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» CONSOLE et al, antennapedia and HIV transactivator of transcription (TAT) protein
transduction domains promote endocytosis of cel surface glycosminoglycans, the
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« SHALABY, SW. Polymers for augmenting R Botulinum vaccine efficacy, crisp data
base National Institutes of Health, 2002.
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Lo anterior, por cuando junto con dicho reporte solo fue proveido a mi representada el
abstract del documento SHALABY, SW, siendo imposible obtener copia completa del

mismo.

2, Puesto que se han atendido a cabalidad las peticiones hechas por su Despacho
sobre la presente solicitud de patente, atentamente solicito que se continle su
tramitacion.

3. ANEXOS

+ Copia auténtica la sustitucion del poder otorgado por el Doctor EMILIO FERRERO,
a mi favor, para lo cual solicito me sea reconocida personeria y asi continuar con
el tramite de este asunto en favor de la sociedad solicitante.
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I 5. D.

Poderdante : REVANCE THERAPEUTICS, INC.

Poder conferido el : 12~12-2006

Yo, EMILIO FERRERO, obrando como apoderado principal del

' poderdante arriba mencionado, mediante el presente escrito
sustituyo el poder a mi otorgado a la doctora LUZ CLEMENCIA DE

PAEZ, identificada con cédula de ciudadania No. 35.456.344 vy
Tarjeta Profesional N°23.555, con todas las facultades que me

fueron conferidas.

Hago la anterior sustitucidén conforme al articulo 66 del

Cébdigo de Procedimiento Civil.
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Detection of Sparse Botulinum Toxin A

Binding Sites Using Fluorescent

Latex Microspheres

Richard D. Crosland* and Gabriela A. Canziani

Toxinology Division, United States Army Medical Research Institute of Infectious Diseases, Frederick, MD 21702

Abstract

The most potent toxins known are produced by strains of
Clostridium borulimum. To paralyze the vertebrate neuro-
muscular junction, the toxins bind selectively to nerve end-
ings, translocate into the presynaptic terminal, and hydro-
lyze proteins of the exocytotic apparatus, thus inhibiting the
release of acetylcholine. Our goal was to develop a conve-
nient, reliable technique to detect specific binding of botu-

" linum toxin A to its targets, 8 technigue that could be easily

modified 1o detect the binding sites of other ligands as well,
Our method utilized fluorescent latex microspheres and is
theoretically capable of detecting a single binding site at the
light microscopic level.

Nonspecific binding sites an 7-pim thick sections of un-
fixed, cryosectioned mouse diaphragm were first blocked
with 20% goat serum in phosphate-buffered saling (GS/
PBS). We incubated the diaphragm for 1 hr at 22° with
various concentrations of bofulimum toxin A in GS/PBS,
followed by incubation with rubbit anti-botulinum toxin A
antiserurg, biotin-labeled goat anti-rabbit antibody, and fi-
nally avidin-labeled, 0.03 pm diametar, fluorescent latex
microspheres.

As expected, binding was localized to the area of the
neuromuscular junction. Binding was also observed in as-
sociation with axons inmervating some junctions. We could
detect binding on diaphragms that were exposed to as little
as 10 pM botulinum toxin A, which is in the low range of
effective in vitro doses that block newromuscular tragsmis-
sion. This is a convenient, sensitive, and specific technigue
for detecting botulinum toxin A binding sites that is easily
modifiable for the detection of binding sites of other ligands
as well. (The J Histotechnol 22:113, 1999)

Key words: diaphragm, immuoohistochemistry, labeling,

Hght microscopy, mouss, neuromuscular junction, synapse

* Address reprint requesis o Dr. Crossland

The Journat of Histolechnolagy / Vol. 22, No. 2 { June 1999

Introduction

The neurotoxins produced by strmains of Clostridiim bonu-
linum are among the most toxic substances known. Tt has
been estimated that, at mast, 100-1000 molecules of hotu-
linum toxin A are required to poison a presynaptic terminal,
suggesting that there are relatively few receptors for the
toxins (1--3). The toxins bind ro the presynaptic membrane,
are internalized, and protenlyze components of the release
apparatus, thereby blocking release of acetylcholine, Their
in vivo sites of action are limited {o peripheral cholinesgic
terminals, and the proximate cause of death is respiratory
failure.

There have beer few histological studies of the binding of
botufinum toxins to their target tissues (1,4-9). One reason
for this s the low density of toxin binding sites, which
necessitates a detection svstem with a high signal-to-noise
ratio (1). To date this has psually ineant autoradiography
with radiolabeled toxin and fized tissue. This technique suf-
fers from several shortcomings, however. Radjolabeling
botulinum foxin to a sufficiently high specific radioactivity
while retaining biological activity is not a mivial undertak-
ing. With such a potent :oxin, furthermore, there is the
possibility that a small parcent of unlabeled toxin will bind
and be active whereas the radiolabeled toxin will not bind
{or bind nonspecifically) and be inactive, and the radiola-
beled toxin is what i$ being measured. Inactivation of a
substantial percentage of toxin by labeling may not be
readily discernible because botulinum toxin activity is as-
sayed by mouse lethality, which is not very precise. Another
pitfall with the binding protocols used to date has been the
tendency t0 use unphysiologically high doses of labeled
toxin 10 increase the signal. Finally, the nse of fixed tissue
can cause artifacts. Qur goal was to avoid some of the
problems described and 1o detect bowdinum toxin binding
sites casily by light microscopy, with as linde alteration as
possible to the sites or the toxin. We also wished to develop
a general technique that conld be easily modified to detect
the binding sites of other ligands.

We developed a method based on antibody detection vi-
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shatized with fluorescent latex microsphercs. Bach micro-

i -ules, rendering it
sphere contains 100,000 fluorescent molecul g

.easily-discernible with a fluorescence microscope. A micro-

sphere can be attached to a binding site thmugh a chm{xlx of
binding site-botwlinwm toxin-prmary anu}zody-secqn ary
antibody-microsphere, thus allowing detection of a binding

site.

Materials and Methods
ials ¢ g .

M‘;‘.\fg purchased botulinum toxin A from Lxsl‘Bm}og\cals
(Camapbell, CA) and assayed it w;m a mquse bx.oasselxy.‘ We
purchased hiotin-labeled goat anti-rabbil anttb‘od) from
Kirkegaard & Perry (Gaithersburg, MD), and fluorescent
Jatex microspheres (Transfluospheres”) that were avidin-
labeled and 0.030 pm in diameter from Molecular Probes
{Eugene, OR). Newralizing rabbit anti-botulinum toxin A
antiserum was produced ar this institution. Naive goat se-
rum came from Sigma Chemical Co (St Louis, MO).
Frosted, treated microscope slides were purchased from
Fisher Scientific (Pittsburgh, PA), specimen embedding me-
divm frora Tissue-Tek (Elkhart, IN), and Agua-Mount from
Lerner Laboratories (Piusburgh, PA).

Methods

Male, BALB/C, 20-25 gm mice (Harlan Sprague-
Dawley, Frederick, MD) were roaintained on a 12 hr light-
dark (1800-0600) cycle, and allowed free access to food
and water. Their care and use were in compliance with the
Animal Welfare Act (USA) and the Nadonal Institutes of
Health's Guide for the Care and Use of Laboratory Animals
(USA). After mice wers killed by cervical dislocation, we
removed the diaphragm under saline, ewt it into hemidia-
phragms, froze them on dry ice for 15-20 min in specimen
embedding medium, and stored them at —~70° unt] sec-
tioned. We cut the frozen hemidiaphragms into 7-pum thick
scetions on a eryostat at -25° The sections were picked up
onto treated slides, dried in air at room temperature, num-
bered, and stored in a desiceator until used, usually the nex:
day.

All of the following procedures were performed in a hu-
mid chamber at room temperature with the slides resting
horizontally. We wetted sections with 0.5 ml of 20% goat
serurn in phosphate-boffered saline (GS/PBS) for 20 min.
We then added botulinmm toxin A in GS/PBS w0 each sec-
tion and incubated it for | hr, followed by 5 washes (im-
mersion) with PBS. Sections were incubated for 2 hr with
rabbit anti-botulinum toxin A antserum (3 — 10} in G&/
PBS, followed by another 5 washings in PBS and a 30 min
incubation in GS/PBS. We added biotin-labeled goat anti-
rabbit antibody (1 —~» 5003 in GS/PBS and incubaied the
sections for 1 hr, followed by 5 washes with 3x PBS. The
sections were incubated with avidin-labeled fluoromicro-
spheres (10° particles/ml in GS/PBS + 0.005% Tween 20y
for | Tr and then washed 3 times with PBS. We added 1
drop of Aqua-Mount and a coverslip. The sections were
observed uoder a fluorescence microscope with a {Juores-
cein filter set.

Results
We used our method of botulinam toxin-primary anti-
body-secondary antibody-microsphere to label sparse hotu-

Yinum toxip A binding sites of the presynagtic elements of
neuromuscular junctions. On sections of diaphragm ncu-
bated with | nM botulinum toxin A ‘(Fxgure 1) we obs‘er‘vec
microspheres that were configured in & way that was con-
sistent with an association with the presynaptic ev}emems of
the neurommscular junction, the prm'mxml portion of‘ Fhﬂe
axon of the presynaptic neuron, and, in many Cases, dlrSIa‘
portions of the axon of the presynaphic neuron 4_\10.). {’ha:
{abeled areas were always nssociated with myoﬁtm\ﬁ'ma
were arranged in a band along the medial aspect of the
muscle. In addition, the dimensions of the labeled areas
were comparabie to the reported dimensions of (hf: ex}dp)‘ate
region (11). Furthermore, the size, number, and distribution
of labeled areas were comparable to that observed when we
ctained sections for cholinesterase or labeled them with tho-
damine-conjugated a~bungarotm:;in {nat shown). Latiell_mg
with microspheres was VEIy specific because they were lim-

ited to presynaptic elements of newromuscular junctions anfi
their innervating neurons, No other structures were labelea,
and there were very few background microspheres, Incuba-
tion of diaphraygm with 10 pM botulingm toxin A resulted in
localization of microspheres to endplate regions, but there
were fewer numbers of microspheres than observed after
incubation with 1 aM botulinum toxin A. We observed no
labeling when botulinum tozin A or rabbit anti-botulinum
toxin A antiserum was omitted. '

Figure 1. Fluorescence photomicrograph showing distribution of micro-
spheres on monse diaphragrm after incubation with 1 ah bomlinam roxin
A followed oy antibodies and sicrospheres. Muscle fibers antofuoresce
green whereas microspheres are yellow. Arraws indicae enplates. The
motor endplate in the canter of the field shwws labeling of axon Jeading o
it Bar = 25 pm, i -

114 Sparse Batufinum Toxin A Binding Site Detection with Fluorescant Latex Wicroepheras / Crosland and Canziani

Aatarint raov ha mrmtantod i:\;m-:;wﬁ;ﬁ? T;:;?"EH;:Z?K 12 Sada B







:
v
¢
i
¥
i
£
i
1

b N
Discussion

Our gozg was 10 .devglop a §imp]c: tecl_miquev to ‘d\eteg%
gp&r's'et bhotulintmn toxin bmc}mg sites at. the th}t ‘mxcroa.lco?u.
jevel using unlabeled toxin and unfixed tissue. We also
wanted the technique ta be easily modlﬁablc to en;zblc the
detection of binding sites of other ligands. We attained our
goal with an indirect immunomsto}ogmal technique that
lirked Tluorescently laheled latex nncrospberevs 0 bmda_ng
sites through a chain of bind‘ing sile:'bomhnum toxin-
primary antibody-secondary aﬂmbody-_rmcrosphcrel

When we incubated diaphragis sections with a moderate
{1 nM) concentration of botulinum toxin A, we obsg::n'cd
raicrospheres on the muscle it a pattern that was consistent
with toxin binding to presynaptic elements of NEUroMmusCu-
Jar junctions and the terminal portion of motor neurons. This
was expected as botulinum toxin A is a mm:lcer for the
presynaptic element of the nevromuscular junction, We ob-
served a similar but less robust pattern of labeling after
incubating sections with 10 pM toxin, which is in the low
range of effective in vitro doses that block neuromuscular
transmission (12). Our observations were in concordance
with those of Black and Dofly and Dolly et al (1,6). They
showed with electron microscopic antoradiography that 13
aM [ botulinum toxin A labeled only the presynaptic
elements of newromuscular junctions of mouse diaphragm
and that the labeling was present on the plasma membrane,
within the nerve ferminal, and within the axoplasm of the
nerve trunk. They also stated that they observed saturation
of labeling with 200 pM toxin by light microscopic autora-
diography. Thus, in all aspects, the 2 very different labeling
techmiques revealed similar distributions of botulinum toxin
A binding sites, Our method, in addition, showed micro-
spheres associated with more distal portions of the axouns of
presypaptic neurons, probably because of botulinum toxin
A binding to components wansported along the axon.

We successfully developed a simple technigue to detect
sparse botulinum toxin binding sites by light microscopy
using unlabeled toxin and unfixed tissve. We linked fluo-
rescent latex microspheres to binding sites through a chain
of binding site-botulinum toxin-primary antibody-
secondary antibody-microsphere. Although we do not claim
to have done so, this technique can theoretically detect a
single binding site, In addition, through a similar chain of
antibodies, through 2 bioctinylated ligand, or by attaching a
ligand of interest directly to the microspheres our technique
could easily be modified to locate the binding sites of other
ligands.

The Journal of Histotechnology / Vol 22, No. 2/ June 1999
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INTRODUCTION

The eminent physiologist Claude Bernard wrote in his
classic work entitled Experimental Science (8). "' Poisons can
be employed 4s a means for the destruction of life or as
agents for the treatment of the sick.”” He went on to explain
how certain toxins and peisons were valuable tools for
analyses of the most delicate phenomena of living structures.
Although several toxic substances of plant and animal origin
vere used in medical practice during his timne, in recent years
a great mulbitude of poisonous substances from plants,
animals, and microorganisms arc now finding use in studies
on animal physiology and some are used medicinally in
humans.

In December 1989 the U.S. Food and Drug Administration
licensed botulinum toxin type A as an orphan drug for the
treatment of the human muscle disorders strabismus, hemi-
facial spasm, and blepharospasm in patients 12 years of age
and older. by direct injection of the toxin into the hyperac-
tive muscle, Botulinum toxin is also being used experimen-

" * Corresponding author.
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tally for the treatment of a number of other dystonias and
movement disorders (25, 98, 191). The use of the toxin for
human treatment came about over 20 years ago through the
cotlaborative work of Alan B. Scott and E. J. Schantz. The
treatment of neurological disorders with botulinum toxin
type A has opened a new field of investigation on the
application of the toxin to nerve and muscle tissue in the
human body.

Various microbial neurotoxins are being used to under-
stand the physiotogy of the nervous systern and may have
potential value in the treatment of certain types of muscular
disorders through modification of nervous stimulation of
muscle activity, Well-characterized microbial neurotoxins
for this purpose include the neurotoxic proteins [rom Clos-
tridium botulinum and Clostridium terani and the low-mo-
lecular-weight ncurotoxins saxitoxin and tetrodotoxin, from
certain species of dinoflagellates and bacteria (Table 1).
These toxins affect muscular activity by their direct-action
on the nervous system: for example, botulinum and tetanus
toxins affect activity by a presynaptic block of the release of
neurotransmitters, and saxitoxin and tetrodotoxin do so by
altering the action potential at the voliage-gated sodium
channels of neurons. These toxins differ from many other

[
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TABLE 1, Approximale relalive toxicities of microbial
neurotoxing

] Minimum lethal dose
Toxin in mice (pg/kg) Mol wit
Hotulinum toxin, 0.000:03 900.000
type A, crystalline
Tetanus toxin, 0.0001 130,000
¢rystalline .
Saxitoxin (free base) 9 299
Tetrodotoxins 8-20 K)L)

microbial toxins such as diphtheria and cholera enterotoxins
in that they exhibit refatively little cytolytic or cytotoxic
activity. This review descnbes properties of presently
known neurotoxins that are obtained from microorganisms
and that, through their physiological action, may be valuable
in medicine and pharmacology, particularly botulinum toxin

type A, the only toxin which is presently being used for the

treatment and reliefl of several human dystonias. It also
points out the need for research on methods for culturing,
purification, genetic expression, and preservation of these
toxins applicable to their use for human treatment.

