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(57) ABSTRACT 
The present invention provides a method of determining 
clostridial toxin activity by (a) contacting With a sample a 
cell containing a clostridial toxin substrate that includes a 
donor ?uorophore; an acceptor having an absorbance spec 
trum overlapping the emission spectrum of the donor ?uo 
rophore; and a clostridial toxin recognition sequence con 
taining a cleavage site that intervenes between the donor 
?uorophore and the acceptor, Where resonance energy trans 
fer is exhibited between the donor ?uorophore and the 
acceptor under the appropriate conditions; (b) exciting the 
donor ?uorophore; and (c) determining resonance energy 
transfer of the contacted cell relative to a control cell, Where 
a difference in resonance energy transfer of the contacted 
cell as compared to the control cell is indicative of clostridial 
toxin activity. 
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CELL-BASED FLUORESCENCE RESONANCE 
ENERGY TRANSFER (FRET) ASSAYS FOR 

CLOSTRIDIAL TOXINS 

[0001] This application is a divisional and claims priority 
pursuant to 35 U.S.C. §120 to US. patent application Ser. 
No. 10/261,161, ?led Sep. 27, 2002, Which is hereby incor 
porated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to ?uores 
cence resonance energy transfer and protease assays and, 
more speci?cally, to cell-based methods for assaying for 
clostridial toxin activity. 

[0004] 2. Background Information 

[0005] The neuroparalytic syndrome of tetanus and the 
rare but potentially fatal disease, botulism, are caused by 
neurotoxins produced by bacteria of the genus Closlridium. 
These clostridial neurotoxins are highly potent and speci?c 
poisons of neural cells, With the human lethal dose of the 
botulinum toxins on the order of nanograms. Thus, the 
presence of even minute levels of botulinum toxins in 
foodstuffs represents a public health haZard that must be 
avoided through rigorous testing. 

[0006] HoWever, in spite of their potentially deleterious 
effects, loW controlled doses of botulinum neurotoxins have 
been successfully used as therapeutics and for some cos 
metic applications. In particular, botulinum toxins have been 
used in the therapeutic management of a variety of focal and 
segmental dystonias, strabismus, and other conditions in 
Which a reversible depression of a cholinergic nerve termi 
nal activity is desired. Established therapeutic uses of botu 
linum neurotoxins in humans include, Without limitation, 
blepharospasm, hemifacial spasm, laringeal dysphonia, 
focal hyperhidrosis, hypersalivation, oromandibular dysto 
nia, cervical dystonia, torticollis, strabismus, limbs dystonia, 
occupational cramps and myokymia (Rossetto et al., Toxicon 
39:27-41 (2001)). As an example, intramuscular injection of 
spastic tissue With small quantities of botulinum neurotoxin 
A has been used effectively to treat spasticity due to brain 
injury, spinal cord injury, stroke, multiple sclerosis and 
cerebral palsy. Additional possible clinical uses of clostridial 
neurotoxins currently are being investigated. 

[0007] Given the potential danger associated With small 
quantities of botulinum toxins in foodstuffs and the need to 
prepare accurate pharmaceutical formulations, assays for 
botulinum neurotoxins presently are employed in the food 
and pharmaceutical industries. The food industry requires 
assays for the botulinum neurotoxins to validate neW food 
packaging methods and to ensure food safety. The groWing 
clinical use of the botulinum toxins necessitates accurate 
assays for botulinum neurotoxin activity for product formu 
lation as Well as quality control. In both industries, a mouse 
lethality test currently is the only acceptable assay for 
botulinum neurotoxin activity. 

[0008] Unfortunately, the mouse lethality assay suffers 
from several draWbacks: cost due to the large numbers of 
laboratory animals required; lack of speci?city; the potential 
for inaccuracy unless large animal groups are used; and the 
necessary sacri?ce of animal life. Thus, there is a need for 
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a neW method that can complement and reduce the need for 
the mouse lethality assay. In addition to measuring toxin 
proteolytic activity, such a surrogate method also should 
require cellular uptake of the toxin and delivery of the toxin 
light chain into the cell cytosol. The present invention 
satis?es this need by providing novel cell-based assays for 
clostridial toxin activity and also provides related advan 
tages. 

SUMMARY OF THE INVENTION 

[0009] The present invention provides a substrate compo 
sition that includes a delivery agent and a clostridial toxin 
substrate containing a donor ?uorophore; an acceptor having 
an absorbance spectrum overlapping the emission spectrum 
of the donor ?uorophore; and a clostridial toxin recognition 
sequence containing a cleavage site that intervenes betWeen 
the donor ?uorophore and the acceptor, Where resonance 
energy transfer is exhibited betWeen the donor ?uorophore 
and the acceptor under the appropriate conditions. In a 
substrate composition of the invention, the delivery agent 
can be, for example, covalently linked to the clostridial toxin 
substrate and further can be, for example, a protein, peptide 
or peptidomimetic. In one embodiment, the substrate com 
position is a chimeric protein, peptide or peptidomimetic in 
Which the delivery agent is operatively fused to the 
clostridial toxin substrate. Such a chimeric substrate com 
position can be, for example, a peptide or peptidomimetic 
having a length of at most 50 or 100 residues. 

[0010] A variety of delivery agents can be covalently 
linked to a clostridial toxin substrate in a substrate compo 
sition of the invention including, Without limitation, an 
antennapedia protein or active fragment thereof, such as an 
active fragment having the amino acid sequence RQIKIW 
FQNRRMKWKK (SEQ ID NO: 1); an HIV TAT protein or 
active fragment thereof, such as an active fragment having 
the amino acid sequence YGRKKRRQRRR (SEQ ID NO: 
2); and a herpes simplex virus VP22 protein or active 
fragment thereof, such as a herpes simplex virus VP22 
protein having the amino acid sequence SEQ ID NO: 3, or 
active fragment thereof. 

[0011] The invention also provides a substrate composi 
tion in Which the delivery agent is non-covalently associated 
With the clostridial toxin substrate. Exemplary delivery 
agents that can be non-covalently associated With a 
clostridial toxin substrate include, Without limitation, 
ChariotTM and MPG peptides. 

[0012] Avariety of clostridial toxin substrates are useful in 
the substrate compositions of the invention. Such a 
clostridial toxin substrate can be, for example, a botulinum 
toxin substrate containing a botulinum toxin recognition 
sequence or a tetanus toxin substrate containing a tetanus 

toxin recognition sequence. In one embodiment, the inven 
tion provides a substrate composition containing, in part, a 
BoNT/A substrate that includes a BoNT/A recognition 
sequence. Such a BoNT/A substrate can include, for 
example, at least six consecutive residues of SNAP-25, the 
six consecutive residues containing Gln-Arg, or a peptido 
mimetic thereof. In another embodiment, the invention 
provides a substrate composition that includes a BoNT/B 
substrate containing a BoNT/B recognition sequence. 
BoNT/B substrates useful in the substrate compositions of 
the invention include, Without limitation, those having at 
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least six consecutive residues of VAMP, the six consecutive 
residues containing Gln-Phe, or a peptidomimetic thereof. In 
a further embodiment, the invention provides a BoNT/Cl 
substrate containing a BoNT/Cl recognition sequence; 
BoNT/Cl substrates useful in the invention encompass 
those having at least six consecutive residues of syntaxin, 
the six consecutive residues containing Lys-Ala, or a pep 
tidomimetic thereof, and those including at least six con 
secutive residues of SNAP-25, the six consecutive residues 
containing Arg-Ala, or a peptidomimetic thereof. In another 
embodiment, the invention provides a BoNT/D substrate 
containing a BoNT/D recognition sequence. A variety of 
BoNT/D substrates are useful in the substrate compositions 
of the invention including, yet not limited to, BoNT/D 
substrates containing at least six consecutive residues of 
VAMP, the six consecutive residues containing Lys-Leu, or 
a peptidomimetic thereof. 

[0013] In a further embodiment, the invention provides a 
substrate composition that includes, in part, a BoNT/E 
substrate containing a BoNT/E recognition sequence. Such 
a BoNT/E substrate can have, for example, at least six 
consecutive residues of SNAP-25, the six consecutive resi 
dues containing Arg-Ile, or a peptidomimetic thereof. In an 
additional embodiment, there is provided herein a substrate 
composition Which includes a BoNT/F substrate containing 
a BoNT/F recognition sequence. BoNT/F substrates useful 
in the compositions of the invention can have, for example, 
at least six consecutive residues of VAMP, the six consecu 
tive residues containing Gln-Lys, or a peptidomimetic 
thereof. In still a further embodiment, the invention provides 
a substrate composition that contains, in part, a BoNT/G 
substrate having a BoNT/G recognition sequence. Useful 
BoNT/G substrates include, yet are not limited to, those 
having at least six consecutive residues of VAMP, the six 
consecutive residues containing Ala-Ala, or a peptidomi 
metic thereof. In a further embodiment, the present inven 
tion provides a substrate composition that includes, in part, 
a TeNT substrate containing a TeNT recognition sequence. 
A variety of TeNT substrates are useful in the invention 
including those having at least six consecutive residues of 
VAMP, the six consecutive residues containing Gln-Phe, or 
a peptidomimetic thereof. 

[0014] A variety of donor ?uorophores and acceptors are 
useful in the substrate compositions of the invention. As 
non-limiting examples, donor ?uorophores useful in the 
invention include Alexa Fluor®-488, DABCYL and 
BODIPY®. Acceptors useful in the invention include non 
?uorescent acceptors as Well as acceptor ?uorophores; in 
one embodiment, the acceptor is an acceptor ?uorophore 
having a ?uorescence lifetime of at least 1 microsecond. In 
other embodiments, the invention provides a substrate com 
position in Which the acceptor is EDANS, QSY-7®, or 
tetramethylrhodamine. 

