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ABSTRACT

Botulinum toxin is one of the most toxic substances known to man. Ironically, it
is the toxin’s specificity for cholinergic nerve terminals, its ubiquitous nature, and
extremely low effective dose that has resulted in its use as a valuable therapeutic tool
while at the same time earning it a place on the CDC'’s list of biological weapons. While
early studies have developed a model regarding the toxin’s mode of action, little is
understood regarding intoxication involving cellular receptors at the physiological target,
the mammalian neuromuscular junction. The first step toward identification of these
receptors involves the ability to isolate a fraction rich in neuromuscular proteins. Earlier
studies in our laboratory utilized a mouse diaphragm preparation to study substrate
proteolysis. For receptor identification, it was important to determine whether this
preparation would also serve as an adequate model of a “synaptosome.” After
demonstrating that this preparation contained proteins common to both pre- and post-
synaptic machinery, it was utilized in an affinity precipitation with beads coated with
botulinum toxin serotype A. Proteins from this precipitation were identified utilizing

tandem mass spectrometry. Most of the identified proteins were intracellular proteins



that, while not serving as the toxin protein receptor, may be involved in intracellular toxin
interactions. In the process, several peptides were also isolated that corresponded to
conserved domains within growth factor receptors. Using antibodies to several growth
factors, we were able to identify two growth factors in particular that demonstrated
selective binding to toxin. These receptors were identified as Nogo-66 receptor isoform
2 (NGR2), and Fibroblast growth factor receptor 11l (FGFR3). Interestingly, both proteins
have been shown to have roles in either neurogenesis or axonal development, which is
a significant characteristic of botulinum toxin A intoxication. Both of these proteins have
also been known to interact with complex gangliosides and to participate in lipid raft
signaling. In these studies, we have identified two possible candidates in the binding of
Botulinum toxin serotype A at the nerve cell terminal.

INDEX WORDS: Botulinum Toxin Serotype A, Neuromuscular Junction, Proteomics,
Nogo-66 receptor (1), Fibroblast growth factor Ill.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



BACKGROUND

Botulinum toxin (BoNT), with a mouse oral LDsy of 1ug/kg body weight, is one of
the most poisonous substances known to man (see review by Arnon, 2001). The
symptoms of botulism, flaccid muscle paralysis, were first described by Justinus Kerner
in people who had ingested spoiled sausage (Ergbuth et al., 1999). In the late 1800s,
developments in microbiological techniques relevant to anaerobic bacterial isolation and
culture allowed van Ermengem to identify the causative agent of Botulism as a gram
positive rod now termed Clostridium Botulinum (van Ermengem, 1897). It was later
demonstrated that like other anaerobic bacteria, Clostridium species were spore-
forming, toxin producers, with the toxin being isolated and purified shortly after WWII
(Schantz and Johnson, 1997). Later it was determined that the toxin is produced as
seven distinct serotypes (termed A-G) and that, in addition to C. botulinum, C butryicum
and C. baratii also produce BoNT serotypes E and F, respectively (see review by
Collins and East, 1998). C. botulinum alone is capable of producing all seven serotypes
of toxin and individual cultures may produce more than one serotype (Shapiro et al.,
1998). Burgen, Dichens, and Zatman (1949) demonstrated that these neurotoxins
exhibited a selective toxicity for cholinergic nerve terminals and blocked release of
acetylcholine at the neuromuscular junction.

Since its discovery, BONT has experienced a rapidly evolving role in regard to
public health and clinical medicine. Even with improved food quality standards,
intoxication following the accidental ingestion of either the toxin itself, or toxin-producing
bacteria, is the leading cause of botulism. Infant botulism, in which the bacterium

actually colonizes the gut epithelia, has been implicated in many infant deaths. The



most well known incident of this occurred in babies fed non-pasteurized honey (Arnon et
al., 1979).

The unique ability of BONT to selectively target cholinergic nerve activity led to
the development of its use for the treatment of spasticity disorders. Botulinum serotype
A (BoNT/A) was first tested in 1973 as a treatment for strabismus (Scott et al., 1973). In
this study, extremely low doses of BONT/A were injected into the extraocular muscles of
affected monkeys and successfully inhibited involuntary eye movements. Serotype A
(trade name BOTOX™) later went on to receive FDA approval for treatment of not only
strabismus, but also a number of other debilitating and painful disorders including
blepharospasm and hemifacial spasms (Brin et al., 1987; Binder et al., 2000).

Recognizing the pharmacological benefits of BONT, physicians began using the
toxin to treat a variety of conditions ranging from migraines and cerebral palsy to the
relaxation of facial wrinkles (Jankovic and Brin, 1997). The FDA later approved the use
of BOTOX™ for the treatment of wrinkles in 2002. Although relatively rare, the clinical
use of botulinum can result in complications, including the development of
immunoresistance and non-targeted muscle paralysis (Bhatia et al., 1997; Eleopra et
al., 1996). More recently, four cases of botulism, stemming from the illegal injection of
patients by physicians using research grade toxin (much more potent than BOTOX™)
illustrates one of the concerns associated with the growing popularity of the clinical use
of BONT.

Research funded by the US government in the 1940s and 1950s demonstrated
that, even then, there was worldwide recognition that BONT could be used as a potential

biological warfare agent. The United States, along with several other countries including



the then U.S.S.R., and later, other smaller countries such as Syria developed and
produced BoNT as a biological weapon (Arnon et al., 2001; Bozheyeva et al., 1999).
Individual groups have also attempted to utilize BoNT to incite terror, including the Aum
Shinrikyo cult (sarin gas attack on Tokyo train) who attempted unsuccessfully to release
BoNT in Tokyo (Shapiro et al., 1998).

There are several characteristics that make the toxin an attractive biological
weapon: the toxin-producing bacteria occur naturally in the environment, the toxin is
fairly easy to produce and isolate, and due to its extreme potency, only a small amount
is needed thereby making it easy to transport. The discoveries that intoxication could
occur through inhalation and that the extrapolated human inhalational LDsy was 0.7-0.9
Mg/kg demonstrated that in the appropriate environment intentional dispersal of 1 g of
purified toxin could kill at least one million people (Arnon et al., 2001).

There is no effective treatment for botulism, with death resulting from respiratory
failure through paralysis. Anti-toxin therapy is available but is most efficacious when
administered prior to symptoms onset. An unlicensed vaccine is available for military
and laboratory workers, but its efficacy as measured by immunoglobulin titer is
questionable, and it is considered impractical for general immunization. For these
reasons, the Centers for Disease Control and Prevention has categorized the toxin as
one of six select agents with the greatest potential of being used as a bio-terror weapon.
In light of these factors, the identification of cellular pathways involved in toxin action is
clearly an important research endeavor.

Regardless of its use, BoNT’s mode of action requires that it crosses several

cellular and intracellular membranes. The toxin itself is not directly cytotoxic. For



example, it does not kill cells upon contact. Instead, it is thought that the toxin utilizes
existing cellular processes and proteins that are involved in normal cellular activities
such as transcytosis and endocytosis in order to reach its sight of action (Simpson,
2004). This introduction focuses on what is known about BoNT action and its protein
interactions, as well as, brings to the readers’ attention areas where research is limited.
This introduction also explores the field of proteomics, the newest frontier for the study
of protein-protein interactions, and the promise it holds for identification of unknown
protein partners. Finally, a number of issues associated with this emerging field in
regard to identifying protein-protein interactions at the cellular membrane are discussed.
BOTULINUM TOXIN STRUCTURE AND FUNCTION

BoNT is initially produced by bacterial strains as a 300-900 kDa protein complex.
This complex, or progenitor toxin, is made up of a 150 kDa holotoxin as well as serotype
specific hemagglutinin and non-hemagglutinin components (Dasgupta and Sugiyama,
1972). These non-toxic components are thought to protect the holotoxin from the harsh
acidic, proteolytic environment in the stomach. Oral toxicity studies have demonstrated
that there is a large increase in toxicity between the pure holotoxin and the 900 kDA
progenitor toxin (Oshishi et al., 1977). However, discrepancies regarding the role of the
non-toxin components in binding and Gl adhesion remain unresolved. Research has
suggested that the intestinal binding domain for BoNT is present in the non-toxic
hemagglutinin components (Fujinaga et al., 1997). In contrast, other studies
demonstrate that the non-toxin complexes are not required for absorption of the toxin
from the small intestine. These latter studies demonstrated that at low toxin

concentrations the toxicity of pure toxin was slightly decreased from that of the



complexed toxin; however, at higher doses this difference in toxicity disappeared. This
suggests that at lower concentrations the non-toxic components act to protect the toxin,
allowing for enough toxin to be absorbed and transported to its site of action; as the
exposure dose increases this protection is no longer necessary to ensure that enough
toxin survives the gut to produce symptoms (Maksymowych et al., 1999).

The holotoxin is initially produced as a single chain 150 kDa protein. This chain
is usually nicked by proteases within the bacteria into a 100 kDa heavy chain connected
by disulfide bond to a 50 kDa light chain (Lacy et al., 1998). The heavy chain is further
divided into an n-terminal domain (Hn) and a c-terminal domain (Hc). The Hy domain
has a coiled coil domain similar to those found in other pore-forming viruses such as
influenza (Lacy et al., 1998; Bullough et al., 1994). It is thought that this domain is
responsible for channel formation within endosomes that allow the light chain to move
into the cytosol. Evidence suggests that this channel formation is pH-dependent, with
channel formation occurring at low pH and more likely to form across a pH gradient.
There is also evidence that these channels are charge-dependent, with differences in
the charges required between gradient and non-gradient environments (Hoch et al.,
1985). Research involving the mammalian neuromuscular junction also demonstrated
that endosomal neutralization with methylamine hydrocholoride decreased both
paralysis and substrate proteolysis by botulinum toxin serotype A (Kalandakanond and
Coffield, 2001). These findings support the theory that toxin translocation requires
acidification of endosomes, and that the resultant pH gradient is an important factor for

channel formation.



The Hc domain is thought to function as the plasma membrane targeting domain.
It consists of two subdomains known as the heavy chain n-terminal domain (Hc,), and
the heavy chain c-terminal domain (Hc;). These domains may be referred to by their
structural characteristics to avoid confusion. For example, the Hc, domain exhibits a
jelly roll motif found in lectins and is called the lectin-like domain, while the Hc, region
exhibits a B-trefoil motif common to proteins such as interleukin 1 and fibroblast growth
factor (See review by Schiavo, 2000). Characterization of these subdomains provided
support to the dual receptor theory proposed by Montecucco (1986). In this theory, it is
hypothesized that the toxin would first bind to a low affinity receptor, initiating an
alteration of the toxin structure that would promote binding to serotype specific high
affinity protein receptors. Further investigation has led to the identity of the low affinity
receptor which will be discussed in more detail later. The B-trefoil fold subdomain
appears to be non-conserved among the BoNT serotypes; however, utilizing x-ray
crystallography this subdomain has been shown to contain a highly conserved
ganglioside binding pocket that is lined at the bottom with hydrophilic amino acids. The
interdomain cleft formed between the lectin-like subdomain and the B-trefoil fold
subdomain demonstrates less similarity in shape and electrostatic properties between
the botulinum serotypes and therefore, has been hypothesized to contain the higher
affinity receptor (Lacy et al., 1998; Ginalski et al., 1999; Swaminathan and
Eswaramoorthy, 2000).

The toxin light chain is a 50 kDa domain that contains a zinc binding site
characterized by the HExxH+E protein-protein interaction motif common to

metalloproteases (Morante et al., 1996). Indeed, the light chains act as zinc



metalloproteases that exhibit substrate serotype specificity. The role of zinc in this
activity has been hypothesized to be either structural, in which the zinc acts to maintain
the structural conformation; or catalytic, in which the zinc atom is involved in the
catalytic activity. In functional studies utilizing serotype B, zinc was able to be removed
and reintroduced with corresponding changes in activity. These findings suggested that
significant conformational changes in the toxin structure did not occur upon removal of
zinc (Fillippis et al., 1995). X-ray crystallography studies support this finding,
demonstrating that zinc removal has little impact on toxin structure (Eswaramoorthy et
al., 2004).
SYNAPTIC VESICLE EXOCYTOSIS AND BOTULINUM TOXIN MECHANISM OF
ACTION

Synaptic vesicles are formed from lipids and membrane proteins within the
endoplasmic reticulum, and later modified within the Golgi of the neuronal somata. The
vesicles are filled with neurotransmitter or precursors taken up at the nerve terminal (Lin
and Scheller, 2000). Synaptic vesicles are thought to exist in three functional pools: the
resting (storage) pool consisting of vesicles that are located away from the active zone
attached to cytoskeletal elements, the readily releasable pool consisting of vesicles that
are ‘docked’ at the active zone (Neher and Zucker, 1993; Xu et al., 1998) and a reserve
pool that serves to replenish the ready releasable pool during prolonged activation (see
review by Sudhof, 2004)

There are at least five steps for the release of transmitter to occur from vesicles
recruited from the resting pool. The first step involves mobilization of the vesicle from

the actin cytoskeleton. This process requires phosphorylation of proteins synapsin |



and myosin Il by ATP, calcium calmodulin kinase Il, and myosin light chain kinase.
Other proteins such as microtubule-related proteins rab6 and kinesin motor proteins
may also be involved (Kukamura et al., 1994; Mochida et al., 1994; Ryan 1999).
Vesicles are then targeted to the active zone membrane through unknown proteins,
possibly involving the Sec 6/8 complex, and other associated proteins including the
septins. This complex, however, seems to be more highly concentrated in regions
undergoing synaptogenesis (Guo, et al., 1999; Hazuka et al., 1999). Docking of the
vesicles is then thought to occur through the Rab G-proteins and associated RIMs (Rab
interacting molecule). This process involves the reversible attachment of the vesicle to
the membrane, and precedes the involvement of SNARE [soluble NSF (n-
ethylmaleimide sensitive factor) attachment protein receptor] proteins (Wang et al.,
1997; see review by Sudhof, 2001).