MICROBIAL NEUROTOXINS THAT BLOCK
NEUROTRANSMITTER RELEASE

Properties of Botulinum Toxin Type A Relevant to [is Use
in Medicine

Developments leading to the use of the toxin for human
treatment. Botulinum neurotoxins are produced hy certain
strains of the bacterial species. C, botudinum, Clustridium
buryricum, Clostridium baratii, and Clostridium argentin-
ense (86). The toxins are classified into seven serotypes, A
through G, on the basis of their immunological properties.
The botulinum netrotoxing comprise & family of pharmaco-
logically similar roxins that block acetylcholine release from
peripheral nerves and cause a faccid paralysis. All of the
serotypes of toxin can poison humans and other anunals, but
type A has caused the severest illness and many deaths from
food-borne botulism and is the best-characterized botulinum
toxin. Crystalline type A toxin is the scrotype that is
currently being used in therapeutit applications. The follow-
ing sections describe the basic properties of bowlinum toxin
type A and the development of the toxin as a drug.

[nvestigations inta the use-of botulinum toxin type A for
the treatment of hyperactive muscle disorders originated
over 20 years ago through a fortunate set of circunstances
and the ingenuity of Alan B. Scott, a surgeon at the Smith-
Kettlewell Eye Research Inmstitute in San Francisco. He
contacted one of us (E.J.5.) regarding the availability of a
toxic substance that might be injected into a hyperactive
ruscle and thus serve as an alternative to surgery for the
treatment of strabismus, a condition in which the eyes are
out of alignment. In my research on microbial toxins [ had on
hand highly purified crystaltine type A botulinum toxin,
praduced by C. boaulinnm, and saxitaxin, the potent poison
produced by the dinoflagellate Gonyaulax catenella. The
mechanisms of action of these toxins had been known for
many years (29, 33, 63, 103), and their possible vse in the
treatment of a hyperactive muscle was apparent but had
never been tested, Mo record of such use in animals or
humans was available. Both botulinum toxin and saxitoxin
cause flaccid paralysis of skeletal muscle as a result of action
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on the nervaus system. Botulinum toxin type A appeared to
be the toxin of choice for human treatment on the basis of
animal studies and accidental cases of human food poisaning
in which the paralytic action on survivors lasted for many
weeks whereas recovery [ram saxitoxin poisoning took only
a few days for survivors. We therelfore began our collabora-
tion on this work by using botulinum toxin expenmentally on
rhesus monkeys, in which Dr. Scott surgically produced a
condition similar to strabismus. With the properly. deter-
mined dose of botulinum toxin injected into the more active
muscle, proper alignment of the eyes was achieved.

After 10 or more years of successful experiments on
monkeys, the FDA granted Dr. Scott permission to treat
strabismus in human volunteers. Strabismus in humans is a
disorder of vision due o turning of one or both eyes from the
normal position for binocular vision and is caused by hyper-
activity of one or more muscles controlling eye pasition.
This condition in humans usually is corrected by surgery,
which involves cutting away a sufficient portion of the
hyperactive muscle to allow the cye to assume its normal
position. Successful human treatment with the toxin in-
volved injecting measured amounts of the toxin, under
carefully controlled conditions using electromyography, di-
rectly into the hyperactive muscle pulling the eye out of
alignment. Injection of botulinum toxin weakened the over-
active muscle, enabling compensation by the weaker one
and resulting in permanent cye alignment after a period of
temporary paralysis (192). The clinical work was first re-
ported by Scott in the 1980s (188, 189), and the properties of
the toxin in relation to its use in medical treatment was
reported by Schantz and Scott in 1981 (180).

Special considerations on the preparation and maintenance
of botulinum toxin type A for human treatment. Although the
original toxin on hand and that prepared for the mankeys
was sufficient, the toxin to be used for the human trials had
to be prepared under more specific conditions that would,
from best judgment, meet approval by the FDA, Botutinum
toxin is the first microbial protein to be used via injection for
the treatment of human disease. There was no precedent for
the use of a micrabial toxin in this manner, and protocols for
this work had 10 be implemented. The important consider-
ations regarding the toxin were its punty and dose on
injection. The production by culturing and the purification
had to be carried out 50 that the loxin was not exposed to
any substance that might conaminate the final product in
trace amounts and cause undue reactions in the patient.
These restrictions required culturing in simplified medium
without the use of animal meat products and purification by
procedures not involving synthetic solvents or resins. An-
other concern was the problem of long-term stability of the
toxin so that a supply was always availabfe. Dilution of the
toxin from milligram quantities lo a solution ¢ontaining
nanograms per milliliter presented a problem because of the
rapid loss of specific toxicity on such great dilution. Toxin
can be diluted in pyrogen-lree water or saline if used
immediately for treatment, but stabtlization of the toxin for
longer periods requires the presence of another protein such
as gelatin or albumin (173, 177). Although the commercial
botulinum type A product is prepared in the presence of
human serum albumin, the usc of human scrum albumin
presents potentiat prohlems in that certain stable viral agents
carried through from donors could contaminale the toxin.
These and other concerns about the preparation and use of
the toxin for human treatment are: reviewed and discussed in
the following sections. . .

Mechanisms of action of hotulinum foxin. The primary
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structure of the neurotoxin is such that the resulting shape
(secondary and (ertiary structures) causes a highly specific
binding and block of acetylcholine release at myoneural
junctions. Rotulinum toxin is toxic to all veniebrates through
weakening of skeletal muscle, and death may come about
through paralysis of the muscles of respiration. Van Ermen-
gen (226) considered that the toxin acted on the central
nervous system, but it was later shown thal the action is
peripheral rather than central (50, 60). Most early studies on
the mechanism of action of botulinum toxin were carried out
with type A crystalling toxin (29, 33, 79). Botulinum toxin
blocks cholinergic transmission at all cholinergic synapses in
the peripheral nervous system, but conduction along axons
is not affected (79). The chemical denervation lasts for
several months, and recovery of neurotransmission and
muscle activity requires sprouting of new nerve endings and
functional connections at motor end plates. The biochemical
mechanisms of botulinum toxin in skeletal neuromuscular

preparations, brain synaptosomes, chromaffin cell cultures,,

spinal card cell cultures, and Torpedo and Aplysia prepara-
tions have been reviewed within the lasr 10 years (45, 81,
137, 158, 168, 200),

Preparation and properties of botulinum toxin type A for
clinical use. The Food Research Institute, University of
Wisconsin, has been involved in the production of crystal-
line toxin pertaining to food safety for many years, and small
amounts of this toxin were used for the work on monkeys.
However, the 1oxin that was to be used for human treatment
by injection required special considerations, and preparation
and punity of the toxin became essential (180). The type A
toxin Hall strain was chosea for production of toxin because
it consistently produced high levels of toxin (1 to 4 mullion
mouse 50% lethal doses (MLD,,) per mi of culure broth). It
was originally obtained from I. H. Mueller of Harvard
University (118), and was developed at Fart Detrick, Md..
by screening for high toxin production. Toxin is produced in
a nutritive medium consisting of a casein digest, yeast
extract, and dextrose at pH 7.3. Following inoculation.
growth is usually complete in 24 to 36 h, at which time cells
undergo lysis. Complete lysis and clearing of the culture take
2 to 3 days. The toxin is liberated dunng lysis and is
activated by proteases present in the cnlture broth thac
convert a poorly active protoxin to the highly potent toxin.

The first successful attempt at purification of type A toxin
from culture broths was accomplished by Snipe and Sommer
(203) at the Hooper Foundation at the University of Califor-
nia in 1928, when they showed that %0% of the crude toxin
could be precipitated from the spent culture fluid by the
addition of acid to pH 3.5. About 20 years later, Lamanna et
al. (113), starting with the precipitate, obtained the togin in
crystalline form, and then Dol et al. (39) improved the
method; the improved method is the basis for the present
procedure for purification. The purification of botulinum
lexintype A in our laboratory for hurnian use was designed to

be carried out by the simplest procedures and avoided:

exposure to substances such as added enzymes or columns
of synthetic resins, used in some methods, that could con-
tamninate the preparation and be carned into the final injected
preparations, It is briefly descobed as follows. The type A
toxin in the spent broth was first precipitated by adjusiment
to pH 3.5 with acid; 90% of the toxin was recavered in the
precipitaie. The precipitate was washed with.water, and the
toxin was extracted with | M salt solution at pH 6.5 and
reprecipitated with acid at pH 3.7. The toxin was extracted
from this precipitate with 0.05 M sodium phosphate buffer 1t
pH 6.8, precipitated in 15% ethanol at ~5°C, redissolved in

MicroaroL. Rev, -

phosphate buffer, and crystallized in 0.9 M ammonium
sulfate. This simplified procedure yields, for example, 60 to
70 mg of small. white, needie-shaped crystals (0.1 to 0.2 mm
in leagth) from a 12-liter culture (15 to 17% recovery).
Recrystatlization under the same coaditions yields 20 to 25
mg of crystalline toxin. .

The ¢rystalline type A toxin contains 16.2% nitrogen and,
as far as is known, is composed only of biologically active

amino acids (32, 207) for both the neurotoxin and the

nontoxic proteins, The isoelectric point of the crystalline
type A toxin is pH 5.6. Under slightly acidic conditions, pH
3.5 to 6.8, the neurotoxic component of 150,000 M, is bound
noncovalently to the nontoxic proteins in such a manner as
to preserve or help stabilize the second and tertiary struc-
tures upon which toxicity is dependent. Under slightly
alkaline conditions (>pH 7.1) and in the blood and tissues of
animals and humans, the neurotoxin is released from the
toxin complex. RNA is also associated with the toxin
complex but has no known role in activity or stability.

The molecular weight of crystalline toxin was initially
shown to be 900,000 M, on analysis in the uitracentrifuge at
pH 3.8 to 4.4 (161, 173, 181, 229). Putnam et al. (161) showed
that on elcctrophoresis, the crystalline toxin moved as a
single substance with a molecular weight of 900,000, La-
manna et al. (115) discovered that purified type A toxin could
be separated into nontoxic and oxic components, when they
found that a nontoxic compouent precipitated crythrocytes
leaving the toxin in solution. Wagman and Bateman (229)
also showed that the toxin moved in the ultracentrifuge as a
single substance with a sedimentation coefficient of 195 at
pH 5.6, but a1t pH 7.3 the toxin component (neurotoxin)
dissociated and moved as a much smaller molecule (75).
Later DasGupta and Boroff (46) showed that at alkaline pH
the neurotoxin could be separated from the nontoxic pro-
teins by column chromatagraphy.

On diffusion in agar gel at pH 4.2 the crystalline toxin
maoves as a single substance with a coefficient {D) of ca. 2 %
10 7em?® sTh(161, 178). However, at pil 7.3, near to the pH
at which the peurotoxin and nontoxic components dissoci-
ate, the diffusion rate of the neurotoxin increased 10 ca. § x
10~7 em® s7', much higher than the rate expected for a
globular protein molecule of 150,000 Af, (178). Diffusion
depends to a great extent on the shape of the molecule, and
the toxin may fake on a threadlike structure that would
diffuse faster than a globular structure,

The biological activity (toxicity) of the toxin, like many
other biologically active proteins, is due to the spatial or
conformational structure of the neurotoxin molecule (173,
182). The nentoxic proteins bound o the neurotoxin appar-
ently play an important role in maintaining the toxic shape of
the neurotoxin. Careful handling of purified toxin is there-
fore important for maintenance of stability. Botulinum toxin
type A is readily denatured by heat at temperatures abave
40°C. particularly at alkaline pH. Solutions of the toxin lose
toxicity when bubbles form at the airfliquid interface ¢ausing
stretehing and pulling of the neurotoxin out of its toxic shape
(173). This dennturation also lakes place in an atmosphere of
nitrogen or carbon dioxide. Dilution to extremely low con-
centrations (nanograms per milliliter) also tends 1o decrease
the stability of the nevrotoxin, but this can be prevented by
diluting with a buffered solution (at pH 6.8 or below)
comtaining another protein sitch as gelatin and certain alby-
mins such as bovine or human serum albumin. When the pH
is raised above 7.3, the neurotoxin is liberated, which is very
labile. Because of its lability the neurotuxin is-not practical

for medical applications.
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Crystalline botufinum toxin rype A was the first microbial
pratein of this complexity to be considered an injectable
substance by the FDA, and it was necessary to set down
specifications for toxin quality. ‘The following properties of
the crystalline toxin obtained frum many batches were found
to be of the highest-quality toxin and were used for evalua-
tion of batch 79-11, which was used in initial studics in
humans and later licensed by the FDA: (i) a maximum
absorbance at 278 nm when dissolved in 0.05 M sodium
phosphate buffer at pH 6.8, (i) an Auo/f\nq ratio of 0.6 or
less, (iii) a specific toxicity for mice of 3 x 107 = 20% MLDs;,
per mg, and (iv) an extinction coefficient (absorbancy) of
"1.65 for 1 mg of toxin per ml in a 1-cm light path.

The purity of the crystalline toxin cannot be defined
strictly in terms of percent purity because of small amounts
of undefined material absorbing at 260 nm, most probably
nucleic acid material, which associates with the toxin during
culturing and is carried through the purification and crystal-
lization procedures. This property is peculiar to certain

crystalline proteins, in contrast to the crystallization of other”

simpler organic substances. We have based the quality of the
toxin on obtaining as low an Ay./d ;4 ratio as possible, near
ta 0.55. Toxin from the first crystallization has a ratio close
to 0.6, and on the second crystallization it should be reduced
to about 0.55, which is considered representative of high-
quality toxin. A third crystallization may reduce the ratio
slightly but at a cost of yield, because only one-third to
one-half of the toxin is recovered on each crystallization.
Other crystalline proteins such as human and bovine serum
alburnins have absorbance ratios close to 0.5 (232). If it is
assumed that the absorbing material at 260 nm is nucleic acid
with an extinction of 20 per mg {12 times that of the texin),
the proportion of nucleic acid in 2 preparation with a ratio of
0.6 would be less than 0.1%.

Another test of purity and consistency for each batch of
type A toxin is the banding pattern on solution electropho-
resis and gel clectrophoresis with crystalline toxin and
reduced crystalline toxin. At or below the isoelectric point of
5.6, the toxin moves as a single homogeneous substance, of
900,000 M,. Toxin reduced with sulfhydryl reagents shows
the distribution after electrophoresis of the noatoxic compo-
nents along with the peurotoxin subunits of 100,000 and
50,000 M,. Electrophoresis carried out on several batches of
crystalline toxin showed that the toxin is judged very similar
for each barch (101). .

The specific toxicity of a high-quality preparation of
crystalling toxin should be 3 x 10”7 MLDg, (220%) per mg.
The number of milligrams for this determination is based on
the A s, using the extinction of 1.65 to convert 1o milligrams
of toxin [A,/1.65 = milligrams of toxin [£3%]) (207).
Because the immunological properties of type A toxin are
independent of its toxic properties, the only means of
evaluating the polency or acetylcholine-blocking power of
the toxin is an animal assay (176). The mouse assay for
toxicity determination may vary depending on the species of
mice, their condition, and the conditions under which the
assay is carried oul. To minimize the variability, it is
recommended (hat the mouse assay be carricd oul on any
preparation used for human treatment with the use of a
reference standard of type A toxin as described by Schantz
and Kautter (177). There is no known chemical, physical,
biological, or immunological test available that can replace
the mouse test for toxicity evaluation.

