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ABSTRACT: The pharmacokinetic interaction of an affinity-purified 2*I-labeled tetanotoxin fraction with
guinea pig brain synaptosomal preparations was investigated. Binding of tetanotoxin was time- and tem-
perature-dependent, was proportional to protein concentration, and was saturable at about 8 X 10 M as
estimated by a solid-surface binding assay. Binding was optimal at pH 6.5 under low ionic strength buffer
and was almost entirely blocked by gangliosides or antitoxin. In analogy to intact nerve cells, binding of
toxin to membranes resulted in a tight association operationally defined as sequestration. Binding and
sequestration were abolished after membrane pretreatment with sialidase. The enzyme could not dissociate
the membrane-bound toxin formed at 4 or 37 °C under low ionic strength conditions, which is in part
compatible with internalization as defined in nerve cell cultures. In the latter system the toxin could be
removed at 4 °C but not at 37 °C. Binding was significantly reduced upon pretreatment of guinea pig brain
membranes by a variety of hydrolytic enzymes. Trypsin and chymotrypsin inhibited binding between 55%
and 68% while bacterial protease abolished it by 91-95%. The effect was species-specific as it was not seen
in rat or bovine synaptosomes. Collagenase and hyaluronidase had little or no inhibitory effect when applied
to synaptosomes (27% and 9%) but inhibited binding to synaptic vesicles by 56% and 49%, respectively.
Phospholipases A, and C caused 42—43% inhibition of binding in vesicles and less than 22% in synaptosomes.
Trypsin (0.1%) had limited or no effect on binding of **I-labeled cholera toxin to synaptosomes but reduced
substantially (61%) binding to sonicated synaptosome preparations. It is proposed that, in addition to a
ganglioside, interaction of tetanotoxin with synaptic membranes is facilitated by a protein and may also
require an appropriate lipid environment. These latter membrane constituents may play a pivotal role in

7047

the sequestration of the toxin.

’Ee 150000-dalton polypeptide secreted by the Clostridium
tetani microorganism is one of the most powerful known
bacterial neurotoxins, which produces in some rodents spastic
paralysis and death at doses in the range of nanograms per
kilogram body weight (Gill, 1982). It is believed that, after
a series of processes including binding to specific peripheral
nerve receptors, tetanotoxin is transported retrogradely via the
axon to presynaptic terminals in the spinal cord and brain,
where it blocks neurotransmitter release [reviewed by Well-
honer (1982)]. Ample evidence implicates polysialo-
gangliosides of the G1b series as putative receptors for the
toxin (Van Heyningen, 1974). The existence of additional
receptors has been proposed but not documented (Stoeckel et
al,, 1977).

Cells in tissue culture have been widely used to study the
pharmacokinetics of tetanotoxin (Dimpfel et al., 1977; Yavin
et al., 1981; Bergery et al., 1983). Using rat primary neuron
cultures enriched in polysialogangliosides (Yavin et al., 1981)
and somatic neurohybrid cells (Yavin, 1984) and human
erythrocytes artificially supplemented with these substances
(Lazarovici & Yavin, 1985a,b), we defined a ganglioside-
mediated three-step interaction of '?’I-labeled tetanotoxin
('*I-tetanotoxin) with these cells. The first step involved a
reversible, low ionic strength and energy-independent binding,
followed by a second, salt-insensitive and detergent-nonex-
tractable toxin—cell association, operationally defined as se-
questration. Finally, in living cells, this process resulted in
an energy-dependent internalization defined by the criteria of
resistance of the toxin—membrane complex to sialidase
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treatment (Yavin et al., 1983). While all of these steps re-
quired the presence of a disialosyl residue, recently an addi-
tional trypsin-sensitive component that facilitated binding was
also reported (Yavin & Nathan, 1986). In this report we
expand these observations to investigate the existence of a
similar activity in guinea pig synaptosomes and synaptic
membrane vesicle preparations. These preparations avidly bind
tetanotoxin (Mellanby et al., 1965), are rich in G1b gangli-
osides (Morgan et al., 1973), and have been useful for studying
structure/function relationships following toxin binding (Ra-
mos et al., 1979; Habermann et al., 1981). Using a ganglioside
affinity-purified tetanotoxin fraction (Lazarovici et al., 1984),
we demonstrate that binding to guinea pig synaptic prepara-
tions is facilitated by protease-sensitive and phospholipase-
sensitive components. The validity of the three-step model and
the relevance of these results to the in vitro action of tetano-
toxin are discussed.

MATERIALS AND METHODS

Enzymes. Phospholipase A, from Naja mosambica venom
was purified as previously described (Lazarovici et al., 1982).
Phosphatidylinositol-specific phospholipase C from Staphy-
lococcus aureus and phospholipase D from cabbage were
kindly provided by Dr. M. Menashe, Makor Chemicals Co.,
Jerusalem. Nonproteolytic enzymes were essentially free of
proteolytic activity as tested by '2*I-labeled casein hydrolysis.
Purified bovine brain ganglioside mixture was purchased from
ICN Pharmaceuticals (Cleveland, OH). Enzymes and other
reagents of analytical grade were purchased from regular
commercial sources.

Toxins. Tetanotoxin, kindly supplied by Dr. B. Bizzini,
Institute Pasteur, Paris, and cholera toxin from Dr. M. Me-
nashe, Makor Chemicals Co., Jerusalem, were iodinated by
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the Bolton~Hunter reagent to a specific activity of about 1
mCi/mg (Lazarovici et al., 1984) and 0.1-0.5 mCi/mg, re-
spectively. Labeled tetanotoxin was further purified on a
ganglioside affinity column and the “B” fraction (TeToB)!
eluted by 6% NaCl was employed throughout (Lazarovici et
al., 1984). Labeled toxins were diluted in 25 mM Tris buffer
(pH 7.4) in either 0.3 M mannitol or 0.25 M sucrose, sup-
plemented with 0.2% gelatin and stored at 4 °C. Tetanus toxin
fragments B and C were purchased from Calbiochem. Rabbit
tetanus antitoxin was obtained from Dr. R. Mirsky (University
College, London).

