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Identification of an ion channel-forming motif in the primary structure
of tetanus and botulinum neurotoxins
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Synthetic peptides with amine aeid sequences corresponding to predicted transmembrane segments of tetaaus toxin were used as probes (o idenlify

a channel-forming motif. A peptide denoted TeTx 11, with sequenice GVVLLLEYIPEITLPVIAALSIA, forms cation-selective channels when

reconstituted in planar lipid bilayers. The single ehannel conduetance in 0.5 M NaCl or KClis 28 & 3 and 24 &£ 2 p5, respectively. In cantrast,

a peptide with sequence NFIGALETTGYVLLLEYIPEIT, denoted as TeTx L. or & peptide with the same amino scid composition as TeTx 11 but

with a randomized sequence, do not form chunnels. Conformational energy ealeulations show that a bundie of four amphipathic a-helices is a

plausible structural motif underlying observable pore properties. The identified functional module may account for the channel-forming aclivity
ol both tetanus toxin and the homoelogous botulinum toxin A,

Tetanus toxin; Bolulinum toxiw; Tonic channel; Protein design; Lipid bilayes Sipnal (ransduction

1. INTRODUCTION

Tetanus toxin (TeTx) and botulinum neurotoxin se-
rotype A (BoTxA) secreted by Clostridium tetani and
Clostridiom botulinum, respectively, are two of the most
toxic proteins known to humankind: only ~100 pg of
pure toxin constitutes one lethal dose [1-3]. Although
it has been known for many years that these neurotox-
ins affect synaptic transmission in nervous tissues, their
mode of action at the molecular level remains elusive,
TeTx is the agent responsible for the spasticity and
convulsions characteristic of human tetanus {1-3], and
is more potent in the central nervous system where it
blocks the release of the inhibitory neurotransmitters
&gamma;-aminobutyric acid and glycine [3]. BoTxA
blocks acetylcholine release in peripheral nervous sys-
tem synapses [1.2] and produces paralysis,

These toxins are structurally homologous [4-8]. Both
are aqueous soluble proteins with an apparent M, =
150,000. They are formed from two disulfide-linked
chains: the light chain with M, = 50,000 and the heavy
¢hain, M, = 100,000, Proteolytic cleavage produces
three distinet fragmenis [4], A, B and C. A is the light
chain, B is a proteolytic fragment of the heavy chain, the
N-terminal half with M, = 50,000 known as A2 and H2
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for TeTx and BoTxA, respectively, and C is the C-
terminal half of the heavy chain with M, = 50,000,
known as fragment C and HI1 for TeTx and BoTxA,
respectively [4,9].

The tripartite modularity of the toxins is consistent
with the hypothesis of Simpson [1,2] of a three step
mechanism for intoxication. Receptor binding (step 1)
is considered localized to fragment C, as evidenced by
specific binding to gangliosides and by competitive
block of 1he neurotoxic effect of intact toxin [1,4,10-13).
The ganglioside toxin complex is internalized and se-
questered into an endocytic vesicle [1,2,81,12,14]. This
process (step 2) requires fragment B, The low pH in the
vesicle activates insertion of the toxin into the vesicle
membrane [1,2,9,12,14,15]. Fragment B contains the
channel forming domain, as evidenced by single channel
and macroscopic current recordings obtained from lipid
bilayers exposed to either intact BoTaA or TeTx toxins
or to the TeTx B fragment under conditions that mimic
the pH gradient across endocytic vesicles [16-23).
Blockade of transmitter release (step 3) is a property of
the light chain, as demonstrated by intracellular injec-
tion of isolated light chain [2,15,24--26], by exposure of
permeabilized chromaffin granules or PC 12 cells to
light chain [21,27-30], or by intracellular delivery of
light chain entrapped inside liposomes after fusion with
mammalian motor nerve endings [31].