Other proteins that have been implicated in having potential roles in vesicle
docking are the large scaffolding proteins, aczonin, and CASK. These proteins share
similar features in that they are large proteins that consist of multiple functional domains
all capable of protein-protein interactions (tom Dieck et al., 1998; Wang et al., 1999).
For example CASK, a MAGUK protein, contains PDZ, SH3, and calcium calmodulin
domains, as well as a guanylate kinase domain, which have been shown to interact not
only with presynaptic voltage-gated calcium channels, but also with Rabphilin 3a, and
junctional adhesion molecules (Martinez-Estrada et al.,2001; Zhang et al., 2001). These
different protein binding domains suggest a role in active zone organization. The protein
scaffolding characteristics of these proteins could initiate docking, bringing the vesicle

close enough to the membrane for SNARE interactions to occur.



The SNARE proteins consist of proteins known as t-SNAREs (target membrane)
and v-SNAREs (vesicular membrane). Syntaxin | and SNAP-25 (synaptosomal protein
of 25 kDa) are t-SNAREs. Both are found at the active zone membrane; syntaxin | has
a c-terminal integral membrane domain, while SNAP-25 is membrane associated
(Bennett et al., 1992; Oyler et al., 1989). The v-SNARE is synaptobrevin or VAMP
(vesicle associated membrane protein) (Sollner et al., 1993b). VAMP has a c-terminal
single transmembrane domain that anchors it to the vesicle membrane (Sdllner et al.,
1993b). At the active zone, these three proteins form the core fusion complex (the
SNARE complex), an a-helical bundle consisting of four coiled-coil domains, one each
contributed by syntaxin and VAMP and two from SNAP-25 (Sutton et al., 1998). This
core complex mediates the fusion of the vesicular and active zone membranes in
response to a Ca®" signal, leading to the release of transmitter.

Priming of the SNARE complex involves ATP-dependent rearrangement of the
SNARE complex to ensure that it is ready for Ca?* dependent fusion. For example,
while syntaxin and SNAP-25 are usually associated with the neuronal membrane, there
are small amounts that are located on the vesicle membrane. These vesicular t-SNARE
proteins can interact with each other forming a non-fusion competent cis-complex
(Walch et al., 1995). Priming is thought to occur when ATP and NSF unwrap these cis-
complexes and arrange them in a fusion competent trans-complex where SNAP-25 and
syntaxin are both associated with the active zone membrane (Otto et al., 1997; Klenchin
and Martin, 2000).

Membrane fusion occurs when calcium signaling initiates ‘zippering’ of the

SNARE protein a-helices forming the core complex. Formation of this
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thermodynamically more stable complex provides the energy that drives fusion of the
two membranes (Sollner et al., 1993a). There are differing theories as to how these
membranes fuse and reform, with most of the data coming from non-synaptic cells. In
the first theory, known as “kiss and run”, the membranes do not fully fuse, instead, a
fusion pore is generated and a small amount of material is released. The pore is then
closed and the vesicle undocks from the membrane (Ceccarelli et al., 1973; Schneider,
2001). In the ‘full fusion’ model the membranes of the vesicle and active zone fuse
completely, and the vesicular contents are fully expelled. The vesicle membrane is then
recycled through endocytosis by clathrin-coated pits at sites that are distant from the
exocytotic sites. The vesicles are then mixed with the existing pools (Heuser et al.,
1973, Betz et al., 1992, Landis et al., 1988, Krazewski et al., 1996).

BoNTs have been useful tools in the study of vesicular exocytosis. The discovery
that poisoned motor endplates still bound exogenously applied acetylcholine, and that
muscle cells were still able to generate action potentials, demonstrated that the toxins
were actually preventing neurotransmitter release (Burgen et al., 1949). It was not until
several decades later when it was discovered that the toxin acts to inhibit the vesicular
fusion machinery in a serotype specific manner. Serotypes B, D, F, and G all cleave the
vesicular SNARE protein VAMP, although each serotype recognizes and cleaves at a
specific site (Schiavo et al., 1992; 1993a; 1993c; 1994a; 1994b; Yamasaki et al., 1994a;
1994b; 1994c). Serotypes A and E cleave SNAP-25, and again each substrate cleavage
site is serotype specific (Blasi et al., 1993a; Schiavo 1993a; 1993b). Serotype C is

interesting in that it cleaves both SNAP-25 and syntaxin in the CNS, while at the
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peripheral nerve terminal it cleaves syntaxin (Schiavo et al., 1994; Blasi et al., 1993b;
Kalandakanond et al., 2001).

Once cleaved the SNARE proteins are either unable to form complexes or they
form non-functional complexes. How long the active toxin exists in the cytosol is still
debatable and may be dependent on the serotype. However, our laboratory found that
there was little temporal correlation between paralysis and detectable substrate
proteolysis, suggesting that only a small amount of SNARE cleavage is required to
disrupt exocytotic function (Kalandakanond et al., 2001).

FROM EXPOSURE TO INTOXICATION: THE JOURNEY OF BOTUINUM TOXINS
Absorption from the gastrointestinal system and respiratory system

Toxin exposure can occur through three routes: ingestion, inhalation, and wound.
Exposure is usually to the progenitor toxin and it is thought that these components act
to protect the toxin against the harsh conditions of the stomach. Absorption of toxin in
the alimentary tract occurs in increasing amounts as it moves through the tract with
minute to small amounts being absorbed from the mouth and stomach (Bonventre,
1979). The majority of toxin absorption is thought to occur in the duodenum of the small
intestine.

Early sedimentation studies suggested that the toxin is mainly absorbed into the
lymph as a smaller fragment then the progenitor toxin (Heckly et al., 1960). Later
studies have disagreed on whether or not the hemagglutinin portions actually bind and
transcytose into the lymph. Studies utilizing rat and guinea pig intestinal epithelia
suggest that the entire progenitor toxin is required to bind to the epithelial cells, and that

disassociation occurs at pH greater than 7 (Suggi et al., 1977a; 1977b; Fuginaga et
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al.,1997). Studies involving intestinal epithelial cells in vitro, however, demonstrate that
pure toxin (no hemagglutinin) is able to bind, endocytose, transcytose, and still
demonstrate toxicity (Maksymowych and Simpson, 1998). In these studies, the non-
hemagglutinin non-toxic portion also appeared to be endocytosed, but remained in the
cytosol of the cells suggesting little transcytosis of this fraction occurred.

Studies to determine the actual intestinal cell types responsible for toxin transport
have yet to be published; however, it has been suggested that absorptive enterocytes
rather than M cells are required (Simpson, 2004). An interesting feature of absorptive
enterocytes that may prove important when studying BoNT binding is the fact that their
apical brush border is composed of two different types of lipid raft domains. Lipid rafts
are specialized membrane components with increased sphingolipid content that are
enriched with GPl-anchored proteins. Lipid rafts have been implicated in many
functions including vesicular sorting, membrane targeting, and cell signaling (Danielson,
2003).

Toxin movement across endothelial cells of the vasculature

Studies suggest that once the toxin crosses the intestinal epithelia it is
concentrated in the lymph with only small amounts initially entering the bloodstream
(Suggi et al., 1977b). The mechanism by which the toxin crosses from the bloodstream
to the target tissue has not been studied. Macromolecular permeability of the
endothelial microvasculature has been explained by several different mechanisms
including passive diffusion through large pores, vesicular transport, and the creation of
leaks by receptor-mediated activation of actin cytoskeleton rearrangement (Frokjaer-

Jensin, 1984; Crone, 1986).
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Toxin binding at the neuromuscular junction

In 1986, Simpson proposed a four step mechanism of action for BONT. The toxin
first binds to a serotype specific receptor; the toxin is then internalized through receptor-
mediated endocytosis. Once in the endosome internal acidic conditions cause structural
changes to the Hc, portion of the toxin resulting in pore formation. The disulfide bond
between the heavy and light chain is reduced and the light chain moves through the
pore and into the cytosol, possibly chaperoned by the heavy chain. Once in the cytosol,
the toxin binds and cleaves its substrate (Simpson, 1981). There are several studies
supporting each of these postulated steps.

Seminal studies by Black & Dolly (1986) in which murine neuromuscular
junctions were exposed to '?°| radiolabeled BoNT, demonstrated that receptors for
BoNT were selectively located at the unmyelinated nerve terminal. It was also
determined that the receptors were of low density, and that the density of binding was
unique between serotypes, suggesting serotype specificity. Further, internalized
radiolabeled toxin appeared to concentrate into endosomes supporting the theory of
receptor-mediated endocytosis. Further studies using competitive binding of serotypes
A, B, and E, demonstrated that binding of one serotype did not preclude binding of
another, thereby supporting the hypothesis that each serotype has a specific high
affinity receptor.

The first membrane constituents shown to bind BONT were polysialogangliosides
(van Heyningen, 1974). Early research demonstrated that these glycosphingolipid
entities bound BoNTs, and that pre-incubation of toxin with gangliosides reduced toxicity

of BONT (Kitamura et al., 1980). Further, by pre-treating neural membranes with
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ganglioside-binding lectins from Triticum Vulgaris or Limax flavus, Bakry and colleagues
found that the binding of all serotypes of BONT was reduced (1991). Gangliosides,
however, are not likely to be the sole receptor, since they are ubiquitously expressed
throughout the nervous system, and their binding toxin is reported to be of low affinity.
This binding, however, may act to increase or facilitate the toxins exposure to the high
affinity protein receptor site.

Several studies utilizing brain synaptosomes have identified a few different
proteins that seemed to demonstrate binding to BoNTs. Initial binding experiments
utilizing SDS-PAGE, identified a pair of doublets, one at ~80 kDa and the other at ~116
kDa that demonstrated ganglioside dependent binding. These proteins were later
identified as adducin and synapsin (Schengrund et al., 1993; 1996). Adducin is a
cytoskeletal protein that functions to recruit spectrin to bind to actin. Synapsin is a
vesicular protein that interacts with actin, and is thought to help sequester the storage
pool of synaptic vesicles to the cytoskeletal compartment; although synapsin may also
play a role in later steps involving vesicular docking. However, neither of these proteins
have extracellular domains, making them unlikely candidates for toxin receptors.

In 1992, binding of '?°l labeled toxin gold complexes to a 140 kDa protein at the
plasma membrane was demonstrated in the torpedo electric organ, a concentrated
source of cholinergic nerve terminals. This protein was not identified (Blasi et al., 1992).
More recently, evidence using non-target tissue assays suggested that the vesicular
proteins synaptotagmins may act as binding proteins for BoNT. Interestingly, the n-
terminus of synaptotagmin has been shown to be presented extracellularly during

exocytosis (Angaut-Petit et al., 1995; 1998). Other studies demonstrated that
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synaptotagmin Il bound botulinum toxin serotype B (BoNT/B) with high affinity (Nikishi et
al., 1994, 1996a; 1996b; Kozaki et al., 1998). It was proposed that this high affinity
binding was achieved through binding of the n-terminus of synaptotagmin Il to complex
gangliosides, particularly GT1b or GD1a, to form a high affinity binding site for BONT/B
(Nikishi et al., 1996a; 1996b).

Two recent studies, that utilized both an in vivo model and an ex vivo mouse
diaphragm preparation, support synaptotagmin Il as a functional receptor for BoNT/B.
The first study demonstrated that pre-incubation of BoNT/B with synaptotagmin I
peptides decreased in vivo toxicity when injected into mice. Secondly, pre-incubation of
the toxin with peptides corresponding to amino acids 31-60, the proposed binding site,
delayed paralysis when added to a mouse hemidiaphragm (Wang et al., 2004).
Interestingly, studies utilizing brain synaptosomes reported that both serotypes A and E
bound synaptotagmin | (Li and Singh, 1998). These findings are inconsistent with
previous reports suggesting that the toxin receptors are serotype specific and non-
competitive (Kozaki, 1979). Recent work in our lab has demonstrated that BoNT/A
binding to synaptotagmin | was inconsistent, and that pre-incubation of the toxin with
peptides to synaptotagmin | did not inhibit toxin activity. This suggests that
synaptotagmin | is not a functional receptor for BoNT/A.

Recently, a 15 kDa protein Glycosylphosphotydylinositol-anchored (GPI) lipid raft
associated protein THY1 was shown to bind tetanus toxin, a related clostridial toxin that
cleaves VAMP (Herreros et al., 2000; Herreros et al., 2001). This binding, and the
apparent inability to completely inhibit toxin action by blocking synaptotagmin, led to the

provocative proposal that the Clostridial toxins may actually bind to an ‘array’ of proteins
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that are concentrated in segments of lipid rafts. It was postulated that the
synaptotagmins may not be ‘the receptor’, but rather, they may act in concert with
gangliosides, GPl-anchored proteins, Src kinases, and other lipid raft associated
proteins to bind and mediate endocytosis of the clostridial toxins (Montecucco et al.,
2004).

To further support the involvement of lipid rafts in clostridial toxin binding, studies
in which cells underwent cholesterol depletion by methyl- 3-cyclodextrin (MCDX)
demonstrated reduced internalization of tetanus toxin, and a dose dependent decrease
in toxin activity as measured by VAMP cleavage (Herreros et al., 2001). Lipid raft
binding would not be a unique phenomenon; a wide variety of pathogens including
viruses such as the simian forest virus and bacterial toxins such as cholera and shiga
toxin may be internalized through lipid rafts.

Endosomal proteins and translocation

The mechanism by which the toxin light chain is released from the endosome
has yet to be identified. As stated previously, it appears that agents that neutralize the
pH of the endosome (methylamine hydrochloride) or inhibit the proton pump
(bafilomycin) also inhibit toxicity, suggesting that the mechanism is pH induced
translocation (Coffield et al., 1999; Simpson, 1983,).

Research involving A-B toxins, (toxins in which the parent toxin, a single peptide
chain, is enzymatically cleaved into two chains, only one of which is intracellularly
active), demonstrates two potential ways in which the active chain is released from
endosomes. In the first group of A-B toxins, the heavy chain does not demonstrate the

ability to form channels, and the toxin requires activation within the endoplasmic
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reticulum (ER) by protein disulfide isomerase (Orlandi, 1997). It is thought that these
protein toxins are targeted to the ER through retrograde transport involving the KDEL
receptor a transmembrane protein localized predominantly to the ER that recognizes
proteins containing the KDEL targeting motif. In the ER, these toxins take advantage of
the ubiquitin-proteosome sec61p complex. This complex moves misfolded proteins
through the ER translocon. Once through the membrane and into the cytosol the toxins
escape ubiquination due to their lack of lysine residues (Lord et al., 2003; Hazes and
Read, 1997).