An important factor in the medical use of botwlinum toxin
is 2 method of storage for retention of toxicity. The crystal-
line toxin formerly provided for reference in food-assays was
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dissolved and stored in 0.05 M sodium acetate buffer (pH
4.2) at 4°C (177), in which it retained toxicity {or 1 to 2 years
before a significant loss (20%) could be detected by mouse

assay. The difficulty with storing the toxXin in acetate buffer is

that freezing causes complete detoxification and reliance on
storage at 4°C without danger of freczing is not practical
under certain circumstances. However, we have found that
the most satisfactory method of storage is to leave the
erystalline toxin at 4°C in the mother liquor of the second
crystallization, in which toxicity was retained for 10 or more
years, Retaining stability is important because it makes
available a bulk supply of toxin to draw from over an
extended period. When the FDA approved experimental
trials on human volunteers, a large batch of crystalline toxin

was prepared in November 1979 (designated 79-11) ex- .

pressly for the human trials; 100 mg was supplied to Alan
Scott and 50 mg was retained in storage at the Food
Research Institute. This batch has been the sole source of
botulinum toxin type A accepted by the FDA for human
treatment and has been used by many physicians throughout
the United States and some foreign countries. However,
some loss in toxicity has occurred in batch 79-11, and we
recommend that fresher batches of toxin periodically be
prepared to avoid detrimental changes that may occur on
aging. Crystalline type A toxin prepared in our laboratory
does not appear to differ in potency or clinical efficacy from
type A toxin prepared in England by using anion-exchange
chromatography and RNase treatment (133, 222}, However,
we do not recommend the use of methods of purificationt

involving enzymes, various exchangers, or synthetic sol-

vents because of the chance of contamination.

Preparation of the toxin for dispensing as a drug and
compatible for injection into muscle required (i) dilutionin a
suitable medium for stability of toxicity, (ii) filration for
sterility, and (iii) drying. Diluting a solution of botulinum
toxin type A from a concentration of 1 or 2 mg/ml to
nanogram concentrations causes detoxification unless an-
other protein is added for protection, Gelatin at 2 to 3 mg/ml
is generally used at pH 6.2 in the standard procedure for the
mouse assay for toxin in foods (177). Bovine serum albumin
has been used at 2 to 3 mg/ml in acetate buffer at pH 4.2 for
goad stability (177), and human serum albumin was adopted
for medical use. Filtration in the presence of additional
protein can be carried out successfully to remove bacterial
contamination without loss of toxicity. However, drying,
which would have many advanlages in long-term stability,
under the conditions with human serum albumin at pH 7.3
resulted in a substantial loss (50 to 90%) of toxicity. This loss
of toxicity is a very important consideration because of the
possibility that the inactivated toxin will form a toxeid and
immumze the patient against the toxin on continued use.
Various methods of drying, particularly lyophilization, re-
sulted in such losses. Experience with the toxin has proved
that stability of toxicity i1s dependent on low pH (<7), but
such low plls are nat compatible with injections into muscle
tissue. A significant problem is the development of a mnedisvm
and cogditions to overcome the losses on drying, and
research for this purpose is being carried out in our labora-
tory.

Therapeutic spplications af hatulinum toxin. Clinjcal stud-
jcs have indicated that toxin injections can provide profound
symptomatic relief for humans suffering from a wide variety
of disorders charucterized by involuatary movements of
muscle groups (Table 2), particutarly those involved in focal
or segmental dystonias (25, 64, 92, 127), In 1911, Oppenheim
(151) iniroduced the term *‘dystonia musculorum defor-
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TABLE 2. Focal dystonias and involuntary movement disorders
success{ully treated with botulinum toxin type A"

Cundition Symptoms of disease
Strabismus....on Crossed eyes
Blepharospasm ... .Spasmodic eye closure
Hemifacial spasm................. Facial twitching and spasms
Eyelid disorders .................. Inward turning of eyelid
Spasmodic torticollis ... Abnormal movements or twisting of

the neck and head
Oromandibular and lingual  Sustained mouth closure or lingual
dySIONnia o muscle contractions
Focal dystonias of the hand ...Writer's cramp, musician’s cramp.
hand and arm muscle spasms

Spasmodic dysphonia ... ....... Uncontrotled vocal fold spasms

Other voice disorders ........... Vocal tremor, stuttering

Neurogenic bladder .............. Abnormal urinary control; results
from spinal cord injury

ANISIMUS vevrerrcvrerrnrenscnerion Uncontrollable anal sphincter
contraction

Limb spasticity ....ooocvvvneveians Occurs following stroke and ather

nevrological disorders including
cerebral palsy

“ Listed approximately in decreasing order of numbers of patients treated
(25 98, 179, 191},

mans”” o describe children who had movement disorders
such as twisted postures, bizarre walking with bending and
twisting of the torso, and severe muscle spasms. Oppenheim
pointed out that progression of symptoms often resulted in
fixed postural deformities. Dystonia is currently defined as
**a syndrome of sustained muscle ¢dntractions, frequently
causing twisting and repetitive movements or abnormal
postures'” (64, 127). Dystonia can affect afl repions of the
body (127). Many patients with dystonias have been diag-
nosed as experiencing psychological stress and referred for
psychological therapy (64), but were later found to suffer
from specific neurological diseases (68, 127). Adult onset of
focal or segmental dystonias (which affect only one or a few
muscle groups) are more common than generalized dysto-
nias {64, 127). A study in Minnesota estimated the preva-
lence of various dystonias to be 391 per million population
(147), Focal dystonias may spread and lead to generalized
dystonias, in which several muscle groups are involved.
Focal dystonias progressed to generalized conditions in
nearly 60% of affected children (onset before age 13) and in
about 3% of adults {onset after age 20) (127).

Crystalline botulinum toxin has had great benefit in the
treatment of involuntary muscle conditions, and injection of
toxin is now considered the most effective treatment for a
variety of focal dystonias (25, 98. 191). On injection the toxin
acts directly or indirectly to alleviate conditions that result
from muscle hyperactivity. Direct paralysis of target mus-
cles is desired for certain indications inctuding blepharo-
spasm, torticollis, and other focal dystenias. Depending on
the syndrome, toxin injection generally relieves undesired
muscle movement for a few months, after which the abnor-
mal movement returns and repeated injections are required.
Paratysis of certain muscle groups can also lead to secondary
desired cffects (191). Forinstance, paralysis of a hyperactive
muscle enables compensation by a weaker muscle. as in
treatment of strabismus and certain limb muscle spasmodic
disorders. In these conditions, the balancing of agonist and
antagonistic muscle systems is the desired cfect (191).

Strabismus was the first syndrome for which botulinum
toxin therapy was introduced as an alternative (o surpery
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(188. 189. 192). Botulinum toxin is usually injected into the
recti muscles with a Teflon-coated needle and electromyo-
graphic guidance to ensure accurate placement in the muys-
cle: this is usually an office procedure. The toxin evokes a
temporary denervation and muscle weakening, allowing the
glabe to return to normal alignment. Although botulinum
toxin will not replace conventional surgical treatment, it has

praved to be a useful adjunct to surgery in certain cases (189, -

191).

Botulinum toxin is being used primarily for the correction
of focal dystonias and other regional movement disorders.
One syndrome approved for treatment is essential blepharo-
spasm. in which persons suffer from involuntary eyelid
closure. Blepharospasm is often accompanicd by involun-
tary movements of head and neck muscles, a condition
known as Meige syndrome (98). Meige syndrome manifests
as uncontrolled blinking (blepherospasm) plus involuntary
facial grimacing, frowning, facial contortions, spasmodic
speech, and neck pulling (spasmedic torticollis) (24, 25). The
age of onset of blepharospasm is often 50 to 70 years, and the
syndrome may progress to other muscle regions. Injections
of botulinum toxin type A into the orbicularis oculi muscle
has given clinically significant benefit in 70 to 90% of more
than 8,000 treatments (98). In most patients, the latency
period from injection to onset of improvement was 2 to §
days and relief persisted for an average of 3.5 months. The
average dose was ca. 20 U (191). In some treatments, toxin
diffused to neighboring muscles and caused temporary pto-
sis. Some patients have received repeated injections for 7
years or more, and no adverse long-term effects have been

_ubserved. .

Hemifacial spasm is an often disfiguring syndrome char-
acterized by invaluntary movement of facial muscles con-
trolled by the seventh facial nerve. Patients often find the
movements disfiguring and socially and functionally incapac-
itating (25). Treatments with neuroleptic medications have
been entirely ineffective. Injection of botulinum toxin (gen-
erally 10 to 20 U) has relieved hemifacial spasm in moce than
909 of the patients treated. Most patients experience relief
for 3 to 4 months, after which repeated injections have
provided long-term relief in most individuals,

Spasmodic torticollis (cervical dystonia) is a dystonia
affecting neck muscles and causing the head to involuntarily
deviate in any direction (25, 75, 98, 208). It is among the
most common dystonias, and the spasmodic contractions
can cause posture deformity, head tremors, and pain. Over
1.000 cases of spasmodic torticollis have been treated, and
the studies have reported improvement in 30 10 90% of the
patients, depending on the dose and placement of the toxin.
Comparatively large doses of botulinum toxin are used for
injection at multiple sites, The larger quantities of toxin can
diffuse to neighboring muscles, causing ptosis and other side
effects.

'Certain other diseascs involving-4nvoluntary muscle
movements have been successfully treated with botulinum
toxin in a limited aumbeér of patients (reviewed in references
25, 98, 1%, and 218). These include writer's and musician's
cramps, hand tremors, spasmodic dysphonia and other la-
ryngeal dystonias, neurogenic bladder as a result of spinal
cord injury, spasms of the rectal sphincter (anismus), limb
muscle spasms following stroke, leg spasms from multiple
sclerosis, and spasticity in children with cerebral palsy.
Botulinum toxin could petentially bencfit humans who suffer
from a vanety of other hypeckinetic movement and muscle
teae disorders including tcs, tremors, bruxism, and pain
brought on by muscle spasms (25, 98, 99, 218).
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Although betulinum toxin is currently used for treatment
of regional muscle groups, limited success has also been
achieved with patients who suffer from hyperactivity of
several muscle groups. Botulinum toxin has found limited
use in tardive dyskinetic syndrome (221), a chorea marked
by irregular dystonic movements and postures that can
develop in mentally ill patients after treatment with neuro-
leptic mecdicatians. Some of these patients experience
marked distress and suffer from disparate spasmodic disor-
ders inctuding repetitive blinking, backward arching of the
head and trunk (retrocollis), rocking of the body, mouth
gnndmg (bruxism), and mvoluntary voice sounds and grunt-
ing. In a pilot study, four patients were injected in diverse
muscles and marked improvement was found in 2 weeks in
all four individuals. Not all movement disorders in these
patients improved, but several did including retrocollis,
mouth control, and bruxism. Treatment of tardive dyskinetic
syndrome by chemical denervation with botulinum toxin is
complex because it involves different muscle groups. The

strategy has been to focus toxin injection on the most

involved muscle groups,

Generalized dystonias such as those observed in Parkin-
sonism present difficult problems for treatment because of
the many muscles involved, but it is possible that if a proper
method of administration could be worked out, these gener-
alized conditions could be treated with toxin. One possible
but untried route is the administration of low intravenous
doses by which the toxin would spread regionally to many
muscles.,

Side effects of botulinum toxin. No adverse clinical effects
of botulinurm toxin have been found in patients who received
low doses of botulinum toxin, e.p., =20 U. Single-fiber
electromyography analysis has shown that injection of rela-
tively large quantities of botulinum toxin (140 to 165 U) leads
to toxin spread, weakening of distant muscles, and unchar-
acterized subclinical etfects (116).

The primary side effect associated with local injections of
botulinum toxin is weakening and ptosis of nearby muscles.
One of the most prevalent and disturbing side effects is
dysphagia, or the inability to swallow, and several patients
have experienced upper airway obstruction after treatment
with refatively high doses (>1350 U) of botulinum toxin (23,
208). Dysphagia may be related to generalized weakness and
inability to hold the head erect (75) or to weakening of
muscles involved in swallowing. it may also be related to the
dose and injection sirategy used. To prevent dysphagia,
Borodic et al. (23, 24) have recommended, on the basis of
studies of toxin diffusion in ussues, the use of =100 U per
treatment injected into several sites. Further research is
needed to identify the lowest dose of toxin and sites of
injections that will produce the desired control and prevent
migration of 1oxin o neighboring muscle groups. Local side
effects could be increased in patients who are being treated
with drugs other than botulinum roxin that affect neuromus-
cular transmission {4).

F7 There is interest among physicians in developing methods
: ‘ to prevent the spread of toxin to neighboring muscles. Scout
© (190) demonstrated that injection of antitoxin at the correct
" lime following toxin injection parnal[y prevented toxin mi-
gration. The curtently available equine antitaxin could lead
to undesirable reactions in some patients, and it would be
valuable to have a source of human antibodies. fn January
1991, human immunoglobulin G poaled from immunized
human volumieers became available in a phase ! clinical trial
by the Orphan Drug Program of the FDA as a potential
treatment for infant botulism (70). A simitar pool of human
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antibodies could also be useful o alleviate side effects of

botulinum toxin injections withowut leading (o patient rcii—)

tion to the antiserum.

Changes in muscle tissue lollowing botulinum toxin type A
injections. Changes in skeletal muscles after botulinum toxin
type A injection have been studied in animal models (53, 56,
57. 155). Duchen (56, 57) found that muscle fibers became
atraphied and sprouting of nerve fibers was induced after
injection of toxin into the leg muscle of mice. Sprouting of
motor nerves was observed after 6 to 7 days and progressed
for several weeks in the red soleus muscle; it occurred later
in the predominantly white gastrocnemius muscle. Nerve
sprouting occurred as complex branched arrangements
which were apparcntly unable 10 establish functional con-
nections for several weeks. The muscle fibers atrophied for
6 weeks or more and then increased in diameter to within
normal limits within a few weeks. Changes in the localization

and intensity of chofinesterase staining reflected the morpho--

logical changes. This work was important because it pro-
vided 2 new approach to quantitative characterization of
renervation of denervated muscle. Pestronk and Drachman
(155) evaluated motor nerve sprouting quanli(an’vely aftcr
presynaptic blockade with botulinum toxin by measuring
acetylcholine receptors with '?*l-labeled a-bungarotoxin.
Muscle disuse was maintained by repeated injections of
tetrodotoxin, They showed that the amount of sprouting was
correlated with the number of acetylcholine receptors and
was greatest in the botulinum-poisoned muscles, Sprouting
was inhibited by a-bungarotoxin, suggesting that the acetyl-
choline receptors had an important role in inducing sprouting
and muscle renervation. These results suggest that the use of
a combination of botulinum toxin and a-bungarotoxin could
prolong muscle paralysis.

In an approach derived from that of Duchen (56, §7),
Borodic et al. (23-26) have used the albino rabbit as an
animal model to quantitatively determine toxin spread from
the site of botulinum toxin injection. Acetylcholinesterase
staining. muscle fiber size analysis, and ATPasc staining
were used lo establish a denervation gradient., A gradient
effect up to 30 mm from the site of injection of 2 to 3 U of
botulinum toxin type A per kg was found with respect to
morphological changes in muscle fiber size and histological
staining. At distances greater than 30 mm, there was sub-
stantially deereased staining and much less muscle atrophy.
Very similar results were found in a study with crude type B
toxin (26). The denervation indicated by histochemical stain-
ing and fiber size analysis appeared transient and lasted for
about 3 months for both type A and B toxins. By using
muscle biopsies, innervation sites were also determined with
humans {23-23). Borodic et al. (23) have also used electrical
stimulation to determine motor points and optimal injcclioh
sites in botulinum toxin therapy. -

Immunity to botulinum toxin. There is considerable con
cern about the possibility that patients will develop antibod-
ies and become refractory to botulinum toxin treaument,
particularly when relatively high levels of botulinum toxin
are injected repeatedly over scveral years. The dose of toxin
required o trigger antibody formaution in humans is not
known. The minute quantines of toxin ingested tn food-
borne botulism arc not sufficient to evoke antibodies. Recur-
rent episodes of type B and type E botulism have been
documented in the same individual, supporting the notion
that repeated exposure 1o botulinum loxin may not impart
long-term nmumunity (6, 186). Repealed sensitivity (o tetanus
toxin in humans has also been reporied (34). _ ]

Toxold is commonly injected into laboratory workers (0

750



84 SCHANTZ AND JOHNSON

stimulate antibodies and protect against accidents. The
minimum dose of toxoid to elicit immunity in humans varies
greatly with the individual and the toxoid preparation (3, 80,
197), but is probably similar w the immunoclogical response
to tetanus toxoid {73). Repeated injections of botulinum
pentavalent toxoid after 0, 2, and 12 weeks and yearly
boosters gave final titers of 3.2 U of anti-A antibodies, 0.4
IU of anti-B antibodies, and 2.5 U of anti-E antibodies per
ml in a man (80). Antibodies were slow to develop, and a
steep rise in the level of anti-A antibodies occurred in the
fourth year of immunization. In an investigation of 77
patients subjected to the current U.S. schedule of toxoid
injection at 0, 2, and 12 weeks, Siegel (197) reported that
neutralizing antibodies to type A and B toxins were low or
absent after the 12-week shot and significant titers were
prescnt only after yearly boosters. After the first booster, 74
(96%) had an anti-A antibody titer of 0.25 [U/ml or more, and
only 44 (57%) of the subjects had an anti-B antibady titer of
0.25 IU/m! or more. (1 IU is defined as the amount of
antibody neutralizing 10,000 MLD4,5.)

