) depend less on the lipid composition
and are always much smaller than the corresponding
k.(B) (on the average 100 times smaller), indicating that
the insertion of the unprotonated form into the vesicle is
less favored. One possible explanation for this fact could
be that the protonable acidic charge has to become
exposed to the hydrophobic interior of the membrane in
the inserted form of the toxin, with a consequently high
energy cost in form A that is absent in the neutral,
protonated form B.

In light of Eq. 17 the activation energy of 7 is given by
the activation energy of k,, which, in general, is an
average of the activation energies for k,(A) and k,.(B).
However, under the experimental conditions of Fig. 7, the
term k,(A) is negligible and hence the activation energy
can be attributed to the rate constant k.(B). For the
purely diffusional case the activation energy of k.(B) is
expected to coincide with that of D*, which is of the order
of 12 kcal/mol (42). We found 19.8 kcal/mol for 7, and
14.8 kcal/mol for 7,, indicating the presence of a rela-
tively small extra term.

As far as the transmembrane potential effect is con-
cerned a number of bacterial toxins share a similar
voltage dependence, e.g., diphtheria toxin (29, 45), botu-
linum toxin (11), colicins (47, 48), as well as Escherichia
coli hemolysin (49). This mechanism, known as voltage-
gating, is usually attributed to the movement of electri-
cally charged protein residues through the bilayer. In our
case this suggests that one or more positively charged
amino acids of tetanus toxin are exposed to the inner
compartment of the vesicles when the channel is formed,
becoming stabilized there by an internal negative volt-
age.

At variance with previous results (15, 16, 34) we found
that fragment B is much less active than whole toxin on
lipid vesicles, as is also the case with the toxoid. At present
there is no explanation for this difference, but it may be
noticed that the same sequence of potency as measured

here, i.e., TeTx » fragment-B ~ toxoid has also been
found during the binding and the internalization of these
proteins into the axons of living animals (50).

Results shown here were obtained using a relatively
high concentration of toxin, in the range of 20~-800 nM.
Nevertheless the inverse dependence of the time constant
of the interaction on the size of the target (which is
inherent into Eq. 17) implies a much faster action of this
toxin on natural cells, whose radius is 10’~10° times larger
than that of our vesicles. It follows that living cells might
in principle be affected fast enough even at toxin concen-
trations 4 to 6 orders of magnitude smaller than those
used here.

APPENDIX A

In this section the scheme

kv
Toe =Ty, (A1)
k—r
is developed into scheme
H* K J />' Tins» (A2)
Tm(g) k.(B)

in which it is assumed that toxin molecules in the encounter state can
bind or lose protons very quickly, fluctuating between a protonated (B)
and an unprotonated (A) form. Both of these forms can, in principle,
diffuse into the lipid bilayer to produce the same final inserted species,
but with largely different rate constants. Forward rate constants are
k.(A) and k,(B), from state A and B, respectively, whereas backward
rate constants are assumed to be very small, virtually nil.
Accordingly we may write

(7]

ar = ki (A) [Ta(A)] + k,(B) [Tene(B))-

(A3)

The protonation reaction is assumed to be so fast that it is always at
equilibrium during the lifetime of T, and therefore we have

[Tae(B)) = [Tne(A)] (H/K),

where H is the local concentration of protons and X is the dissociation
constant of the protonation reaction.
From the law of conservation of mass we also get

[Tiw] + [Teac(A)] + [Tea (B)] = To,

(A4)

(A5)

where T, is a constant.
Substituting for Egs. A4 and AS into Eq. A3 one gets

d[Tal(A)] _ k(A) + (H/K) k(B)
dt 1+ H/K

[Tuc(A)], (AS6)

which is easily integrated to give

[Tenc(A)] = [Tenc(A)]o €Xp (_k‘ t): (A7)
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where [T..(A)], is the initial value of [T, (A)] and k* is

k{(A) + (H/K) k.(B)

k* = A8
1+ H/K (A8)

Assuming the initial condition [7T,], = 0, we finally get
(Ting = T, {1 — exp (—k* 0)]. (A9)

Eq. A9 is actually equivalent to what one would have obtained from the
simpler scheme A1 (for the case that k _, is nil) provided that

k, = k*, (A10)
which is the expression used in the text.

That the lifetime of the encounter state is long compared to those of
the two configurations A and B is warranted by the exceedingly high
rate of diffusion of protons in water solutions. Data in the literature
report that the rate of protonation, K, of a macromolecule adsorbed on
the surface of a micelle is in the range 5-10 x 10" M~'s~! (51, 52), and
a value even higher, 4 x 10" M~'s™!, was found for the protonation of a
Ca** channel in natural cells (53). The rate of deprotonation, K4, can be
calculated in our case from the pK of the reaction (which is 3.4 as taken
from Table 1) in 3 x 10" s™!, using K, = 10 x 10" M~'s~". An upper
limit to the time necessary to reach equilibrium can be taken as 37y
where

TH = 1/(KPH+Kd)' (All)
37y ranges 3-90 ns in our case, i.e., actually much less than the average
lifetime of the encounter state, which is 3 us.

APPENDIX B

The local pH at the surface of a phospholipid vesicle containing acidic
lipids can be calculated according to the Gouy-Stern theory
(31, 40, 46).

If we call ® the surface potential, the following set of equations
holds:

sinh (e®/2kT) = Ao VNa, (B1)
0 = 6uas/(1 + H/Ky + Na/Ky,) (B2)
H=H,exp(—-®/kT) (B3)

Na = Na,exp (—®/kT), (B4)

where H and H, are the concentration of protons at the surface of the
vesicles and in the bulk solution, respectively. Na and Na, are the
surface and bulk concentration of Na* ions, o and o,,, the actual and the
maximal charge density on the surface of the vesicles, Ky, Ky, the
dissociation constants for the binding of H* and Na* to phospholipids.
N, e, k, and T have their usual meaning and A4 is given by

A=1/J8Nee kT), (B6)

where e, is the dielectric constant of water.

Values of Ky and K\, are given in the literature; for the case of PS in
lipid vesicles one gets Ky = 5 x 107* M (54-56) and Ky, = 1.67 M (31);
for Pl instead Ky is larger than 0.1 M because only the phosphate group
is present as a possible substrate (57) and the binding of cations is
negligible (58). Similarly, PC does not appreciably bind either protons
or monovalent cations at these concentrations (31). o,,, has been

calculated as one electron charge every 70 A? for the case of PS vesicles,
or 0.24 C/m? For PC/PS or PC/PI vesicles one has to take into account
the tendency for these lipids to concentrate on the inner leaflet of
unilamellar vesicles (59). From published data on sonicated vesicles we
could estimate a ratio PS(int)/PS(ext) — 3:1 in our preparation and the
same for PI (60, 61); this reduces ¢,,, to less than half that of PS
vesicles, i.c., t0 0.06-0.07 C/m?.

Solving Eqs. B1-B4 numerically we determined the value of H as a
function of H,, Na,, and o,,, for the different lipid compositions used,
which we then introduced into Eq. 17.
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