Preparation of Synaptosomes and Synaptosomal Mem-
brane Vesicles. Subcellular fractions from guinea pig brain
were prepared by a modified method similar to that described
by Gill et al. (1981) and Kanner (1978). Pooled brains (25
g wet weight) were homogenized by 10 strokes on a Dounce
homogenizer in 100 mL of mannitol-EDTA (0.3 M b-
mannitol and 1 mM KEDTA, pH 7.4) at 4 °C, and the
homogenate was adjusted to 300-mL final volume. After
centrifugation at 3000g for 10 min the supernatant was further
centrifuged for 30 min at 25000g. The resulting pellet was
resuspended in 30 mL of mannitol-EDTA, and 5-mL portions
were layered over a discontinuous gradient consisting of five
layers of 20%, 16%, 12%, 8%, and 2% Ficoll in mannitol-
EDTA. After centrifugation at 20000g for 90 min, fractions
from the Ficoll gradient were collected in the following order:
fraction 1, 2-8% layer; fraction 2, interphase 8-12%; fraction
3, 12% layer, fraction 4, interphase 12-16; fraction S, inter-
phase 16-20%; fraction 6, 20% layer; and fraction 7, residual
pellet. The 8-12% interphase enriched with synaptosomes
(about 60 mg of protein) was washed once with mannitol-
EDTA, and the pellet obtained after centrifugation was lysed
by hypotonic shock and gentle homogenization in 10 mM
Tris-HCI and 1 mM KEDTA, pH 7.4. After being gently
stirred for 30 min at 4 °C, the suspension (40 mL) was cen-
trifuged for 20 min at 30000g and the pellet adjusted to 5 mg
of protein/mL in 0.32 M sucrose containing 25 mM Tris-HCI,
1 mM MgSO,, and 0.5 mM EDTA, pH 7.4 (Tris—sucrose
buffer). All Ficoll fractions, washed with sucrose buffer as
above, were stored for up to 3 months at =70 °C for use in
binding assays. The 8-12% interface fraction was highly
enriched in synaptosomes while its derived osmotically lysed
preparation (SMV) contained a high proportion of vesicular
membranous structures (about 0.2 um diameter) devoid of
subcellular organelles, as visualized by transmission electron
microscopy.

Synaptosomes from either bovine or rat brain prepared by
sucrose density gradients by the method of Dodd et al. (1981)
were kindly obtained from S. Orgad of our department.

Binding of '*’I-Labeled Toxins by the Solid-Surface
Technique. Unless otherwise stated, binding of labeled toxins
was done by a solid-surface radioreceptor assay. Aliquots of
50 uL of membrane suspension containing nanogram to mi-
crogram quantities of protein in Tris—sucrose or Tris—-mannitol
buffer (pH 6.8) were added to a 96-well microtiter plate. After
2 h at 22 °C (or overnight at 4 °C), the plate was centrifuged
at 3000g for 10 min and unattached membranes were removed
by suction. Blocking buffer (1% ovalbumin and 0.2% gelatin
in Tris—sucrose or in Tris—mannitol buffer), added for 30 min
at room temperature, was removed by suction. '*’I-labeled
toxin in 50 uL. Tris~sucrose or Tris—mannitol binding buffer

! Abbreviations: EDTA, ethylenediaminetetraacetate; P;/saline,
phosphate-buffered saline; SDS, sodium dodecyl sulfate; SMV, synaptic
membrane vesicles; TeToA and TeToB, affinity-purified tetanotoxin
fractions; Tris, tris(hydroxymethyl)aminomethane.
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{pH 6.8) augmented with 0.04% gelatin and 0.06% ovalbumin
was added for specified times and temperature. At the end
of incubation, the plate was centrifuged as above and unbound
toxin was removed by suction. Wells were then washed twice
with 0.2 mL of the nonradioactive binding buffer to which 0.15
M NaCl (high ionic strength) was added. After heat drying,
single wells were counted in a Kontron Gammamatic counter
at 92% efficiency.

Specific binding of '*I-tetanotoxin was defined as the
difference between the total amount of bound toxin (after
subtraction of background binding) and that obtained in the
presence of 1 mM bovine brain ganglioside mixture. Binding
in the presence of the latter was similar to that achieved in
the presence of excess (500-fold) unlabeled toxin, and it was
less than 0.2% of the added radioactivity. Specific binding
of %1 cholera toxin was routinely determined in the presence
of 10 M unlabeled toxin. Experiments were repeated at least
twice on different occasions and values are the mean of 2-3
wells.

Enzymatic Treatment of Membranes. (a) Proteolysis.
Aliquots of membrane suspension (0.2-1 mg of protein) were
treated with varying concentrations of protease, a-chymo-
trypsin, or trypsin in 0.5 mL of phosphate-buffered saline
(P;/saline), pH 7.4, containing 5 mM CaCl, for 30 min at 37
°C. Unless otherwise stated, trypsin activity was always
terminated by adding soybean trypsin inhibitor (Sigma), and
membranes were washed twice with P;/saline and twice with
Tris—sucrose buffer by using high-speed centrifugation (2 min
at 20000g) before well coating. (b) Phospholipases. Aliquots
of membrane suspension (0.5 mg of protein) were incubated
with various phospholipases (0.1% w/v) in 0.5 mL of P;/saline
containing 20 mM CaCl, for 30 min at 37 °C. Membranes
were washed twice with P,/saline and twice with Tris—sucrose
buffer (both without Ca®*) as above, prior to coating. (c)
Sialidase. Aliquots of membrane suspension (0.5 mg of pro-
tein/mL) or diluted membranes (nanogram-microgram range)
after coating to plates were treated with 50-100 units/mL of
Vibrio cholera neuraminidase (Behringwerke) in Tris-sucrose
buffer containing 2 mM CacCl,, pH 6.8, for times designated
at 37 °C. The enzyme was removed, and membranes were
rinsed with P,/saline and Tris—sucrose buffer as above. Control
membranes consisted of identical preparations in the absence
of the enzyme.