Of the three functienal motifs, only the channel-form-
ing activity contained within fragment B [18-20,22,23],
has been characierized. A bundle of amphipathic o
helices could form the pore structuze, akin to ihe pro-
posad metif for the pore of ligand- and voltage-gated
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channels [32-38], and consistent with the structure of
the channel-forming domain of diphtheria texin deter-
mined at 2.5 A: resolution [39). Here we report the
identification of a plausible pore forming matif in the
primary structure of BoTxA and TeTx heavy chain, The
strategy involves scquence analysis and molecular mod-
cling to evalunte proposed motifs, followed by synthesis
of peptides with sequences representing:the idontified
motifs, and characterization of single channel proper-
ties after reconstitution in lipid bilayers, Detailed com-
parisons with channel propertics of the authentic pro-
tein toxin cstablish the fidelity of the design and the
suitability of the assay.

2. MATERIALS AND METHODS

2.1 Conformationnl energy computations

Molecular modeling, including energy minimization and molecuiar
dynamies slmulations, were conductel] on a Sificon Graphics TRIS
4D21 QTX workstation using the INSIGHT and DISCOVER molee-
winr modeling packages of Biosym (San Diego, CA} [33,3]. Low-
energy arrangements of a-helices nnd fourshelix bundles are cateulnted
with semi-empitical potentini energy functivns and oplimization rou-
tincs, and further relined, Canstraints nre used for symmetry and o
madutain regular helicol backbone dihedral angles of ¢ = ~ 45 and ¢
= - 60 [M).

2.2, Pepride amd protein syathesis, parification and charcterization

Monomerie peptides were synthesized by solid-phose methods, pu-
rified by HPLC, nnd charncterized by amino ncid analysis, microse.
quenecing, capillary zone clectrophoresis and SDS gel electrophoresis
(34},

2., Synthetic channel peptives assaved Ay single chnnel recordings in
dipid bilavers

Lipid bilayers were assembled by apposition of two monolayets.
initinlly formed at the air-water interface, ai the tip of patch pipets
[34.40]. Peptides were incorporated into phosphatidyleholine lipid hi-
lavers  1.2-diphytanoyl-sa-glycera-3-phosphocholine  (Avamti Bio-
chemicals, Alabasier, AL) ns described [34,40}. Acquisition and anal.
ysis of singte channel currents were as described [34,40]. Conducinnee
and tifetime values were calculated from recordings with = 300 open-
ings: apenings with 7, < 0.3 ms were ignored. Vadues reported as mean
1 5.E.M, where # indicates the nimber of experiments. Bitayer exper-
iments were performed at 24 2 2°C,

3. RESULTS AND DISCUSSION

3.1, Sequence analvsis

Alignment of deduced amino acid sequences of TeTx
and BoTxA show that the two sequences are highly
homologous, with nuracrous regions of predicted sec-
ondary structure. However, only one region is predicted
by hydropathy analysis to be a transinantrane dosmain.
This segment encompasses amino acids 659-690 for
TeTx and 650-681 for BoTxA. Hydropathic power
spectral analysis confirms the ussinment and sadicates
that the structure is an amphipathic a-helix [41,4 ).

The length of this segment exceeds that necessary to
span the bilayer width (32 A). Accordingly. transmem-
brane structurcs may be inferred from calculated low
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energy conformers. Two segments, 1 and 11, were iden-
tifled: [ extends from amino acid 659 to 680 for TeTx
and from 650 to 671 for BoTxA; Il extends from residue
668 to 69D for TeTx and from 659 10 681 for BoTxA.
These segments are plausible candidates for the pore-
forming structure of TeTx and BoTxA. The aligned
sequences are:

TeTx: I NFIGALETTGVVLLLBYIPRIT
BoTxA: I DFVGALIFBGAVILLEFIPRIA

TeTx: II GVVLLLEYIPRBITLPVIAALSIA
BoTxA: II GAVILLEFIPRIAIPVLGTFALV

Due to their low hydrophobicity. neither peptide
would be predicted to span the hydrophobic interior of
the bilayer as a monomer. However, a tetrameric array
of four amphipathic transmembrane helices meeting
with their polar surfaces facing inward could form the
chnanel structure. Indeed, the high order dependence of
conductance on TeTx and BoTx concentration pointed
10 the {formation of a scli-assembled oligomer as the
structural entity underlying the conductance evenis [36-
38).