[0015] Further provided herein is a cell containing a 
clostridial toxin substrate that includes a donor ?uorophore; 
an acceptor having an absorbance spectrum overlapping the 
emission spectrum of the donor ?uorophore; and a 
clostridial toxin recognition sequence containing a cleavage 
site that intervenes betWeen the donor ?uorophore and the 
acceptor, Where resonance energy transfer is exhibited 
betWeen the donor ?uorophore and the acceptor under the 
appropriate conditions. In one embodiment, the cell is a 
transfected cell. In another embodiment, the cell is a stably 
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transfected cell. A variety of cells are useful in the invention 
including, Without limitation, primary cells; established 
cells; human cells; neuronal cells such as primary neurons, 
established neurons and human neurons; and non-neuronal 
cells such as pancreatic acinar cells. Neurons useful in the 
invention include central nervous system (CNS) neurons and 
peripheral neurons; as non-limiting examples, a neuron 
useful in the invention can be a neuroblastoma, spinal cord 
neuron, dorsal root ganglion neuron, cerebral cortex neuron, 
cerebellar neuron, hippocampal neuron or motor neuron. 

[0016] Further provided herein is a cell Which includes a 
nucleic acid molecule encoding a clostridial toxin substrate 
that includes a donor ?uorophore; an acceptor having an 
absorbance spectrum overlapping the emission spectrum of 
the donor ?uorophore; and a clostridial toxin recognition 
sequence containing a cleavage site that intervenes betWeen 
the donor ?uorophore and the acceptor, Where resonance 
energy transfer is exhibited betWeen the donor ?uorophore 
and the acceptor under the appropriate conditions. 

[0017] Any of a variety of cells can be useful, including, 
but not limited to, human cells, neuronal cells and non 
neuronal cells. Such a cell can be prepared, for example, by 
stable transfection of a nucleic acid molecule encoding a 
clostridial toxin substrate. The nucleic acid molecule encod 
ing a clostridial toxin substrate can be linked, for example, 
to a regulatory element such as a constitutive regulatory 
element or inducible regulatory element. A variety of induc 
ible regulatory elements are useful in the invention, includ 
ing, Without limitation, tetracycline regulated regulatory 
elements and ecdysone inducible regulatory elements. 
Genetically encoded donor ?uorophores and acceptors use 
ful in the invention include green ?uorescence protein (GFP) 
and others disclosed herein beloW and knoWn in the art. 

[0018] The present invention also provides a method of 
determining clostridial toxin activity by (a) contacting With 
a sample a cell containing a clostridial toxin substrate that 
includes a donor ?uorophore; an acceptor having an absor 
bance spectrum overlapping the emission spectrum of the 
donor ?uorophore; and a clostridial toxin recognition 
sequence containing a cleavage site that intervenes betWeen 
the donor ?uorophore and the acceptor, Where resonance 
energy transfer is exhibited betWeen the donor ?uorophore 
and the acceptor under the appropriate conditions; (b) excit 
ing the donor ?uorophore; and (c) determining resonance 
energy transfer of the contacted cell relative to a control cell, 
Where a difference in resonance energy transfer of the 
contacted cell as compared to the control cell is indicative of 
clostridial toxin activity. 

[0019] A clostridial toxin substrate useful in a method of 
the invention can be a botulinum toxin substrate of any 
serotype or a tetanus toxin substrate. 

[0020] Thus, a method of the invention can be practiced, 
for example, With a BoNT/A substrate containing a BoNT/A 
recognition sequence; a BoNT/B substrate containing a 
BoNT/B recognition sequence; a BoNT/Cl substrate con 
taining a BoNT/Cl recognition sequence; a BoNT/D sub 
strate containing a BoNT/D recognition sequence; a 
BoNT/E substrate containing a BoNT/E recognition 
sequence; a BoNT/F substrate containing a BoNT/F recog 
nition sequence; a BoNT/G substrate containing a BoNT/G 
recognition sequence; or a TeNT toxin substrate containing 
a TeNT recognition sequence. 
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[0021] A variety of samples can be assayed for clostridial 
toxin activity according to a method of the invention. Such 
samples include, Without limitation, crude cell lysates; iso 
lated clostridial toxins; formulated clostridial toxin products 
such as BOTOX; and foodstuffs. 

[0022] A variety of means can be used to determine 
resonance energy transfer in a method of the invention. In 
one embodiment, a method of the invention includes the step 
of detecting donor ?uorescence intensity of the contacted 
cell, Where increased donor ?uorescence intensity of the 
contacted cell as compared to the control cell is indicative of 
clostridial toxin activity. In another embodiment, a method 
of the invention includes the step of detecting acceptor 
?uorescence intensity of the contacted cell, Where decreased 
acceptor ?uorescence intensity of the contacted cell as 
compared to the control cell is indicative of clostridial toxin 
activity. In a further embodiment, a method of the invention 
includes the step of detecting an acceptor emission maxi 
mum and a donor ?uorophore emission maximum of the 
contacted cell, Where a shift in emission maxima from near 
the acceptor emission maximum to near the donor ?uoro 
phore emission maximum is indicative of clostridial toxin 
activity. In yet a further embodiment, a method of the 
invention includes the step of detecting the ratio of ?uores 
cence amplitudes near an acceptor emission maximum to the 
?uorescence amplitudes near a donor ?uorophore emission 
maximum of the contacted cell, Where a decreased ratio in 
the contacted cell as compared to the control cell is indica 
tive of clostridial toxin activity. In still another embodiment, 
a method of the invention includes the step of detecting the 
excited state lifetime of the donor ?uorophore in the con 
tacted cell, Where an increased donor ?uorophore excited 
state lifetime in the contacted cell as compared to the control 
cell is indicative of clostridial toxin activity. If desired, the 
step of determining resonance energy transfer can be 
repeated at one or more later time intervals. In addition, the 
conditions suitable for clostridial toxin activity can be 
selected, if desired, such that the assay is linear. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 shoWs a schematic of the deduced structure 
and postulated mechanism of activation of clostridial neu 
rotoxins. Toxins can be produced as an inactive single 
polypeptide chain of 150 kDa, composed of three 50 kDa 
domains connected by loops. Selective proteolytic cleavage 
activates the toxins by generating tWo disul?de-linked 
chains: the L chain of 50 kDa and the H chain of 100 kDa, 
Which is made up of tWo domains denoted HN and HQ. The 
three domains play distinct roles: the C-terminal domain of 
the heavy chain (HC) functions in cell binding While the 
N-terminal domain of the heavy chain (HN) permits trans 
location from endosome to cell cytoplasm. Following reduc 
tion of the disul?de linkage inside the cell, the Zinc-en 
dopeptidase activity of the L chain is liberated. 

[0024] FIG. 2 shoWs a schematic of the four steps required 
for tetanus and botulinum toxin activity in central and 
peripheral neurons. 

[0025] FIG. 3 shoWs the subcellular localiZation at the 
plasma membrane and sites of cleavage of SNAP-25, VAMP 
and syntaxin. VAMP is bound to synaptic vesicle membrane, 
Whereas SNAP-25 and syntaxin are bound to the target 
plasma membrane. BoNT/A and / E cleave SNAP-25 close to 
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the carboxy-terminus, releasing nine or 26 residues, respec 
tively. BoNT/B, /D, /F, /G and TeNT act on the conserved 
central portion of VAMP (dotted) and release the amino 
terrninal portion of VAMP into the cytosol. BoNT/Cl 
cleaves SNAP-25 close to the carboxy-terminus as Well as 
cleaving syntaxin at a single site near the cytosolic mem 
brane surface. The action of BoNT/B, /Cl, /D, /F, /G and 
TeNT results in release of a large portion of the cytosolic 
domain of VAMP or syntaxin, While only a small portion of 
SNAP-25 is released by selective proteolysis by BoNT/A, 
/C1 or /E. 

[0026] FIG. 4 shoWs the neurotoxin recognition motif of 
VAMP, SNAP-25 and syntaxin. (A) Hatched boxes indicate 
the presence and positions of a motif common to the three 
targets of clostridial neurotoxins. (B) The recognition motif 
is composed of hydrophobic residues (“h”); negatively 
charged Asp or Glu residues (“—”) and polar residues (“p”); 
“x” represents any amino acid. The motif is included in 
regions of VAMP, SNAP-25 and syntaxin predicted to adopt 
an ot-helical conformation. (C) A top vieW of the motif in an 
ot-helical conformation is shoWn. Negatively charged resi 
dues align on one face, While hydrophobic residues align on 
a second face. 

[0027] FIG. 5 shoWs an alignment of various SNAP-25 
proteins and their BoNT/ E, BoNT/A and BoNT/Cl cleavage 
sites. Human SNAP-25 (SEQ ID NO: 4; GenBank accession 
g4507099; see, also, related human SNAP-25 sequence 
g2l35800); mouse SNAP-25 (SEQ ID NO: 5; GenBank 
accession G6755588); Drosophila SNAP-25 (SEQ ID NO: 
6; GenBank accession g54894l); gold?sh SNAP-25 (SEQ 
ID NO: 7; GenBank accession g2l33923); sea urchin 
SNAP-25 (SEQ ID NO: 8; GenBank accession g27078l8) 
and chicken SNAP-25 (SEQ ID NO: 9; GenBank accession 
g48l202) are depicted. 