Miscellaneous Procedures. Protein was determined by the
method of Lowry et al. (1951), using ovalbumin as a standard.
Extractions of membrane lipids were performed as previously
described (Yavin et al., 1981). Lipid-bound sialic acid was
determined by a slight modification of the procedure of Hahn
et al. (1974). Membrane-lipid phosphorus was determined
by using the procedure of Bartlett (1959).

Ganglioside composition was determined after extraction
with chloroform/methanol solution (2:1 v/v) and chroma-
tography of the lipid extract on silica gel thin-layer chroma-
tographic plates (Yavin et al., 1981). Extraction of the
salt-resistant, membrane-associated '?°I-tetanotoxin by de-
tergents was performed as previously described (Lazarovici
& Yavin, 1985b). The neurotoxicity of tetanotoxin was tested
in mice as detailed elsewhere (Lazarovici et al., 1984).

RESULTS

Properties of '*’I-Labeled Tetanotoxin Binding to Guinea
Pig Brain Synaptosomal Preparations by the Solid-Surface
Assay. Binding of '*’I-tetanotoxin to synaptosomal prepara-
tions under low salt conditions exhibits a biphasic, linear re-
lationship with a break in the curve at about 0.5 ug of protein
(Figure 1A). Detection of specific binding below 0.1 ug of
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FIGURE 1: Binding of '?’I-labeled tetanotoxin to guinea pig brain
synaptosomes by a solid-surface assay as a function of membrane
protein (A), pH (B), ionic strength (C), and time and incubation
temperature (D). Binding of 12’I-tetanotoxin (50000 cpm/well) was
done for 2 h (apart from A, which was done for 1 h) at 37 °C in
Tris—-maleate—mannitol buffer as described under Materials and
Methods. Values are the mean of triplicate wells + SEM.

Table I: Solid-Surface Binding of !25I-Labeled Tetanotoxin to
Synaptosomes and Synaptic Membrane Vesicles (SMV) in Various
Buffers?

synaptosomes SMV
(cpm/ug of  (cpm/ug of
medium composition protein) protein)
0.02 M Tris/0.3 M mannitol 560 % 35 1410 £ 130
+5 mM EDTA 590 % 40 1300 % 85
+10 mM CaCl, 620 = 40 1260 % 60
+0.15 M NaCl 90 = 20 180 £ 45
0.02 M Tris/0.25 M sucrose 870 x 35 1740 £ 145
+0.15 M NaCl 90 %= 20 150 = 20
0.02 M Tris 500 + 40 1000 £ 110

¢125[.Tetanotoxin (15000 cpm) in various buffers was added to
guinea pig brain membrane preparations (3 ug of protein), and binding
was performed at pH 7.4 for 2 h at 37 °C by using the solid-surface
assay detailed under Materials and Methods. Values are the mean of
triplicate wells = SE.

protein is notable and illustrates the sensitivity of the solid-
surface technique employed. The optimum pH for toxin
binding is around pH 6.5 (Figure 1B), while at pH 7.4 binding
is considerably lower by about 50% in line with data obtained
by others (Lee et al., 1979). Binding of tetanotoxin to sy-
naptosomes and synaptic membrane vesicles is most effective
under low ionic strength conditions. This is summarized in
Table I and Figure 1C. EDTA (5 mM) or CaCl, (10 mM)
do not increase binding while 0.15 M NaCl reduces binding
substantially (Table I). The ionic strength rather than ion
specificity is the principal variable that determines the extent
of binding of the toxin. Thus increasing the concentration of
monovalent cations in the binding buffer from 20 to 100 mM
decreases by 2-3-fold the amount of bound toxin (Figure 1C).
The effect of Ca?* ions at concentrations higher than 60 mM
probably reflects a steric hindrance of sialic acid caused by
Ca?* jons (Leskawa & Rosenberg, 1981). This is also in
accord with the reported inhibition of tetanotoxin by calcium
in synaptic membranes (Mellanby & Pope, 1976). A typical
time course of the salt-resistant association of tetanotoxin with
guinea pig brain membranes at 24 and 37 °C, is depicted in
Figure 1D. Binding is greater at 37 °C than at 24 °C and
is proportional with time for up to 2 h, after which time it
reaches a plateau, which is maintained for at least 6 h. Similar
results are obtained when nanogram quantities of synapto-
somes are used (data not shown).

Table II: Successive Release of Membrane-Bound '2°I-Labeled
Tetanotoxin by Various Reagents?

12%]-tetanotoxin
bound (cpm/ug
of protein)

synapto-
treatment somes SMV biotoxicity

(1) Tris~mannitol (low ionic 443 1722 600

strength)
(2) Tris-mannitol + 0.15 M NaCl 291 1360 600

(high ionic strength)
(3) 1% Triton X-100 120 320 800
(4) 1% SDS 25 24 1500

?Binding to membranes in suspension was performed for 2 h at 37
°C with '¥I-tetanotoxin (70000 cpm/tube) in 20 mM Tris-0.3 M
mannitol buffer. Excess toxin was removed by three rinses with Tris—
mannitol buffer by use of high-speed centrifugation (2 min at 20000g).
Membrane pellets were counted and subjected to 0.15 M NaCl for 10
min at 4 °C, and after centrifugation pellets were recounted. Further
extraction of membrane-bound toxin was done by consecutive treat-
ment with Triton X-100 (15 min at 4 °C) and SDS. Values represent
the amount of membrane-associated toxin remaining after the respec-
tive treatment. Biotoxicity (Lazarovici et al., 1984) is expressed as the
cpm equivalent to one minimum lethal dose.