Antibody formation has been observed in a small number
of patients injected with botulipum toxin (98, 191). To date,
about 12 of more than 7,000 paticnts treated have developed
antibodies to type A botulinum toxin. Six patients injected
with 300 to 400 ng and one injected with repeated 100-ng
doses within 30 days developed antibodics within 30 days
(191). Antibodies have been demonstrated to reduce the
beneficial effect of treatment (98). More work is needed 10
evaluate the incidence of antibody [ormation and other
immunities in patients repeatedly treated with toxin over

| several years.

Properties and Uses of Serotypes of Botulinum Toxin Other
) than Type A

Seven known serotypes of botulinum toxin (A through G)
have been isolated and charactenzed (213), and it is likely
that types other than type A will be used clinically, particu-
larly in patients who develop immunity to type A. Further-
more, evidence is accumulating to show that different types
bind to diffcrent acceptors and may have subtle differences
tn their mode of action and that they could therefore com-
plement type A in clinical applications. In the following
sections, we review various basic science aspects of the
botulinum toxins, especially as they pertain to potential
clinical applications. .

Botulism in humans. When botulinum toxin enters the
circulation from contaminated food or infection, it can cause
a severe paralytic disease. Types A, B, and E have most
commonly been involved in human botulism (168, 213, 215),
and type F has been the causative type in at least two
outbreaks of food poisaning (78). Symptoms and severity of
botulism differ depending on the serotype and amount of
toxin ingested, suggesting possible differences in the mech.
anisms ol intoxication (215). Clinical observations have
indicated that type A food-borne botulism is often more
severe and associated with higher mortality than bowulism
fram other types (37, 532, 95). A rapid onsct of ncurologic
signs indicates a more severe episode of the discase (38).
Benign forms of botulism in which the coursc of the iliness is
milder and longer lasting have also been reported, particn-
larly for type B (43, 100, 109, 209).

Botulism in humans generally manifests as a rapidly
progressive symmetrical neuromuscular paralysis. Patients
with botulism generally stay mentally alert during the poi-
soning unless anoxia sets i (108). Sudden.respiratory or
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cardiac arrests and airway obstruction, lcading to death, can
occur (109). Cardiac effects of botulinum toxin in animals
and in humans have been reported (114, 215).

Botulinum toxin most often initially affects eye muscles
supplied by susceptible cranial nerves, and the first signs of
botulism are often blurred and double vision (215). As the
paralysis progresses and peripheral nerves are affected,
signs such as dry mouth, difficulty in swallowing, weakness
in head and neck movements, and difficulty in breathing
become apparent. In type A and B botulism, loss of muscu-
lature control manifests as ptosis and drooping of eye
muscles, hypoactive gag reflex, and weakness in upper and
lower extremities (95). Atypical symptoms including asym-
metric or late-onset of neurologic signs, paresthesia, nystag-
mus, ataxia, and sensory abnormalities are not uncommon
(31, 95, 215), Ingested botulinum toxin can- paralyze all
muscles of the body. Symptoms of botulism sometimes last
for months, and recovery requires renervation by new nerve
terminal axons and end plates. Weakness and fatigability

" may persist for 1 to 2 years (215). Recovery in adults is

generally complete (38), but there are reports of central
nervous system involvement in infant botulism (100a).

Since botulism is rarely encountered, it can be difficult to
diagnose rapidly. Electromyography is useful for detection
of decreased amplitude of muscle action potential in weak-
ened muscle (215), and since conduction along the. nerve
axons is not altered by botulinum toxin, the proximal motor
nerve conduction rates and distal latencies are normal (42).
Botulism is confirmed by the demonstration of botulinum
toxin in the patient’s serum or stool or in suspect food by
mouse assay and neutralization with type-specific antitoxin
(52). Botulinum toxin has been found more often in the
serum of patients with type E or B botulism than with type
A, possibly because of the greater affinity of type A toxin for
tissue acceptors,

The actual dose of botulinum toxin to cause food-bome
intoxication in humans is debatable and depends on the
individual, the source and type of toxin, and the amount
ingested. Accidental cases of human botulism from toxin-
contaminated food showed symptoms of botulism and occa-
sionally dearh from as little as 0.1 10 1 pg (100 to 1,000 ng or
3,000 1o 30,000 MLDyys) (134, 140, 183), but results were
quite variable, probably because of individual variation in
the amount absorbed and the stability of the toxin in the gut.
More data on toxicity is available for lower animals and
monkeys. The letha) dose of crystalline toxin type A in mice
was 1.2 to 2.5 ng (0.03 to 0.07 Uykg (76, 80) and was 0.5 to
0.6 ng/kg for guinea pigs and rubbits (76). Scott and Suzuki
(193) determined that the intramuscular LDy, for juvenile

monkeys (Macaca fasciculans) was ca. 39 Ufkg (ca. 1.25

ng/kg) of body weight. FHerrero et al. (91) reported a similar
lethal dose of 40 Ufkg by intravenous injection in Macaca
rhesus. In GilI's able of lethal amounts of bacterial toxins,
he reported botulinumn toxin to be the most potent toxin
known {or primates, the lethal quantity of type A loxin being
0.5 10 0.7 ng/kg of body weight (or monkeys and ca. 1 ng (30
U)/kg for humans (76). Larger quantities of types C,, D, and
E may be required o cavse death in monkeys, whereas less
rype B is required {76). No data on intravenous toxicity are
available for humans for botulinum toxins, but humans are
probably as sensitive as guinea pigs and would be expected
to be about as sensitive as monkeys. |

Toxin production by the various serotypes of C. botulinum.
Use of the various types of botulinum toxin in medicine will
require a plentiful source of the toxins. The production of
type A toxin under controlled conditions by the Hall strain,
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as used for the preparation of toxin for human treatment.
gives a uniform crystalline toxin in high yields. The toxin
complexes of the other types have also been obtained by
culturing and purification and could be useful clinically.
However, the strain, medium composition, and culture
conditions affect the vields and structures of the botulinum
toxins.

To obtain the greatest quantity and highest quality of
toxin, it is essential to maintain strains of C. botulinum that
consistently produce high levels of toxin. However, the
bacterium has a frustrating tendency under laboratory con-
ditions to gradually lose its ability to produce high levels of
toxin. Lewis and Hill (118) reported that the Hall strain made
decreasing quantities of toxin on successive subcultures.
Huhtanen (96) also reported that strains of type A and B
toxins frequently become nontoxigenic during culture. A
more complete understanding of the physiological and ge-

netic factors that control toxin production will be valuable

for the development of other types.

The highest levels of toxin in group I C. botulinum
(proteolytic strains of types A, B, and F) are generally
produced in cell populations that undergo rapid autolysis and
do not sporulate (21, 27), although Siegel and Metzger (158)
obtained titers of 6.3 x 10° U with the Hall strain in a
fermentor without appreciable cell lysis. Toxin formation is
poor during sporujation., and spores contain only small
quantities of toxin (ca. 1% of that found in cytoplasm) (58,
77). Takumi et al. (216) reported the isolation of nontoxi-
genic variants of C. borrlinum type A that had enhanced
sporulation. The strain used for production of type A, the
Hall strain. sporulates very poorly. Therefore, encouraging
vepetalive growth and autolysis and discouraging spore
formation may be important for obtaining good yields of
toxin.

Toxin formation is controlied by nutrition in group  and 11
C. bowldinum (119, 152). Arginine delayed autolysis, affected
sporulation, and repressed toxin formation in group [ C.
borudinum (28, 154). Toxin formation™was repressed about
10,000-fold in group I, including the Hall A and Okra B
strains, when abundant arginine was available in the medium
(152). probahly owing to nitrogen repression of toxin gene
expression. Protease was also decreased by arginine in
group | C. botulinum. In group Il C. botulinum (nonproteo-
lytic strains of serotypes B, E, and F), tryptophan availabil-
ity repressed toxin formation, probably also in response (0
nitrogen sufficiency (119). These results indicate that fer-
mentation conditions and mutant strains could be developed
for improved toxin productijon.

Significance of complexes on toxin quality. The strain and
culturing conditions also affect the quatity of toxin that is
produced. Schantz and Spero (181) found that botulinum
toxins of the different serotypes occur in spent cultures as
large protein complexes, In the viracentrifuge the sedimen.
tation coefficients for the complexes were 195 for tvpe A,
165 for type B, and 135 for types C, DD, E, and F. Sugh and
Sakaguchi (211) showed that high-molecular-weight toxin
complexes occur naturally in foods. It is now known that
each of the types of botulinum toxin produced in food or in
culture are conjugated proteins ranging in molecular weight
from 300,000 to 900,000, comprising a molecule made up of
one or two neuroloxic units of abowt 150.000 A, nonco-
valently conjugated 1o nontoxic proteins (168, 181, 213).

The formation of toxin complexes is very important for
use of the toxins in medicine hecause the nontoxic proteins
play an important rofe in maintaining the stahility of the
neurotoXic units. Isolated neurntoxic units were poorly 1oxic
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1o mice when administered orally (169, 170; 210). Pcrorul
toxicity increased with incremental association of the neu-
rotoxins with the protective proteins (150, 168-170, 210).
The larger (195 and 16S) complexes of botulinum toxin types
A and B were more toxic by the oral route and more resistant
to acid and pepsin than were the smaller complexes. The
isolated neurotoxins were rapidly inactivated by these con-
ditions. Varations in the toxigenicities of different strains
also probably depend on differences in the structures of the
complexes. Ohishi {150) found that the oral toxicities dit-
fered considerably for the toxins of certain type A and B
strains of C. botulinum. Of five B strains, Okra B produced
the most potent toxin by oral chalienge in mice. The 163
complex of the toxin was 700 times more potent than the 163
molecule from strain NH-2. A hybrid composed of the
nenrotoxin from NH-2 and the nontoxic components from
Okra increased the oral toxicity close to that of the native
Qkra toxin, probably by protection of the neurotoxin in the
gastric and intestinal tracts.

The size of the complex formed in types A, B, E, and F
depends on the medium for bacterial growth. It has been
known for years that some foods such as vegetables have
high botulinogenic properties (134, 212). Sugii and Sakaguchi
(212} showed that type A and B C. borulinum produced the
stable 195 and 165 high-molecular-weight complexes in
vegetables, whereas they produced the less stable 125 com-
plex in tuna and pork. Nonconjugated neurotoxin was not
found in any of the food substrates. They found that addition
of iron or manganese to the growth medium resulted in a

higher concentration of small toxin complexes (123 and 165)

in type A C. botulinum, suggesting an influence of metals on
the size and stability of the complexes.

Riochemical and genctic properties of the neurotoxin coni-
ponent. The biochemistry of purified botulinum neurotoxins.
particularly type A toxin, has been studied in considerable
detail, and authontative reviews are available (45, 81, 213).
Neurotoxins have been purified for all serotypes except for

type G; the type G toxin has been purified to a protein

complex of high toxicity, but further purification resulted in
substantial loss of toxicity (126, 146). Within a given type of
toxin and strain of producing bacterium, there may bu
considerable heterogeneity in motecular structure and anti-
genicity, giving a mosaic structure (139). The neurotoxins all
have high specific toxicities. from 107 to 103 MLD,,s/mg of
protein (213).

All types of neurotoxins are synthesized as single-chain
protein'molecules of about 150.000 M, with low toxicity. The
protoxins are released from the bacterium during culture
{48). Those of proteolytic (group 1) C. borulinum strains are
cleaved by extraceilular proteases into two-chain molecules
consisting of an H (heavy) subunit of about 100,000 M, and
a L (light) subunit of about 50,000 A1, (45, 47, 48, 171, 196).
Toxin preparations from nonproteolytic culiures requirc
exopenous protease treatment for protoxin activation. The H
and L chains are covalently linked by at least one disulfide
and noncovalent bonds {45) and possibly a metal componemt
(10. 11).-The H and L chains of the neurotoxins can bu
separated by chromatography after treatment with dithin-
threitol and urea (171). The isolated chains are not toxic by
themselves but can be rccombined under carefully con-
trolled conditions ta obtain active toxin (110, 123, 214, 230}
Recently a chimeric loxin which retained considerable ac:
tivity was prepared between the L chain of tetanus toxin and
the H chain of botulinum toxin type A (230). Chimeric toxins
composed of defined fragments, e.g., the H. chain from
botulinum toxin and the L chain from dcin, could be
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valuable in medicine, but much work needs 1o be done on
their formation and clintcal testing.

During proteolytic cleavage the neurotoxins undergo a
molecular change in shape that increases toxicity (48). The
nicking region was recently reported to contain muitiple
targel sites suscepUble to more than one protease (45, 47).
DasGupta and Dekleva have proposed that two peptide
bonds in a short region are cleaved at different rates during
maturation of type A toxin and that 10 amino acids are
excised (45, 47). The control of proteclysis to increase
stability could be useful in the preparation of the toxins for
medicine, as has been achieved with tetanus toxin, and to
obtain defined fragments for construction of toxins with
desired properties.

The presence of metals in neurotoxins may affect their
stability. Bhattacharyya and Sugiyama (10, 11) reported that
chelators for iron and manganese inactivated purified type A
botulinum toxin and letanus toxin. Analysis of purified
botulinum neurotoxin for metal content by neutron activa-
tion indicated that one atom of iron was present for cach
toxin molecute. It was suggested that metals may be in-
volved in linkage of the H and L chains of botulinum and
tetanus neurotoxios (10, 11). Kindler and Mager (107) found
that metal availability in the culture medium affected the
formation of toxin. Culturing C. borulinum in a medium
containing EDTA did not inhibit growth but completely
suppressed toxin formation. The biological activity of botu-
linum toxin may depend on a transition metal component,
possibly Fe. The presence of metals could be important in
maintenance of activity and protection from oxidation during
drying and for long-term stability.

Recent genelic advances have increased our understand-
ing of the structure and expression of the hotulinum toxins.
The genes coding for botulinim neurotoxin types A, B, and
E are present in one copy on the chromosome in repre-
sentative strains (14, 219). Genomic libraries of C. borulinum
type A chromosomal DNA (strain 62A or NCTC 2916) were
prepared on plasmids and transformed into Escherichia coli.
For safety reasons, separate subfragments that were 2 kb or
less in size and did not encode the entire peurotoxin gene
were cloned. Open reading frames which encoded a se-
quence comresponding to a polypeptide of 1,296 amino acid
residues, 149,425 M_ (14) or 149,502 M, (219), were identi-
fied. The nucleotide sequences were In agreement with the
partial nucleotide sequence reported by Betley et al. (9). The
promoter of the BoNT/A gene was not transcnibed in £, colr;
this may have been caused by the frequent presence of
codons in the promoter region that are not normally present
in £. coli, Codon usage in the botulinum toxin gene was
similar to that previously found for the tetanus toxin gene
(61, 63, 66). Overall, 90.3% of the degenerate codons ended
in A or U, An exception to the codon bias oceurred for Lys
codons, in which the frequency of AAA and AAG was
nearly the same (24 AAA and 20 AAG) (219) compared with
98 AAA and 9 AAG for the tetanus toxin gene. In .
botulinum, AUG and UAA were translatinnal initiation and
termination codons, respectively, and strong bias was found
for Arg and Ser codons. Binz et al. (14) found that the A+T
content in the 5'-noncoding region of the type A and type &
toxin gencs was 80.4 and 80.3%, respectively, higher than in
the coding regions, where 73.6 and 72.1% A+ T were found.
Exarmination of the upstream region indicated that transcnip-
tion started 11§ to 127 nucleotides upstream [1omm the trans-
lation initiation site (1d), Regions of dyad symmetry were
demonstrated in the 3° noncoding region that may be .in-
volved in regulation of transcription. Binz et al. (14) con-
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cluded that botulinum neurotoxin type A was translated
from a monocistronic RNA and that the mRNA did not also
encode the hemagglutinin and other nontoxic profeins of the
natural toxin complex. Thompsan et al. (219) also concluded
that a single open reading frame was translated, giving only
the neurotoxin protein.