[0028] FIG. 6 shoWs an alignment of various VAMP 
proteins and their BoNT/F, BoNT/D, BoNT/B, TeNT and 
BoNT/G cleavage sites. Human VAMP-l (SEQ ID NO: 10; 
GenBank accession gl35093); human VAMP-2 (SEQ ID 
NO: 11; GenBank accession gl35094); mouse VAMP-2 
(SEQ ID NO: 12; GenBank accession g250l08l); bovine 
VAMP (SEQ ID NO: 13; GenBank accession g89782); frog 
VAMP (SEQ ID NO: 14; GenBank accession g609439l); 
and sea urchin VAMP (SEQ ID NO: 15; GenBank accession 
g503l4l5) are depicted. 

[0029] FIG. 7 shoWs an alignment of various syntaxin 
proteins and their BoNT/Cl cleavage sites. Human syntaxin 
lA (SEQ ID NO: 16; GenBank accession gl5079l84), 
human syntaxin 1B2 (SEQ ID NO: 17; GenBank accession 
gl5072437), mouse syntaxin lA (SEQ ID NO: 18; GenBank 
accession gl50ll853), Drosophila syntaxin lA (SEQ ID 
NO: 19; GenBank accession g250l095); C. elegans syntaxin 
A (SEQ ID NO: 20; GenBank accession g75ll662)and sea 
urchin syntaxin (SEQ ID NO: 21; GenBank accession 
gl33l0402) are depicted. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] The invention provides in vivo and in vitro cell 
based assays for determining the presence or absence of an 
active clostridial toxin in a sample or for determining the 
activity of any clostridial toxin, including botulinum toxins 
of all serotypes and tetanus toxins. The novel substrate 
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compositions, cells and assays of the invention reduce the 
need for animal toxicity studies, yet serve to analyze mul 
tiple toxin functions, namely, binding and cellular uptake of 
the toxin, translocation into the cell cytosol, and protease 
activity. These novel compositions and methods can be used 
to analyZe crude and bulk samples as Well as highly puri?ed 
dichain toxins or formulated toxin products and, further 
more, are amenable to automated high-throughput assay 
formats. 

[0031] As discussed beloW, ?uorescence resonance energy 
transfer (FRET) is a distance-dependent interaction betWeen 
the electronic excited states of tWo molecules in Which 
excitation is transferred from a donor ?uorophore to an 
acceptor Without emission of a photon. The process of 
energy transfer results in a reduction (quenching) of ?uo 
rescence intensity and excited state lifetime of the donor 
?uorophore and, Where the acceptor is a ?uorophore, can 
produce an increase in the emission intensity of the acceptor. 
Upon cleavage of the clostridial toxin substrate Within a cell 
of the invention after being contacted With a sample con 
taining active toxin, resonance energy transfer is reduced 
and can be detected, for example, by increased donor 
?uorescence emission, decreased acceptor ?uorescence 
emission, or by a shift in the emission maxima from near the 
acceptor emission maxima to near the donor emission 
maxima. If desired, the amount of active clostridial toxin in 
a sample can be calculated as a function of the difference in 
the degree of FRET using the appropriate standards. 

[0032] The tetanus and botulinum neurotoxins to Which 
the invention relates are produced by Clostridia. These 
toxins cause the neuroparalytic syndromes of tetanus and 
botulism, With tetanus toxin acting mainly Within the central 
nervous system and botulinum toxin acting on the peripheral 
nervous system. Clostridial neurotoxins share a similar 
mechanism of cell intoxication in Which the release of 
neurotransmitters is blocked. In these toxins, Which are 
composed of tWo disul?de-linked polypeptide chains, the 
larger subunit is responsible for neurospeci?c binding and 
translocation of the smaller subunit into the cytoplasm. 
Upon translocation and reduction in neurons, the smaller 
chain displays peptidase activity speci?c for protein com 
ponents involved in neuroexocytosis. The “SNARE” protein 
targets of clostridial toxins are common to exocytosis in a 
variety of non-neuronal types; in these cells, as in neurons, 
light chain peptidase activity inhibits exocytosis. 
[0033] Tetanus neurotoxin and botulinum neurotoxins B, 
D, F, and G speci?cally recogniZe VAMP (also knoWn as 
synaptobrevin), an integral protein of the synaptic vesicle 
membrane. VAMP is cleaved at distinct bonds depending on 
the neurotoxin. Botulinum A and E neurotoxins recogniZe 
and cleave speci?cally SNAP-25, a protein of the presyn 
aptic membrane, at two different sites in the carboxy 
terminal portion of the protein. Botulinum neurotoxin C 
cleaves syntaxin, a protein of the nerve plasmalemma, in 
addition to SNAP-25. The three protein targets of the 
Clostridial neurotoxins are conserved from yeast to humans 
although cleavage sites and toxin susceptibility are not 
necessarily conserved (see beloW; see, also, Humeau et al., 
Biochimie 82:427-446 (2000); Niemann et al., Trends in Cell 
Biol. 4:179-185 (1994); and PelliZZari et al., Phil. Trans. R. 
Soc. London 354:259-268 (1999)). 

[0034] Naturally occurring tetanus and botulinum neuro 
toxins are produced as inactive polypeptide chains of 150 
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kDa Without a leader sequence. These toxins may be cleaved 
by bacterial or tissue proteinases at an exposed protease 
sensitive loop, generating active dichain toxin. Naturally 
occurring clostridial toxins contain a single interchain dis 
ul?de bond bridging the heavy chain (H, 100 kDa) and light 
chain (L, 50 kDa); such a bridge is important for neurotox 
icity of toxin added extracellularly (Montecucco and 
Schiavo, Quarterly Rev. Biophysics 281423-472 (1995)). 

[0035] The clostridial toxins appear to be folded into three 
distinct 50 kDa domains, as shoWn in FIG. 1, With each 
domain having a distinct functional role. As illustrated in 
FIG. 2, the cell intoxication mechanism of the clostridial 
toxins consists of four distinct steps: (1) binding; (2) inter 
naliZation; (3) membrane translocation; and (4) enzymatic 
target modi?cation. The carboxy-terminal part of the heavy 
chain (HC) functions in neurospeci?c binding, While the 
amino-terminal portion of the H chain (HN) functions in 
membrane translocation. The L chain is responsible for the 
intracellular catalytic activity (Montecucco and Schiavo, 
supra, 1995). 

[0036] The amino acid sequence of eight human clostridial 
neurotoxins has been derived from the corresponding gene 
(Neimann, “Molecular Biology of Clostridial Neurotoxins” 
in Sourcebook of Bacterial Protein Toxins Alouf and Freer 
(Eds.) pp. 303-348 London: Academic Press 1991). The L 
chains and H chains are composed of roughly 439 and 843 
residues, respectively. Homologous segments are separated 
by regions of little or no similarity. The most Well conserved 
regions of the L chains are the amino-terminal portion (100 
residues) and central region (corresponding to residues 216 
to 244 of TeNT), as Well as the tWo cysteines forming the 
interchain disul?de bond. The 216 to 244 region contains a 
His-Glu-XiX-His binding motif characteristic of Zinc 
endopeptidases. 
[0037] The clostridial toxin heavy chains are less Well 
conserved than the light chains, and the carboxy-terminal 
portion of HC (corresponding to residues 1140 to 1315 of 
TeNT) is the most variable. This is consistent With the 
involvement of the HC domain in binding to nerve terminals 
and the fact that different neurotoxins appear to bind differ 
ent receptors. 

[0038] Comparison of the nucleotide and amino acid 
sequences of clostridial toxins indicates that they derive 
from a common ancestral gene. Spreading of these genes 
may have been facilitated by the fact that the clostridial 
neurotoxin genes are located on mobile genetic elements. As 
discussed further beloW, sequence variants of the seven 
botulinum toxins are knoWn in the art. See, for example, 
FIGS. 5 to 7 and Humeau et al., supra, 2000. 

[0039] As discussed above, natural targets of the 
clostridial neurotoxins include VAMP, SNAP-25, and syn 
taxin. VAMP is bound to the synaptic vesicle membrane, 
Whereas SNAP-25 and syntaxin are bound to the target 
membrane (see FIG. 3). BoNT/A and BoNT/E cleave 
SNAP-25 in the carboxy-terminal region, releasing nine or 
tWenty-six amino acid residues, respectively, and BoNT/Cl 
also cleaves SNAP-25 near the carboxy-terminus. The botu 
linum serotypes BoNT/B, BoNT/D, BoNT/F and BoNT/G, 
and tetanus toxin, act on the conserved central portion of 
VAMP, and release the amino-terminal portion of VAMP 
into the cytosol. BoNT/Cl cleaves syntaxin at a single site 
near the cytosolic membrane surface. Thus, BoNT/B, 
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BoNT/Cl, BoNT/D, BoNT/F, BoNT/G or TeNT proteolysis 
results in release of a large portion of the cytosolic domain 
of VAMP or syntaxin, While only a small portion of SNAP 
25 is released by BoNT/A, BoNT/Cl or BoNT/E cleavage 
(Montecucco and Schiavo, supra, 1995). 

[0040] Naturally occurring SNAP-25, a protein of about 
206 residues lacking a transmembrane segment, is associ 
ated With the cytosolic surface of the nerve plasmalemma 
(FIG. 3; see, also, Hodel et al., Int. J. Biochemistry and Cell 
Biology 30:1069-1073 (1998)). In addition to homologs 
highly conserved from Drosophila to mammals, SNAP-25 
related proteins also have been cloned from yeast. SNAP-25 
is required for axonal groWth during development and may 
be required for nerve terminal plasticity in the mature 
nervous system. In humans, tWo isoforms are differentially 
expressed during development; isoforrn a is constitutively 
expressed during fetal development, While isoform b 
appears at birth and predominates in adult life. SNAP-25 
analogues such as SNAP-23 also are expressed outside the 
nervous system, for example, in pancreatic cells. 