Additional properties of the toxin-synaptosome interaction
are summarized in Table II. Bound toxin is effectively dis-
placed by treatment with high ionic strength buffer. Nearly
34% and 20% of the toxin bound under low ionic strength
conditions is removed by 0.15 M NaCl from synaptosomes and
synaptic vesicles, respectively. Subsequent treatment with
Triton X-100 removes between 40% and 60% of the salt-in-
sensitive, membrane-associated toxin, while SDS solubilizes
the remaining (5% or less) pellet-associated toxin. Evidently,
the toxin released exhibits a fairly uniform (600-800 cpm)
toxicity value as assessed by the mouse bioassay. These data
suggest that a substantial portion of the bound toxin is Triton
X-100 resistant in line with similar observations concerning
toxin sequestration by whole cells (Yavin et al., 1981; Yavin,
1984; Lazarovici & Yavin, 1985b). Binding of tetanotoxin
to synaptic membranes is inhibited by excess (500-fold) of
unlabeled toxin, toxin fragments, antitoxin, and polysialo-
gangliosides (Table V, first column) but not by several pre-
synaptic toxins including taipoxin, 3-bungarotoxin, and par-
daxin (data not shown). This indicates a remarkable degree
of specificity of the tetanotoxin for the binding sites on the
synaptic membranes.

Effect of Sialidase on 'I-Labeled Tetanotoxin Binding to
Membranes. Pretreatment of guinea pig synaptosomes with
sialidase causes substantial losses of tetanotoxin binding sites
(Figure 2). Binding is inhibited whether low or high ionic
strength conditions are applied and at 4 and 37 °C. The losses
in binding activity are greater than that previously reported
for rat membrane preparations (Rogers & Snyder, 1981) and
may be attributed to the difference in species or even to the
binding technique employed. Removal of bound toxin by
sialidase is more complex and depends on the initial binding
conditions; under low ionic strength the toxin—-membrane
complex is stable to sialidase (Figure 2, left panel) while under
high ionic strength conditions, sialidase destablizes the complex
(Figure 2, right panel). Stability of the complex formed at
37 °C to sialidase is compatible with toxin internalization
(Yavin et al., 1983). On the other hand, the remarkable
binding at 4 °C and the equally effective stability of the
complex to sialidase (left panel) suggests that binding of toxin
to synaptosomal membranes is not entirely homologous to
uptake and internalization by cultured nerve cells (Yavin et
al., 1983).
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FIGURE 2: Effect of sialidase on binding of tetanotoxin (A) and
displacement of bound toxin (B) under various temperatures and high
and low ionic strength conditions. Synaptosomes (100 ug of protein)
were treated in suspension with sialidase (50 milliunits/mL) for 30
min at 37 °C and subsequently coated (50 ng/well) as described under
Materials and Methods. Control (dotted bars) and sialidase treated
membranes (B) were incubated with tetanotoxin (47000 cpm, 2 h
at 04 or 37 °C) in the presence of Tris—sucrose buffer, pH 7.4 (low
salt), or Tris—sucrose-NaCl buffer, pH 7.4 (high salt). After washing,
the medium was counted. Sialidase (5 milliunits/0.1 mL) was added
to selected wells (A), and the residual membrane-associated radio-
activity after 30 min at 37 °C was determined. Values are the mean
of triplicate wells + SEM.

Table III: Binding of Tetanotoxin and Sialic Acid Content of
Guinea Pig Brain Membrane Fractions Isolated on Ficoll Gradient
and Treated with Sialidase

after sialidase treatment®

125]-toxin
bound loss of

gradient (cpm/ug of sialic acid inhibition of sialic acid

fraction? protein)? (units)*  binding (%) (%)
1 290 2.2 18 9
synaptosomes 660 7.1 42 59
5 400 2.6 50 62
6 100 3.7 50 73
7 100 1.4 29 20
SMV 800 5.0 40 36

91solation of fractions of the Ficoll gradient is detailed under Mate-
rials and Methods. ®Binding was performed by the solid-surface assay
in the presence of 70 000 cpm of toxin for 2 h at 37 °C. °Lipid-linked
sialic acid and treatment of membranes with sialidase is described un-
der Materials and Methods.

The effect of sialidase on binding of the toxin and the
corresponding changes in the lipid-associated sialic acid content
of various membrane fractions is summarized in Table III.
Evidently the synaptosomal fraction and the vesicles derived
from it exhibit the highest toxin binding activity and are most
abundant in lipid-bound sialic acid. After treatment with
sialidase all Ficoll fractions isolated from the gradient exhibit
a lower binding activity, which parallels the reduction in the
total lipid-bound sialic acid. Analysis of the gangliosides
composition reveals an increase of GM1 at the expense of
disialo- and trisialogangliosides (data not shown).