3.2, Bundlex of amphipathic a-helices as the structural
motif

For scgment 1, the sequences arc 82% homologous.
The N-terminal half of the sequence contains the OH-
containing residue, T9 or §9, respectively, whereas the
two rings of negatively charged residues, E16 and E20,
are in the C-terwinal half of the structure. When mod-
tled as a four-helix bundle, the structure exhibits align-
ment of pore-lining residues (T9/89, E16 and EX0 inli-
cated in bold type). The occurrence of only one ring of
prolines (P19) produces a bundle with a narrow pore
diameter (= 2 A) (model not shown): this constriction
would render ioaic flux unfavorable.

Allowing for conservative substitutions, the two seg-
ment I sequences are 75% homologous, Fig. 1A-D
display an energy-optinized structure of a bundle of
four identical and aligned peptides corresponding to
TeTx I1. The minimized four-helix bundle shown in Fig.
1A and B indicates that residues V3, E7. YS. Eli. P15,
Al9 and A23 arc exposed to the pore lumen. The occur-
rence of prolines at positions 10 and 15 introduces a
pronounced kink in the helices and, therefore, an expan-
sion of the pore diameter at this level. A transverse
section across the bundie illustrating approximately one
turn of helix including E? {Fig. 1C) and El! (Fig. iD)
indicates the oceurrence of two discrete rings of carbox-
ylates generating a consideraiilc negative chwnic wiihin
the pore. Such rings may underlie the cation seivetivity
of the toxin channel. In the BoTxA model {not shown),
the hydrophilic residue Ti9 faces the pore lumen,
whereas alanines replace non-pore lining hydrophilic
residues of the TeTx model. making BoTxA even more
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Fig. 1. (A) A bundle of four amphipathic a-helices is 2 pirusitle structere 7 the poic-fonning entity of TeTX. Side view of energy opaiazad
molecular model of the pore formed by four pars el belices with sequence corresponding to TeTx 1. The N-terminus is at the top. The van der
Waals envelope {dotted surface) shows the solvent-accessible surface with ribbon representation ol the a-carbon backbone. (B} The central pore
lined by negatively charged residucs and the locaticu of lipophilic residues (purple) at the exterior of the bundle, The length of the bundle is sufficient
to span the bilayer, Note the occurrence of two rings of acidic residues (red) and two rings of prolines (white). (C and D) End-view of a cross-section
at the level of E7 (C) and E11 (D) showing approximately two turns of hetix. This region corresponds to the narrowest s= tion of the pore with
pore diameters of § A (C) and 2.6 A (D), and is lined by negatively charged carboxylates. Color code: light blue, a-carbon beskuore; red, acidic;
yellow, polar-neutral; white, proline and glycine; purple, lipophilic residues.
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amphipathie. Hence, bundles of amphipathic a-helices the cation-selective pore identified in reconstitution
fulfill the structural and energetic requirements to form - studies of the intact toxins in lipid bilayers [18-23].
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Fig. 2. Single channel currents from phosphatidylcholine bilayers conlammg 1he synthetic peptide, TeTx 1L Cufrems were recorded at = 100

mY¥ in symmetric 0.5 M NaCl {A) or KCl (B), 5§ mM HEPES, pH 7.0. The lower traces display a sectwn m higher time resolution. Current

histograms, generated from segments of records lasting several minuies, are displayed; € and O denste closed and open siates, respectively. The

probabllny of the chanrel being open, P, or closed, P, is caleulated from the area under the corresponding Gauasmn curve [22,39). In WaCl, B,

= 0.3%; in KCl, P, = (.56 The single channel current is caiculaied as the dilference between the peaks associated with the clused and open states.
The correspanding values for single channel conductances are 28 pS (MNaCl) and 24 p8 (KCi). Records were filtered at 1 kHz.
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3.3. Channel formation by TeTx 11