The sequence of the type A neurotoxin gene indicated that
botulinum neurotoxin A does not possess a signal peptide in
the terminal coding regions, supporting the notion that it is
not a secreted protein. Cys residues are conserved at posi-
tions 1060 and 1280 of botulinum (and tetanus) toxins, and
Cys-434 occurs at the same position in C. botulinum type A,
B, and E toxins and in tetanus toxin (61). Cys-454 is the sole
Cys residue in the N-terminal region of the H chain and is
probably involved in disulfide bridging of the L and H
chains, Cys-430 is also located at an identical position in
botulinum and tetanus toxin L chains. Sequence analysis of
botulinum type A toxin indicated that the H chain of type A

. neurotoxin had six histidine residues arranged in a motif

which the authors suggested could be involved in the bio-
logical action of the toxin, possibly penetration through the
nerve membrane. The deduced amino acid sequences of
botulinum toxins had about 33% homology to tetapus toxin,
and the H chains showed higher homologies than the L
chains (14, 219). No homologies were detected to other
proteins including ADP-nibosylating clostridial toxins.

The DINA sequences have also recently been obtained for
other botulinum toxins including type D, C,, and E neuro-
toxins and the Cy ADP-nbosylranferase (13, 71, 72, 87, 105,
106, 157). Highly homologous regions were detected among
the various neyrotoxin gene sequences and tetanus foxin
gene. The C; gene was found to be unrelated to C, and D
neurotoxin genes.

Structure and properties of nontoxic proteins of the toxin
complex. Relatively little is known concerning the biochem-
istry and genetics of the nontoxic proteins associated with
neurotoxin in toxin complexcs. The type A complex con-
tains at least two nontoxic proteins, onc of which has
hemagglutinating properties (113). Strains of C. botulinem
that do not produce hemagglutinin have been isolated, and
these form smalfer complexes (125 and 1685) than are nor-
mally found (198) (111, 135, 211). The in vitro addition of
hemagglutinin to the 125 complex results in formation of a
19S complex with increased stability (111). Binding of the
hemagglutinin was inhibited by a heat-stable, dialyzable
substance that has not been isolated (211).

DasGupta (44) reported that the hemagglutinins of type A
and B toxins were constructed through aggregation of two

small units of about 15,000 and 20,000'M,. Recently, Samers

and DasGupta (204) studied nontoxic proteins from type A,
B, C,. and E toxin complexes. The proteins isolated from
types A, B, and E had various degrees of hemagglutinating
activity (Hn™), while the protein from type E had no
hemagglutinating activity (Hn™). The type A Hn* and type B
Hn™ were serologically cross-reactive. Type A Hn', type B
Hn". andtype C Hn" were isolaled as large apgregates
{220,000 to 200,000 M,), which were separated into multiple
subunits of 217,000 M, by sodivm dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). The type E Hn™ of
116,000 M, did not aggregate. The sequences of the 10 to 33
amino-terminal regions of the 17,000, 21,500, 35.000, and
37,000 M, subunits-of type A Hn" and type B Hn* were
deteriined. Each of the subunits had a unique sequence,
indicating that the subunits were not homomers of smaller
units, The subunits types A and B had remarkably similar

255
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sequence identity; i.e., the 21,500 M, subunits were identical
and the 57,000 M, subunits had 80% identity.

An understanding of the genetics of the hemagglutinin
camponent of the toxin complexes is also developing.
Oguma et al. (148) showed several years ago that the
capacity 1o produce hemagglutinin in C. borulinum type C
was transferred by phages either separately or together with
toxin. Physical linkage of a hemagglutinin gene and toxin
gene was confirmed, and it was shown that the toxin and
hemagglutinin genes were transcribed in opposite directions.
Tsuzuki et al, (224) cloned the gene encoding the main
component of hemagglutinin produced by C. botulinum type
C. The complete nucleotide sequence of the gene indicated
that it encoded a protein of 33,000 M,. At 62 bp downstream
from the termination codon of the cloned 33,000 M, subunit
of type C Hn* was an initiation codon followed by a coding
sequence for at least 34 amino acids. Somers and DasGupla
(204) found that the derived amino acid sequence of this
apen reading frame had 73 to 84% sequence identity with the
17,000 M, subunits of type A Hn* and type B Hn" and
significant similarity with the N terminus of type E Hn™.
This observation raises the interesting possibility that genes
for some of the subunits have a similar genetic amangement
and a common ancestral origin. It is interesting that a
sequence homology has been proposed between tetanus
toxin and the hemagglutinin of influenza virus (138), indicat-
ing a possible viral arigin of the neurotoxin.

New findings in the mechanisms of action of the different
types of bofulinum toxins. Botulinum neurctoxins A to G are
antigenically distinct yet have a number of structural and

mechaaistic similaritics. All of the neurotoxin types cause a

chemical denervation at the myoneural junction by inhibiting
acetylcholine release. However, there appear to be subtle
differences in the mechanisms of action of the neurotoxins.
Toxin types A and E, type B, and type F apparently bind to
distinct high-affinity acceptor regions with similar affinities
(Kp 1077 to 107" nM) in synaptosomes and al murine
neuromuscular junctions (20, 45, 62, 110, 128, 228, 233).
Binding may occur in regions composed of sialosyl residues
and protein (184) and may first involve low-affinity associa-
tion of the H chain followed by high-affinity attachment. In
addition to binding 1o different acceptor regions on the nerve
surface, botulinum toxin types A and B have been reported
to affect neurotransmitter release differently (74, 137). Elec-
trophysiological studies have shown that type A affects
asynchronous neurotransmitter release, whereas type B
does not (137). Furthermore, an increase in the intracetiular
Ca™ concentration by ionophore treatment reverses inhibi-
tion by type A but not type B in synaptosome preparations
(3), and aminopyridine more readily reverses type A than
type B inhibition at the myoneural junction (74),

Both the H and L chains of the neurotoxin may be
required for poisoning in invertebrate systems (123, 158). In
mammalian peripheral mator nerve terminals, the L chain
alone is active after it is internalized (15, 49). The precise
mechanism of biockade by the L chain is unknown, but it
must affect a general and important component of the
secretory machinery in various classes of ncurons. Botuli-
num toxin blocks the release of several classes of neuro-
transmilters at central and penpheral neurons (15, 120).
Recently, ithas been proposed that the L chain may act atan
intracelhtlar membranous or cytoskeletal site to inhibit neu-
rotransmitter refease (5, 120). Because of the extraordinary
taxicity of botulinum toxin, it is likely that it has enzymatic
activity and acts catalytically or triggers a cascade of events
that decrease neuroiransmitter refease, The intracellular
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substrate of botulinum toxin remains an elusive grail that is
betng pursued by several laboratones.

An objective in treatment of hyperactive muscles is to
preveat possible systemic reactions which could result from
spread of toxin through the blood. Antibodies could be used
therapeutically by application to the injection site to help
limit the diffusion of toxin and alleviate side effects such as
ptosis (190), or it may also be possible to add the nontoxic H
chain after toxin injection to block toxin binding to neigh-
boring nerves. The most desirable approach to avoid spread
would be to confine the paralyzing action within the presyn-
aptic nerve, Aninteresting recent devefopment is the finding
that stabilized mRNA (3’ polyadenylated and 5' capped)
corresponding to the nucleotide sequence of tétanus toxin
gene (L chain) injected into Aplysia californica cholinergic
neurons in a bath depressed neurotransmitter retease in less
than 1 h (136). Similar results were found for mRNA of the
L. chain of botulinum A toxin, but only when the H chain was
also added to the bath. The L chains of tetanus and botuli-
num neurotoxins were demonstrated to be synthesized in the
presynaptic neurons, and onset of toxin action was slower
than that of neurotoxins injected directly.

The subtle differences in botulinum toxin mechanisms
among the various serotypes suggest that combinations of
botulinum toxins could be more effective in clinical practice
than any onc type alone. Further work is needed to produce,
stabilize, and test the clinical effectiveness of different types.
Preliminary work indicates that types B (26) and F (187) are
useful in controlling certain spasmodic muscle disorders,

Clinical use of pure neurotoxin compared with toxin com-
plexes. Most recent information conceming the structure and
pharmacology of botulinum toxin has been obtained with
purified neurotoxins, but it is unlikely that these will be used
in a clinical setting. The toxin complexes are much more
stable than neurotoxins and can be diluted and formulated
with retention of toxicity. Pure neurotoxins can be kept for
several weeks to months in solution in the cold but are
inactivated on dilution, formulation, and drying. No clinical
trials on primates have been performed with purified neuro-
[oXxins.

Sellin et al. (193) reported that injection of 1 1o 20 U of
crystalline type A botulinum toxin into the lower hindlimb of
the rat produced a paralysis that lasted for several days. In
contrast, injection of more than 1,200 U of type B nevrotoxin
was required to produce paralysis. The duration of paralysis
was compared after injection of 20 U of type A.or 5,000 U of
type B toxin. Type A toxin caused paralysis for up to 7 days
after injection, whereas type B toxin caused paralysis for
only 3 days and twitching became evident at 5 1o 7 days. It
was also reported (104, 194) that pure type A neurotoxin was
much more effective than type E or F neurotoxin in eliciting
lasting paralysis in the lower hindlimb of rats.

Tetanss Toxin

Tetanus toxin, like botulinum toxin, is produced by an
anaerobis sporeforming rod that has a similar morphology (o
C. bowlinum (86). Unlike bowlinum toxin, tetanus lOxin ¢an
enter into the central nervous system by revrograde intra-
axonal transport through maotar nerves (17, 81, 132). It
causes uncontrolled spasms of voluntary muscles by block-
ing the release of inhibitory transmitters including y-ami-
nobutync acid and glycine (132). Tetanus toxin also has
significant ‘activity in deereasing acetylcholine release in
cholinergic peripheral nerves when injected locally (34) and
could possibly be used as an adjunct to or independently



90 SCHANTZ AND JOIINSON

from botulinum toxin for control of hyperactive muscles if
the acquired immunity could be overridden. Telanus toxin
could also be used pharmacologically to lransport sub-
stances to the central nervous system (17, 18). The biochem-
istry and pharmacological activities have been recently
reviewed (17, 81). Here we consider aspects of the toxin that
pertain to tetanus toxin production, stability, and poteptial
use in medicine.

Crystalline structure, Tetanus toxin was originally purified
by Pillemer et al, in the 1940s by precipitation methods.
They oblained toxin crystals by carefully carrying out re-
peated precipitations in methanol and controlling the ionic
concentration, pH, and toxin concentration (156). Tetanus
toxin, like botulinum toxin, is a simple protein that does not
contain lipid or carbohydrate (156, 165, 166). Unlike botuli-
pum toxin, tetanus toxin dees not occur complexed with
protecting proteins apd will not survive gastric passage or
cause food poisoning in humans.

Although crystals of tetanus toxin were obtained in the
19405 by Pillemer et al, (156) from cold alcohol solutions,
crystallization was not confirmed by others for several
years. More recently. two-dimensional crystals of tetanus
toxin have been isolated from ammonium suifate solutions
after incubation for several weeks at 4°C (40, 167), Robinson
et al. {167) obtained two-dimensional arrays of native tetanus
toxin formed at the interface between a solution of the toxin
and a phospholipid monolayer containing ganglioside. Crys-
talline arrays were obtained only when all three components
(toxin, phospholipid, and ganglioside) were present. The
three-dimensional structure of tetanus toxin at 14-A (1.4-nm)
resolution appeared as an asymmetrical three-lobed struc-
ture that could interact with the phospholipid monolayer in
twa possible orientations {(167). The analysis indicated that
tetanus toxin is composed of differently shaped domains
with different functions. .

Biosynthesis and activation of tetanus toxin. Tetanus toxin
is synthesized intracellularly as a single polypeptide of
150,00 M, that is released from the cells on autolysis and is
then modified by proteases present in the medium (81, 88,
89). The single-chain molecule is difficult to isolate (81}, and
proteolytic modifications of the toxin have caused consider-
able difficulties in the accurate charactcrization of the mol-
ectle. Single-chain toxin can be prepared from washed
extracted bacterial cells (88, 162) and by inclusion of prote-
ase inhibitors and use of specific purification procedures (7,
165, 231). Purified preparations containing protease inhibitor
can be stored for 4 1o 6 weeks without proteolytic modifica-
tions and loss of toxicity (165).

Conversion of tetanus toxin 1o the nicked form increases
toxicity (7, 81). C. rerani forms proteases thal produce
nicking in culture (231), but many other endoproteases will
also activate the toxin (2), Three regions in the molecule are
particularly susceptible to nicking (81, 129). Mild trypsin
treatment of intracellular single-chain toxin ylelds two
chains of about 93,000 and 30,000 M,. The modified tetanus
molecule is strongly held together by noncovalent bonds,
and reduction of disulfide does not result in separation of the
chains. Strong denaturams such as urea or SDS (81, 166) or
purification techniques such as isoelectric focusing (2, 231)
are required (o dissociate the chains.

The H chain of tetanus toxin possesses a particularty
susceptible region that can be cleaved with protenses such as
trypsin or papain, yielding two fragments (B and C) (2, 89).
The isolated [I and L chains and fragments 8 and C are
poorly toxic cempared with intact telanus toxin {2). ahneri-
Hilger etal. {2) reported that the nicking sites contnbuting (0
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toxicity are located within a region spanning no more than 17
amino acids, and the N and C termini are not altered during
the modification, The separated chains were reconstituted to
active toxin. By reconstitytion experiments, the L chain was
demonstrated to posscss the paralyzing activity in isolated
nerve-muscle preparations. The H chain is required for toxin
entry into the nerve tissues and for axonal transport (2).

Large-scale production of tetanus toxin. Tetanus toxin is
produced in deep culture by mcthods similar to those de-
scribed for botulinum toxin. J. Howard Mueller, Pauline
Miller, and associates at Harvard Medical School developed
the methods currently used for production of tetanus toxoid.
They experienced much frustration in obtaining consistent
quality and the high titers of toxin required for toxoid
demand (121, 142-144). They realized the importance of
medium formulation in obtaining good-quality tetanus toxin,
*If it were only possible to grow the tetanus organism on a
medium containing only chemically defined substances of
low molecular weight, it should become a relatively straight-
forward matter 1o study and control the factors involved in
toxin production, and to obtain a uniform product free from
any possible antigenic matenal other than the specific sub-
stance desired.”’ {141). An extensive study was carried out
to identify factors controlling tetanus toxin formation (143),
On fractionation of components of the medium, the basis of
good production was determined to be present in a pancre-
atic digest of casein. The key to good toxin production by C.
tetani was later determined to be limitation of histidine (144).
Abundant free histidine drastically decreased toxin produc-
tion, while its limitation strongly increased titers (144). Since
histidine is required for growth of C. retani, it was necessary
to find a method to limit the nutrient without stopping
growth. Mueller and Miller found that providing histidine-
containing peptides (.g., glycyl-histidine) or histidine esters
{e.g., acetyl-histidine) stimulated toxin production. Latham
et al. (117) developed a protein-free medium which is cur-
rently used for tetanus toxin production. Mueller and Miller
also isolated a high-producing strain (the Harvard or Massa-
chusetts strain) (142) that is still widely used by many
laboratories.