Effect of Trypsin on '¥I-Labeled Tetanotoxin Binding to
Membranes. The effect of trypsin treatment and that of
sialidase on binding of tetanotoxin to synaptosomes and sy-
naptic vesicles is shown in Table [V. Under the experimental
conditions studied, trypsin appears more potent than sialidase
in reducing the number of binding sites when added prior to
tetanotoxin (experiment A). Displacement of bound toxin by
trypsin treatment (experiment B) is also effective and reaches
values of 64% and 57% for synaptosomes and SMV, respec-
tively, compared to control values. Sialidase, on the other
hand, is less effective in displacing the bound toxin, the values
being 50% and 30% for synaptosomes and synaptic vesicles,

Table 1V: Effect of Sialidase and/or Trypsin Treatment on Binding
(Experiment A) or Displacement (Experiment B) of 2’I-Labeled
Tetanotoxin

% inhibition

membrane treatment synaptosomes SMV
experiment A?
trypsin 82 83
sialidase 72 40
sialidase + trypsin 85 89
experiment B?
trypsin 64 57
sialidase 50 30
sialidase + trypsin 84 89

“Experiment A: Synaptosomal or SMV membrane preparations (20
pg/well) adhered to plastic wells were treated with either 20 milliunits
of sialidase or 0.2% trypsin or with both successively as described under
Materials and Methods. Membranes were washed once with P;/saline
and once with Tris-sucrose buffer. '?*I-Labeled toxin (75000 cpm/
well) was added for 2 h at 37 °C, and radioactivity remaining after
P;/saline wash was measured. ® Experiment B: Same as in (A) except
that enzymatic treatment was done on membranes incubated first with
labeled toxin. Values are average of triplicate wells with a standard
error of less than 15%.
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FIGURE 3: Effect of membrane concentration on !2*I-tetanotoxin
binding to synaptic membranes after treatment with sialidase or
trypsin. Membranes treated with trypsin (0.1%) or sialidase (50
milliunits/mL) for 30 min at 37 °C in P;/saline were collected by
high-speed centrifugation and after resuspension were used for well
coating. !%I-Tetanotoxin (54 000 cpm/well) was added for 2 h at
37 °C, and the membrane-bound radioactivity after rinse in P;/saline
was determined by the solid-surface technique. (Inset) Same values
expressed per nanomole of lipid phosphorus.

respectively. The residual membrane-associated toxin is
analogous to the tight interaction reported for nerve cells in
culture (Yavin et al., 1983). A combination of both enzymes
is effective in removing 84-89% of bound toxin in both mem-
brane preparations.

Binding of tetanotoxin to membrane preparations subjected
to sialidase or trypsin depends on the amount of protein added
and is linear up to 0.1 mg of protein (Figure 3). It is com-
pletely inhibited by trypsin and only partially (about 50%) by
sialidase treatments. A similar picture emerges when binding
of the toxin to untreated or treated synaptosomes is normalized
per lipid phosphorus (Figure 3, inset). The remarkable loss
of binding activity after membrane treatment with trypsin or
sialidase is also well illustrated as a function of toxin con-
centration (Figure 4). After sialidase or trypsin treatments,
lack of binding at high toxin concentrations is more pronounced
than at low toxin concentrations. This effect is less evident
when the amount of membranes is reduced 30-fold as shown
in the inset of Figure 4. At this membrane concentration,



TETANOTOXIN BINDING TO GUINEA PIG SYNAPTOSOMES VOL. 25, NO. 22, 1986 7051

T I I

T T

Siolidose

D
o
T
8
>

N\
N

Control

n
Q
T

o
T

'3[ Yetonus toxin bound {pg/uq protein)

(o)
T
L

Sialidose

1251 _Tetanus toxin bound (pg /g protein)

Trypsin

o) | |
1x10™° 1x107° 1x10°8 T

Concentrotion of odded '231 - Tetonus toxin (M)

FIGURE 4: Binding of tetanotoxin to control and enzyme-treated
synaptic membranes as a function of toxin concentration. Enzyme-
treated (as in Figure 3) and control membranes at 300 ug of protein
(or 10 ug of protein in the inset) were incubated for 2 h at 37 °C
with increasing concentrations of '?’I-labeled toxin. Each point
represents the mean of 2-3 wells.

binding is saturable at about 8 X 10° M toxin. Extrapolation
from this curve gives rise to an apparent half-saturation value
of about 3 nM and an estimated binding capacity of 80 pg of
toxin/ug of protein, which closely corresponds to 0.55
nmol/mg of protein. The number of binding sites estimated
on the guinea pig synaptic membrane are in good agreement
with the average value of bovine brain membranes (0.23
nmol/mg of protein) reported by Rogers & Snyder (1981) but
different from the 1.5-9 nmol/mg of protein value reported
by Goldberg et al. (1981). Another notable property char-
acteristic of low membrane concentrations is the smaller effect
of sialidase and trypsin particularly upon raising toxin con-
centrations (Figure 4, inset). For instance, at 1 X 107 M
inhibition of binding of toxin to trypsin or sialidase treated
membranes is less than 20%, while at 8 X 10~ M binding of
toxin to the respective membranes is reduced by 68% and 46%.
A lower binding activity was observed in the presence of excess
membranes. Under these conditions the effect of trypsin and
sialidase was more pronounced at toxin concentrations >8 X
10 M in comparison to diluted membrane concentrations.

Displacement of bound tetanotoxin from sialidase- and
trypsin-treated synaptosomes by a variety of reagents is sum-
marized in Table V. Evidently sera raised in rabbits against
the toxoid or a mixture of GD1b/GT1b gangliosides are the
most potent agents in displacing the bound toxin. Native toxin
and fragments B and C, each at micromolar concentration,
appear more effective in displacing the toxin from controls
rather than from enzyme-treated membranes. Treated mem-
branes obviously exhibit a much lower binding capacity.

Effect of Hydrolytic Enzymes. The specificity of the pro-
teoltyic compared to other enzymatic treatments is shown in
Table VI. Phospholipases A, and C but not phospholipase
D effectively reduced binding by about 42% to synaptosome
derived vesicle preparations. While phospholipase A, stimu-
lated about 60% binding of tetanotoxin to synaptosomes
phospholipase C was inhibitory (22%). Hyaluronidase- and
collagenase-treated synaptic vesicles exhibited 49-56% less
binding activity while a-chymotrypsin inhibited both synaptic
preparations in the range of 55-68%. Bacterial protease was
most effective (91-95%) in abolishing binding activity.