The second group of A-B toxins includes botulinum, tetanus, and diphtheria
toxins. It has been shown that the heavy chain possesses the ability to form channels
within the endosome membrane, which may allow for the light chain to escape. One
hypothesis is that the toxin contains a signal peptide that recruits other proteins to form
a transmembrane channel. Membrane conductance tests suggest that these channels
are large enough for passage of the light chain (Hoch et al., 1985). A second
hypothesis is that the two chains act together to form a cleft in which the hydrophobic
residues from both chains interact with membrane lipids. Once the light chain is
extruded, the disulfide bond connecting it to the heavy chain is cleaved and the light
chain is released into the cytosol. The possibility also exists that the light chain is
assisted out of the endosome and refolded utilizing chaperone proteins (see review by
Schiavo et al., 2000).

THE USE OF PROTEOMICS TO IDENTIFY TOXIN-PROTEIN INTERACTIONS

Proteomics is the study and methodology involved in the identification of all

proteins expressed by a cell, tissue, organ or organism. The field of proteomics is in its
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infancy and as such, while demonstrating amazing possibilities in deriving cellular
function, including insight into cell-cell signaling, posttranslational modifications, protein
targeting, and cellular responses to chemicals and drugs, it is important to recognize it
also has significant limitations. In this section, important methodologies involved in
proteomics will be reviewed and, more importantly, the limitations of the technology will
be recognized.

It is important to realize that under the best of circumstances shotgun
proteomics, in which a sample (e.g., cell lysate, tissue homogenate) is solubilized,
trypsin-digested, and run through an LC-MS (liquid chromatography mass
spectrometer) will only identify 1000-2000 proteins of a possible 10-100 thousand
proteins. Further, proteins do not exist in equal abundance; therefore, it is more likely
that higher abundant proteins will be identified more frequently than lower abundant
proteins. This implies that the major step in protein identification is the ability to extract
and enrich proteins of interest in test samples.

Particularly problematic are membrane proteins; several studies have been
aimed at developing protocols to enhance resolution of membrane proteins (Lehner et
al., 2003; Babu et al., 2004; le Maire et al., 2000; Henningson et al., 2002; Bordier
1981). These involve modifications at all steps of protein isolation including: extraction,
solubilization, and enrichment. Extraction of proteins can occur through gentle methods
such as freeze thaw, or osmotic lysis; moderate methods such as polytron
homogenization; and vigorous methods such as sonication. Detergents such as SDS
and Triton X-100 may be used to lyse cells; still others have described the use of high

pH buffers (pH 11) to extract membrane proteins (Zamorano and Garner, 2001).
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Several different enrichment methods have been utilized including differential
centrifugation, detergent/sucrose fractionation, immunoprecipitation, and
chromatography. Membrane solubilization techniques involving detergent phase
partitioning and detergent solubilization have been employed with mixed results. Each
of these methods must be evaluated for the specific sample used and the target
proteins to be identified.

After enrichment, proteins may be further separated utilizing one or two—
dimensional gel electrophoresis. In SDS-PAGE, SDS coats the proteins neutralizing
their charge, thereby allowing them to separate by size. This method also proves useful
for the removal of detergents or salts that may interfere with mass spectrometers and,
therefore, has been used to clean up samples prior to mass spectrometry. A drawback
to SDS-PAGE separation is that it can only separate proteins by relative size; with so
many proteins exhibiting masses between 25-100 kDa it becomes extremely difficult to
separate proteins from highly complex mixtures.

Two-dimensional electrophoresis utilizes immobilized pH gradients to separate
proteins not only by size, but also by their relative pls. In this method, as reviewed by
Malloy (2000), several different reagents are utilized to isolate proteins. Initially the
proteins are rehydrated in a buffer containing chaotropes that are used to disrupt
hydrogen bonding within the proteins, thereby causing denaturation and unfolding. A
combination of urea and thiourea works well for most proteins. The unfolding of these
proteins leads to exposure of their hydrophobic domains which may interact and
aggregate within the acrylamide gel. In order to prevent this, surfactants are added to

inhibit these hydrophobic interactions; there are a number of detergents that are used
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including CHAPS, Triton X-100, and the sulfobetaines. The third reagent added to
disrupt protein structure and promote migration is a reducing agent such as dithiothreitol
(DTT) or Tri-butyl phospheines (TBP). Proteins are then rehdyrated into the
immobilized pH gradient (IPG) strips either through passive or active rehydration.

Active rehydration utilizes a low voltage to force proteins into the strip, thereby
aiding the insertion of large proteins. After rehydration, an incremental increase of
voltage is applied and the proteins are focused along the strip until they reach their
respective pls. The strips are then equilibrated, inserted into gels and the proteins
separated by size through SDS-PAGE. Gels can then be stained with a variety of stains
including Coomassie, Sypro, or silver nitrate, each displaying differing sensitivities.
Spots can then be analyzed and picked for further testing by LC-MS-MS.

This introduction will not go into the specifics of tandem mass spectrometry
analyzers, except to point out that there are several different types of analyzers that
differ by their injection source (chips, electrospray, and nanospray) and their ionization
sources (ie.quadropole, ion-trap, FTCR). Again each mass analyzer should be
evaluated as to the level of sensitivity needed relative to protein abundance, size, and
ability to detect posttranslational modifications. One relative note regarding mass
spectrometers is that for LC-MS, proteins are separated by reverse phase
chromatography, which separates by hydrophobicity. This may be problematic with
extremely hydrophobic proteins in that they can be retained by the column. Recently
mass spectrometers utilizing hydrophilic interaction liquid chromatography (HILIC) have
been developed. In the past HILIC separation followed by gel analysis had been

proposed for isolation of small polar groups and membrane proteins (Alpert, 1990).
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There is little research yet to suggest whether this column coupled to a mass
spectrometer can be utilized successfully to increase identification of inner membrane
proteins.

By far, the greatest challenge in proteomics is working with membrane proteins.
Membrane proteins tend to be extremely hydrophobic resulting in their loss in either the
column, or the gel. They are difficult to solubilize into single polypeptides leading to
difficulty in isolation, enrichment and gel mobilization. They tend to have very low
abundance leading to an inability to detect or identify with LC-MS. Membrane proteins
also tend to precipitate at their pls resulting in loss when transferred from the IPG strips
to the gel. Integral membrane proteins may also have domains that are not exposed to
trypsin resulting in large non-fragmented peptides that are unable to be identified by
MS. In addition to these physical limitations, several proteins may be localized to both
cytoplasmic and membrane compartments. Their function and localization is
determined by their posttranslational glycosylation patterns. These modifications along
with modification of selected amino acids can make it difficult to isolate and identify
these proteins utilizing routine MS (reviewed by Hancock et al., 2002). Thus, these
characteristics when compared with the available technology ensure that membrane
proteins remain the least characterized and represented proteins in proteome analysis.

This dissertation discusses the protocols, limitations, and advances made in the
effort to identify the receptor of BONT/A at the motor nerve terminal. Although there
were unforeseen technical limitations, the ability to utilize these methodologies to

analyze and identify possible protein-protein interactions between BoNTs and the
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cellular proteins involved at each of the identified stages of intoxication remains a viable

research tool to elucidate the journey of BoNT.
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ABSTRACT

The objective of this study was to identify neuronal proteins from a
neuromuscular junction-enriched preparation obtained from murine diaphragm. This
synaptosomal-like preparation has been utilized in previous studies in our laboratory
and has demonstrated an enrichment of SNARE complex proteins. To further
characterize this synaptosomal-like preparation in regard to its composition of junctional
plasma membrane proteins, we have combined differential centrifugation with non-ionic
detergent solubilization to isolate membrane fractions that are enriched in integral and
membrane associated proteins. Using this protocol, several proteins from both the pre-
and postsynaptic regions of the neuromuscular junction were identified through a
combination of LC-MS-MS and western blot. LC-MS-MS alone was unable to generate
a reportable identification of neuronal specific membrane proteins; instead, most of the
MS identified proteins were generally compartmentalized to the cytoplasm and
mitochondria. Detergent partitioning of the more highly abundant cytoplasmic proteins
into the hydrophilic fraction did offer some improvement in the isolation and
identification of low abundant membrane proteins by two-dimensional electrophoresis.
However, further refinement in these methodologies will be needed for complete
characterization of membrane proteins that comprise complex neuronal structures such

as those found at the neuromuscular junction.
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INTRODUCTION

Recent evidence suggests that the protein components of the pre- and
postsynaptic membranes of the CNS synapse are highly specialized and form a
rigorous structural relationship of orthogonal projections. These orthogonal projections
consist of electron dense pegs caused by thickening of the pre- and postsynaptic
membranes which project into the synaptic cleft (Ichimura and Hashimoto, 1988). The
pre- and postsynaptic membranes differ in how these thickenings are arranged. The
postsynaptic side of the membrane, known as the postsynaptic density, is uniformly
thickened; while the presynaptic side, known as the active zone, demonstrates a grid-
like pattern that has been described as a particle web (Phillips et al., 2001). This highly
organized structuring of the synapse is required to ensure reliability of synaptic
transmission. Peripheral synapses such as the neuromuscular junction would seem to
share this structural rigidity. Neurotransmitter release, a specialized form of calcium
regulated exocytosis, has been shown to occur at active zones (Harlow et al., 2001).
Active zones are characterized by certain proteins that demonstrate specialized
domains which interact with calcium channels (Leveque et al., 1992; O’'Conner et al.,
1993). This association is thought to modulate the calcium sensitivity of
neurotransmitter release in several ways, including organizational structuring that
ensures rapid response and reliability of synaptic vesicle exocytosis (Stanley 1992;
Mochida et al., 1996; Cooper et al., 1996).

Each synaptic membrane structure contains the proteins associated with that
particular membrane’s physiological function. Since the presynaptic side is responsible

for neurotransmitter release it is expected to contain proteins associated with vesicular
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recruitment, exocytosis, and endocytosis. The post-synaptic side would include
neurotransmitter receptors, and proteins involved in signaling pathways. Arranged
within the lipid bilayer of both synaptic membranes are many integral membrane
proteins. These proteins exhibit a variety of activities including functioning as receptors,
transporters, or ion channels. Although they may differ in function, they share similar
structural characteristics. Their trans-membrane regions consist of alpha-helical
domains with exposed hydrophobic side chains. These side chains strongly interact with
membrane lipids to form highly insoluble membrane protein complexes (Lehner et al.,
2003). In addition to membrane lipids and integral proteins, these insoluble complexes
may contain extracellular glycoproteins, cofactors, and sialogangliosides.

Since neurotransmission is the major function of the nervous system, the
identification and characterization of the individual proteins within these complexes is an
important area of neuroscience research. One method for protein isolation involves the
formation of synaptosomes. Synaptosomes, originally obtained from CNS preparations,
were initially isolated through differential centrifugation with or without sucrose
gradients, with most synaptic vesicle proteins being found in microsomal fractions
(Levitan et al., 1972; Szutowicz, 1976). However, complete isolation of individual
synaptic membrane proteins can prove quite challenging due to the nature of their
interactions within insoluble complexes.

Non-ionic detergents have been used successfully to solubilize membrane
complexes while retaining protein functionality. The detergents act to replace the lipids
that interact with the hydrophobic domains of these proteins, and form mixed micelles

(Bordier, 1981). These mixed micelles, when warmed, turn cloudy and separate into two
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phases, one of which is selectively enriched in detergent and mixed micelles. To date,
these detergent-based separation techniques have been developed and used primarily
in cell systems. However, in the emerging field of proteomics, the ability to extrapolate
these purification and enrichment techniques to whole tissues has become increasingly
important.

In our continuing efforts to identify and characterize botulinum toxin receptors at
the neuromuscular junction, it was first necessary to modify our protocol for optimal
isolation of membrane proteins. Using this optimized protocol we were able to further
characterize the neuromuscular junction-enriched murine diaphragm preparation
originally developed in our laboratory. To achieve this, differential centrifugation was
combined with non-ionic detergent solubilization to isolate hydrophobic membrane
fractions enriched with integral and membrane associated proteins. Highly abundant
cytoplasmic proteins were partitioned into the hydrophilic fraction, increasing the
likelihood of isolation and identification of low abundant membrane proteins. Following
isolation, several proteins from both the pre- and postsynaptic regions of the
neuromuscular junction were identified through a combination of two dimensional
electrophoresis (2-DE), tandem mass spectrometry (LC-MS-MS) and western blot.
MATERIALS AND METHODS
Tissue isolation

Phrenic nerve-hemidiaphragm tissue were removed from adult male NIH Swiss
mice (n=120) following decapitation as approved by the University’s Institutional Animal

Care and Use Committee.
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Synaptic membrane preparation

Neuromuscular tissue was prepared on ice according to our previously published
procedures (Kalandakanond & Coffield, 2001a). Briefly, diaphragm tissues were minced
in homogenization buffer containing 250 mM sucrose, 1 mM EDTA, protease inhibitor
cocktail (Sigma-Aldrich; St. Louis, MO) and 20 mM HEPES (pH 7.4). The resulting
suspension was homogenized with a handheld electronic homogenizer (Omni 1000) at
15,000 rpm for 1 min. The homogenate was fractionated by centrifugation.
Homogenates were initially spun at 1,000 X g for 5 min using a tabletop centrifuge. The
resulting supernatant (S1) was then centrifuged at 10,000 X g for 10 min. The
supernatant (S;) was removed from the pellet (P2) and centrifuged at 250,000 X g for 1
hr in an Optima ultracentrifuge (Beckman Coulter; Fullerton, CA). The final resulting
supernatant (Ss;) was then separated from the pellet (Ps).
Detergent fractionation and enrichment

The resulting P, and P3 synaptic membrane preparations were further
fractionated using the Mem-Per Kit (Pierce Biochemical; Rockford, IL). Briefly, the P2
and Pz samples were incubated in the Pierce lysis buffer (Reagent A) for 30 min at room
temperature followed by a 45 min incubation on ice, and then frozen overnight. Sample
protein concentration was determined by the modified Lowry method (BioRad; Hercules,
CA). To solubilize and separate proteins into hydrophobic and hydrophilic fractions, 500
Mg each of P, and P3; were mixed in a 1:4 ratio with a dilute Pierce Reagent C detergent
(diluted in a 2:1 ratio with Reagent B). This mixture was vortexed and placed on ice for
45 min, with vortexing every 5 min. At the end of this incubation the mixture was placed

in a 37°C incubator for 20 min. The sample was then spun at 10,000 X g for 3 min to
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separate the sample into an upper aqueous and a lower detergent rich layer. To prevent
remixing, the upper hydrophilic layer was rapidly separated from the lower hydrophobic
(H1) layer. To enhance recovery of integral membrane proteins, the upper hydrophilic
layer was subjected to a second extraction by the addition at 1:1 per volume of
concentrated Reagent C detergent according to manufacturer’s instructions. The (Hs)
hydrophilic upper layer was again separated from the lower (Hz) hydrophobic layer (See
Figure 2.1). The Hy and H; hydrophobic layers were then pooled into a single
hydrophobic fraction (H1/H2). The hydrophilic fraction and the pooled hydrophobic
fractions were subjected to 2DE or SDS polyacrylamide gel electrophoresis.
2-dimensional electrophoresis

Both unfractionated P5; and P, samples as well as the detergent-enriched P3; and
P, fractions were treated with cold acetone to precipitate proteins. The protein
concentrated pellets were reconstituted in one of the following 2-DE rehydration buffers
and incubated for 1 h. Buffer 1 consisted of 7M Urea, 2M Thiourea, 4% CHAPS and 25
mM DTT, 0.5% ampholytes (pH 3-10), 1% Triton X-100, and 1% TBP; buffer 2
consisted of 6M Urea, 2M Thiourea, 25mM DTT, 1% CHAPs, 1% ASB-14, 1% Triton X-
100, 0.5% ampholytes (pH 3-10) plus 1% TBP. The rehydrated sample containing
solution was then added to Bio-Rad immobilized pH gradient (IPG) strips (3-10) and
incubated for 1 h at which time they were overlayed with mineral oil in preparation for
active rehydration.