[0041] Naturally occurring VAMP is a protein of about 
120 residues, With the exact length depending on the species 
and isotype. As shoWn in FIG. 3, VAMP contains a short 
carboxy-terminal segment inside the vesicle lumen While 
most of the molecule is exposed to the cytosol. The proline 
rich amino-terminal thirty residues are divergent among 
species and isoforms While the central portion of VAMP 
(residues 30 to 96), Which is rich in charged and hydrophilic 
residues and includes knoWn cleavage sites, is highly con 
served. VAMP colocaliZes With synaptophysin on the syn 
aptic vesicle membrane. 

[0042] Avariety of species homologs of VAMP are knoWn 
in the art including human, rat, bovine, Torpedo, Drosophila, 
yeast, squid and Aplysia homologs. In addition, multiple 
isoforms of VAMP have been identi?ed including VAMP-l, 
VAMP-2 and cellubrevin, and insensitive forms have been 
identi?ed in non-neuronal cells. VAMP appears to be present 
in all vertebrate tissues although the distribution of VAMP-l 
and VAMP-2 varies in different cell types. Chicken and rat 
VAMP-l are not cleaved by TeNT or BoNT/B. These 
VAMP-l homologs have a valine in place of the glutamine 
present in human and mouse VAMP-l at the TeNT or 
BoNT/B cleavage site. The substitution does not effect 
BoNT/D, /F or / G, Which cleave both VAMP-l and VAMP-2 
With similar rates. 

[0043] Syntaxin is located on the cytosolic surface of the 
nerve plasmalemma and is membrane-anchored via a car 
boxy-terminal segment, With most of the protein exposed to 
the cytosol. Syntaxin colocaliZes With calcium channels at 
the active Zones of the presynaptic membrane, Where neu 
rotransmitter release takes place. In addition, syntaxin inter 
acts With synaptotagmin, a protein of the SSV membrane, 
that forms a functional bridge betWeen the plasmalemma 
and the vesicles. A variety of syntaxin isoforms have been 
identi?ed. TWo isoforms of slightly different length (285 and 
288 residues) have been identi?ed in nerve cells (isoforms 
1A and 1B), With isoforms 2, 3, 4 and 5 expressed in other 
tissues. The different isoforms have varying sensitivities to 
BoNT/Cl, With the 1A, 1B, 2 and 3 syntaxin isoforms 
cleaved by this toxin. 

[0044] The present invention provides a substrate compo 
sition that includes a delivery agent and a clostridial toxin 
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substrate containing a donor ?uorophore; an acceptor having 
an absorbance spectrum overlapping the emission spectrum 
of the donor ?uorophore; and a clostridial toxin recognition 
sequence containing a cleavage site that intervenes betWeen 
the donor ?uorophore and the acceptor, Where resonance 
energy transfer is exhibited betWeen the donor ?uorophore 
and the acceptor under the appropriate conditions. In a 
substrate composition of the invention, the delivery agent 
can be, for example, covalently linked to the clostridial toxin 
substrate and further can be, for example, a protein, peptide 
or peptidomimetic. In one embodiment, the substrate com 
position is a chimeric protein, peptide or peptidomimetic in 
Which the delivery agent is operatively fused to the 
clostridial toxin substrate. Such a chimeric substrate com 
position can be, for example, a peptide or peptidomimetic 
having a length of at most 50 or 100 residues. 

[0045] A variety of delivery agents can be covalently 
linked to a clostridial toxin substrate in a substrate compo 
sition of the invention including, Without limitation, an 
antennapedia protein or active fragment thereof, such as an 
active fragment having the amino acid sequence RQIKIW 
FQNRRMKWKK (SEQ ID NO: 1); an HIV TAT protein or 
active fragment thereof, such as an active fragment having 
the amino acid sequence YGRKKRRQRRR (SEQ ID NO: 
2); or a herpes simplex virus VP22 protein or active frag 
ment thereof, such as a herpes simplex virus VP22 protein 
having the amino acid sequence SEQ ID NO: 3, or active 
fragment thereof. 

[0046] The invention also provides substrate compositions 
in Which the delivery agent is non-covalently associated 
With the clostridial toxin substrate. Exemplary delivery 
agents that can be non-covalently associated With a 
clostridial toxin substrate include, Without limitation, 
ChariotTM and MPG peptides. 

[0047] A variety of donor ?uorophores and acceptors are 
useful in the substrate compositions of the invention. As 
non-limiting examples, donor ?uorophores useful in the 
invention include Alexa Fluor®-488, DABCYL and 
BODIPY®. Acceptors useful in the invention include non 
?uorescent acceptors as Well as acceptor ?uorophores; in 
one embodiment, the acceptor is an acceptor ?uorophore 
having a ?uorescence lifetime of at least 1 microsecond. In 
other embodiments, the invention provides a substrate com 
position in Which the acceptor is tetramethylrhodamine, 
EDANS or QSY-7®. Exemplary donor ?uorophore-acceptor 
pairs useful in a substrate composition of the invention 
include, Without limitation, ?uorescein-tetramethyl 
rhodamine, Alexa Fluor® 488-tetramethylrhodamine, DAB 
CYL-EDANS, ?uorescein-QSY® 7, and Alexa Fluor® 488 
QSY® 7. 

[0048] Avariety of clostridial toxin substrates are useful in 
the substrate compositions of the invention. Such clostridial 
toxin substrates include botulinum toxin substrates contain 
ing a botulinum toxin recognition sequence and tetanus 
toxin substrates containing a tetanus toxin recognition 
sequence. Thus, in one embodiment, the invention provides 
a BoNT/A substrate composition containing a delivery agent 
and a BoNT/A substrate, Where the substrate includes a 
donor ?uorophore; an acceptor having an absorbance spec 
trum overlapping the emission spectrum of the donor ?uo 
rophore; and a BoNT/A recognition sequence that contains 
a cleavage site that intervenes betWeen the donor ?uoro 



US 2007/0122858 A1 

phore and the acceptor and Where, under the appropriate 
conditions, resonance energy transfer is exhibited betWeen 
the donor ?uorophore and the acceptor. The BoNT/A sub 
strate can include, for example, at least six consecutive 
residues of SNAP-25, the six consecutive residues contain 
ing Gln-Arg, or a peptidomimetic thereof. A BoNT/A sub 
strate composition of the invention can be, for example, a 
peptide or peptidomimetic having at most tWenty, thirty, 
forty, ?fty or 100 residues and can include any of a variety 
of donor ?uorophore-acceptor combination such as, Without 
limitation, ?uorescein-tetramethylrhodamine, DABCYL 
EDANS, and Alexa Fluor®-488-QSY-7®. 

[0049] The present invention also provides a BoNT/B 
substrate composition containing a delivery agent and a 
BoNT/B substrate, Where the substrate includes a donor 
?uorophore; an acceptor having an absorbance spectrum 
overlapping the emission spectrum of the donor ?uorophore; 
and a BoNT/B recognition sequence that contains a cleavage 
site that intervenes betWeen the donor ?uorophore and the 
acceptor and Where, under the appropriate conditions, reso 
nance energy transfer is exhibited betWeen the donor ?uo 
rophore and the acceptor. A BoNT/B substrate useful in the 
invention can include, for example, at least six consecutive 
residues of VAMP, the six consecutive residues containing 
Gln-Phe, or a peptidomimetic thereof. A BoNT/B substrate 
composition of the invention can be, for example, a peptide 
or peptidomimetic having at most tWenty, thirty, forty, ?fty 
or 100 residues. It is understood that a variety of donor 
?uorophore-acceptor combinations are useful in a BoNT/B 
substrate composition of the invention; such donor ?uoro 
phore-acceptor pairs include, but are not limited to, ?uores 
cein-tetramethylrhodamine, DABCYL-EDANS, and Alexa 
Fluor®-488-QSY-7®. 
[0050] Further provided herein is a BoNT/Cl substrate 
composition containing a delivery agent and a BoNT/Cl 
substrate, Where the substrate includes a donor ?uorophore; 
an acceptor having an absorbance spectrum overlapping the 
emission spectrum of the donor ?uorophore; and a BoNT/Cl 
recognition sequence that contains a cleavage site that 
intervenes betWeen the donor ?uorophore and the acceptor 
and Where, under the appropriate conditions, resonance 
energy transfer is exhibited betWeen the donor ?uorophore 
and the acceptor. BoNT/Cl substrates useful in the substrate 
compositions of the invention encompass those having at 
least six consecutive residues of syntaxin, the six consecu 
tive residues containing Lys-Ala, or a peptidomimetic 
thereof, and those including at least six consecutive residues 
of SNAP-25, the six consecutive residues containing Arg 
Ala, or a peptidomimetic thereof. A BoNT/Cl substrate 
composition of the invention can be, for example, a peptide 
or peptidomimetic having a variety of lengths, for example, 
at most tWenty, thirty, forty, ?fty or 100 residues A variety 
of donor ?uorophore-acceptor combinations are useful in a 
BoNT/Cl substrate composition of the invention including, 
Without limitation, ?uorescein-tetramethylrhodamine, 
DABCYL-EDANS, and Alexa Fluor®-488-QSY-7®. 