To further clarify the nature of the sensitivity of the re-
ceptors for tetanotoxin to proteolytic treatment, we have

Table V: Displacement of '?*I-Labeled Tetanotoxin from Sialidase-
or Trypsin-Pretreated Synaptosomes by Various Compounds®

% of maximal binding

after after

compound untreated sialidase trypsin
tetanotoxin (1 uM) 15 25 50
fragment B (1 uM) 18 43 60
fragment C (1 uM) 5 47 50
rabbit antitoxin (50 ug/mL) 10 0 0
GT1b/GD1b ganglioside mixture 16 0 0

(0.1 mg/mL)

max binding (cpm/ug of protein) 550 260 200

7Synaptosomal membranes (30 ug of protein) pretreated with siali-
dase (50 milliunits/mL) or 0.2% trypsin as described under Materials
and Methods were subjected to '?°I-labeled tetanotoxin (75000 cpm/
well). After 2 h at 37 °C membranes were rinsed with 0.15 M NaCl
in Tris—mannitol buffer and the various compounds were added for 30
min at 37 °C. After two rinses with 0.15 M NaCl in Tris—mannitol
the residual radioactivity was counted. Values are averages of tripli-
cate wells and are expressed as percent of maximal binding.

Table VI: Binding of '°I-Labeled Tetanotoxin to Synaptosomes and
Synaptic Membrane Vesicles Treated with Different Enzymes

synaptosomes SMV
sp act. inhibition sp act. inhibition

treatment (cpm/ug) (%) (cpm/ug) %
control 550 £ 65 0 1000 £ 90 0
phospholipase A, 880 % 85 0 570 + 35 43
phospholipase C 430 £ 40 22 580 + 50 42
phospholipase D 540 £ 35 2 915 £ 35 8
collagenase 400 % 65 27 435 £ 15 56
hyaluronidase 500 £ 20 9 510 + 25 49
protease 50+ 10 91 50 £ 25 95
a-chymotrypsin 250 + 45 55 315 £ 55 68
trypsin 205 £ 65 63 405 £ 15 60

9Phospholipase treatment was done as described under Materials
and Methods. Collagenase, hyaluronidase, protease, and a-chymo-
trypsin, each at a concentration of 0.1%, were added to membranes in
P;/saline, pH 7.4, for 30 min at 37 °C. Treated membranes were col-
lected by high-speed centrifugation, and after resuspension aliquots (30
ug of protein) were added to plastic wells. Tetanotoxin (76 000 cpm/
well) was added for 2 h at 37 °C, and membrane-associated radioac-
tivity after washing with P;/saline was determined. Values are aver-
ages = SEM of triplicate wells.

studied binding of cholera toxin to the same membrane
preparations. Both toxins are known for their affinity to
gangliosides and could in principle share similar properties with
respect to binding to membranes after proteolytic digestion.
As seen in Figure 5, there was only a slight effect on binding
of cholera toxin to trypsin-treated membranes up to 0.1 mg
of protein. An increase in binding to sialidase-treated mem-
branes may be due to generation of GM1, the putative receptor
for cholera toxin (King & Van Heyningen, 1963; Cuatrecasas,
1973). In contrast, a marked decrease in binding of tetano-
toxin to treated membranes was noticed. Trypsin concen-
tration greater than 0.1% reduced by 50% binding of both
toxins (Figure S, inset). At trypsin concentrations below 0.1%,
there was no activity recovered in the supernatant collected
after pelleting the treated membranes suggesting that loss of
receptors is due to proteolytic digestion of a component in-
volved in binding rather than to solubilization of the receptor.
Some binding activity, however, was recovered in the super-
natant of membranes treated with 1% trypsin.

Additional characterization of the reactivity of tetanus and
cholera toxins binding toward membranes was performed by
comparing binding of untreated and trypsin-treated synapto-
somal membranes following sonication or osmotic shock (Table
VII). Each of the treatments increased by about 2.5- and
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Table VII: Binding of '%*I-Labeled Tetanotoxin or '*I-Labeled Cholera Toxin to Sonicated or Osmotically Shocked Synaptosomes Treated with

Trypsin®
1251 tetanotoxin 12T cholera toxin
control trypsin control trypsin
(cpm/ug of (cpm/pug of (cpm/ug of (cpm/ug of

membrane preparation protein) protein) inhibition (%) protein) protein) inhibition (%)
synaptosomes

intact 530 + 45 295 + 55 44.3 1360 £ 90 1260 £ 120 7.4

after sonication 1310 £ 150 545 £ 75 58.4 5735 £ 135 2230 £ 205 61.1

after osmotic shock 900 = 70 180 % 40 80.0 4640 * 285 4310 + 155 7.1

“Synaptosomes after sonication (20 s at 4 °C) or after osmotic shock (20 mM Tris buffer, pH 7.4, 5 min at 4 °C) were centrifuged for 30 min at
90000g, and the resulting pellets were resuspended in Tris—-mannitol buffer. Trypsin (0.05%) was added for 30 min at 37 °C, and the treated
membranes were applied to 96 well plates. Binding of tetanotoxin and cholera toxin was performed as described under Figure 5. Values are the

mean of 3~4 wells £ SEM.

! T T T
2 —
= —
S 120k, CHOLERA TOXIN M
£
Ors :
AL 1
TS TETANy :
o '3 ’*-Ygoxmbs < CHOLERA
é‘ 8F g 40— 4 TOXIN
a {5 - L TRYPSIN
A N
&+ 000 0ot ol 10 -
° Trypsin (%)
e
3
o
L 4 -
- M
x
(=4 i oL
Fe TETANUS coNTRO-A
TOXIN SIALID :
TRYPSIN
0 l LN L)
00l Ol i o] 100 120

Membrane protein (ug)

FIGURE 5: Binding of %*I-tetanotoxin and %I cholera toxin to sialidase-
or trypsin-treated synaptic membranes. Synaptosomes (1.2 mg of
protein) treated with trypsin or sialidase as in Figure 3 were coated
at different concentrations and subjected for 2 h at 37 °C to tetanotoxin
(1 x 10° cpm/well) or cholera toxin (2 X 10° cpm/well). Mem-
brane-associated radioactivity was measured by the solid-surface
technique. Values are averages + SEM of triplicate wells.