Tetanus toxin synthesis was found to be repressed by the
addition of excess amino acids (o the medium (223). Mel-
lanby (131) reported that glutamate addition to the Mueller
and Miller growth medium decreased toxin formation but
shortened the time necessary for autolysis. The results
indicate that nitrogen nutrition controls toxin regulation in
C. tetani. It is interesting that excess mitrogen also represses
botulinum toxin syathesis in C. borlinun (119, 152). Careful
adjustment of the levels of ron salts in the medium is also

necessary for good tetanus toxin production (67, 142). The

mechamsms of nutritional regulation and its importance in
the biology of €. tetani and C. boliman have not been
further studied to our knowledpe,

Teranus toxin, like botnlinum 2vin, is produced in highest
quantities by nonsporulating cultures (85, 145). Highly tox-
igenic culiures autolyzed thorouchly and did not form en-
dospores guring culture. During culture, tetanus toxin was
present within the cell and wag not released unil cultures
fvsed (141, 162). As with C. bowdinum, it appears that toxin
formation 15 associated with autolytic growth and inversely
associated with sporulation (145, 133). It would be ol interest
to determine whether specific transgripiion factors, e.g.,
sigma fuctors, regulare transcription of the toxin gene and
whether these are preferentially expressed or activated in
autolytiz growth compared with sporulation.

Genetics of tetanus toxin. Telanus toxin production has



Vou. 56, 1992

been recognized as an unstable property for many years (68,
142). Attempts were made early to correlate the toxigenicity
with the presence of bacteriophage. Phages were induced in
C. tetani by treatment with mitomyein C, but induction did
not affect toxin production (139, 160). Nontoxigenic mutants
were readily isolated at high frequency (0.8 to 3.2%) from the
Harvard strain A47 by treatment with various mutagenic
agents including A-methyl-NV'-nitro-N-nitrosoguanidine, UV
light, and rifampin (85). Hara ct al. (85) found that cured,
nontoxigenic strains still carried phages and proposed that
plasmids could be involved in toxigenesis. Laird et al. (112)
showed that toxigenicity was associated with the presence of
a single large plasmid in 21 strains of diverse origin. Non-
toxigenic derivatives were isolated, and each strain lust its
plasmid. Two naturally occurring nontoxipenic strains were
examined, and one was free of plasmids while the other
contained a single large plasmid (112). The strains denived
from the Harvard strain all contain a plasmid of 49 kb, which
had identical restriction nuclease digestion patterns (112).
By construction of a pool of nucleotide probes carrespoad-
ing to the V-terminal amino acid sequence of letanus toxin,
Finn et al. (69) located the tetanus toxin gene to plasmid-
related sequences. Surprisingly, strains with deletions in the
plasmid still hybridized to the probes, suggesting that toxin
gene sequences were still present but were not expressed to
active product.

Eisel et al. (61) used a pool of oligonucleotides (heptade-
camers) made up of all possible DNA sequences for N-ter-
minal amino acids ¥ to 13 of fragment C of tetanus toxin and
screened plasmid preparations from toxigenic and nontoxi-
genic variants of the Harvard strain. Overlapping sequences
that spanned the entire toxin gene were obtained from eight
clones, The DNA fragments encoding t¢tanus toxin specified
an open reading frame of 1,315 amino acids of 150,700 M.
The open reading frame begins with an initiation codon for
methioning, but purified toxin, like botulinum toxin, pos-
sesses proline at its N terminus and conlains serine at the N
terminus of the H chain (61). The molecular weights of the 11
and L chains calculated from the amino acid sequence are
98,300 and 52,288, respectively. Partial sequences reported
for peptide fragments from the L chain (166) are only partly
consistent with those obtained by nucleotide sequencing.
The discrepancy may be caused by the extensive prateolytic
processing that tetanus toxin undergoes following cell auto-
lysis. -

Computer searches using the primary sequence of tetanus
toxin -have not revealed primary structural similanties with
any proteins other than botulinum toxin. Analysis of the
primary sequence has also provided evidence that tetanus
did not evolve by duplication of sequences within the H and
L chains, which was earlier suggested by the similarities in
amino acid cormpasitions of the H and L chains (217) and by
imenunological similarities probed with manoclonal antibod-
s {227).

The availability of cloned tetanus gene fragments has
enabled the production of tetanus toxin fragments for poten-
tial use as vaccines, Makoll et al. (124) expressed tetanus
toxin fragment Cin £ colias 3 to 4% of the otal cell protein.
However, the coding scquence for Iragment C is A+T rich
and contains several codons rarcely used in £. cofi. Produg-
tion was improved by replacing the coding sequence by a
sequence optimized for codon usage in £. coli (125). More
efficient (rznslation of the mRNA was the most important
factor for the increased expression. When the modified
coding sequence was combined with improved promoter
strength, fragment C was gxpressed as 11 to 14% of the cell
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protein. Halpern et al. (81) cloned the sequence encoding
fragment C and showed that (he fragment expressed in E,
coli retained panglioside- and neuronal cell-binding activity.
Recombinant fragment C way purificd in Dne step by aflinity
chromatography. Recombinant [ragment C was also immu-
nogenic in mice and elicited antibodies that protected against
tetanus toxin challenge. The avadability of recombinant
fragment C should be useful fur a variety of research
applications and for production of toxoid.

Pharmacological and medical applications of tetanus toxin.
Tetanus acts primarily in the central nervous systern and
causes hyperactivity of the motor system and a spastic
paralysis. Under specific conditions, tetanus toxin also in-
hibits peripheral neuromuscular transmission, resulting in a
Aaccid paralysis (82, 130). Tetanus toxin resembles botuli-
num neurotoxin in its structure and mode of action (81).
Botulinum and tetanus neurotoxins have significant homol-
ogy at the amino-terminal regions of the L and H chains,
suggesting that at least portions of the respective genes
evolved from a common ancestral gene.

Similarities in structure of tetanus and botulinum toxins
have also been demonstrated in serological studies. Antibod-
ies to type C botulinum toxin cross-reacted with other
borulinum toxin serotypes and also jcacted with tetanus
toxin (149, 225). Tsuzuki et al. (225) fouad that a monoclonal
antibody raised against botulinum toxin type E cross-reacted
with botulinum toxin types B, C,. and D and with tetanus
toxin. Halpern et al. (84) developed antibodies against de-
fined regions of the tetanus toxin (o identify regions shared
by tetanus and botulinum toxins., Synthetic peptides that
corresponded to different regions of tetanus toxin were
prepared and coupled to bovine serum albumin, which were
used to immunize mice. Eleven of 13 peptides elicited
antibodies that reacted with te¢tanus loxin in an enzyme-
linked immunosorbent assay. OF 10 anti-tetanus peptide
antibodies that reacted well with tetanus toxin, 1 reacted
with botulinum toxin types B. C,. and E but did nat
recognize lype A. This antibody was made with a peptide
corresponding lo the amino-terminal end of the tetanus L
chain, suggesting that this region is important in infoxication
and that its structure is consarved in the two toxins. The
antigenic region may be shielded in the native toxin but
exposed on denaturation. Halpern et al. (84) also tested
human tetanus immune globulin ind mouse anti-tetanus
serum for cross-reactivity with botulinum toxin, but none
was detected. These results suggested that native forms of
tetanus and botulinum toxins have little common surface
antigenicity, This conclusion was also reached by Tsuzuki et
al_ (225), who prepared 306 monocional antibodies against
the L chain of botulinum toxin type E and found that only 1
reacled with the other botutdinum toxin types and with
tetanuys toxin,

"T'etanus toxin has the unique ability to enter into the
ventral nervous system through motor neurons. Because of
the ability to travel up motor nerves. (etanus (oxin or
nontoxic fragments could provide a unique neurotropic
agent (o-wansport substances 1o the cenwral nervous system
(16-19). A 45-kDa nontoxic {ragment. B-11, (fragment C),
that bound 10 toxin-binding sites ou neuronal cell mem-
branes and transported retrogradely {rom the axonal endings
within the muscle 1o the mataneural perikaria was isolated
(19). Bizzini et al. (18) construcied hybrid molecules consist-
ing of the neurotropic fragment C and the 1 fragment
derived from tetanus toxin connected through disulfide link-
age. The I, frapment was specifically carned. to the ccnua!
nervaus system, Bizzini (17) also reported that {ragment C

756
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could compete with rabies virus for attachment to binding
sites on neuranal cells and affected the rate of spread of
rabjes virus. Cloning and expression of high levels of frag-
ment C should lead to further studies of targeted delivery to
the central nervous system and possibly to control of virus
infections.

Tetanus toxin also can act peripherally, cavsing a flaccid
paralysis in the manner that characterizes botulinum toxin
(54). H chains of both botulinum and tetanus toxins form
channels in lipid bilayers (94). The H, fragment of the H
chain of tetanus toxin was found to antagonize the action of
‘botulinum toxin in phrenic nerve-hemidiaphragm prepara-
tions (201, 202). Tetanus toxin is about 2,000 times more
toxic at central inhibitory nerves than at peripheral synapses
{12, 54) and is about 1,000 times less toxic than botulinum
toxin type A at the myoneural junction (82). Dreyer and
Schmitt (55) proposed that tetanus toxin and botulinum toxin
type A act at different sites in nerve inhibition of transmitter

release. Botulinum toxins type B (74, 195), D (54), and F

{104), but not A (74), appeared to act in a similar manner to
tetanus toxin in affecting transmitter release from the myo-
neural junction. The combination of botulinum and tetanus
toxins or the construction of chimeras couid potentiaily be
used to control neurological disorders.

MICROBIAL NEUROTOXINS THAT ALTER
VOLTAGE-GATED SODIUM CHANNELS

Other microbial. neurotoxins impair muscle activity in a
way different from botulinum and tetanus toxins by their
effect on the action potential at the sodium channel of a
nerve axon. Saxitoxin and tetrodotoxin are two classical
examples of microbial neurotoxins that block or close the
passage of sodjum ions through the channel. Toxins pro-
duced by other dinoflagellates also produce-changes in the
action potential at the sodium channel and are bricfly de-
scrnibed below,

Saxitoxin is a potent rapidly acting nevrotoxin produced
by the marine dinofagellate Gonyaulax catenella (206) and
some hacteria (102, 122). Like botulinum toxin, it was first
observed as a food-borne toxin, causing food poisoning that
ocenrred only ar certain times from consumption of mussels,
clams, and some other shellfish that are plankton feeders.
Consumption of toxic shellfish results in symptoms de-
scribed as numbness of the lips and fingertips within a few
minutes followed by a progressive paralysis of the arms and
legs along with the development of labored breathing and
asphyxia, Death may occur within 2 to 24 h, depending upon
the dose, from respiratory paralysis. After survival for 24 h
the prognosis is good, and no lasting effects of the woxin have
heen observed. The oral dose that causes death from acci-
dental consumption of toxic shellfish by humans is 1 to 4 mg
(5,600 to 20,000 mouse units) depending upon the age and
physical condition of the patient. A mouse unit (MU) is
defined a3 the mimimum amount needed (o cause the death of
an 18- to 22-p white moust in 15 min, which iy usually the
maximum time in which death will occur {174, 203).

Saxitoxin waz first purified and crystallized by Schaniz et
al. (172, 179), and its structyre was determined by Xeray
crystallography by fon Clardy (175). Purified saxitoxin is a
very hygroscopic water-soluble toxin and is described chem-
ically as a tetrahydropurine base with pK,s at 8.5 and 11.5.
It has a molecular weight of 299 as the [ree base. It has no
_UV absorption above 210 nm. As the dihydrochlonide salt it
is a white solid that is stable in acidic solution but loses
activity above pH 7. The paralyzing action of saxitoxin or its
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binding at the receptor of the sodium channe! depends upon
the presence of a hydrated ketone group in a particular
position in the molecule. Reduction of this group to the
alcohol resuits in the loss of over 99% of the binding and
paralyzing aclivity.

The neurotoxic action of saxitoxin is due to its specific
binding, even at extremely low concentrations (107> M), at
the sodium channel of excitable membranes and preventing
the passage of sodium ions through the sodium channel, thus
blocking an impulse. The action or binding is concentration
dependent, and binding is reversible. Controlled application
of the toxin has been suggested as a possible local anes-
thetic. The cffective dose in animals is relatively close to the
lethal dose, as indicated by the steepness of the response
curve, and pharmaceutical companies have not pursued its
use in humans, However, when saxitoxin is mixed in smalil
amounts with many classes of anesthetics, the effectiveness
of the anesthetic action is greatly extended (1). The addition
of 1 pg of saxitoxin to a 1% solution of a typical anesthetic
(1 part in 10,000) such as procaine increased the time of
cffective action two- to threefold (1). The result is not an
additive one (1). The addition of saxitoxin to procaine as well
as to other anesthetic compounds will also reduce the dose
required to obtain a desired effect. The reason for this
unusuval action of saxitoxin with anesthetic compounds has
not been fully explained, but the molecule must play an
important part in nervous fuaction in the presence of other
substances that act on the nervous system. Saxitoxin and
tetrodotoxin have been important in the establishment and
characterization of the sodium channel in myelinated and
unmyelinated nerve membranes (90, 93, 102, 163, 164) and
for the study of related diseases such as multiple sclerosis.

Another species of dinoflagellates, Gonyaulax ramarensis
var. excavata, produces saxitoxin substituted with sulfate
and sulfonic acid groups (63, 102). These substituted toxins
have a fower specific toxicity or binding at the sodium
channel than saxitoxin does, but they should not be over-
looked for possible medical use.

Tetrodotoxin was originally found in the roe, ovaries, and
liver of the puffer orglobe fish (Tetfaodontidae) caught in the
western Pacific ocean and was at first believed to be exclu-
sively produced by this fish. More recently it has also been
found in various other animals including the Califordia newt,
octopus, and frog (234) and in marine bactera (51, 199, 220,
235). Dinoflageliates have been proposed as the orginal
source of the toxin in puffer fish, which acquire it through the
food chain (234).

The action of tetrodotoxin is like that of saxitoxin in
blocking the sodium channel of excitable membranes of
nerve and muscle tissue. In fact, it has been shown that both
tetrodotoxin and saxitoxin block the inward current of
sodium ions at equally low concentrations of 1077 to 1072 M
and occupy the sathe receptor sites at the sodium channel
(63, 103). The basic structure of tetrodotoxin s markedly
ditferent from that of saxitoxin and is chemically described
as aminoperhydroquanizoline, with a molecular weight of
319. Altkough the two toxins are basically different in
structure, they may be similarly classified as heterocyclic
guanidines because of the guanidium group comman to each
toxin. Kao and Nishiyama (103) first proposed that the

guanidinium moieties of each toxin might enter at the sodium .

channe! like guanidine and that the bulk of the remaining part
of the molecule prevented the passage of the sodinm ion.
Although this hypothesis may be consistent with many
aspecis of the action of the toxins, it appears that the
chemical makeup of the molecule as well as the guanidine
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group is involved. The reduction of the hydrated kelone
group to an alcohol in the saxitoxin molecule completely
destroys its effectiveness as a blocker of the sodium channel,
and changes in the structure of tetrodotoxin also affect its
bonding (102). The purpose here is to point out in a general
way the nature of the two toxins and how they might affect
the action of other toxins used for treatment of hyperactive
muscles, The fact that saxitoxin enhances the action of local
anesthetics has raised some thoughts on the relation of one
toxin {0 ancther on an excitable membrane. Reviews by
Catterall (368), Kao et al. {102, 103}, and Borison et al. (22)

_give detailed descriptions of the action of the microbial
neurotoxins saxitoxin and tetrodotoxin (binding site 1 at the
sodium channel) and compare them with neurotoxins from
other nonmicrobial sources that affect the sodium channel,
such as veratridine, aconitine, batrachotoxin, grayanotoxin,
and the low-molecular-weight basic polypeptide toxins iso-
fated from scorpion venoms, fish-hunting cone snails, and
sea anemone nematocysts (binding site 2 at the sodium,
channel). These reviews point out the various mechanisms
by which toxins might affect the nervous system via action at
the sodiurn channel. From the proposed action it seems
reasonable to assume that there may be value in the use of
combired toxins for control of nervous activity.