[0051] The invention also provides a BoNT/D substrate 
composition containing a delivery agent and a BoNT/D 
substrate, Where the substrate includes a donor ?uorophore; 
an acceptor having an absorbance spectrum overlapping the 
emission spectrum of the donor ?uorophore; and a BoNT/D 
recognition sequence containing a cleavage site that inter 
venes betWeen the donor ?uorophore and the acceptor and 
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Where, under the appropriate conditions, resonance energy 
transfer is exhibited betWeen the donor ?uorophore and the 
acceptor. A variety of BoNT/D substrates are useful in the 
substrate compositions of the invention including, yet not 
limited to, BoNT/D substrates containing at least six con 
secutive residues of VAMP, the six consecutive residues 
containing Lys-Leu, or a peptidomimetic thereof. As for the 
other substrate compositions discussed above, a BoNT/D 
substrate composition can be a peptide or peptidomimetic 
having, for example, at most tWenty, thirty, forty, ?fty or 100 
residues and can include any of a variety of donor ?uoro 
phore-acceptor combinations such as, for example, ?uores 
cein-tetramethylrhodamine, DABCYL-EDANS, or Alexa 
Fluor®-488-QSY-7®. 
[0052] The invention additionally provides a BoNT/E 
substrate composition containing a delivery agent and a 
BoNT/E substrate, Where the substrate includes a donor 
?uorophore; an acceptor having an absorbance spectrum 
overlapping the emission spectrum of the donor ?uorophore; 
and a BoNT/ E recognition sequence Which contains a cleav 
age site that intervenes betWeen the donor ?uorophore and 
the acceptor and Where, under the appropriate conditions, 
resonance energy transfer is exhibited betWeen the donor 
?uorophore and the acceptor. A BoNT/E substrate useful in 
the invention can have, for example, at least six consecutive 
residues of SNAP-25, the six consecutive residues contain 
ing Arg-lle, or a peptidomimetic thereof. A BoNT/E sub 
strate composition of the invention can be, for example, a 
peptide or peptidomimetic having at most tWenty, thirty, 
forty, ?fty or 100 residues. Such a substrate composition 
further can include, for example, a donor ?uorophore 
acceptor combination such as ?uorescein-tetramethyl 
rhodamine, DABCYL-EDANS or Alexa Fluor® 488-QSY 
7®. 

[0053] Also provided herein is a BoNT/F substrate com 
position containing a delivery agent and a BoNT/F substrate, 
Where the substrate includes a donor ?uorophore; an accep 
tor having an absorbance spectrum overlapping the emission 
spectrum of the donor ?uorophore; and a BoNT/F recogni 
tion sequence containing a cleavage site that intervenes 
betWeen the donor ?uorophore and the acceptor and Where, 
under the appropriate conditions, resonance energy transfer 
is exhibited betWeen the donor ?uorophore and the acceptor. 
BoNT/F substrates useful in the substrate compositions of 
the invention can have, for example, at least six consecutive 
residues of VAMP, the six consecutive residues containing 
Gln-Lys, or a peptidomimetic thereof. Furthermore, a 
BoNT/F substrate composition of the invention can be, for 
example, a peptide or peptidomimetic having at most 
tWenty, thirty, forty, ?fty or 100 residues. One skilled in the 
art understands that any of a variety of ?uorophore-acceptor 
combinations are useful in a BoNT/F substrate composition; 
these include, as non-limiting examples, ?uorescein-tetram 
ethylrhodamine, DABCYL-EDANS, and Alexa Fluor® 
488-QSY-7®. 
[0054] The present invention further provides a BoNT/G 
substrate composition containing a delivery agent and a 
BoNT/G substrate, Where the substrate includes a donor 
?uorophore; an acceptor having an absorbance spectrum 
overlapping the emission spectrum of the donor ?uorophore; 
and a BoNT/G recognition sequence containing a cleavage 
site that intervenes betWeen the donor ?uorophore and the 
acceptor and Where, under the appropriate conditions, reso 
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nance energy transfer is exhibited between the donor ?uo 
rophore and the acceptor. Useful BoNT/G substrates 
include, yet are not limited to, those having at least six 
consecutive residues of VAMP, the six consecutive residues 
containing Ala-Ala, or a peptidomimetic thereof. A BoNT/G 
substrate composition of the invention can be, for example, 
a peptide or peptidomimetic having at most tWenty, thirty, 
forty, ?fty or 100 residues and can include, for example, a 
donor ?uorophore-acceptor combination such as ?uores 
cein-tetramethylrhodamine, DABCYL-EDANS, or Alexa 
Fluor®-488-QSY-7®. 
[0055] The invention also provides a TeNT substrate com 
position containing a delivery agent and a TeNT substrate, 
Where the substrate includes a donor ?uorophore; an accep 
tor having an absorbance spectrum overlapping the emission 
spectrum of the donor ?uorophore; and a TeNT recognition 
sequence containing a cleavage site that intervenes betWeen 
the donor ?uorophore and the acceptor and Where, under the 
appropriate conditions, resonance energy transfer is exhib 
ited betWeen the donor ?uorophore and the acceptor. A 
variety of TeNT substrates are useful in the substrate inven 
tion including those having at least six consecutive residues 
of VAMP, the six consecutive residues containing Gln-Phe, 
or a peptidomimetic thereof. Such a TeNT substrate com 
position of the invention can be, for example, a peptide or 
peptidomimetic having at most tWenty, thirty, forty, ?fty or 
100 residues. Furthermore, a variety of ?uorophore-acceptor 
combinations are useful in a TeNT substrate composition of 
the invention; these combinations include but are not limited 
to ?uorescein-tetramethylrhodamine, DABCYL-EDANS 
and Alexa Fluor®-488-QSY-7®. 

[0056] In the substrate compositions of the invention, a 
delivery agent facilitates uptake of a clostridial toxin sub 
strate into a cell such as neuron or a glandular cell such as 

a pancreatic acinar cell. The delivery agent can be covalently 
linked to the clostridial toxin substrate or can be non 
covalently associated With the clostridial toxin substrate. As 
non-limiting examples, delivery agents useful in the sub 
strate compositions of the invention include antennapedia 
proteins, HIV TAT proteins, herpes simplex virus VP22 
proteins, and active fragments thereof, as Well as delivery 
agents such as ChariotTM and other MPG peptides, each of 
Which is discussed further hereinbeloW. 

[0057] As used herein, the term “delivery agent” means 
any molecule that enables or enhances intemaliZation of an 
associated or linked clostridial toxin substrate into a cell. 
Delivery agents are knoWn in the art and include but are not 
limited to protein transduction peptides and peptidomimet 
ics and cell-permeant peptides and peptidomimetics. The 
term delivery agent encompasses, Without limitation, pro 
teins, peptides, peptidomimetics, small molecules, nucleic 
acid molecules, liposomes, lipids, viruses, retroviruses and 
cells. It is understood that a substrate composition contain 
ing a delivery agent useful in the invention generally is not 
retained in intracellular vesicles upon internalization but 
rather is eventually delivered, for example, to the cytoplasm. 
Thus, the term delivery agent encompasses, Without limita 
tion, molecules that transport associated or linked substrate 
to the cell cytoplasm or nucleus. It further is understood that 
the term “delivery agent” encompasses molecules that are 
internaliZed by any mechanism, including delivery agents 
Which function via receptor-mediated endocytosis and those 
Which are independent of receptor-mediated endocytosis. 
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[0058] A variety of delivery agents can be covalently 
linked to a clostridial toxin substrate in a composition of the 
invention, including, Without limitation, protein transduc 
tion peptides, cell permeant peptides, phosphopeptides, pep 
tides containing D-amino acids, and other denatured or 
folded, modi?ed or unmodi?ed, and naturally occurring or 
synthetic proteins, peptides and peptidomimetics. Such 
delivery agents include, Without limitation, nuclear and 
secreted proteins and active fragments and analogs thereof. 
In particular embodiments, a delivery agent useful in the 
invention is a peptide or peptidomimetic having a length of 
less than 50 residues, a length of less than 40 residues, a 
length of less than 30 residues, a length of less than 20 
residues, or a length of less than 15 residues. In a further 
embodiment, a delivery agent useful in the invention is a 
predominantly hydrophobic peptide or peptidomimetic. In 
another embodiment, a delivery agent useful in the invention 
is a predominantly basic peptide or peptidomimetic. In yet 
another embodiment, a delivery agent useful in the invention 
is an ot-helical peptide or peptidomimetic such as an amphi 
pathic ot-helical peptide or peptidomimetic. In a further 
embodiment, a delivery agent useful in the invention is an 
amphipathic peptide or peptidomimetic such as a basic 
amphipathic peptide or peptidomimetic. And, in a further 
embodiment, a delivery agent useful in the invention is a 
denatured peptide or peptidomimetic, Which is linked to a 
denatured or folded clostridial toxin substrate; denaturation 
has been shoWn to facilitate intemaliZation as described, for 
example, in WO 99/55899. 