Sample loaded strips were then placed in the PROTEAN IEF Cell (Bio-Rad;
Hercules, CA) for active rehydration for 12 h. Following rehydration, proteins were

focused up to 35,000 Vh at 15°C and separated by pl. Salt contamination was
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collected on wicks to avoid altering the gradient. To prepare the strips for the second
dimension, focused strips were placed in equilibration buffer consisting of 6M UREA;
2% SDS; 0.375% Tris-HCI; 20% glycerol, and 2 mM TBP for 40 min. The equilibrated
strips were then embedded in Criterion 10-20% Tris-HCI (Bio-Rad) and proteins
separated by mass using SDS-PAGE. Gels were either stained with Colloidal
Coomassie or processed further for immunoblot detection. Coomassie stained gels
underwent spot comparison and extraction and were sent for MS-MS identification by
either electrospray ionization quadropole tandem mass spectrometer, or a nanospray
LCQ XP ion-trap mass spectrometer (Ohio State Proteomics facility; Columbus, OH,
and Michigan State Proteomics Facility; East Lansing, MI).
Immunoblot

Following SDS page electrophoresis for either 1 dimension or 2 dimension
analysis, proteins were transferred to PVDF membranes. Membranes were blocked in
3% milk-TBS for either 2 h at room temp (all antibodies other than Santa Cruz) or
overnight cold (Santa Cruz). Blots were probed for the following pre- and postsynaptic
proteins using rabbit polyclonal antibodies: synaptotagmin | 1:5000, NGFp75 1:8000
(Sigma-Aldrich; St Louis, MO); alpha 7 nicotinic acetylcholine receptor 1:100 (Research
& Diagnostic Antibodies; Concord, MA); MuSK 1:250 (Affinity Bioreagents; Golden CO);
VAMP 1:4000 (Wako Chemicals; Richmond, VA); Syntaxin 1A,1b, 1:1000, ERC-2
1:500, Dynamin 1:1000 (Synaptic Systems; Goettingen, Germany); synaptophysin
1:300, LAR 1:400,CASK 1:400, ERB-B2 1:400, ERB-B4 1:300,ACHE, TrkB 1:800
(Santa Cruz; Santa Cruz ,CA); Ngr2 1:200, Ngr3 1:200 (Alpha Diagnostic; San Antonio,

TX); P2X2 1:600, Neuregulin 1:200 (Chemicon; Temecula, CA) a-beta crystallin 1:2000,
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AP2 (Stressgen; Victoria, British Columbia, Canada). All primary antibodies were
diluted in 1% milk-TBS. After removal of primary antibody, blots were washed 4 times in
TBS and probed with an HRP- labeled goat anti-rabbit antibody (BioSource; Camarillo,
CA; 1:5000) for 1 h at room temperature. Membranes were then washed 6 times in
TBS, and the immunoreactive bands were visualized using ECL" Chemiluminescence
Detection System (Amersham Life Science; Piscataway, NJ). Band strength was
evaluated qualitatively by visual inspection.

RESULTS

Isolation and fractionation of proteins

In contrast to a whole cell lysate in which the proteins are reported to be focused
predominantly within the acidic region (pl 4-6), the majority of the proteins from our
unfractionated synaptic membrane enriched sample (P3) shown in Figure 2.2, were
isolated between pl 6-10, with large clusters of protein spots found in the 50-75 kDa
mass range. However, the ability to resolve individual protein spots for further
identification or to measure quantifiable differences between fractions was limited due to
the complexity of the neuromuscular tissue preparation.

Detergent fractionation of the P; sample (500 pg total protein) permitted greater
resolution of protein spots within this mass range. Further, the fractionation protocol
shown in Figure 2.1 also permitted the isolation and 2-D separation of several proteins
that were selectively enriched in either the hydrophobic fraction (Figure 2.3A) or the
hydrophilic fraction (Figure 2.3B). Seven of these spots were sent for identification by
mass spectrometry. The hydrophobic fraction returned identifications for all spots

including heat shock proteins, glyceraldehyde-3-phosphate dehydrogenase and
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cytoskeletal protein Desmin, while the hydrophilic protein spots were identified as alpha
beta crystallin.

On average unique peptides were isolated that matched to several proteins
including Rab (membrane associated), actin gamma, glial fibrillary acidic proteins
(cytoskeletal) and vitamin D binding protein. Initial analyses of these MS-MS results
revealed a lack of plasma membrane protein identifications. One potential explanation
for this was that incompletely solubilized membrane protein complexes were being
captured in the earlier pelleted fraction (P2). Figure 2.4 displays a gel of P, samples
resolved by 2DE. Interestingly, it was necessary to decrease the initial amount of
protein to 400 pg due to the high resistance generated from the sample which resulted
in burning of the IPG strip. This illustrated the benefit of additional fractionation of the
complex sample with detergents in order to increase the total amount of protein
analyzed. These detergent fractions were separated by 2-DE and are shown in Figure
2.5A (hydrophobic fraction) and 2.5B (hydrophilic fraction).

Identification of proteins in P, and P3 fractions by LC-MS-MS

In an attempt to further identify proteins that were in the P, and P; fractions,
acetone precipitated samples of each were sent for LC-MS-MS (Michigan State
Proteomics Facility). Proteins that were identified are listed in Table 2.2, with proteins
grouped by cellular location. The results of MS-MS identified a majority of ubiquitously
expressed proteins generally compartmentalized in either the mitochondria or the
cytosol with relatively few documented at the plasma membrane. Since only a few

synapse associated proteins were identified by tandem MS-MS, P, and P3 detergent
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fractions were further analyzed by western blot to determine whether fractions where
enriched in additional synaptic proteins.
Presynaptic membrane complexes isolated through differential centrifugation

To demonstrate that the synaptic membrane enriched P preparation was a
synaptosomal-like preparation (i.e., containing both pre- and postsynaptic components),
1-D and 2-D gels were probed with antibodies to a number of membrane proteins that
are known to be located at the presynaptic nerve terminal. Using this approach we were
able to identify several proteins associated with presynaptic membrane complexes
including i.) proteins involved in vesicular exocytosis including SNAP-25, syntaxin I,
synaptotagmin |, and VAMP l; ii.) vesicular recruitment proteins including rabphilin,
synaptophysin, and RIM; iii.) growth factor receptors including ERB-B2, ERB-B4, NGR-
2, NGR-3, and TRKB; and iv.) synaptic organizational and signaling proteins including
LAR, P2X receptor and CASK. Identified proteins are listed in table 2.3 and 2.4, and
differences in their distribution between the P, and P; fractions, as well as between the
different detergent solubilized fractions are indicated.

Three different patterns were exhibited by these protein separations i) proteins
only isolated in either the hydrophobic fraction or hydrophilic fraction, ii) proteins
common to both fractions but enriched in one compared to the other, and iii) differences
observed between hydrophilic and hydrophobic fractions in terms of molecular weight or
pl shifts that were unique to the different fractions. For example, VAMP I, a small single
transmembrane domain protein, was isolated only in the hydrophobic fractions of both
P, and Ps; fractions. Syntaxin | and many of the other proteins identified, demonstrated

enrichment in the hydrophobic fraction, but were also found in the hydrophilic fractions.
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A common characteristic among some of these proteins is that they typically contain
multiple transmembrane domains. Finally, as an example of the third pattern,
synaptophysin (shown in Figure 2.7), demonstrated a ubiquitous but varied pattern of
bands between 50-75 kDa, although a 37 kDa band was present only in hydrophobic
fractions.
Post synaptic membrane complexes isolated through differential centrifugation

Western blot analyses revealed that differential centrifugation and detergent
fractionation of our neuromuscular junction enriched preparation resulted in the isolation
of postsynaptic membrane proteins and protein complexes found at the neuromuscular
junction. For instance, NGF/p75, a tyrosine kinase receptor that is located both pre- and
post synaptically, demonstrated ubiquitous expression in both the P, and P3 fractions
and was mainly enriched in the hydrophilic fractions. In addition, two subunits of the
nicotinic acetylcholine receptor, a4 and a7, were identified by western blot and were
particularly enriched in the hydrophilic fraction of the P3 preparation, while a 37 kDa
band was completely isolated in the hydrophobic fraction of the P;. MuSK, an
acetylcholine receptor associated protein, is almost completely isolated in the P;
preparation, but demonstrates only slight enrichment in the hydrophilic fraction. The two
dimensional electrophoresis pattern of this protein (shown in Figure 2.6) demonstrates
multiple linear spots that follow this same pattern of fractionation.
DISCUSSION

We utilized several different proteomic techniques in an effort to characterize
neuronal proteins from a neuromuscular junction enriched preparation obtained from

murine diaphragm. A combination of centrifugal and detergent fractionation was used to
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generate a preparation concentrated in synaptic proteins. Initial results from MS-MS
spectrometry, however, identified mostly highly abundant cytoplasmic and mitochondrial
proteins. The small representation of synaptic proteins in this sample led to the
utilization of western blot techniques to confirm the presence of synaptic proteins.
Western blots of detergent fractionated P, and P; samples indicated interesting cellular
protein arrangements.

Previous study of the specialized synapse of the mammalian neuromuscular
junction has been limited primarily to histological and electrophysiological
experimentation in whole tissue preparations. Although of considerable value, these
approaches are somewhat tedious, labor intensive and time consuming. The ability to
isolate a membrane enriched synaptosomal-like preparation from a mammalian
neuromuscular tissue will permit greater scientific investigation of many physiological
pathways associated with the neuromuscular junction. These include a variety of
synaptic functions from electrochemical signaling and neurotransmitter release to
neurotransmitter receptors and signaling pathways associated with muscular response.
In the current study, western blot analyses of the mouse diaphragm preparation
demonstrate that differential centrifugation can be used to isolate a synaptosomal-like
preparation that demonstrates both pre- and postsynaptic protein components that
comprise the neuromuscular junction.

The isolation and solubilization of membrane proteins for 2-DE followed by
MS/MS identification has proved problematic at best. This is further complicated by the
insoluble nature of the specialized interacting proteins which constitute the synaptic

complex. To minimize these issues, we further fractionated our synaptic membrane
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enriched preparation with non-ionic detergents. This treatment resulted in improved
solubilization of some membrane bound proteins and detection of lower abundant
proteins. However, an analysis of immunoblot patterns of two dimensional gels from
detergent fractionated samples suggests incomplete partitioning for certain integral
membrane or membrane-associated proteins.

One potential explanation for this may be the relative insolubility of proteins with
a large number of transmembrane domains. Since detergent solubilization works best
for proteins with less than four transmembrane domains, the presence of a larger
number of domains such as those that constitute the acetylcholine receptor will likely
result in the protein not being enriched into either fraction. Another interesting example
is the P2X7 receptor; the P2X receptor isoforms P2X1 and P2X3 have been shown to
exist as possible functional dimers and trimers within the cell membrane (Nicke et al.,
1998). Therefore, the ~70 and ~150 kDa bands detected ubiquitously in all of the
fractions may represent these multimeric functional units, while the smaller molecular
weight band seen primarily in the P, and P3 hydrophilic fraction may represent the
monomer.

Membrane associated proteins such as MuSK, although largely partitioned into
the hydrophilic fraction, also demonstrated incomplete fractionation. This may be the
result of non-ionic detergent formation of mixed micelles. Within these mixed micelles,
the proteins retain their physical/chemical structures. This allows the proteins to retain
functionality; therefore, protein-protein interactions may occur in vitro that result in

functionally associated proteins being pulled into one fraction or the other.
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Differences in spot patterns (2-D) and band patterns (1-D) were evident in
immunoblot comparisons of hydrophilic and hydrophobic fractions. There are a number
of potential explanations for proteins demonstrating spots at different molecular weights
and different pls across fractions. First, spots or bands at different molecular weights
may be the result of protein-protein interactions in which co-migration produces different
mass sizes. For example, synaptophysin had a band at ~37 kDa that appeared strongly
in both P, and Ps3, but only in the hydrophobic fractions. Additionally, synaptophysin
also demonstrated multiple bands between 50-75 kDa that were ubiquitous through all
fractions. These larger molecular weight bands may represent a protein complex of
synaptophysin with synaptobrevin that has been previously reported in brain extracts
(Becher et al., 1999).

Second, since the proteins examined in this project are membrane or signaling
proteins, it is likely that they are post-translationally modified. Modifications such as
glycosylation and phosphorylation result in proteins exhibiting multiple isoelectric (ISE)
points that are detectable on 2-D immunoblots. This can be seen with MuSK as
horizontal, slightly linear spot patterns. These modifications may also control
compartmentalization of proteins that results in movement between the plasma
membrane and the cytoplasm or endosome.