It is quite interesting that the action potential at the
sodium channel is also affected by certain substances, such
as guanidine and 3,4-diaminopurine, that reverse or bypass
the blocking action of botulinum toxin. Although these
substances are not particularly good antidotes for the toxin,
their action indicates a relationship between the action
potential at the sodium channel and the liberation of a
neurotrangemitter at the nerve cnding. One might assume,
therefore, that substances such as saxitoxin, fetrodotoxin, or
others that alter the action potential at the sodium channel
should warrant further investigation for possible medical
application, Guanidine, an effective substitute for sodium in
action potential generation in excitable membranes (93), is
also reported 1o relieve symptoms of botulism (39), suggest-
ing that there may be interactions of toxins at the myoneural
junction, a field that warranes further study.

Besides the microbial neurotoxins described thus far,
there are other, less well understood microbial neurotoxins
that may be found valuable for nerve and muscle controf
mainly because of their action at the sodium channel
CGymnodinium breve, a marine dinoflagellate responsible for
the Florida red tides and the tremendous fish kills in that
area, produces several toxins, two of which are neurotoxins
designated brevitoxins A and B, that have some action al the
sodium channel (22). These two toxins are lipid-soluble
polyethers with a molecular weight around 900, Brevetoxin
A has an indirect action an the sodium channel in that it
-enhances channel activity in the presence of toxins that bind
to. receptor site 2 at the sodium channel, but not to receptor
site 1.

Gambierdiscus roxicus, a tropical reel-dwelling dinofiagel-
Iate, produces several toxins, including one designated cigu-
atoxin, which opens voltage-dependent sodium channels in
cell membranes (186). This toxin is a lipid-soluble polycther
with a molecular weight of 1112 and is concentrated as it is
passed up the food chain 1o large predatory seef fish con-
sumed by humans. The disecase in humans affecis both
gastrointestinal and neurological systems. The neurological
symptoms usually begin within 24 h and may last a month or
more, indicating nerve blackage or damage requiring regen-
cration of nervous lissue. Afflicted persons experience cir-
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cumoral paresthesias, paresthesias or paralysis of the ex-
tremities, and muscle pain.

Natural blooms of the freshwater blue-green alga (cyano-
bacterium) Aphanizomenon flos-aguae which oceur period-
ically in lakes of the northern United States and certain
provinces of Canada have caused poisoning of farm animals
from drinking the water, This organism produces several

toxins including saxitoxin and neosaxitoxin. Another species

of this group, Anabena flos-aquae, produces a substance
that affects acetylcholine receptors in muscle membranes
(35, 97). Some mycotoxins affect the nervous system in
various ways. Slaframine, upon biological conversion to a
quatemnary amine, causes excessive salivation in farm ani-
mals and acts similarly to acetylcholine (30, 41). These
organisms and other microorganisms produce other neural
toxins, but little is known of their action and importance in
pharmacology and physiology.

CONCLUSIONS

Botulinum toxin type A has been found uscful for the
treatment of many hyperactive muscle disorders by intra-
muscular injection, and the FDA has licensed the toxin for
treatment of strabismus, blepharospasm, and hemifacial
spasm. [t is the first microbial toxin ta be used for human
treatment. Because it is injected into humans, pyrity is of
prime importance and, therefore, during the production by
culturing and purification, it must nol be exposed to any
substances that might be camred in trace amounts to the
crystalline toxin and cause undue reactions in the patient.
Injection of the toxin into muscle tissuc has opened 4 new
field of investigation into the action of the toxin on muscle
and nerve tissue and has been beneficial to many humans
who suffer from dystonias.

Types of botulinum foxin other than type A toxin and
perhaps tetanus toxin may be uscful for human treatment if
patients develop immunity to type A toxin. Saxitoxin stim-
ulates and prolongs the action of local anesthetics, suggest-
ing the use of combined toxins for human treatment. Some
microbiological toxins are described for possible use alone
or combined with botulinum toxin for medical treatment.
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Protein transduction domains (PTDs) are short basic
peptide sequences present in many cellular and viral
proteins that mediate translocation across cellular
membranes. PTDs have hecome widely used as tools for
the delivery of high M, polypetides, polynucleotides, or
nanoparticles to cells in culture; and even the transfer
of cargo molecules to the tissue of live animals has been
reported. These cell-permeable peptides are functional
when fused in-frame to recombinant polypeptides or
when chemically coupled to their eargo. The mechanism
responsible for PTD-mediated membrane translocation
is controversially discussed and may vary among the
various PIDs reported in the literatore. Thus direct
physical interaction with membrane lipids resulting in
veetorial delivery to cells has been proposed for the
Antennapedia (Antp) PTT), whereas uptake by the retro-
viral TAT (transactivator of transcription) protein PTD
seems to require cell surface-expressed glycosaminogly-
cans, The view that PTD-mediated cellnlar uptake is
energy-independent has been dismissed recently as an
artifact resulting from fixation of cells. The data re-
ported here agree with and further extend this work.
They support the idea that certain PTDs promote cellu-
lar uptake via endocytosis and require the expression of
negatively charged glycosaminoglycans on the surface
of the target cells. Uptake of Antp PTD conjugates or
peptide-derivatized liposomes was blocked by heparan
sulfate proteoglycans, whereas TAT-mediated uptake
was inhibited by both heparin and dextran sulfate. Mu-
tant cells defective for glycosaminoglycan synthesis
showed dramatically reduced Antp- or TAT-mediated
transmembrane transport confirming the role of these
complex polysaccharides in PTD-mediated cellular up-
take, The fact that PTDs selectively interact with dis-
tinct glycosnminoglycan species has implications for
therapeutic applications and may allow targeting of se-
lective tissues that differ in their surface-expressed gly-
cosaminoglycan patterns.
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Uptuke of churged molecules or high molecular weight com-
pounds into live cells is hampered by the lipophilic nature of
the plasma membrane, Thus high smounts of drugs are often
required to maintain pharmacologically active concentrations
in the target tissue of an organism. The human immunedefi-
ciency virus (HIV)'-encoded transactivator of transeription
(TAT) protein rapidly crosses the plasma membrane of live
ecells (1, 2). More recently, additional cellulur and viral proteins
with similar features have been described, such as VP22 a
herpesvirus protein involved in regulating transeription, and
Antennapedia (Antp) a transcription factor discovered first in
insect cella. In all of these proteiny, the activity of translocating
across cellular membranes is confined to a short stretch of less
than 20 amino acids highly enriched in basic residues. These
sequences are now called “protein transduction domains” or
PTD sequences and act independently from other protein mo-
tifs. They have been used hoth in vitro and in vive to target
proteins, nuecleic acid polymers, or nanoparticles (such as lipo-
somes) to eells (reviewed in Refs, 3-7).

The mechanism responsible for PI'D-dependent membrane
trunslocation is controversially discussed and may vary among
the various PT'Ds. In recent papers, it has been proposed that
Antp peptide-mediated membrane translocation is an energy-
independent process and may be a direct consequence of PTD
association with membrane lipids (8, 9). This mechanism would
require the formation of transieni micelles that are subse-
guently transferred to the cytoplasmic side of the membrane
where cargo molecules are then releascd. This concept has been
questioned in the meantime, and it has been demonstrated that
PTD tranelocation at low temperature is an artifact resulting
from the fization of cells (10, 11). Other data suggest that, at
least for the TAT peptide, memhrane translocation is mediated
by cell surface-expressed heparan sulfate glycosaminoglveans
(HPSGs) (12-16). A detailed study of the role of HPSGs in
TAT-mediated intracellular tranapaort showed that TAT basic
peptide also interfercs with the release of newly synthesized
HPSGs from cells (17).

Following this line of work, we investigated the uptake
mechanism of Antp and TAT PTD protein complexes. The
trangport to cells by hoth PTDs occurred only at 37 °C and

! The abbreviations uaed are: HIV, hunan immunedeficiency virus;
Antp, Antennapedia; FITC, fluorescein isothiocyanate; HPSG, heparan
sulfate glycosaminoglycans; PBS, phosphate-buffered saline; P'IT), pro-
tein transduction domain; TAT, transactivator of transeription; TRITC,
tetramethylrhodamine isothiocvanate; CHO, Chincse hamster ovary:
sulfo-8MCC, 4.(N-maleimidomethyleyelohexane-1-carboxylic acid
3-sulfo-N-hydroxysuceinimide ester sodium salt.

‘This paper is available an line at htip//www.jhc.org 35109
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depended on the expression of negatively charged glycosamin-
oglycans on the surface of the target cells. PTD complexes
nggociated first with the cell surface and were then rapidly
translocated to cytoplasmic vesicles resembling early endo-
somes. After prolonged exposure of cells at 37 °C, the materiul
uccumulated in intracellular vesicular structures, Liposomes
tagred with PTD peptides were similarly internalized within
the cells thereby improving their potential use for intraceliular

drug delivery.

EXPERIMENTAL PROCEDURES

Materials—The antibodies for siaining lysosomes were G1/139
against human Lampl (18) and G1/221 againat human transferrin
receptor (19). Fluoresceni avidin and streptavidin and secondary anti-
hodies weve from Southern Biotech (Birminghem, AL). Glycosaminogly-
cans and dextran sulfate were from Sigma, except for heparin, which
wag 2 kind gift from Dr. H, P. Wegsel (Hoffman-La Eoche). Soybean
phosphatidyleholine (SPC) was obtained from [. Meyer (Hambury,
Germany). Cholesterol (Chol) was purchased from Fluks (Buchs, Swit-
zerland), 2-dipalmitoyl-sn-glyccrol-3-phosphatidylethanolamine
(DPPE) from Sypena (Liestnl, Switzerland), und 8,3'-dicctadecyloxa-
carbocyanine perchlorate (DIO) from Molecular Probes (Leiden, The
Netherlunds), Sulfo-8MCC was purchased [rom Pierce (Lausanne,
Switzerland).

The mouge melanoma el line B16FT was maintained in Dulbecco’s
modified Bagle’s medium phus 109 fetal bovine serum, 1% t-glutamine,
100 unita/ml penicitlin, 100 pg/ml atreptomyein and Nystatin, Wild type
CHO K1, CHO pga A-677, and CHO pgs A-745 cells were from ATCC
(Manaasas, VA) and were maintained in Ham's F12 medinm (20, 21).

Leptide Synthesis—"The peptides were synthesized on a Milligen
9060 antomated peptide synthesizer (continuous flow), employing the
fluorenylmethoxycarbonyl strategy and protocols from our laboratory
reported previonaly (22, 23). After completion of the syniheses, the
peptide resing were simultaneously cleaved and deprotected with tri-
fluoroacetic acid/water/ethunedithiol (76:4:20, v/v/v) for 8 h at room
temperature, and the crude compounds were purified by reverse-phase
medium chromatography on & C18 columm (0.1% trifluoroacetic ncid-
waler/acetonitrile gradient). The purity of the peptides was verified by
reverse-phase analytical high pressure liquid chromatography, and the
identities of the final products were aasessed hy amino acid and mass
speclral analyses (matrix-assisted laser-desorplion ionization time-of-
flight mase apectrometry (MALDI-TOF)) analyses. The analylical lin-
ear gradient was applied over 2.5 min consisting of acetlonitrile, 0.09%
trifluoroacetic acid and water, 0.1% trifluoroacetic acid from 1:19 to 3:2
on a Chromolith SpeedROD RP-18¢ columnn (50 X 4.6 mm), at a flow
rate of 4.0 mUmin; detection at 215 wm; single peak at retention time =
1.45 min (TAT peptide) and retention time = 2 min (Antp peptide).
Quantitative amino acid analyses of Lhe peplides revealed the expected
amino acid compositions. MALDI-TOF (negative-ion made) found
20815 (caloulated.2081.5) for the TAT peptide and 2718.2 (calenlated
2718.4) for the Antp peptide.

Internalization of TAT and Antennapedia Peptide Complexes in HeLa
Cells—HeLa cells were cultured on coverslips in Dulbeceo’s modified
Eagle’s mediurn gopplemented with 10% fetal bovine serum. Internal-
ization of peplide complexed with either fluorescein isothiocyanate
(FITC)-labeled avidin or streptavidin was performed as follows, A 1
solution of biolinylated peptide was preincubated with 1 un fluores-
cently labeled avidin or streplavidin at room temperature for 30 min
with or without inhibitory glycosaminoglyeans (50 pg/ml) in Opti-
MEM 1 Peptide complexes were added to washed HeLa cells on cover-
alips in Opti-MEM T at 4 °C for 30 min. The cells were fixed in 8.7%
formaldchyde or incubzated in fresh Opti-MEM I prewarmed to 37 *C for
the indicated tiines to follow protein transduction in the cells. The cells
were permeabilized with 0.26% Saponin for 8 min for costaining of
internalized FITC avidin-peptide with antihodies recognizing trans-
forrin (a2 marker for early endogomes (39)) or Lampl (a lysosomal
protein (18)). 1% TRITC-labeled dextran was added as a marker for
fluid-phase endocytosis in the corrssponding assays. The cells were
embedded in gelvatol and analyzed on a Zeiss Axiophot fluorescence
microscope with epi-illuminescence using a 40X NA 1.4 water immer-
sion lens. Photomicrographe were taken with a Kappa CF 8/1 CCD
camera; exposure time was 5 ma for all pictures in the series. Confocal
series were acquired with an LSM 410 confocal microscope (Zeiss,
Oberkochen, Germoany). The Ymaris software (Bitplane AG, Zirich,
Switzerland) was used for image analysis.

Liposome Preparation and Modification-—The liposomes were com-
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pozed of SPC:Chol:DPPE:DID at a molar ralio of 1:0.2:0.035:0.004.
Small unilamellar Kposomes were prepared by sequential filter extro-
sion of multilamellar liporomal preparations in Soerensen phosphate
buffer (SFB, 18 mM KH, [0, 54 myM NaHPO,, pH 7.4) through Nucleo-
pore membranes (Sterico, Dietikon, Switzerland) of 0.2 pm and 0.1 pym
pore diameler with & Lipex extruder (Lipex Biomembranes Inc., Vun-
couver, Brilish Colymbia, Canads). Size and stability of the liposomes
were analyzed with a particle gizer (Nicomp Model 370, Sanla Barbara,
CA). For peptide modification, lipvsomes in SPB were incubated with
crystalline aulfo-SMCC at & molar ratio for amine groups to maleimide
proups of 1:5 for 80 min at 30 °C. Excegs aulfo-SMCC was removed by
dinlysis overnight at 4 °C against SPB. 8 mg of PTD peptide or cynteine
as a control were incubated with 1 ml of sulfo-SMCC-medified lipe-
somes for 20 h at reom temperature in 2 M tributylphosphine under
un argon atmosphere Nonreacted peptide wag removed by dialysis
against SPR.

Flow Cytometry—Cella (2 » 10° cells in 12-well plates) were grown
for 24 h at 87 °C. The medium was removed, and the cells were incu-
bated in serum-free Opti-MEM I for 30 min at 37 *C. Before addition to
the cells, PTD-streptavidin complexes or PTD-derivatized liposomes
were preincubated with or without 20 pg/ml polysaccharide st room
temmperature for 16 min, The cells were incubated with the complex in
serum-free Opti-MEM I &t 87 °C. Complexes were removed, and the
cells were cultured in growth medium wy described above for 90 min at
87 °C%. The cells were washed with PBS (0.137 M NaCl, 2.68 mm KCI,
8.09 mat Ne, HPO,, 1.76 mm KIL,PO,, pH 7.4), detached (rom the plates
with 10 mm EDTA in PBS, washed in PBS, and either used directly or
ufler fixation in 3.7% formaldehyde in PRS for flow eytometric anslyaia,
Internalization of PTT} complexes or lipogomes was determined in a
FACScan flow cytometer (BD Bivaclences). 10,000 cells were analyzed
per data point, and all experiments were carried out in triplicate.

RESULTS

PTD peptide sequences derived from TAT and Antp were
SGYGREKRRQRRRC and SGRQIKTWFQNRRMEWEKKC, re-
apectively. They were both chemically synthesized, biotiny-
lated at the N terminus, and carried a C-terminal cysteine
residue for ¢chemical coupling to carge molecules. The Ser-Gly
dipeptide at the N terminus was used ag a spacer between the
peptide and biotin. These peptides were efficiently delivered to
cells and could be detected with FITC-labeled avidin or strepta-
vidin in fixed and permeabilized cells as described earlier (8)
(data not shown).