[0059] As non-limiting examples, delivery agents suitable 
for use in the invention When covalently linked to a 
clostridial toxin substrate include ciliary neurotrophic factor 
(CNTF) or an active fragment thereof; caveolin or an active 
fragment thereof; interleukin-1B (IL-16) or an active frag 
ment thereof; thioredoxin or an active fragment thereof; 
Antennapedia or an active fragment thereof such as pen 
etratin-1 (SEQ ID NO: 1); ?broblast groWth factor-1 (FGF 
1) or an active fragment thereof; Engrailed or an active 
fragment thereof; Hoxa-5 or an active fragment thereof; 
Kaposi ?broblast groWth factor (kFGF) or an active frag 
ment thereof, for example, AAVALLPAVLLALLAP (SEQ 
ID NO: 22); human [33 integrin or an active fragment thereof 
such as a hydrophobic signal sequence; a nuclear localiZa 
tion sequence (NLS) such as TPPKKKRKVEDP (SEQ ID 
NO: 23); FGF-2 or an active fragment thereof; transportan 
or an active fragment thereof such as GWTLN 
SAGYLLGKINLKALAALAKKIL (SEQ ID NO: 24); 
lactoferrin or an active fragment thereof; VP22 or an active 
fragment thereof; HIV type I transactivator (HIV TAT) or an 
active fragment thereof such as YGRKKRRQRRR (SEQ ID 
NO: 2); or a heat shock protein such as HSP70 or an active 
fragment thereof. These and additional delivery agents are 
Well knoWn in the art as described, for example, in Ho, 
Cancer Res. 61:474-477 (2001); SchWarZe and DoWdy, 
Trends Pharmacol. Sci. 21:45-48 (2000); ProchiantZ, Curr. 
Opin. Cell Biol. 121400-406 (2000); Ford et al., Gene 
Therapy 8:1-4 (2001); Dunican and Doherty, Biopolymers 
Peptide Sci. 60:45-60 (2001); and SchWartZ and Zhang, 
Curr. Opin. M0l. Ther. 21162-167 (2000). 

[0060] In one embodiment, the invention is practiced With 
a delivery agent Which is a homeoprotein or an active 
fragment thereof, for example, a homeodomain or an active 
fragment thereof. Homeoproteins are helix-tum-helix pro 
teins that contain a DNA-binding domain of about 60 
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residues, denoted the homeodomain. A variety of homeopro 
teins, homeodomains and active fragments thereof can be 
delivery agents useful in the invention including, Without 
limitation, Antennapedia, Engrailed1 (En1), Engrailed2 
(En2), Hoxa-5, Hoxc-8, Hoxb-4 and Knotted-1 (KNl). As 
an example, En1 and En1 have been expressed in COS7 
cells, Where they are ?rst secreted and then intemaliZed by 
other cells. See, for example, ProchiantZ, supra, 2000. 

[0061] In another embodiment, a substrate composition of 
the invention includes a delivery agent Which is the home 
odomain protein, Antennapedia, or an active fragment 
thereof. Antennapedia is a member of a family of develop 
mentally important Drosophila homeoproteins Which trans 
locate across neuronal membranes. The third helix of the 
Antennapedia homeodomain, the 16 residue peptide “pen 
etratin-1” (SEQ ID NO: 1), is intemaliZed into live cells. The 
internaliZation occurs both at 37° C. and 40 C., indicating 
that delivery is neither receptor-mediated nor energy-depen 
dent. Additional delivery agents include peptides and pep 
tidomimetics related in sequence to Penetratin-1 such as, 
Without limitation, one of the peptides shoWn beloW in Table 
A or another penetratin-derived peptide or peptidomimetic, 
including a retroinverse or all D-amino acid peptide or 
peptidomimetic, or a related but non-ot-helical peptide or 
peptidomimetic (see, for example, ProchiantZ, supra, 2000). 
In one embodiment, such a penetratin-derived peptide 
retains the tryptophan, phenylalanine and glutamine residues 
of penetratin-1 (SEQ ID NO: 1). 

TABLE A 

Penetratin-Derived Peptides Useful 
as Delivery Aqents 

Peptide Sequence SEQ ID NO: 

4 3—5 8 RQ IKIWFQNRRMKWKK 1 

5 8—4 3 KKWKMRRNQFWIKIQR 2 5 

4 3—5 8 RQ IKIWFQNRRMKWKK 2 6 

Pro5 0 RQ IKIWFPNRRMKWKK 2 7 

3 Pro RQPK IWFPNRRMPWKK 2 8 

Met-Arg RQ IKIWFQNMRRKWKK 2 9 

7Arg RQ IRIWFQNRRMRWRR 3 0 

w/ R RRWRRWWRRWWRRWRR 3 1 

[0062] In another embodiment, a substrate composition of 
the invention includes a delivery agent Which is a HIV 
trans-activator (TAT) protein or an active fragment thereof. 
Such a delivery agent can include, for example, a sequence 
identical or similar to residues 47-57 or 47-59 of HIV TAT 

(SchWartZ et al., Science 285:1569-1572 (1999); and Ho et 
al., supra, 2001). As an example, fusion proteins including 
residues 47-57 of HIV TAT (YGRKKRRQRRR; SEQ ID 
NO: 2) cross the plasma membrane of, for example, human 
and murine cells in vitro and in vivo (SchWartZ and Zhang, 
supra, 2000); a variety of proteins from 15 to 120 KDa have 
been shoWn to retain biological activity When fused to a HIV 
TAT delivery agent. An HIV TAT delivery agent can be 
positively charged and can function, for example, in an 
energy-, receptor-, transporter- and endocytosis-independent 
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manner to deliver a covalently linked clostridial toxin sub 
strate to, for example, 90-100% of target cells. 

[0063] A substrate composition of the invention also can 
include as a delivery agent a herpes simplex virus VP22 
protein or active fragment thereof. In one embodiment, a 
substrate composition of the invention includes an HSV type 
1 (HSV-1) VP22 protein or active fragment thereof. HSV 
VP22, a nuclear transcription factor, can cross the plasma 
membrane through non-classical endocytosis and can enter 
cells independent of GAP junctions and physical contacts. 
As a fusion With a variety of different proteins, HSV VP22 
results in uptake into cells of different types including 
terminally differentiated cells (Ford et al., supra, 2001; 
SchWartZ and Zhang, supra, 2000) and can function to 
deliver a linked clostridial toxin substrate to, for example, 
90-100% of cultured cells. 

[0064] In another embodiment, a delivery agent useful in 
the invention corresponds to or is derived from a hydropho 
bic signal sequence. Such a delivery agent can be, for 
example, the Kaposi ?broblast groWth factor (kFGF) or an 
active fragment thereof such as AAVALLPAVLLALLAP 
(SEQ ID NO: 22); human [33 integrin or an active fragment 
thereof; or another hydrophobic delivery agent such as one 
of those described in Dunican and Doherty, supra, 2001. 

[0065] A delivery agent useful in the invention also can be 
a synthetic sequence that shares one or more characteristics 
of a naturally occurring delivery agent such as a protein 
transduction domain (PTD). Such delivery agents include, 
but are not limited to, L- and D-arginine oligomers, for 
example, 9-mers of L- or D-arginine and related peptoids 
(Wender et al., Proc. Natl. Acad. Sci., USA 97:13003-13008 
(2000). Such delivery agents further include basic peptides 
and peptidomimetics; basic ot-helical peptides and peptido 
mimetics; and peptides and peptidomimetics With optimiZed 
arginine alignment or optimiZed ot-helical character as com 
pared to a naturally occurring protein transduction domain 
such as residues 47-57 of HIV TAT. See, for example, Ho et 
al., supra, 2001, and WO 99/29721. Additional non-limiting 
examples of delivery agents useful in the invention include 
SCWKn (SEQ ID NO: 32); (LARL)n (SEQ ID NO: 33); 
HA2; RGD; K16RGD (SEQ ID NO: 34); loligomer; 
AlkCWKl8 (SEQ ID NO: 35); DiCWK18 (SEQ ID NO: 36); 
DipaLytic; Plae (SEQ ID NO: 37); Kplae (SEQ ID NO: 38) 
and other delivery agents knoWn in the art or Which can be 
prepared by routine methods (see, for example, SchWartZ 
and Zhang, supra, 2000). The skilled person understands that 
these and other naturally occurring and synthetic delivery 
agents can be useful in the substrate compositions of the 
invention. 

[0066] A delivery agent useful in the invention also can be 
an agent that enables or enhances cellular uptake of a 
non-covalently associated clostridial toxin substrate. In one 
embodiment, such a delivery agent is peptide containing tWo 
independent domains: a hydrophobic domain and a hydro 
philic domain. In another embodiment, such a delivery agent 
is an MPG peptide, Which is a peptide derived from both the 
nuclear localiZation sequence (NLS) of SV40 large T anti 
gen and the fusion peptide domain of HIV-1 gp41. In a 
further embodiment, such a delivery agent is an MPG 
peptide having the amino acid sequence GALFLGFL 
GAAGSTMGAWSQPKSKRKV (SEQ ID NO: 39). In yet a 
further embodiment, such a delivery agent is an amphipathic 
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peptide such as Pep-1. These and related delivery agents that 
function in the absence of covalent linkage, sometimes 
knoWn as “protein transfection products,” are Well knoWn in 
the art as described, for example, in Morris et al., Nucl. Acids 
Res. 27:3510-3517 (1999); Morris et al., J. Biol. Chem. 
274:24941-24946 (1999); and Morris et al., Nature Biolech. 
19: 1173-1176 (2001). Such peptide delivery agents can be 
prepared by routine methods and are commercially avail 
able; as an example, the ChariotTM product is available from 
Active Motif (Carlsbad, Calif.). 
[0067] A clostridial toxin substrate useful in the invention 
includes, in part, a donor ?uorophore. As used herein, the 
term “donor ?uorophore” means a molecule that, When 
irradiated With light of a certain Wavelength, emits light, also 
denoted ?uorescence, of a different Wavelength. The term 
?uorophore is synonymous in the art With the term “?uo 
rochrome.” 

[0068] A clostridial toxin substrate useful in the invention 
also includes, in part, an acceptor. As used herein, the term 
“acceptor” means a molecule that can absorb energy from, 
and upon excitation of, a donor ?uorophore and is a term that 
encompasses ?uorophores as Well as non-?uorescent mol 
ecules. An acceptor useful in a clostridial toxin substrate has 
an absorbance spectrum Which overlaps the emission spec 
trum of a donor ?uorophore included in the substrate. An 
acceptor useful in the invention generally has rather loW 
absorption at a Wavelength suitable for excitation of the 
donor ?uorophore. 