Finally, detergent solubilization of membrane proteins may permit exposure of
multiple antibody recognition sites while at the same time causing fragmentation of
hydrophilic, cytoplasmically exposed loops of hydrophobic transmembrane domains.
Each of these fragments may be recognized by the polyclonal antibody. It is plausible

that this could result in multiple bands or spots of smaller size than the original protein.
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Consistent with this hypothesis, LAR demonstrated a ~200 kDa band in non-
fractionated samples, but, after fractionation, LAR demonstrated a 40 kDa band that
was present ubiquitously in all fractions.

Proteomic techniques were originally developed and perfected for the
identification of hydrophilic, highly abundant, cytoplasmic proteins, and are unreliable at
best for the isolation and identification of membrane proteins. Membrane proteins tend
to be extremely hydrophobic and demonstrate lower abundance. Large membrane
proteins can form aggregates within acrylamide gels making them difficult to resolve by
2-DE. Enrichment and purification are important first steps towards successful
proteomics of membrane proteins. In the current study, a combination of differential
centrifugation and detergent fractionation enabled the isolation and identification of
several low abundant proteins, including membrane proteins from a relatively insoluble
synaptic protein matrix. Isolated proteins demonstrated different cellular functions
ranging from energy production to synaptic transmission and were localized to several
different subcellular compartments in addition to the plasma membrane. These results
suggest that these enrichment and purification techniques, while valuable, yielded a still
relatively complex protein sample. The complexity of this sample likely contributed to
the lack of synapse specific protein identification by MS-MS. However, this same
limitation was not encountered in western blot analyses which validated the enrichment
of this synaptosomal-like preparation with proteins known to be associated with the
neuromuscular junction. Further optimization of enrichment and purification techniques,
as well as mass spectrometry, will be needed if proteomics is to be useful for the

identification of low abundant membrane proteins.
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Table 2.1. MS/MS identification of spots enriched in either hydrophobic (Hi) or hydrophilic (Hs) fractions.

Spot ID Protein name Pubmed # peptides matched| Theoretical. Protein location
number M.W.

H1-1 Heat Shock Protein P14602 5 27000 Cytoplasmic
Beta-1

Hexokinase Il 008528 1 102500 Cytoplasmic

Rab11b gi49900 1 36400 Membrane

Associated

H1-2 Heat shock Protein | P14602 23 27000 Cytoplasmic

Triosephosphate isomerase P15711 5 26700 Cytoplasmic

Desmin P31001 2 35686 Cytoskeletal

H1-3 Glyceraldehyde-3-phosphate P16858 7 35800 Cytoplasmic

dehydrogenase
Alpha crystallin B chain P23927 3 20500 Cytoplasmic
Glial fibrillary acidic protein P03995 1 26400 Cytoskeletal
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Table 2.1, continued.

Spot ID Protein name Pubmed # of peptides Theoretical M.W.| Protein location
number matched
H1-4 Desmin P31001 15 35686 Cytoskeletal
Vitamin D binding Protein P21614 1 26400 Cytoplasmic/actin
associated
Actin Gamma P05271 2 41800 Cytoskeletal
Transitional endoplasmic reticulum Q08153 1 90100 Endoplasmic
ATPase (Valosin containing) Reticulum
Triosephosphate isomerase P15711 5 26700 Cytoplasmic
H1-5 Glyceraldehyde-3-phosphate P16858 14 35800 Cytoplasmic
dehydrogenase
H3-1 Alpha crystallin beta P23927 5 20100 Cytoplasmic
Glyceraldehyde-3-phosphate Q8ECV2 3 34900 Cytoplasmic
dehydrogenase
H3-2 Alpha crystallin beta P23927 5 20100 Cytoplasmic
Glyceraldehyde-3-phosphate Q8ECV2 3 34900
dehydrogenase Cytoplasmic
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Table 2.2. Proteins identified by LC-MS-MS.

Mitochondrial proteins

Creatine kinase, sarcomeric mitochondrial precursor (Basic-type mitochondrial creatine kinase).

ATP synthase beta chain, mitochondrial precursor

ATP synthase alpha chain, mitochondrial precursor

Dihydrolipoyl dehydrogenase, mitochondrial precursor (Dihydrolipoamide dehydrogenase)
(Glycine cleavage system L protein)

Pyruvate dehydrogenase E1 component alpha subunit, somatic form, mitochondrial precursor
2-oxoglutarate dehydrogenase E1 component, mitochondrial precursor (Alpha-
ketoglutarate dehydrogenase)

Aconitate hydratase, mitochondrial precursor (Citrate hydro-lyase) (Aconitase)

Pyruvate dehydrogenase E1 component beta subunit, mitochondrial precursor

Aspartate aminotransferase, mitochondrial precursor (Transaminase A) (Glutamate
oxaloacetate transaminase-2)

Propionyl-CoA carboxylase beta chain, mitochondrial precursor (PCCase beta subunit)
(Propanoyl-CoA:carbon dioxide ligase beta subunit)

Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex,
mitochondrial precursor (Pyruvate dehydrogenase complex E2 subunit)
(Dihydrolipoamide S- acetyltransferase component of pyruvate dehydrog

Electron transfer flavoprotein alpha-subunit, mitochondrial precursor (Alpha-ETF)

Isocitrate dehydrogenase

Short chain 3-hydroxyacyl-CoA dehydrogenase, mitochondrial precursor (HCDH) (Medium and
short chain L-3-hydroxyacyl-coenzyme A dehydrogenase)

Citrate synthase, mitochondrial precursor

Fumarate hydratase, mitochondrial precursor (Fumarase)

Voltage-dependent anion-selective channel protein 1 (VDAC-1) (hWVDAC1) (Outer mitochondrial
membrane protein porin 1) (Plasmalemmal porin) (Porin 31HL) (Porin 31HM)

Cytochrome c¢1, heme protein, mitochondrial precursor (Cytochrome c-1).

Cytochrome ¢

Acyl-CoA dehydrogenase, long-chain specific, mitochondrial precursor (LCAD).

Stress-70 protein, mitochondrial precursor (75 kDa glucose regulated protein) (GRP 75)
(Peptide-binding protein 74) (PBP74) (Mortalin) (MOT)

Cytoplasmic proteins

Beta enolase (2-phospho-D-glycerate hydro-lyase) (Muscle-specific enolase) (MSE). (Skeletal
muscle enolase) (Enolase 3)

Creatine kinase, M chain (M-CK).

Fructose-bisphosphate aldolase A (Muscle-type aldolase) (Lung cancer antigen NY-LU-1).

Alpha crystallin B chain (Alpha (B)-crystallin) (Rosenthal fiber component) (Heat-shock protein
beta-5) (HspB5)

Glyceraldehyde-3-phosphate dehydrogenase, liver (GAPDH).

UTP--glucose-1-phosphate uridylyltransferase 2 (UDP- glucose pyrophosphorylase 2) (UDPGP
2) (UGPase 2)

Fructose-bisphosphate aldolase C (Brain-type aldolase)

Glycogen phosphorylase, brain form

Glycogen phosphorylase, muscle form (Myophosphorylase)

Malate dehydrogenase, cytoplasmic
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Table 2.2, continued.

L-lactate dehydrogenase B chain (LDH-B) (LDH heart subunit) (LDH-H).

T-complex protein 1, eta subunit (TCP-1-eta) (CCT-eta) (HIV-1 Nef interacting protein)

Glucose-6-phosphate isomerase (GPI) (Phosphoglucose isomerase) (PGI) (Phosphohexose
isomerase) (PHI) (Neuroleukin) (NLK) (Sperm antigen-36) (SA-36)

Phosphoglycerate mutase 2 (Phosphoglycerate mutase isozyme M) (PGAM-M) (BPG-
dependent PGAM 2) (Muscle-specific phosphoglycerate mutase)

Alpha-centractin (Centractin) (Centrosome-associated actin homolog) (Actin-RPV) (ARP1).

Fumarate hydratase, mitochondrial precursor (Fumarase)

Phosphoglucomutase (Glucose phosphomutase) (PGM)

Proteasome subunit alpha type 2 (Proteasome component C3) (Macropain subunit C3)
(Multicatalytic endopeptidase complex subunit C3)

26S protease regulatory subunit 8 (Proteasome subunit p45) (p45/SUG) (Proteasome 26S
subunit ATPase 5) (Thyroid hormone receptor interacting protein 1) (TRIP1)

T-complex protein 1, beta subunit (TCP-1-beta) (CCT-beta)

Glycogen debranching enzyme (Glycogen debrancher)

Proteasome subunit alpha type 6 (Proteasome iota chain) (Macropain iota chain) (Multicatalytic
endopeptidase complex iota chain) (27 kDa prosomal protein) (PROS-27) (p27K)

Cytochrome ¢

Tubulin alpha-ubiquitous chain (Alpha-tubulin ubiquitous) (Tubulin K- alpha-1)

26S protease regulatory subunit 6A (TAT-binding protein 1) (TBP-1) (Proteasome subunit P50)
Cylicin-1 (Cylicin 1) (Multiple-band polypeptide I) (Fragment)

Myosin heavy chain, skeletal muscle, perinatal (MyHC-perinatal)

Myosin-binding protein C, slow-type (Slow MyBP-C) (C-protein, skeletal muscle slow-isoform).

26S proteasome non-ATPase regulatory subunit 3 (26S proteasome regulatory subunit S3)
(Proteasome subunit p58)

Delta-aminolevulinic acid dehydratase (Porphobilinogen synthase) (ALADH)

26S proteasome non-ATPase regulatory subunit 13 (26S proteasome regulatory subunit S11)
(26S proteasome regulatory subunit p40.5)

Tubulin beta-4 chain (Tubulin 5 beta) (Tubulin beta-4)

Proteasome subunit beta type 1 (Proteasome component C5) (Macropain subunit C5)
(Multicatalytic endopeptidase complex subunit C5) (Proteasome gamma chain)

Aspartate aminotransferase, cytoplasmic (Transaminase A) (Glutamate oxaloacetate
transaminase-1)

Proteasome subunit beta type 3 (Proteasome theta chain) (Proteasome chain 13) (Proteasome
component C10-11)

Endoplasmic & sarcoplasmic reticular proteins

Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (Calcium pump 1)
(SERCA1) (SR Ca (2+)-ATPase 1) (Calcium-transporting ATPase sarcoplasmic
reticulum type, fast twitch skeletal muscle isoform) (Endoplasmic reticulum class 1/2 Ca
(2+) ATPase)
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (Calcium pump 2) (SERCAZ2)
(SR Ca (2+)-ATPase 2) (Calcium-transporting ATPase sarcoplasmic reticulum type,
slow twitch skeletal muscle isoform) (Endoplasmic reticulum class 1/2 Ca (2+) ATPase).
Transitional endoplasmic reticulum ATPase (TER ATPase) (15S Mg (2+)- ATPase p97 subunit)
(Valosin-containing protein) (VCP).
Reticulon protein 2 (Neuroendocrine-specific protein-like 1) (NSP-like protein 1) (NSPLI)
Calsequestrin, skeletal muscle isoform precursor (Calsequestrin 1) (Calmitin)
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Table 2.2, continued
Vesicular or plasma membrane proteins

Clathrin heavy chain 1 (CLH-17)

Leucyl-cystinyl aminopeptidase (EC 3.4.11.3) (Cystinyl aminopeptidase) (Oxytocinase) (OTase)
(Insulin-regulated membrane aminopeptidase) (Insulin-responsive aminopeptidase)
(IRAP) (Placental leucine aminopeptidase) (P-LAP).

Adenylyl cyclase-associated protein 1 (CAP 1).

Annexin A2 (Annexin Il) (Lipocortin Il) (Calpactin | heavy chain) (Chromobindin 8) (p36) (Protein
I) (Placental anticoagulant protein 1V) (PAP-1V).
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Table 2.3. Table of western blots: Antibody & fractions tested.

Antibody P2/H1 (MW) P2/H3 (MW) P3/H1 (MW) P3/H3 (MW)
Synaptotagmin +++ (70) ++ (70) + (70) ++ (70)
++ (110) +(110)
AChRa7 + (75) +++ (75) +++ (37) +(37)
MuSK + (37) + (37) ++ (37) +++ (37)
Neuregulin ++ (50) ++ (50) ++ (50) +++ (50)
+++ (75) ++ (100) +++ (100)
++ (250)
ERB-b2 ++ (25) + (25) +(25) +(75)
+(170) + (75) +(75) +(170)
+(170) +(170)
ERB-b4 ++++ (25) ++++ (25) ++++ (25) ++++ (25)
TRK-B ++ (20) +(20) +(20) +(20)
+(70) ++ (70) +(70) ++ (250)
Synaptophysin ++ (37) ++(50) +++ (37) +/- (50)
+(60) ++(60) +(50)
+(70) ++(70) +(60)
Syntaxin 1B +++ (67) ++ (67) +++ (67) + (67)
NGFRp75 + (50) ++ (50) + (50) +++ (50)
P2X7R ++ (47) +++ (47) +(47) +++ (47)
+++ (70) +++ (70) ++ (70) +++ (70)
++ (150) + (150) +++ (150) +++ (150)
+/- (250)
LAR +++ (40) +++ (40) +++ (40) +++ (40)
++ (50)
NGR-2 Not Visible + (50) Not Visible + (50)
+ (75) +(100)
NGR-3 ++ (60) ++ (60) Not Visible + (60)
+(79)
VAMP +(17) Not Visible +++ (17) Not Visible
AP2 ++ (U/A) ++ (U/A) Not Visible Not Visible

Note: All molecular weights are approximated by comparison to known molecular weight marker.
Number of “+” indicates qualitative strength of visible band intensity; Numbers in () indicate MW

of bands; U/A = Molecular weight not recorded.
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Table 2.3, continued.

Antibody

P2/H1 (MW)

P2/H3 (MW)

P3/HL (MW)

P3/H3 (MW)

SNAP-25

++ (25)

Not visible

Not visible

Not visible
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Table 2.4. Additional proteins identified by western blot.

Antibody P3 P2
Rim1 + ++
Dynamin ++ +
ACHE + +
CASK ++ Not tested
ERC-2 ++ Not tested
a-f crystallin +++ Not tested

Note: Number of “+” indicates qualitative strength of visible band intensity
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Figure 2.1. Detergent solubilization protocol utilized for detergent fractionation.