1.9-fold binding of tetanotoxin and 4.2- and 3.4-fold of cholera
toxin, respectively. Sonication of trypsin treated membranes
raised by almost a factor of 2 the binding capacity of both
toxins. In contrast, hypotonic shock of membranes seems to
decrease binding of tetanotoxin while increasing by over 3-fold
binding of cholera toxin. These results suggest that both toxins
are more accessible to their targets perhaps because sonication
reveals spare binding sites which escaped proteolytic digestion.

The specificity of the toxins to the synaptic membranes after
treatment with trypsin or sialidase is shown in Table VIII.
Unlabeled cholera or tetanotoxin at 1 uM concentration
prevent 95% and 85% binding of the '**I-labeled counterparts,
respectively. After treatment with sialidase the residual
binding activity is prevented only 65% and 70% by the unla-
beled cholera and tetanotoxin, respectively. Trypsin-treated
membranes are inhibited 35% by excess unlabeled tetanotoxin
and 85% by unlabeled cholera toxin. Although the absolute
values are low in the treated membranes, the inability of the
excess unlabeled toxin to prevent binding may indicate a
nonspecific binding component.

Finally, it is interesting to note that loss of binding sites by
proteolytic treatment of the synaptic membranes exhibits a
remarkable specificity with respect to the animal species em-
ployed. As illustrated in Figure 6, guinea pig synaptic prep-
arations are most sensitive to proteolytic treatment compared
to rat or bovine brain.

DiscussioN

The thrust of this work has been to characterize and reev-
aluate the kinetic properties of ganglioside affinity-purified

Table VIIL: Prevention of '?*I-Labeled Tetanotoxin and !#I-Labeled
Cholera Toxin Binding by Unlabeled Tetanus and Cholera Toxins?

125].1abeled toxin
(% of maximum)

control sialidase trypsin
tetanotoxin (1 uM) 15 30 65
cholera toxin (1 uM) 5 35 15

?Cholera or tetanus toxins were each (1 uM) added to sialidase- or
trypsin-treated membranes for 30 min at 37 °C. '¥*I-Labeled toxin
(0.05 uM) was added for 2 h and membrane-bound toxin was deter-
mined by the solid-surface assay. Values are average of triplicates with
less than 5% error.
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FIGURE 6: Binding of tetanotoxin to trypsin-treated synaptosome
preparations from various sources. Trypsinized synaptosome prep-
arations from guinea pig, bovine, and rat brain were subjected to
125]-tetanotoxin under conditions similar to those described in Figure
5. Values are the average of triplicate wells + SE.

tetanotoxin binding to synaptic membranes and to further
identify the receptors that participate in this interaction.
The first question we addressed concerned the three-step
mechanism of toxin internalization identified in nerve cells
(Yavin et al., 1983) and its validity in other nerve membrane
preparations such as synaptosomes and synaptic vesicles. This
problem appeared particularly relevant in light of our recent
discovery concerning the existence of two nearly identical and
equally toxic fractions of tetanotoxin after a ganglioside affinity
column purification (Lazarovici et al., 1984). One fraction,
TeToB, exhibited a strong affinity for gangliosides and reacted
avidly with neuronal membranes. The second fraction, TeToA,
bound poorly to nerve cells, synaptic membranes, or purified
gangliosides. The existence of TeToA in pure tetanotoxin
preparations raised for the first time the possibility that binding
and biotoxicity may be entirely different phenomena and
reopened the question of ganglioside-dependent and -inde-
pendent interaction of tetanotoxin with the nerve membrane.
The legitimacy of such a reevaluation is demonstrated in this
work through the analysis of receptor sensitivity to proteolytic
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and other hydrolytic digestions.

In this paper we first examine the binding properties of
TeToB to isolated guinea pig synaptic membranes and con-
clude that essentially these preparations are analogous to those
reported in other systems (Mellanby & Whittaker, 1968;
Rogers & Snyder, 1981; Schmitt et al., 1981).

Binding of TeToB was found proportional to the amount
of membrane protein added and like that previously shown
(Lee et al., 1979) was greater under low ionic strength than
high ionic strength conditions. It exhibited an optimum pH
close to pH 6.5 and was prevented by excess unlabeled toxin
or agents such as gangliosides, toxin fragments, or antibodies
indicating a highly specific interaction. Binding was also
dependent on the presence of sialic acid residues, reaffirming
the presumed role of gangliosides in the binding process. In
analogy to nerve cells there was a salt-dependent release of
toxin. A substantial amount of toxin retained after detergent
extraction was indicative of a tight association defined as
sequestration (Yavin et al., 1983). On the basis of these
properties we concluded that synaptic membranes interact with
tetanotoxin very similarly to intact nerve cells or erythrocytes
artificially supplemented with gangliosides (Lazarovici &
Yavin, 1985b). However, unlike nerve cells, the stability of
the toxin—-membrane complex towards sialidase (Figure 2, left
panel) did not depend on the temperature but exhibited a
strong dependency on the ionic strength at which the complex
was formed. Thus, electrostatic interactions appeared to play
a more critical role than temperature in internalization of the
toxin as defined by stability to sialidase (Yavin et al., 1983).
The presence of low salt concentration may facilitate the
transfer of the toxin from a sialo- to an asialo-receptor com-
ponent or even alter the intrinsic properties of the polypeptide
and thus render the complex cryptic to sialidase. Formation
of macromolecular toxin—toxin and toxin-membrane com-
plexes are in line with the latter possibility (Lazarovici et al.,
1984, 1986). The effect of sialidase originally reported by
Kryzhanovsky et al. (1973) and confirmed in the present study
under high ionic strength (Figure 2) is also compatible with
a shift in the polypeptide physical state (i.e., monomeric) to
enable the dissociation of the toxin—-membrane complex.