[0069] As set forth above, an acceptor has an absorbance 
spectrum that overlaps the emission spectrum of the donor 
?uorophore. The term “overlapping,” as used herein in 
reference to the absorbance spectrum of an acceptor and the 
emission spectrum of a donor ?uorophore, means an absor 
bance spectrum and emission spectrum that are partly or 
entirely shared. Thus, in such overlapping spectra, the high 
end of the range of the donor ?uorophore’s emission spec 
trum is higher than the loW end of the range of the acceptor’ s 
absorbance spectrum. 

[0070] A clostridial toxin substrate useful in the invention 
contains a cleavage site that “intervenes” betWeen a donor 
?uorophore and an acceptor having an absorbance spectrum 
Which overlaps the emission spectrum of the donor ?uoro 
phore. Thus, the cleavage site is positioned in betWeen the 
?uorophore and acceptor such that cleavage at the site 
results in a ?rst molecule containing the ?uorophore and a 
second molecule containing the acceptor. It is understood 
that all or only a portion of the clostridial toxin recognition 
sequence can intervene betWeen the donor ?uorophore and 
acceptor. 

[0071] A clostridial toxin substrate useful in the invention 
contains, in part, a clostridial toxin recognition sequence 
Which includes a cleavage site. Such a clostridial toxin 
substrate is susceptible to cleavage by at least one clostridial 
toxin under conditions suitable for clostridial toxin protease 
activity. 
[0072] As used herein, the term “clostridial toxin recog 
nition sequence” means a scissile bond together With adja 
cent or non-adjacent recognition elements suf?cient for 
detectable proteolysis at the scissile bond by a clostridial 
toxin under conditions suitable for clostridial toxin protease 
activity. A variety of useful clostridial toxin recognition 
sequences are discussed hereinbeloW. 
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[0073] In particular embodiments, a substrate composition 
of the invention is a chimeric protein, peptide or peptido 
mimetic. A substrate composition of the invention can be, 
for example, a chimeric peptide or peptidomimetic having at 
most 20 residues, at most 40 residues, at most 50 residues, 
at most 100 residues, at most 150 residues, at most 200 
residues, at most 250 residues, at most 300 residues, at most 
350 residues or at most 400 residues. 

[0074] As used herein, the term “peptidomimetic” is used 
broadly to mean a peptide-like molecule that is cleaved by 
the same clostridial toxin as the peptide substrate upon 
Which it is structurally based. Such peptidomimetics include 
chemically modi?ed peptides, peptide-like molecules con 
taining non-naturally occurring amino acids, and peptoids, 
Which are peptide-like molecules resulting from oligomeric 
assembly of N-substituted glycines, and are cleaved by the 
same clostridial toxin as the peptide substrate upon Which 
the peptidomimetic is derived (see, for example, Goodman 
and Ro, Peplidomimelics for Drug Design, in “Burger’s 
Medicinal Chemistry and Drug Discovery” Vol. 1 (ed. M. E. 
Wolff; John Wiley & Sons 1995), pages 803-861). 

[0075] A variety of peptidomimetics are knoWn in the art 
including, for example, peptide-like molecules Which con 
tain a constrained amino acid, a non-peptide component that 
mimics peptide secondary structure, or an amide bond 
isostere. A peptidomimetic that contains a constrained, non 
naturally occurring amino acid can include, for example, an 
ot-methylated amino acid; an 0t,0t-dialkyl-glycine or ot-ami 
nocycloalkane carboxylic acid; an NO‘iC“ cyliZed amino 
acid; an Na-methylated amino acid; a [3- or y-amino cycloal 
kane carboxylic acid; an 0t,[3-unsaturated amino acid; a 
[3,[3-dimethyl or [3-methyl amino acid; a [3-substituted-2,3 
methano amino acid; an NCé or CO‘iCf’ cycliZed amino 
acid; or a substituted proline or another amino acid mimetic. 
In addition, a peptidomimetic Which mimics peptide sec 
ondary structure can contain, for example, a nonpeptidic 
[3-turn mimic; y-turn mimic; mimic of [3-sheet structure; or 
mimic of helical structure, each of Which is Well knoWn in 
the art. A peptidomimetic also can be a peptide-like mol 
ecule Which contains, for example, an amide bond isostere 
such as a retro-inverso modi?cation; reduced amide bond; 
methylenethioether or methylenesulfoxide bond; methylene 
ether bond; ethylene bond; thioamide bond; trans-ole?n or 
?uoroole?n bond; 1,5-disubstituted tetraZole ring; ketom 
ethylene or ?uoroketomethylene bond or another amide 
isostere. One skilled in the art understands that these and 
other peptidomimetics are encompassed Within the meaning 
of the term “peptidomimetic” as used herein. 

[0076] Further provided herein is a cell containing a 
clostridial toxin substrate that includes a donor ?uorophore; 
an acceptor having an absorbance spectrum overlapping the 
emission spectrum of the donor ?uorophore; and a 
clostridial toxin recognition sequence containing a cleavage 
site that intervenes betWeen the donor ?uorophore and the 
acceptor, Where resonance energy transfer is exhibited 
betWeen the donor ?uorophore and the acceptor under the 
appropriate conditions. In one embodiment, the cell is a 
transfected cell. In another embodiment, the cell is a stably 
transfected cell. A variety of cells are useful in the invention 
including, Without limitation, primary cells; established 
cells; human cells; neuronal cells such as primary neurons, 
established neurons and human neurons; and non-neuronal 
cells, Which can be, for example, glandular cells such as 
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pancreatic acinar cells. Neurons useful in the invention 
include CNS neurons and peripheral neurons; as non-limit 
ing examples, such neurons include neuroblastoma cells, 
spinal cord neurons, dorsal root ganglion neurons, cerebral 
cortex neurons, cerebellar neurons, hippocampal neurons 
and motor neurons. 

[0077] In a cell of the invention, the clostridial toxin 
substrate optionally can be covalently linked to a delivery 
agent. Such a delivery agent can be, for example, a protein, 
peptide or peptidomimetic. A variety of delivery agents can 
be useful in a cell of the invention including, Without 
limitation, an antennapedia protein or active fragment 
thereof, such as an active fragment having the amino acid 
sequence RQIKIWFQNRRMKWKK (SEQ ID NO: 1); an 
HIV TAT protein or active fragment thereof, such as an 
active fragment having the amino acid sequence 
YGRKKRRQRRR (SEQ ID NO: 2); or a herpes simplex 
virus VP22 protein or active fragment thereof, such as a 
herpes simplex virus VP22 protein having the amino acid 
sequence SEQ ID NO: 3, or active fragment thereof. In one 
embodiment, the invention provides a cell containing a 
chimeric protein, peptide or peptidomimetic that includes a 
clostridial toxin substrate and a delivery agent operatively 
fused to the substrate. Such a chimeric protein, peptide or 
peptidomimetic can have, for example, a length of at most 
50 or 100 residues. 

[0078] A variety of clostridial toxin substrates can be 
included in a cell of the invention. Such clostridial toxin 
substrates include botulinum toxin substrates of all serotypes 
as Well as tetanus toxin substrates. In one embodiment, the 
invention provides a cell containing a BoNT/A substrate that 
includes, in part, a BoNT/A recognition sequence. Such a 
BoNT/A substrate can include, for example, at least six 
consecutive residues of SNAP-25, the six consecutive resi 
dues containing Gln-Arg, or a peptidomimetic thereof. In 
another embodiment, the invention provides a cell contain 
ing a BoNT/B substrate Which includes, in part, a BoNT/B 
recognition sequence. BoNT/B substrates useful in the cells 
of the invention include, Without limitation, those having at 
least six consecutive residues of VAMP, the six consecutive 
residues containing Gln-Phe, or a peptidomimetic thereof. In 
a further embodiment, the invention provides a cell contain 
ing a BoNT/Cl substrate that includes, in part, a BoNT/Cl 
recognition sequence; BoNT/Cl substrates useful in the 
cells of the invention encompass those having at least six 
consecutive residues of syntaxin, the six consecutive resi 
dues containing Lys-Ala, or a peptidomimetic thereof, and 
those including at least six consecutive residues of SNAP 
25, the six consecutive residues containing Arg-Ala, or a 
peptidomimetic thereof. In another embodiment, the inven 
tion provides a cell containing a BoNT/D substrate that 
includes, in part, a BoNT/D recognition sequence. Avariety 
of BoNT/D substrates are useful in the cells of the invention 
including, yet not limited to, BoNT/D substrates having at 
least six consecutive residues of VAMP, the six consecutive 
residues containing Lys-Leu, or a peptidomimetic thereof. 

[0079] In a further embodiment, the invention provides a 
cell containing a BoNT/E substrate that includes, in part, a 
BoNT/E recognition sequence. Such a BoNT/E substrate 
can have, for example, at least six consecutive residues of 
SNAP-25, the six consecutive residues containing Arg-Ile, 
or a peptidomimetic thereof. In an additional embodiment, 
there is provided herein a cell containing a BoNT/F substrate 
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that includes, in part, a BoNT/F recognition sequence. 
BoNT/F substrates useful in the cells of the invention can 
have, for example, at least six consecutive residues of 
VAMP, the six consecutive residues containing Gln-Lys, or 
a peptidomimetic thereof. In still a further embodiment, the 
invention provides a cell containing a BoNT/G substrate that 
includes, in part, a BoNT/G recognition sequence. Useful 
BoNT/G substrates include, yet are not limited to, those 
having at least six consecutive residues of VAMP, the six 
consecutive residues containing Ala-Ala, or a peptidomi 
metic thereof. In a further embodiment, the present inven 
tion provides a cell containing a TeNT substrate Which 
includes, in part, a TeNT recognition sequence. A variety of 
TeNT substrates are useful in the invention including those 
having at least six consecutive residues of VAMP, the six 
consecutive residues containing Gln-Phe, or a peptidomi 
metic thereof. 