Phase separations performed after consecutive incubations at 4° and 37°C.
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Figure 2.1. Detergent phase fractionation diagram.
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Figure 2.2. Two-dimensional gel of total P; sample from the neuromuscular
junction enriched preparation of mouse diaphragm. Mouse diaphragm was
fractionated through differential centrifugation into a final P; fraction. A 500 ug
sample was then separated by 2-DE. Proteins separated on IPG strip 3-10 linear

gradient.
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Figure 2.2.
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Figure 2.3A and 2.3B. Two dimensional gels of detergent fractionated P3
samples. P3 samples of mouse diaphragm (500 ug) were separated into
hydrophobic (2.3A) and hydrophilic fractions (2.3B) through detergent phase
partitioning. Proteins were then resolved utilizing 2-DE. Circled spots circled were

submitted for MS-MS spectrometry identification.
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Figure 2.3A.
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Figure 2.4. Two-dimensional gel of total P, sample from the neuromuscular
junction enriched preparation of mouse diaphragm. Mouse diaphragm was
fractionated through differential centrifugation into a final P, fraction. A 400 ug
sample of this fraction was then separated by 2-DE. Proteins were separated on

IPG strip 3-10 linear gradient.
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Figure 2.4.
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Figure 2.5A and 2.5B. Two dimensional gels of detergent fractionated P»
samples. P, samples of mouse diaphragm (500 ug) were separated into
hydrophobic (2.5A) and hydrophilic fractions (2.5B) through detergent phase

partitioning. Proteins were then resolved utilizing 2-DE.
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Figure 2.5A.
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Figure 2.6. MuSK Hs fractionation. 2-D electrophoresis of P3; hydrophilic fraction.
Linear patterned spots illustrate changes in pl possibly due to post-translational

modifications.
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Figure 2.6.
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Figure 2.7. Detergent fractionation of P; and P, samples probed for
synaptophysin (37kDa). This blot illustrates the higher molecular weight patterns,

which may correlate to synaptophysin complexed with other proteins such as

synaptobrevin.
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Figure 2.7.
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CHAPTER 3

THE USE OF PROTEOMIC TECHNIQUES TO ISOLATE AND IDENTIFY
BOTULINUM TOXIN SEROTYPE A BINDING PROTEINS AT THE

NEUROMUSCULAR JUNCTION'

! Parrott TM, Brooks PM, Vunnava A,Whelchel DD, Coffield JA. Manuscript to be submitted.



ABSTRACT

The overall goal of the studies reported in this chapter was to identify botulinum
toxin serotype A (BoNT/A) binding proteins at the neuromuscular junction that could be
investigated as potential toxin receptors in future studies. A combination of differential
centrifugation and detergent phase partitioning was used to isolate synaptosomal
fractions from diaphragm tissue. Affinity precipitation was utilized to investigate
Botulinum serotype A protein-protein interactions in these membrane enriched fractions.
Candidate binding proteins obtained through affinity precipitation were submitted for
identification by tandem mass spectrometry (MS-MS). Results of MS-MS analyses
were mixed with several protein identifications suggesting potential interactions of
botulinum toxin (BoNT) with proteins localized to various intracellular compartments.
However, the results did not yield specific identification of plasma membrane proteins.
The potential reasons for this lack of plasma membrane protein identification were
investigated and are discussed herein. In general, the findings suggest that even with
the additional purification achieved by affinity precipitation, currently available proteomic
methods employing mass spectrometry are inadequate to identify neuronal membrane

proteins within a complex mixture.
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INTRODUCTION

Botulinum toxin (BoNT), an extremely potent neurotoxin, is produced under
anaerobic conditions primarily by the bacteria Clostridium botulinum. The cellular target
of BONT is the cholinergic nerve terminal of the peripheral nervous system, primarily the
neuromuscular junction. Intoxication with BONT causes botulism, an acute, afebrile
disease characterized by a flaccid muscle paralysis due to inhibition of acetylcholine
release. The toxin itself exists in seven distinct serotypes, A through G (see review by
Collins and East, 1998). Each serotype is a specific protease with a distinct molecular
target within the SNAP receptor (SNARE) complex, a protein complex required for
membrane fusion. Cleavage of any of the three proteins that constitute this complex
disrupts vesicular fusion, preventing neurotransmitter release from the synaptic vesicle
(Link et al., 1994; Schiavo et al., 1992a, b; Blasi et a; 1993a; Schiavo et al., 1993a;
Schiavo et al., 1994; Kalandakanond and Coffield, 2001). Death from botulism is due to
respiratory paralysis. Simpson (1981) proposed a model of clostridial neurotoxin action
in which toxin first binds to a serotype specific receptor, thought to be an integral
plasma membrane protein, selectively located on the cholinergic nerve terminal. The
toxin is then internalized through receptor-mediated endocytosis. Reduction of the
disulfide bond linking the two primary chains of the toxin occurs in the endosome; the
acidic conditions within the endosome promote the translocation of the toxin light chain
to the cytosol, possibly through a pore formed by the toxin heavy chain in the
endosomal membrane. The light chain then proceeds to cleave its serotype specific

substrate.
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The first plasma membrane constituents shown to bind BoNT were
polysialogangliosides (Kitamura et al., 1980;; Kozaki, 1979; Bakry et al., 1991;
Schengrund et al., 1991, Kozaki et al., 1998). These gangliosides, however, are
unlikely to be the only toxin receptors because they are both widely distributed within
the nervous system (i.e., non-selective) and reportedly bind toxin with low affinity (i.e.,
low potency). However, such binding may act to increase or facilitate the toxins
exposure to a high affinity protein receptor site. Over the last fifteen years, a number of
intriguing protein candidates has been proposed. In 1992, studies utilizing torpedo
electric organ, a concentrated source of cholinergic nerve terminals, demonstrated
binding of '#°| labeled toxin A and toxin A-gold complexes to a unidentified140 kDa
protein (Blasi et al, 1992). Other studies utilizing brain synaptosomes have identified
two different proteins that demonstrated ganglioside dependent binding to BoNT
serotype A. In these initial binding experiments two separate proteins, one at ~80 kDa
and the other at ~116 kDa were observed. These proteins were subsequently identified
as adducin and synapsin (Schengrund et al., 1993, 1996). However, neither of these
proteins have extracellular domains, making them unlikely candidates for toxin
receptors.

Evidence from studies using both target and non-target tissues suggested that
the synaptic vesicle proteins synaptotagmin | and Il were functional binding proteins for
botulinum toxin serotype B (BoNT/B; Nikishi et al., 1994; Nikishi et al., 1996a; Nlkishi et
al., 1996b). In support of this, concurrent studies reported that the n-terminus of
synaptotagmin Il was presented extracellularly during stimulus-evoked exocytosis

(Angaut-Petit et al., 1995; 1998). However, other studies performed in brain
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synaptosomes reported that serotypes A and E also bound to synaptotagmin | (Li and
Singh, 1998). Very recently it was reported that serotype G also binds to synaptotagmin
| and Il in a phrenic nerve-hemidiaphragm preparation (Rummel et al., 2004).
Collectively, these results are inconsistent with previous reports indicating that the
pattern of toxin binding to cholinergic nerve terminals is serotype specific, and that
intoxication with one serotype does not block intoxication with another (Black and Dolly
1986a;1986b). While these studies have demonstrated important concepts regarding
toxin binding, further research is needed to address the relevance of these binding
proteins to toxin action at its actual target site. To achieve this, the experimental model
chosen must allow for the assessment of toxin activity. Therefore, it is imperative that
characterization of BONT binding proteins include studies that utilize functional assays
in target tissues, particularly at the mammalian neuromuscular junction, which is the
clinically relevant site of toxin action.

Recent research in our laboratory using electrophysiologic assessment of toxin-
induced paralysis and substrate proteolysis has demonstrated the inability of
synaptotagmin antibodies and synthetic peptides to antagonize BoNT/A activity at the
murine neuromuscular junction. These data indicate that synaptotagmin | is unlikely to
be the functional receptor for this particular toxin serotype. The overall goal of the
studies reported in this chapter was to identify BONT/A binding proteins at the
neuromuscular junction that could be investigated as potential toxin receptors in future
studies. To achieve this, we employed state of the art proteomic techniques.

Differential centrifugation and non-ionic detergent solubilization of the murine

diaphragm preparation were used to obtain fractions that were enriched with pre- and
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postsynaptic membrane and membrane associated proteins (previously discussed in
chapter 2). Binding proteins were isolated from these membrane enriched fractions by
affinity precipitation using agarose beads coupled with BoONT/A in a manner that
exposed the toxin binding domain (toxin heavy chain). Candidate binding proteins,
obtained using affinity precipitation, were submitted for identification through tandem
mass spectrometry. The initial results of these studies were varied, necessitating
several modifications in procedures that are discussed herein. In general, the findings
suggest that even with the additional purification achieved by affinity precipitation,
currently available proteomic methods employing mass spectrometry are inadequate to
identify neuronal membrane proteins within a complex mixture.
METHODS
Tissue preparation and membrane protein enrichment

The protocols for these steps have been described in detail in the preceding
chapter. Briefly, diaphragm tissue from 158 NIH Swiss mice were homogenized and
processed to obtain neuromuscular junction enriched membrane fractions. Tissues
were homogenized in 1mL of homogenizing buffer (EDTA 2 mM, Sucrose 250 mM,
2mM HEPES), then spun at 5,000 X g for 5 min to remove cellular debris. The
supernatant was removed and spun at 10,000 X g for 10 min to remove nuclear debris.
The resulting supernatant was spun a final time in order to obtain a synaptic membrane
enriched preparation (P3). This membrane-enriched preparation was fractionated with
detergent using the Mem-Per Kit (Pierce Biochemical; Rockford, IL) to further solubilize

and partition membrane proteins into enriched fractions.
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Membrane fractionation and enrichment from rabbit

The diaphragms from two New Zealand White rabbits were homogenized and
processed through the membrane enriched fraction. In short, each diaphragm was
homogenized in 30 mL of homogenizing buffer (EDTA 2 mM, Sucrose 250 mM, 2 mM
HEPES), then spun at 5,000 X g for 5 min to remove cellular debris. The supernatant
was removed and spun at 10,000 X g for 10 min to remove nuclear debris. A 10 mL
sample of the resulting supernatant was spun a final time in order to create a crude
membrane preparation (P3). These pellets were reconstituted with a total of 2.5 mL of
lysis buffer. This membrane-enriched preparation was fractionated with detergent using
the Mem-Per Kit (Pierce Biochemical; Rockford, IL) to further solubilize and partition
membrane proteins into enriched fractions.
Affinity precipitation using amino-link beads

Affinity precipitation was performed with the Pierce Seize—X kit (Pierce
Biochemical; Rockford, IL). Amino-link beads were chemically coupled with botulinum
toxin serotype A (BoNT/A, 1ug/uL) through the amine terminus of the toxin light chain.
This permitted the carboxyl terminus of the toxin heavy chain (containing the receptor
binding site) to remain exposed. To achieve this, 1,500 pL of bead slurry were
incubated with 1,500 yL of purified toxin or toxin complex (Metabiologics; Madison, WI)
and 15 pL of sodium cyanoborohydride for 5 h. As a control, 1,500 uL of bead slurry
were incubated with 1,500 pL of Dulbecco’s Phosphate Buffered Saline (DPBS) at pH of
7.6 and 15 pL of sodium cyanoborohydride for 5 h. The beads were washed once with
DPBS and once with a quenching buffer consisting of 1M Tris at pH of 7.0. Each set of

beads was then incubated in 1,500 pL of quenching buffer and 15 pL of sodium
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cynanoborohydride for an additional 30 min. After incubation, the beads were washed
four times with 1M NaCl at pH of 7.0, then three times with DPBS. In initial experiments
beads were incubated with ovalbumin, normal goat serum or quenched with a 1M
glycine solution in an attempt to reduce non-specific binding in control beads.

Equal volumes of sample were added to control or toxin-coupled beads.
Following 4 h incubation on a rotator at room temperature, the beads were spun to
remove the unbound sample. The beads were then washed four times with DPBS
containing 1% TRITON X-100 to remove non-specifically bound proteins. Bound
proteins were eluted through 4 cycles utilizing 1 pL of elution buffer/1uL settled bead.
Eluted proteins were then precipitated with acetone on ice for 1h and spun for 30 min at
12,000 X g. Acetone was removed and the pellet allowed to air dry.

Two-dimensional electrophoresis (2-DE)

2-DE was performed as previously described (Chapter 2). Coomassie stained
gels were imaged and protein spots selected for further analysis. Gel spots were cored
and submitted to Ohio State Proteomics facility for protein identification by electrospray
ionization quadropole tandem mass spectrometer through peptide fingerprinting.
SDS-Page electrophoresis

Acetone precipitated pellets were solubilized in sample buffer with 5%
mercaptoethanol. Samples were boiled (5 min), loaded onto 10-20% Tris-HCI precast
gels (Bio-Rad; Hercules, CA) and resolved at 200 V for 55 minutes. Gels were washed
once with TBS and then fixed for 1 h in methanol. Gels were then stained with colloidal

coomassie blue overnight. The next day gels were destained in 25% methanol. Bands
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of interest were excised from the gel and submitted to Ohio State Proteomics Facility for
identification.
LC-MS-MS analysis

The mouse diaphragm elutions were subjected to acetone precipitation and the
pellets were sent directly to Michigan State Proteomics Facility. Protein identification
was performed utilizing nanospray LCQ XP ion-trap mass spectrometer.
RESULTS
Sample fractionation and 2-DE

Initial affinity precipitation experiments utilizing total (unfractionated) P; fractions
demonstrated a significant degree of non-specific binding as illustrated in Figure 3.1A.
Standard methods to reduce non-specific binding such as increased number of washes,
washes with higher salt concentrations, or 1M glycine did not reduce significantly this
background. The elutions resulting from these conditions are shown in Figure 3.1B. For
this reason, it was necessary to further fractionate the membrane-enriched sample with
detergent. Figure 3.1C illustrates the outcome of a precipitation using the hydrophobic
fraction obtained by detergent separation of the P; sample. The non-specific binding
observed in the control was reduced sufficiently by this treatment, enabling the
determination of differences between toxin and control precipitations. Greater
differences between these precipitations were evident when the more sensitive silver
stain was used for detection as shown in Figure 3.2; however, initial MS screening for
proteins determined that the quantity of protein in these silver stained spots was
insufficient for identification. Thus, it was apparent that protein quantities detectable by

the less sensitive Coomassie stain (ug quantities) were needed for MS analyses. To
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achieve this, it was necessary to obtain tissue homogenates of approximately 40 mg
total protein (96 mice), which were then fractionated by centrifugation and detergent
separation, and processed through affinity precipitation. A comparison of matched
control and toxin precipitated fractions indicated a number of differences, including
differences in protein spot pattern, as well as differences in spot intensity. For example,
differences in spot intensity were apparent for two closely apposed spots of
approximately 25 kDa, with an increased intensity noted in the toxin precipitated
hydrophobic (H1) fraction (as shown in Figure 3.3B), when compared to controls of the
same fractions (shown in Figure 3.3A). Other differences in spot pattern were
discernable between 50-100 kDa and pl 8-10 between these same two gels. The
elution from toxin precipitation of the hydrophobic H; fraction (Figure 3.4A) also
demonstrated a strong spot pattern from pl 4-6, between 20 and 50 kDa, when
compared with control H; fraction (not shown). One spot from the toxin precipitated
hydrophilic fraction (shown in Figure 3.5A) differed from those in the control. Spots that
differed between control and toxin precipitated fractions were submitted for further MS
analyses.
Mass spectrometry identification of individual spots from mouse diaphragm

The results from the MS analyses are detailed in Tables 3.1 and 3.2. A total of 22
spots were submitted. Protein identification was variable with approximately 50% of the
submitted spots identified. The two 25 kDa protein spots in the toxin precipitated
fractions that appeared increased in intensity were both identified as a-f crystallin. A
few of the spots were identified as hemagglutinin proteins and originated from the toxin

preparation itself, since initial experiments utilized toxin complex rather than purified
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toxin. These toxin associated components were not adequately removed by washing,
but were removed during elution. Even with the increased load of protein in the starting
sample, many of the smaller Commassie stained spots did not contain enough protein
for MS identification.