The second subject we questioned in this study concerned
the exclusive ganglioside nature of the receptor that binds the
toxin. Previous studies have shown that proteolytic treatment
of rat brain synaptic membranes had no effect on binding,
suggesting that the receptor for tetanotoxin is not a protein
(Rogers & Synder, 1981). More recently, we have demon-
strated that, in addition to a ganglioside component, binding
of tetanotoxin to cultured nerve cells appears to be partially
facilitated by a trypsin-sensitive component (Yavin & Nathan,
1986). In extending these studies we now demonstrate that
guinea pig synaptic membranes, like cultured nerve cells, seem
to possess additional components that participate by yet unclear
mechanisms in binding of tetanotoxin. Treatment of mem-
branes by various proteases is particularly effective in removing
these constituents, but also phospholipase C or collagenase
treatments are rather effective. It is striking that guinea pig
and not rat or bovine synaptosomes are sensitive to proteolysis,
a finding that could in part explain the failure of other in-
vestigators to show this effect. Sensitivity to proteolysis is by
no means an argument in favor of the existence of a discrete
protein receptor. Gangliosides are still the prime target for
tetanotoxin, as shown previously in model membrane systems
(Lee et al., 1978) or with pure gangliosides (Holmgren et al.,
1980). The novel aspect of this study is that in the native
membrane, additional components facilitate this interaction.

Cerebrosides in conjunction with gangliosides have been shown
to facilitate binding (Van Heyningen & Mellanby, 1968).
Artificial lipid bilayers can interact with the toxin B fragment
at acidic pH in the absence of gangliosides (Bouquet & Duflot,
1982). Although proteins have not been directly implicated
in binding of tetanotoxin (Haberman & Albus, 1986; Yavin
& Nathan, 1986), several associations between gangliosides
and proteins have been characterized (Sonino et al., 1979;
Wong et al., 1984). For example, GM1 and specific mem-
brane proteins are believed to participate in the translocation
of cholera toxin (Kellie et al., 1983; Fiani et al., 1984) whereas
gangliosides and glycoproteins may interact with each other
during the assembly of the extracellular matrix (Sharom &
Grant, 1978).

In the context of the current experiments we would like to
postulate that the role of certain surface proteins and lipids
is to facilitate the irreversible transfer of the toxin from the
oligosaccharide recognition site on the ganglioside receptor
into a deeper hydrophobic lipid bilayer domain. This mech-
anism of toxin translocation fits well with the three-step model
proposed in nerve cells and is also compatible with the model
suggested by others (Schmitt et al., 1981). The integrity of
the glycocalyx proteins and the appropriate lipid environment
in the biological membrane may be as essential as the receptor
itself in providing optimal conditions for furthering the in-
teraction of the ligand with the cell surface.
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ABSTRACT: Using highly purified calf brain tubulin bearing [8-!'4C]guanosine 5’-diphosphate (GDP) in the
exchangeable nucleotide site and heat-treated microtubule-associated proteins (both components containing
negligible amounts of nucleoside diphosphate kinase and nonspecific phosphatase activities), we have found
that a significant proportion of exchangeable-site GDP in microtubules can be incorporated directly during
guanosine 5’-triphosphate (GTP) dependent polymerization of tubulin, without an initial exchange of GDP
for GTP and subsequent GTP hydrolysis during assembly. The precise amount of GDP incorporated directly
into microtubules is highly dependent on specific reaction conditions, being favored by high tubulin con-
centrations, low GTP and Mg** concentrations, and exogenous GDP in the reaction mixture. Minimum
effects were observed with changes in reaction pH or temperature, changes in concentration of microtu-
bule-associated proteins, alteration of the sulfonate buffer, or the presence of a calcium chelator in the reaction
mixture. Under conditions most favorable for direct GDP incorporation, about one-third of the GDP in
microtubules is incorporated directly (without GTP hydrolysis) and two-thirds is incorporated hydrolytically
(as a consequence of GTP hydrolysis). Direct incorporation of GDP occurs in a constant proportion
throughout elongation, and the amount of direct incorporation probably reflects the rapid equilibration of
GDP and GTP at the exchangeable site that occurs before the onset of assembly.

leulin polymerization, both with and without MAPs,!
generally requires GTP bound at the exchangeable nucleotide

! Abbreviations: MAPs, microtubule-associated proteins; GDP, gua-
nosine 5'-diphosphate; GTP, guanosine 5'-triphosphate; p(CH,)ppG,
guanosine 5'-(8,y-methylenetriphosphate); ATP, adenosine 5'-tri-
phosphate; UTP, uridine 5'-triphosphate; Mes, 2-(N-morpholino)-
ethanesulfonate; Pipes, 1,4-piperazinedicthanesulfonate; EGTA, ethylene
glycol bis(3-aminoethyl ether)-N,N,N’,N’-tetraacetate; EDTA, ethyl-
enediaminetetraacetate; DEAE, diethylaminoethyl.

site (Weisenberg et al., 1968) of the protein. In the course
of the reaction this GTP is hydrolyzed to GDP (Kobayashi,
1975). These observations have generated much experimental
work and a number of intriguing models to elucidate the role
of GTP hydrolysis in the formation and stability of microtu-
bules [e.g., Kirschner (1980), Weisenberg (1980), Cote &
Borisy (1981), Bonne & Pantaloni (1982), Carlier & Pantaloni
(1982), Hill & Chen (1984), and Caplow & Reid (1985)].

GDP, on the other hand, is generally viewed as an inhibitor
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