[0080] As described further herein, a variety of donor 
?uorophores and acceptors are useful in the cells of the 
invention. Donor ?uorophores useful in the invention 
include, Without limitation, Alexa Fluor®-488, DABCYL 
and BODIPY®. Acceptors useful in the invention include 
non-?uorescent acceptors as Well as acceptor ?uorophores, 
including acceptor ?uorophores having a ?uorescence life 
time of at least 1 microsecond. Acceptors useful in the cells 
of the invention further include tetramethylrhodamine, 
EDANS and QSY-7®. 

[0081] The term “cell,” as used herein, means any eukary 
otic cell that expresses, or can be engineered to express, at 
least one receptor that binds a clostridial toxin. The term cell 
encompasses, Without limitation, primary cells; cultured 
cells; established cells; normal cells; transformed cells; 
tumor cells; infected cells; stably or transiently transfected 
cells, including stably and transiently transfected cells; and 
proliferating and terminally differentiated cells, as Well as 
cells of a variety of species and cell types. Thus, the term cell 
encompasses, Without limitation, mammalian cells such as 
murine, rat, porcine, bovine, equine, primate and human 
cells. It is understood that cells useful in the invention can 
be in any state such as proliferating or quiescent; intact or 
permeabiliZed such as through electroporation or treatment 
With digitonin; and further can be in isolated form or part of 
a heterogeneous cell population, tissue or organism. It 
further is understood that cells useful in the invention 
include those Which express a clostridial toxin substrate 
under control of a constitutive or inducible promoter and 
that these and other cells useful in the invention can express 
one or more endogenous clostridial toxin target proteins or 
can express loW or undetectable levels of one or all target 
proteins such as SNAP-25, VAMP and syntaxin. 

[0082] Cells useful in the invention include those that 
express one or more endogenous loW or high af?nity 
clostridial toxin receptors; cells that express loW or unde 
tectable levels of endogenous receptor and that have been 
transfected With, or otherWise engineered to express, one or 
more exogenous nucleic acid molecules encoding one or 
more clostridial toxin receptors; and cells that express a 
combination of endogenous and exogenous toxin receptors 
for one or more clostridial toxin serotypes. It is understood 
that the selection of a cell depends, in part, on Which 
clostridial toxin is to be assayed. As an example, to assay for 
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BoNT/A activity, one selects a cell that expresses or can be 
engineered to express a loW or high af?nity receptor for 
BoNT/A. 

[0083] In one embodiment, the invention provides a neu 
ron containing a clostridial toxin substrate that includes a 
donor ?uorophore, an acceptor having an absorbance spec 
trum overlapping the emission spectrum of the donor ?uo 
rophore, and a clostridial toxin recognition sequence includ 
ing a cleavage site, Where the cleavage site intervenes 
betWeen the donor ?uorophore and the acceptor and Where 
resonance energy transfer is exhibited betWeen the donor 
?uorophore and the acceptor under the appropriate condi 
tions. 

[0084] Avariety of neurons can be useful in the invention. 
As non-limiting examples, a neuron useful in the invention 
can be a primary neuron; established neuron; transformed 
neuron; stably transfected neuron; or motor or sensory 
neuron, and further can be, for example, a mammalian, 
murine, rat, primate or human neuron. A neuron useful in the 
invention can be a peripheral neuron or CNS neuron; as 

non-limiting examples, spinal cord neurons such as an 
embryonic spinal cord neurons, dorsal root ganglia (DRG) 
neurons, cerebral cortex neurons, cerebellar neurons, hip 
pocampal neurons and motor neurons can be useful in the 
invention as described further beloW. 

[0085] Exemplary neurons useful in the invention include, 
but are not limited to, primary cultures of embryonic DRG 
neurons, for example, primary cultures of embryonic rat 
DRG neurons as described in Welch et al., Toxicon 381245 
258 (2000); and primary cultures of fetal spinal cord neu 
rons, for example, primary cultures of murine fetal spinal 
cord neurons as described in Neale et al., J. Cell Biol. 
14711249-1260 (1999), or Chaddock et al., Infect. Immun. 
6812587-2593 (2000)). 

[0086] Exemplary neuronal cell lines useful in the inven 
tion include, Without limitation, neuroblastoma cell lines 
such as LA-N-2, SH-SYSY, N2a, NS-20Y and NlE-115; 
hybrid cell lines, including neuroblastoma/glioma hybrids 
such as NG108-C15; motor neuron cell lines such as NSC 
34 and NSC-19; spinal cord cell lines such as M4b; CNS cell 
lines; cerebral cortex cell lines such as CNh; dorsal root 
ganglion cell lines such as G4b; hippocampal cell lines such 
as HT-22; and pheochromocytoma cell lines such as PC12. 

[0087] A neuronal cell line useful in the invention can be, 
for example, a neuroblastoma cell line such as a murine, 
primate or human neuroblastoma cell line. Exemplary neu 
roblastoma cell lines useful in the invention include, Without 
limitation, LA-N-2, SH-SYSY, N2a, NS-20Y and NIE 
115. As an example, the invention can be practiced With the 
LA-N-2 human neuroblastoma cell line, Which has proper 
ties of cholinergic neurons and expresses Well characterized 
cholinergic markers (Rylett et al., J. Neurochem. 6111388 
1397 (1993); Singh et al., J. Neurosci. Res. 251476-485 
(1990); and Yeh et al., Neuroscience 271309-315 (1988)). As 
a further example, the invention can be practiced With the 
SHiSYSY human neuroblastoma cell line, Which exhibits 
inhibition of [3H]-noradrenaline release induced by K"/Ca2+ 
upon exposure to botulinum toxin (Purkiss et al., Neurotoxi 
cology 221447-453 (2001)). 

[0088] Hybrid neuronal cell lines such as murine, primate 
and human hybrid neuronal cell lines also can be useful in 
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the invention. Such hybrid cell lines include neuroblastoma 
hybrids such as neuroblastoma/glioma hybrids. As an 
example, the NG108-C15 cell line is a hybrid of mouse 
neuroblastoma and rat glioma cells that can be useful in the 
invention (YokosaWa et al., Infect. Immun. 571272-277 
(1989); YokosaWa et al., Toxicon 291261-264 (1991)). The 
NG108-C15 cell line can be engineered to include, for 
example, a BoNT/C1 substrate to assay for BoNT/Cl activ 
ity. Additional hybrid cell lines include NSC cell lines, 
Which are hybrids of neuroblastomas and spinal cord neu 
rons that resemble developing motor neurons (Cashman et 
al., Dev. Dyn. 1941209-221 (1992)). 

[0089] Aneuronal cell line useful in the invention also can 
be a motor neuron cell line such as a murine, primate or 
human motor neuron cell line. NSC-34 and NSC-19 are 
exemplary motor neuron cell lines useful in the invention; 
these cell lines, Which are clonal hybrids of mouse neuro 
blastoma (N18TG2) and isolated embryonic (day 12-14) 
mouse spinal cord motor neurons, express motor neuron 
characteristics and display a multipolar neuron-like pheno 
type (Eggett et al., J Neurochem. 7411895-1902 (2000)). 
NSC-34 and NSC-19 cells express high levels of choline 
acetyltransferase (CHAT), a marker of motor neurons. These 
cells also generate action potentials; express neuro?lament 
triplet proteins; and synthesize, store and release acetylcho 
line. 

[0090] Aneuronal cell line useful in the invention also can 
be a spinal cord cell line such as a murine, primate or human 
spinal cord cell line. As an example, a human spinal cord cell 
line can be generated from precursors of human embryonic 
spinal cord cells (?rst trimester embryos) that are immor 
talized With a tetracycline repressible v-myc oncogene as 
described in Li et al., J. Neurosci. Res. 591342-352 (2000). 
Such cells can be expanded inde?nitely in proliferative 
groWth conditions before rapid differentiation (4-7 days) 
into functional neurons that express neuronal phenotypic 
markers such as choline acetyltransferase. As another 
example, a murine spinal cord cell line can be prepared by 
immortalizing an embryonic spinal cord culture using trans 
forming media. Such a spinal cord cell line can be, for 
example, the murine M4b line and can express neuronal 
markers such as NSE, synaptophysin, MAP-2, and choline 
acetyltransferase and release acetylcholine upon appropriate 
stimulation (Cardenas et al., J Neurosci. Res. 68146-58 
(2002)). 
[0091] Human central nervous system (CNS) cell lines, 
including murine, primate and human CNS cell lines, also 
can be useful in the invention. A useful CNS cell line can be, 
for example, a human CNS cell line immortalized With a 
tetracycline repressible v-myc oncogene as described in Sah 
et al., Nature Biotechnol. 151574-580 (1997). Upon repres 
sion of the oncogene, the cells differentiate into neurons. 

[0092] Cerebral cortex (CNh) cell lines also are neurons 
useful in the invention. Useful cerebral cortex cell lines 
include, but are not limited to, murine, primate and human 
cell lines. As an example, murine cortex primary cultures 
from 12-16 days embryos can be immortalized, for example, 
by culturing the cells in conditioned media from a rat thyroid 
cell line that induces transformation in vitro. The immor 
talized cells can be differentiated into neurons expressing 
neuronal markers using the appropriate media; these differ 
entiated cells express choline acetyltransferase and secrete 
















































































