In an effort to enhance identification of spots of interest in 2-D gels from the
precipitated fractions, these gels were matched with gels from detergent fractionated P;
samples that had not been subjected to affinity precipitation, and hence had a much
greater protein content. Spots such as a-f3 crystallin were used as landmarks in this
matching process. Matched spots of interest were cored from the non precipitated
sample gels and submitted for MS identification. Utilization of this method increased the
yield of spot identification slightly, with approximately 60% of the spots being identified.
Interestingly, the majority of identified proteins originated from the hydrophilic fraction
and were mainly cytoplasmic high abundant proteins (see Table 3.4).

Since only one spot out of four from the hydrophobic fraction was identified
(Table 3.3), detergent interference was thought to be a factor. To address this possible
interference, comparisons were also made to unfractionated P3; gels shown in Figure
3.7. Proteins identified using this approach, are listed in Table 3.5. In general, while it
was apparent that MS identification of proteins obtained by affinity precipitation was
limited by protein load, it was also evident that plasma membrane proteins in particular
were being excluded from MS identification.

One dimensional electrophoresis and rabbit diaphragm
Due to the technical limitations encountered with the mouse diaphragm tissue, it

was clear that a different approach was needed. To further increase the protein in the
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starting tissue, it was necessary to switch from the mouse to a much larger species, the
rabbit. Further, because of the particular lack of membrane proteins in the MS data, it
was suggested by the OSU Proteomics Facility that the 2-DE approach be abandoned
in favor of 1-DE. The results of this approach are illustrated in Figures 3.8A and 3.8B
for the hydrophobic fraction, and Figures 3.9A and 3.9B for the hydrophilic fraction.
SDS-PAGE of each of the precipitated, fractionated rabbit P; samples demonstrated a
few bands of greater intensity in the toxin precipitated fraction compared with control.
All bands were excised and submitted, since 1-D bands contain multiple proteins, and
differences in low abundant proteins between treatments may not be visualized.
Approximately 50% of the bands from each treatment were identified. Details of the
results of MS identification are found in Table 3.6 and 3.7. Since many of these
identifications were based on small numbers of peptide fragments and low sequence
coverage, other forms of protein identification will be necessary for confirmation.
MS analyses of affinity precipitation elutions

Because of the notable lack of plasma membrane proteins identified by MS in the
mouse data, we decided to alter our approach somewhat by completely eliminating the
gel electrophoresis step. Our primary concern was that hydrophobic proteins may
actually be forming insoluble aggregates within the IPG strips. Ultilizing this approach,
the protein containing elutions from both control and toxin precipitations were submitted
directly for MS identification. Proteins that were identified in the toxin exposed samples
but not in control samples are listed in Table 2.7. Note that for two peptide sequences

there are no protein matches.
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DISCUSSION

The overall goal of the studies reported in this chapter was to identify BoNT/A
binding proteins at the mammalian neuromuscular junction that could be investigated as
potential toxin receptors in future studies. To achieve this, we employed state of the art
proteomic techniques. Previous work on BoNT receptors has been limited to non-target
tissues such as the CNS or cell lines (Li and Singh, 1998, Nishiki et al., 1994; 1996a;
1996b). This is understandable; since neuromuscular tissue preparations are quite
complex and the ratio of neural to muscle protein is extremely low. Unfortunately, while
this work has been highly informative, evidence from more traditional BoNT binding
studies (Black and Dolly, 1986a; 1986b) suggest that binding within the CNS differs
from that in the toxin target tissue, the neuromuscular junction. Thus, it is necessary
that studies of BONT binding and receptor identification be extended to the
neuromuscular junction.

Over the past several decades, the mouse diaphragm muscle has been the
tissue preparation of choice for much of the toxicological investigation of botululinum
toxin action. This is due mainly to the exquisite sensitivity of the mouse to all of the
toxin serotypes, as well as the unique anatomy of the diaphragm (thin, flat), and the
organized pattern of neural innervation which makes visualization of the endplate
regions reasonably easy. Because of this unique pattern of innervation, the diaphragm
muscle has a much higher concentration of neuromuscular junction regions than other
muscle. Careful isolation and preparation of the tissue results in a sample that is
relatively high in neural protein compared with other muscle samples. Thus, to achieve

the goal of this study, the mouse diaphragm tissue was used as the source of BONT
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receptor protein. Isolation of binding proteins from this tissue was performed by affinity
precipitation. Identification of toxin binding proteins was performed by tandem mass
spectrometry.

The results of the initial experiments of these proteomic studies revealed an
unacceptable level of non-specific binding to the affinity precipitation beads. The most
likely explanation for this was incomplete membrane solubilization resulting in the
nonspecific binding of large protein complexes to the bead matrix. Subsequent
modifications in the experimental protocol demonstrated that detergent fractionation of a
complex tissue sample significantly reduced non-specific binding, revealing differences
between control and toxin exposed samples. This was due most likely to the increased
membrane solubilization and the resultant release of individual proteins. Triton-X 114,
one of the components in the Pierce MemPer Kit, has been shown to be beneficial since
its use results in micelle formation and separation of proteins, while allowing most of the
proteins to maintain their confirmation and function. This was an important consideration
in our work since we were interested in functional protein-protein interactions.

In the experiments involving two-dimensional electrophoresis, a number of
differences between the toxin and control precipitations were evident in silver stained
gels. However, in most instances, the proteins associated with these differences were
not identifiable due to the reduced sensitivity of LC-MS-MS compared with silver stain.
Increasing the starting protein amount prior to affinity precipitation resulted in an
increase in the eluted protein that was detectable by Coomassie stain. Unfortunately,
this rather significant increase in protein resulted in only a minimal increase in MS-MS

identification. A few spots yielded single peptide fragments that did not match to a
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specific protein, even when matched to the best possible match generated by programs
such as MASCOT. Termed ‘one hit wonders’, due to only a single peptide match, these
matches have been archived for further analysis if future experiments demonstrate their
continued presence.

Matching of protein spots from affinity precipitation samples with those from P
and P, fractions resulted in the identification of previously unidentified spots. Several of
these identifications were informative in that they matched to conserved regions
recognized as cell signaling domains including: a protein kinase, a tyrosine
phosphatase, and a Src domain. Since these matches were to single peptides of
conserved regions, specific protein identification was unlikely. However, it is notable that
these conserved signaling domains are found in plasma membrane or membrane
associated proteins.

In general, however, identification of membrane protein was variable, with only a
few spots identified as subcellular organelle membrane proteins such as those
associated with mitochondria, endoplasmic reticulum, or endosomes. This coupled with
the fact that only approximately 50% of the submitted protein spots were identified
suggested that we needed to increase the amount of starting protein used in the affinity
precipitation assays. In addition, current research in membrane proteomics indicates
that 2-DE of membrane proteins may be undesirable due to their tendency to precipitate
at their pl and form insoluble aggregates. Altering the experimental protocol by using
rabbit diaphragm muscle and single dimension SDS-PAGE did not significantly improve
the results. For instance, only single peptide matches were made for most protein

identifications. Further, for each gel band examined, significant matches resulted for
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only a single protein, usually a protein of high abundance. This was surprising since
examination of 2-D gels reveals many protein spots. These results indicate that this
methodology, while increasing the number of peptide hits did not result in a significant
increase in reportable protein identification, nor did it result in any type of reasonable
identification of plasma membrane proteins. It should be noted however, that these
findings were complicated by the fact that the rabbit database is relatively incomplete
compared to that of the mouse. The impact of an incomplete protein database on our
findings is illustrated by the observation that of most of the identified proteins consisted
of highly abundant enzymes of metabolism found in the cytoplasm. Although these
proteins are associated mainly with muscle, their association with neural tissue can not
be ruled out.

There were similarities in the protein identification between mouse and rabbit.
Two abundant cytoplasmic proteins identified included the chaperone protein a-3
crystallin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The identification
of GAPDH in both species was intriguing in that it was localized to spots that were
extremely different in pl. One spot was located at pl ~5 and the other at ~8.
Differences in pl are reported to correspond to differences in protein localization as well
as function. The GAPDH protein identified at the more alkaline pl is thought to be
glycosylated and membrane bound. Interestingly, functional studies have demonstrated
a role for the glycosylated form of GAPDH in membrane fusion (see review by Sirover,
1999).

Several cellular functions have been ascribed to the crystallins; the majority of

which pertain to the maintenance of protein conformation and function under conditions

94



of cellular stress such as heat or an acidic pH. Small heat shock proteins have also
been implicated in apoptosis, as well as in the ubiquination-proteosome pathways.
While crystallins exist in skeletal muscle associated with the cytoskeleton, a- crystallin
is ubiquitously expressed, and is also found in neural tissue. In particular, small heat
shock proteins tend to interact with intermediate filament proteins. Neuronal filament
proteins have demonstrated roles in axonal sprouting during initial neurite outgrowth, or
during regeneration. Neuronal cytoskeletal proteins may also be associated with
synaptic organization, including the transport of organelles such as synaptic vesicles.

The increased amount of a-f3 crystallin in the toxin affinity precipitation samples
may offer some interesting insight into toxin transport. As stated previously, BoNT is
thought to be internalized through receptor mediated endocytosis. These endosomes
will likely not only contain the receptor, but other endosomal associated proteins
including neurofilament and neurofilament associated proteins. Eluted samples from
the toxin precipitations may include non-specific proteins that remain associated with
the receptor in the membrane. In addition, the endosomal associated crystallin may
interact with the toxin heavy chain domain as a chaperone, keeping the light chain
properly folded as it is translocated from the endosome to the cytosol. Obviously,
further research is necessary to determine whether the potential interactions of BONT/A
with a-f crystallin revealed here have any functional significance in membrane
translocation, or if it is merely an artifact of endosomal protein isolation.

As indicated earlier, there were several peptides that corresponded to conserved
domains of different functional groups of membrane proteins. These peptide fragments,

however, did not offer enough sequence coverage to identify specific proteins or to be
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confidently reported. Interestingly, a number of neurospecific proteins are associated
with these protein domain families. For instance, a peptide sequence for the MAGUK
family of proteins was identified in both toxin precipitated samples of mouse diaphragm
that were not subjected electrophoresis, as well as in protein spots cored from 2-D gels
of total P3 samples that had been matched to corresponding gels of toxin precipitated
samples. The MAGUK proteins, especially PSD 95 on the postsynaptic side and CASK
on the presynaptic side, have been implicated in a role for structural organization of the
active zone. These proteins have three different protein-protein interaction domains
including a calmodulin domain, SH3 domain, and a PDZ domain, enabling multiple
interactions to form a protein scaffold at the synapse. Other single peptide matches of
interest included an annexin precursor protein and a weak match to a domain
corresponding to FGF protein. Annexins are membrane proteins that are associated
with calcium binding and cell-cell interactions. Annexins demonstrate isoform specificity
among cell types, with isoform two demonstrating a possible role in lipid raft formation
and exocytosis of dense core vesicles (Chasserot-Golaz et al., 2005). The FGF
proteins are growth factor proteins that are found in several different cell types. They
have been shown to demonstrate many functions including a possible role in
neurogenesis. Similarly, another weak peptide match corresponding to the Ig-like
domain of Siglec proteins represents another interesting prospective membrane protein.
The Siglecs are typically identified in leukocytes and neural tissue, and are involved in
cellular interactions. One neurospecific Siglec protein of great interest, known as myelin

associated glycoprotein, reportedly binds to the same family of complex
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trisialogangliosides on the axon as does BoNT, and interacts with the Nogo receptors to
inhibit neurite growth.

Although some rather intriguing peptide matches were made suggesting the
potential for the interaction of BONT/A with plasma membrane cell signaling proteins, as
well as endosomal chaperone proteins, the overall results of these proteomic studies
were somewhat disappointing. Most membrane protein matches were limited to single
peptide matches of conserved protein domains. Significant, multiple peptide matches
were found only for highly abundant or cytoplasmic proteins. We are at a loss to explain
why easily detectable Coomassie stained spots should yield so little identification. While
there was little difference in the proteins identified in the hydrophobic versus the
hydrophilic fractions, identification from the hydrophobic fraction appeared to be more
sporadic. The latter may be explained by the recent suggestion from at least one
proteomics facility that even minute amounts of detergent in a sample may interfere with
MS-MS, decreasing the success of protein identification. Clearly, state of the art
proteomic methods are ‘state of the art’ only for a limited number and types of proteins,
e.g. highly abundant, cytoplasmic proteins from non-complex samples. Proteomics of
membrane proteins remains in its infancy. Thus, studies to identify membrane
receptors in complex tissues will need to employ other methods in addition to

proteomics.
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Table 3.1. Identification of spots selected from control precipitation of H,

detergent fraction illustrated in Figure 3.3A.