TeTx I forms chunnels in lipid bilayers, as shown in
Fig. 2. Conductance events are heterogeneous in both
amplitude and channel open and closed times. The most
frequent event has a single channel conductance of 28
£ 3 p§ (r = 8) in symmetric 0.5 M NaCl (Fig. 2A) and
24+ 2pS(n="7in0.5 M KCl (Fig. 2B). The charuel
is ohmic and cation selective. In NaCl, the chanuel open
times (7)) are well fitted by a sum of two exponentials,
T =0.52 0.1 msand 7, = 5.2 £ 1.1 ms, and the closed
times (7o) with a single exponential, T, = 1.0 £ 0.2 ms
(2= 3). In contrast, in KCI the channel appears in bursts
of activity: both open and closed times are best fitted by
two exponentials with values 7, = 0.7 £ 0.1 ms and 7,
= 179 £ 30 ms for the open times and 7, = 0.8 £ Q.2
ms and 7, = 19 £ § ms for the closed times (n = 3).

3.4, Seguence specificity and controls

TeTx I daes not form channels afier reconstitution in
lipid bilayers (# = §) (Fig. 3A). The perturbations of the
baseline, and the occasional distinet conduetance steps

CURRENT —

CURRENT — D
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indicate that peptide I is inserted in the membcrane but
is not sufficient 1o generate the discrete channel events
that are characteristic of channel proteins. Further-
more, a peptide of the same amino acid composition as
TeTx II but with a computer-penerated random se-
quence, predicted to retain propensity for a-helix for-
miation was synthesized. The sequence is EVVLLA-
LIYPALTVPAIISLAE. This peptide incorporates into
bilayers, as evidenced by erratic fluctuations in mem-
brane current; however, it does not form discrete con-
ducting events (# = 4) (Fig. 3B). These results support
the specificity of the identified sequence as a candidate
for the pore.

3.5, Comnparison with authentic TeTx channels

To illustrate the similarity between the channel activ-
ity fzatured by TeTx 11 and that of intact TeTx or its
B fragment [22,23], a record obtained in 0.3 M NaCl
using fragment B is illustrated in Fig. 4. The single
channel conductance is 25+ 1 pSat ¥ =80 mV and 29
1 pSatV=-80mV (n =3)[22). Concordant with
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Figp. 3. Membrane currents from phosphalidylcholine bilayers comaining the syathetie, TeTx 1 (A), and the peptide with randomized sequence but
identical amino acid composition as TeTx I (B). Currenis were racorded at 100 mV in symmetric 0.5 M KCl, 5 mM HEPES, pH 7.0. Records
were flliered al | kHz, Noie the absence of diserete current steps and the occurrence of 4 single band in Lhe current Listograms.
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Fig. 4. Single chunnel currents from phosphaiidylcholine bilayers containing the B frugment of TeTx. Currenis recorded at V'=-80 mYV i+ symmetric
0.5 M NaCl, 10 mM HEPES, pH 7.0. Records were filtered a1 3 kHz The corresponding current histogram is shown. Single channel conductance
is 29 pS.

expectations, the channel properties of TeTx II maich
those of intact authentic toxin.

3.6. Conclusion

TeTx 1l emulates several properties of the ion channel
formed by authentic tetanus toxin incorporated in lipid
bilayers, namely, single channel conductance, cation se=
lectivity and channel open lifetimes in the millisecand
time range. Channel activity is sequence specific, as ev-
idenced from the lack of activity by the randomized
TeTx 11 peptide and by TeTx L. The sequence of TeTx
If is highly homologous to the corresponding sequence
BoTxA 11 (78%). Conformational energy calculations
on both TeTx II and BoTx II indicate that a bundle of
four amphipathic a-helices is a plausible structural
motif underlying channel activity, The location of pore-
lining residues and the overall amphipathicity is ¢com-
patible with sirnilar function. These results support the
notion that this structural motif may represent a func-
tional meodule associated with channel formation by
TeTx and BoTxA.
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