PTD-mediated cellular uptake was next investigated with
BITC-lubeled avidin or streptavidin conjugated with biotiny-
lated PTD peptide. Intracellular transport of this complex was
studied in a variety of cell lines such ns Hel.a, B16 melunoma,
and CHO cells. Complexes were rapidly taken up by all cell
types tested. Figs. 1 and 2 show representative dats for Hela
cells, FITC-labeled avidin or streptavidin was first preincu-
bated for 15 min with either biotinylated Antp or TAT peptide
followed by incubation with cells at 0 °C. The labeled material
accumulated in small patches on the surface of the cells (Figs.
1A and 24). FITC-labeled avidin or streptavidin did not asso-
ciate with cells in the absence of PTD peptide or when bound to
a peptide lacking a PTD domain (Figs. 10, 20, and data not
shown). This indicates that membrane binding was a specific
event mediated by PTD) peptide.

Cells incubated with FITC-avidin-peptide complexes were
then washed and further incubated at 37 °C in growth medium
to induce internalization. As seen in Figs. 1B and 2B, fluores-
cently Jaheled material was internalized within minutes and
accumulated in vesicular structures resembling early endo-
somes. These vesicles partially colocalized with TRITC-labeled
dextran added during the chase period at 37 *C as a marker for
fluid-phase endocytosis (data given in supplemental Fig. A). A
marker protein for early endosomes, the transferrin receptor,
showed similar localization as avidin-PTD complexes {data
given in supplemental Fig. B). After incubation for 1-3 h at
37 °C, the material was confined to intracellular vesicles (Figs.
1C and 2C). Antp complexes showed partial colocalization with
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Fic. 1. Cell binding and intcrnalization of FITCIaheled avidinAntp peptide complexes. Cells were treated with FITC-avidin-Antp
complex as described under “Bxperimental Procedures.” A, HeLa cells were incubated for 30 min at 0 °C with PTD complex, washed, and further
incubated at 37 °C for 60 min (8) and 180 min (C). O, shows a photamierograph of cells incubated with FITC-avidin in the absence of peptide.
Photomicrographs were taken on a Zeizs Axiophot mierescope. -G, show Z/X- and Z/Y-sections congtructed from a confoeal sertes through
representative cella. 12 sections of 800-900 nm were taken for ench series, and Z-scelions were constructed with Imaris software. Z-gections were
taken at a line running through the midpoint of the XY plane. D, analyais of a cell treated ag in A. E, showa cells chased for 10 min at 37 °C after
PTD binding. F and G, show 2 similar analyris performed with cells treated for 60 and 180 min at 37 °(, reapectively. Bar representz 50 pm.

Fio. 2. Cell binding and internalization of FTTC-labeled avidin TAT peptide complexes. Treatment and analysis of eelle are as d

in Pipg, 1.

lysosomes (data given in supplemental Fig. B), whereas TAT
accumuluted in vesicular structures located at the cell periph-
ery (data given in supplemental Fig, C).

To prove that PTD complexes were internalized during the
chase periad at 37 °C, cells were analyzed by confocal micros-
copy. Z-sections through cells (Figs. 1 and 2, ZX and ZY)
showed that the material was predominantly associated with
the extracellular face of the plasma membrane before the chase
(Figs, 1D and 2D). Upon extended incubation at 37 °C, hoth
Antp (Fig. 1, F and G) and TAT (Fig. 2, F and G) complexes
were transferred to intracellular vesicular structures, whereas
after & 10-min chasge, most of the material remained on the
extracellular surface, Taken together, our data show that hoth
PTDs initially hind to the cell surface in a temperature-
independent way where they cluster in simall patches on the
extracellular side of the plasma membrane. Upon shifting the
cells to 37 °C, the material was internalized in intracellular

S

eseribed

vesieular structures by a mechanism resembling fluid-phase
endocytosis.

We next investigated the mechanism regponsible for PTD-
mediated cellular uptake. Chinese hamster ovary (CHO) cells
were incubated with FITC-labeled streptavidin-PTD complex
for 80 min at 37 °C, washed, removed from tissue culture plates
with EDTA solution, washed again in PBS, and submitted to
flow cytometric analysis. Fig. 34 shows that hepurin inhibited
association with and internalization of TAT complexes by 60—
70%, whereas uptake of streptavidin‘Antp complex was re-
duced by 40—50%. Dextran sulfate inhibited uptake of TAT but
not of Antp complexes. Other glycosamineglyeans such as chon-
droitin sulfate A, B, and C and hyaluronic acid had no effect on
PTD-mediated cellular uptake (data not shown). No cellular
uptake was observed in controls performed with FITC-laheled
streptavidin in the absence of PTD peptide (Fig. 34). It has
recently been shown that fixation of cells promotes artifactual
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Fc. 8. &, Antp and TAT-atreptavidin. complex uptake into CHO cella is inhibited by polysaccharides, CHO cells weve inenbated for 90 min at
47 “C with FITC-labeled Antp or TAT streptavidin complex in the absence or presence of heparin (Hep) or dextran sulfate (Dex). As a control, cells
were Lreated with FITC-labeled streptavidin alone. Cells were washed, removed fram tissue cutture plates, fixed, and aubmitted to low cytometric
analysis. 10,000 cells were anulyzed for each data point in triplicate. S¢rp, streptavidin. Error bars show mean + §.D. for each triphcate. B, Antp-
and TAT-derivatized liposome uptake into B16 cells is inhibited by polysaccharides. B16 melanoma cells were incubated for 90 min at 47 °C with
FITC-labeled Antp- or TAT-derivatized lipssomes with or without heparin, dextran eulfate, or chondroitin sulfate A, Cells were collected and
analyzed as in A. C, uptake of PTD complexes into CHO cells. The experiment waa performed asg in B, and the cells were either directly pracessed
for cytolluoromelric analysis or fixed as described under “Experimental Procedures.”

association of PTD peptides with cells (10). To rule this out for
our experiments, we analyzed cells incubated with PTI) com-
plex before and after fixation by flow cytometry. As shown in
Fig. 2C, the amount of PI'D complex bound to cells and inhi-
bition by heparin was not changed.

Similar experiments were then performed with PTD-deriva-
tized phosphatidylcholine liposomes. The PTD peptides were
coupled via a cysteine residue to maleimide derivatized lipids
(24). As shown in Fig. 8B, uptake of TAT peptide-madified
liposomes was increased 10-fold, whereas Antp-derivatized li-
posomes were internalized 50 times wore efficiently than con-
trol liposomes modified with eysteine instead of a PTD peptide.
The difference in uptake efficiency presumably results from the
fact that TAT-derivatized liposomes tend to form large aggre-

gates that are less well internalized. Uptake of liposomes into
(HO cells was blocked by heparin and dextran sulfate but not
by other glycosaminoglycans such as chondroitin A (Fig. 3B) or
chondroiting B and C and hyaluronic acid (data not shown).
Taken together, these data suggest that cell surface-expressed
glycosaminoglyeans, in particular HPSGs, are required for TAT
and Antp PTD-mediated cellular uptake of proteins and lipo-
somes. Dextran sulfate polvmers and heparan sulfates inhib-
ited uptake by TAT, whereas Antp-dependent protein uptake
was blocked enly by heparan sulfates. This suggests differen-
tial hinding of these peptides to negatively charged extracellu-
lar glycosaminoglycans and also indicates that TAT and Antp
PTDs rely on different oligosaccharides for initial membrane
binding. PTD-derivatized liposeme uptake was indiscrimi-
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Fic. 4. Antp and TAT-avidin complex uptake into CHO wild
type and mutant cells, CHO K1 wild type (pgs A-745 and pgs A-877)
mutant cells were incubated for 90 min at 37 °C with FITC-labeled
Antp or TATstreptavidin complex follewed by analysis as described for
Fig. 3A. Av, FLIC-avidin.

nately blocked by inhibitory polysaccharides such as dextran
sulfute and heparin.

To corroborate these findings, we investigated PTD uptake
into mutant CHO cells deficient in glycosaminoplycan synthe-
sig. Neither Antp nor TAT peptide complexes were efficicntly
internalized in the mutant cell line (pgs A-745) lacking UDP.
p-xylose:serine fB-1,3-p-xylosyltransferase (21) (Fig. 4). These
cells are deficient in the synthesis of «ll proteoglycans, A sec-
ond mutant (pgs A-677) expressing reduced amounts of HPSG
because of an ~10-fold reduetion in N-acetylglucosaminyl-
transferase and glicuronosyltransferase (20) showed a redue-
tion in the uptake of Antp but not of TAT -atreptavidin com-
plexes. This suggests that the low amount of HPSG expressed
by these cells still allowed PTD-mediated cellular uptake.

DISCUSSION

The data presented here show that the major route for TAT
and Antp peptide-mediated cellular uptake of protein mole-
cules and nanoparticles is endocytosis. Uptake by these PTDs
was temperature-dependent, indicative of a step requiring en-
ergy. The material that initially accumulated on the cell sur-
face in small patches (a process that was temperature-independ-
ent) was then followed by internalization in intracellular
vesicular struetures. The nature of these patches is unclear;
they may represent plaama membrane microdomains such as
lipid rafts that are enriched in particnlar membrane proteins
carrying, for instance, HPSG polysaccharide chains. The route
and kinetics of uptake are similar to those followed by markers
for fluid-phase endocytosis such ax fluorescent dextran
conjugates.

Uptake of avidin: or streptavidinTD complexes prepared
with either Antp or TAT peptide was blocked by negatively
charged high M, glycosaminoglycans. TAT-mediated binding
was blocked by heparan and dextran sulfate, whereas Antp-de-
pendent uptake was blocked only by heparan sulfate. This
suggests that the basic character of PTDs promotes their in-
teraction with negatively charged complex sulfated glycosami-
noglycans exposed on the surface of cella. Uptake of hoth Antp
and TAT PTD-derivatized liposomes was similarly blocked by
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heparin and dextran sulfate. The fact that cells deficient in
glycosaminoglycan synthesis showed reduced PTD uptake fur-
ther supports this notion. Specificity of the various PTDa for
different types of glycosaminoglycans may arise from the pos-
itive charge distribution in various PTDs; in other words, high
affinity interaction with negatively charged sulfated polysac-
charides expressed on the cell surface may require proper
alignment with the positive charges on a particular PTD. The
possibility that PTDs discriminate between different surface-
expressed glycosaminoglycans has been discussed earlier for
TAT (12--14, 16), and the role that heparan sulfate oligosaccha-
rides play in receptor binding and internalization hae also been
investigated in other molecules, eg. decorin (25). Finally,
Sandgren et al. (17) recently published work in which they
investigated the role of HPSGs in TAT-mediated cellular up-
take in detail. Differentisl interaction of PTDs with glycosami-
noglycans might apen new possibilities for the delivery of re-
agents to specific tissues using more selective PTD sequences.
Further optimization of PTD peptides might thus improve their
translocation efficiency and may even allow the development of
tissue-specific PTDs (26).

The exact lacalization of cell-associated PTD complexes has
not alwaya been critically evaluated in earlier work. We there-
fore wnalyzed confocul micrographs such as those shown in
Figs. 1 and 2 with an image-procesging software. Z-sections of
contocal data sets show that fluorescent material initially ac-
cumulated in patches on the cell surface, in particular at sites
of cell-cell contact. As early as 10 min after shifting cells to a
high temperature, fluorescent material uppeared in intracellu-
lar vesicular gtructures resembling endosomes. Partial colocal-
ization of PTD complexes with a marker for fluid-phase endo-
cytosis further suggests that uptake is through endocytosis, as
proposed earlier (1, 2). 1-2 h after incubation at 37 °C,
PTD-cargo complexes accumulated in intracellular vesicular
structures. In the case of TAT, these vesicles were localized
close to the cell periphery, whereas Antp PTD complexes
showed perinuclear staining partially overlapping with a lyso-
somal marker. The route of cell entry and the turnover of
TAT-cargo complexes inside cells have also been investigated in
detail recently {17). These authors showed that cellular uptake
of TAT-PTD complexes was vin endocytosis and that the com-
plexes were subsequently targeted to the nucleus. Together
with our data, this suggests that TAT and Antp PTDs target
their cargo to different cellular arganelles.

Cellular uptake by Antp PTD sequences has not been inves-
tigated in detail so far. It has been proposed that Antp peptide
directly interacts with membrane lipids (6, 9), a finding that we
and others have not been able to confirm (27).2 We cannot
exclude the possibility, however, that the exact route of cell
entry and the transfer to intracellular vesicles may differ for
various PTDs. It will be of crucial importance for the further
development of PTD technology to dissect these pathways for
all PTD sequences, as each PTD might be destined for a specific
cellular compartment.

Liposomes are useful for the delivery of fragile reagents that
are rapidly degraded in the bloodstream. The drawback is that
the release of the liposomal content into target cells is limited
by the slow uptake of these vehicles into eells, and little is
known about the mechanism of liposome-mediated drug deliv-
ery. It ia generally assumed that liposomes release their con-
tent upon fusion with intracellulur membranes. We show here
that uptake of PTD-tagged liposomes is dramatically acceler-
ated when compared with control lipasomes. This is in agree-

# 5. Console, €. Mariy, C. Garcia-Eeheverrin, R. Schwendener, and K.
Ballmer-Hofer, unpublished work.
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ment with earlier work where similarly modified liposomes
have been shown to be efficiently infernalized in cells even at
low temperature (28). A detailed analysis of the intracellular
localization of liposemes was, however, not performed in this
study. Based on the data shown here and on recently published
work (10), it is possible that liposomes associated with cells at
low temperature (as shown in that study) were actually bound
to the cell surface rather than being translocated to cells.

In summary, our sludy extends recently published work (10,
11, 17) and shows that PTD peptides derived from either HIV
TAT or Antennapedia promote celiular uptake of cargo through
endoeytosis. PTD complexes initially accumulate on the surface
of target cells and are subsequently translocated across the
plusma membrane upon incubation of cells at 37 °C but not at
0 °C. The earlier proposal that PYD peptides penetrate mem-
branes upon direct interaction with the lipid bilayer, although
not formally excluded, seems not to apply for uptake of the high
M, cargo molecules used here (Ref. 28, and reviewed in Ref. 6).
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Abstract: DESCRIPTION (Adapted from the applicant's abstract): Botulism is a neuromuscular poisoning
caused by clostridial nenrotoxins. Humans are exposed 1o neurotoxins produced by Clostridial botulinum
through food poisoning. Incidences of wound botulism and a colonizing infection of neonates known as
infant botulism are rare. Although the infective microorganism can be freated by antibiotics, there exists
no specific drug therapy for botulinum toxins. Toxoids, as in formalin-inactivated vaccines, can be
prepared for active immunization of individuals who are likely to be exposed to C. Botulinum or its toxins.
However, problems associated with such immunization, including the need for more than a single dose of
expensive, multivalent toxoids, and concerns about reversion of the loxolds to toxins created a need. for
single-dose immunization with a safe vaccine. Recent availability of recombinant fragment CC botulinum (r-
FCBt) vaccine and absorbable gel-forming carriers justified pursuing the proposed program. The
objective of Phase [ is to determine the feasibility of using absorbable gel-forming and micro-spherical
polyester carriers in developing a r-FCBI vaccine for intranasal and subcutaneous immunization. Phase |
entails (1) preparing and characterizing the polymeric carriers; (2) formulating and evaluating, in mice,
candidate controlled release systems using Type E and ¥ r-FCBt vaccines; (3) determining the antibody
response; and (4) conducting challenge studies with individual homologous serotypes. Phase I results will
be used fo design Phase II plans that include (1) studying immunization and protection of all r-FCBI
vaccines (4, B, C, D, E, F, and G) against highest dose of homologous and possibly heterologous toxin
. serotypes; (2) developing, scaling-up, and evaluating a multivalent r-I'CBt vaccine, and (3) conducting a
brief safety study on the multivalent vaccine. PROPOSED COMMERCIAL APPLICATION: NOT
AVAILABLL
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