. Pubmed # peptides | Theoretical Protein
Spot ID Protein ID number matches M.W. Location
H1 CHl A Dihydrolipoamide S-
Acetyltransferase 165608128 4 59047 Mitochondria
precursor
H1CtlB Muscle glycogen | q755056 3 97225 Cytoplasm
phosphorylase
Unnamed protein product
(sequence similarity to | gi|26352896 1 * Ribosome

DNA polymerase)

Proteins in bold represent significant matches
* Information not available
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Table 3.2. Identification of spots selected from toxin precipitation of H; detergent

fraction illustrated in Figure 3.3B and 3.4A.

Spot ID Protein ID Pubmed # peptides | Theoretical Protein
number matched M.W. location
H1-5 Putative Clostridium ; Toxin
Tox E Botulinum HA-17 gi[33321090 4 17023 associated
Unknown mouse protein
similar to tensin
(conserved Protein Binds actin
tyrosine gi|26354643 1 68720 filaments
phosphatase catalytic
domain)
Lobe homolog-like
(AKT1 substrate 1 (proline-| gi|21312878 1 27466 Cytoplasm
rich))
Syntaxin 5 Plasma
conserved t-SNARE gi|7110528 1 34117 Membrane
complex subunit
H1-6 Cytoplasm/
Tox F Cryab protein gi|14789702 4 20056 Nuclear/
membrane
H1-7 Cytoplasm/
T Cryab protein gi|14789702 6 20056 nuclear/
ox G
membrane
Non-toxin .
H1-18 | haemagglutinin HA17 | gi|33321090 3 17023 Toxin
Tox R S5 . Associated
[Clostridium botulinum]
Non-toxin .
H1-19 | haemagglutinin HA70 | gi33321094 4 71207 Toxin
Tox S L . Associated
[Clostridium botulinum]

Proteins in bold represent significant matches
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Table 3.3. Identification of selected spots from matched H4 hydrophobic P;

fraction illustrated in Figure 3.5.

Creatine kinase,

chain variable region

H1-9 gi|6671762 15 43018 Cytoplasm
muscle
Pyruvate
dehydrogenasase E1 gi|57657 3 43169 Cytoplasm
alpha 1 subunit
Glyceraldehyde-3-
phosphate gi|51772343 1 41295 Cytoplasm
dehydrogenase
Immunoglobulin heavy | 57765553 1 Fragment | Cytoplasm
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Table 3.4. Identification of selected spots from matched H; hydrophilic P;fraction

illustrated in Figure 3.6.

. Pubmed # peptides | Theoretical Protein
Spot ID Protein ID Number matched M.W. location
H3-1 ATP 5b protein gi|23272966 20 56632 Mitochondria
H3-2 Pdhb protein Qi|12805431 4 34814 Mitochondria
H3-4 Creatine kinase, 4il6671762 19 43018 Cytoplasm
muscle
Glycine-, glutamate-,
thienylcyclohexyl- gil57657 2 45818 Ribosome
piperidine (frag)
binding protein
Pyruvate dehydrogenase .
E1 alpha form 1 subunit gi|57657 1 43169 Cytoplasm
Unnamed protein similar . .
to Tesk2 protein kinase gi|26343415 1 63470 Cytoplasmic
GAS2-related protein |  gi|51828694 1 72417 Cytoskeletal-
Associated
Similar to Lysosome- Lysosomal/
associated membrane gi|12835945 1 45647 Integral to
glycoprotein 1 precursor membrane
Spectrin alpha chain, gil17380501 1 167533 Cytoskeletal/
brain membrane
Olfactory receptor Olr421
conserved dpmaln g- gil47577341 1 35247 Plasma
protein membrane
receptors
Huntingtin Disease (HD)| 1438807 1 344690 Cytoplasm
protein
H3-5 Albumin 1 gi|26341396 7 64961 Cytoplasm
Creatine kinase gi|203480 3 33252 Cytoplasmic
Similar to HEF-like Cvtoolasmic/
protein gi|28488800 1 87144 t ytopiasi
. yrosine kinase
Src homology 3 domains

Proteins in bold represent significant matches
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Table 3.5. Identification of selected spots from matched P; sample illustrated in

Figure 3.7

Spot ID

Protein ID

Pubmed
number

# peptides
matched

Theoretical
M.W.

Protein
location

A-1

Unnamed protein
product

proteasome (prosome,

macropain) subunit,
alpha type 1

gi[26353732

20448

Cytoplasmic/
nuclear

Membrane protein,
palmitoylated 2
(MAGUK p55 subfamily
member 2)
conserved SH3 domain
guanylate kinase Lin7-1
Associated protein

gi[7710062

77229

Membrane
Associated

A-2

Cryab protein

gi|14789702

12

64961

Cytoplasmic

KIAA0406-like protein
Structure ARM
superfamily

gi|14193703

120765

Unknown

Similar to glyceraldehyde-
3-phosphate
dehydrogenase

(phosphorylating)

gi|51766433

24480

Cytoplasmic

Proteins in bold represent significant matches
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Table 3.6. Identification of 1D bands of rabbit P; hydrophobic fraction

precipitations as illustrated in Figure 3.8A and 3.8B.

. Pubmed # peptides Theoretical . .
Spot ID Protein ID Number matched MW Protein location
Cytoplasm/
B4C Alpha B-crystallin gi|57580 3 19945 Membrane
Associated
Cytoplasm/
B4T Alpha B-crystallin gi|57580 5 19945 Membrane
Associated
Similar to tensin
(conserved protein . .
tyrosine gi|26354643 1 68720 Binds to actin
. filaments
phosphatase catalytic
domain)
Glyceraldehyde-3- Cytoplasm/
B5T phosphate- gi|56188 3 35725 Membrane
dehydrogenase Bound
Lysosomal membrane} 593507 1 41480 Lysosome
glycoprotein A
Glyc;:glsdpehrgge-& Cytoplasm/
B6T P00354 1 35853 Membrane
dehydrogenase,
Bound
muscle
Annexin A13 Q99JG3 1 35768 Membrane
Bound
Myosin-binding
protein C, Q00872 1 128214 Cytoplasm
slow-type
Glyceraldehyde-3-
phosphate .
B7C dehydrogenase gi|49435 2 35725 Cytoplasm
(phosphorylating)
Annexin A13 Q99JG3 1 35768 Membrane
Glyceraldehyde-3-
phosphate ;
B7T dehydrogenase gil49435 4 35725 Cytoplasm
(phosphorylating)
Fructose-
B 8C bisphosphate gi|68184 3 39187 Mitochondria
aldolase
Fructose- . , )
B 8T bisphosphate aldolase gi|68184 1 39187 Mitochondria

Proteins in bold represent significant matches
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Table 3.6, continued.

Spot ID Protein ID Pubmed # peptides Theoretical | Protein location
Number matched M.W.
B 8T Glutamate receptor, Q99JG3 1 35768 Membrane
ionotropic kainate 4
precursor
BoC Creatine kinase, M gi|125307 6 43085 Cytoplasm
chain
Gamma-actin gi|[178045 1 25862 Cytoskeletal
B 11C Pyruvate kinase M gi|551295 3 57824 Cytoplasm
B 12C Glycogen gi|231300 13 95801 Cytoplasm
phosphorylase b
B 9oC Creatine kinase, M gi|125307 6 43085 Cytoplasm
chain
Gamma-actin gi|178045 1 25862 Cytoskeletal
B 11C Pyruvate kinase M gi|551295 3 57824 Cytoplasm
B 12C Glycogen gi|231300 13 95801 Cytoplasm
phosphorylase b

Proteins in bold represent significant matches
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Table 3.7. Identification of 1D bands of rabbit P; hydrophilic fraction

precipitations as illustrated in Figure 3.9A and 3.9B.

. Pubmed # peptides | Theoretical . .
Spot ID Protein ID number matched M.W. Protein location
Unnamed protein
product .
A2T hemoglobin, beta adult gi|12846616 3 15768 Cytoplasm
major chain
Glyceraldehyde-3- .
phosphate dehydrogenase gi|31645 1 36031 Cytoplasm
Alpha-globin gi|49900 2 15076 Cytoplasm
Cytoplasm/
A 3T Alpha B-crystallin gi|57580 3 19945 Membrane
Associated
Glyceraldehyde-3- Cytoplasm/
AST phosphate dehydrogenase| gi|12846616 1 35686 Membrane
(phosphorylating) bound
Disks large homolog DLG2 Membrane
MAGUK p55 gi|2135005 1 64572 Associated
subfamily member 2
Similar to FQFR-hke gil57084699 1 154021 Membrane
protein protein
Unknown mouse
. Prot<_a|n _ P00354 1 35853 Mitochondria
similar to sulfide quinone
reductase
Glyceraldehyde-3- Cytoplasm/
A6T phosphate P00354 1 35853 Membrane
dehydrogenase, muscle bound
Annexin A13 Q99JG3 1 35768 Membrane
bound
Myosin-binding
protein C, Q00872 1 128214 Cytoskeletal/
Muscle
slow-type
Glyceraldehyde-3- Cytoplasm/
ATT phosphate P00354 1 35853 Membrane
dehydrogenase, muscle bound
Stromelysin-1 precursor P28863 1 53908 Matrix metallo—
proteinase
Potential phospholipid- | Q9N0Z4-00-
transporting ATPase IF 00-00 1 133363 Membrane

Proteins in bold represent significant matches
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Table 3.7, continued.

. Pubmed |# peptides| Theoretical . .
Spot ID Protein ID number matched M.W. Protein location
Chromogranin A QIXS63 y 49832 Secretory gran_ules
precursor neuroendocrine
Glyceraldehyde-3-
A QT phosphate P00354 1 35853 Cytoplasm/
Membrane bound
dehydrogenase, muscle
mKIAAQ938 protein .
similar to neuron 1 34108 Mlcrotqbule
X Associated
navigator
A10T | Fructose-bisphosphate | pyneq3 1 39187 Cytoplasm
aldolase A
A11T | Creatinekinase,M | 554564 3 43085 Cytoplasm
chain
Cullin homolog 5
Ca-mobilizing receptor QID5V5 1 90916 Membrane
VACM-1
Transient receptor | ;139983005 1 94941 Membrane
potential vanilloid type 1
Glutamate receptor,
ionotropic kainate 4 Q00872 1 128214 Membrane
precursor
ATPase, Ca** I\legimsi;?)[](sa
transporting, gi|28461195 2 104712 qurtous
(Sarcoplasmic reticulum,
type 2C, member 1
endosomal
Sialic acid binding Ig-like
lectin 10 precursor Q96LC7-02- 1 fragment Membrane
: 00-00
(Siglec-10)
A 14T Keratin, type | gil1346343 3 65978  |Cytoskeletal/contaminant
cytoskeletal 1
Pyruvate kinase QQ%IEEO%OZ' 1 57681 Cytoplasm

Proteins in bold represent significant matches
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Table 3.8. Proteins identified directly from toxin precipitations of mouse P; not

subjected to electrophoresis.

Protein ID # peptides matched
Myosin regulatory light chain-like 3
No description 1
No description 1

Myosin light chain 1
atrial/fetal isoform

Major vault protein 1

Transitional endoplasmic reticulum ATPase 1

Actin cytoplasmic 2
gamma actin

Serum deprivation
Response
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Figure 3.1A. One dimensional SDS-PAGE gels of protein precipitations from toxin
coupled (lane 1) and control beads (lane 2). Protein bands are visualized with Silver

Stain.

Figure 3.1B. Control bead precipitation (lane 1) compared with treatments with high
salt washes (lane 2), and high salt washes and 1M glycine quenching treatment (lane

3).

Figure 3.1C. Reduction of non-specific binding due to detergent fractionation. Protein

precipitations from toxin coupled (lane 1) and control beads (lane 2) exposed to the

second hydrophobic fraction.
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Figure 3.1A. Figure 3.1B. Figure 3.1C.
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Figure 3.2. Detergent fractionation of P3 into 2 hydrophobic (H4, Hz) and 1
hydrophilic (H3) fractions. Each fraction was split equally by volume and exposed
to toxin coupled or control beads. 2-DE gels stained with silver stain. A) toxin H4
fraction B) control H4 C) toxin H; fraction D) control H, fraction E) toxin Hs
fraction F) control Hs fraction. Linear pl 3-10, left to right. Differences are present

between toxin and control in all sets at ~37-50 kDa and between pl 3-5.
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Figure 3.2.
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Figure 3.3A. Two-dimensional electrophoresis of control precipitation of Hy
detergent fraction. Coomassie Stain. Labels in bold represent proteins identified

by LC-MS-MS. See Table 3.1 for identifications.

Figure 3.3B. Two-dimensional electrophoresis of toxin precipitation of H;
detergent fraction. Coomassie Stain. Spots 5, 6, 7, 16 were identified by LC-MS-
MS. See table 3.2 for identifications. Remaining spots yielded either no results

or peptides with no matches.
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Figure 3.3A.

Figure 3.3B.
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Figure 3.4A. Two dimensional electrophoresis of toxin precipitation of H;

detergent fraction. Only spots 18, 19 yielded identifications.

Figure 3.4B. Two dimensional electrophoresis of toxin precipitation of Hs

hydrophilic fraction. None of the submitted spots yield identifications.
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Figure 3.4A.

Figure 3.4B.
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Figure 3.5. Matching of H{ detergent fraction from total P5 (lower gel) with toxin
precipitation of Hy detergent fraction (upper gel) utilizing spots at 25 kDa as
landmarks (red circles). Matched spots of interest (arrows) were extracted from

total P3 H, fraction (lower gel). See Table 3.5 for details.
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Figure 3.5.
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Figure 3.6. Hs hydrophilic fraction from total P; that has been matched to toxin
precipitation of H; detergent fraction. Spots marked with arrows represent those
that demonstrated a visible difference in toxin elution gels. Spots were excised

from total P3 H3z hydrophilic fraction. See Table 3.4 for protein identifications.
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Figure 3.6.
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Figure 3.7. Spots that were visibly increased in toxin precipitations were
matched to gels of non detergent fractionated total P3 utilizing similar spot
patterns as landmarks. Matched spots (labeled and circled) were excised and

sent for LC-MS identification. See Table 3.5 for protein identifications.
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Figure 3.7.
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Figure 3.8A and 3.8B. Gels from 1D SDS-PAGE of rabbit diaphragm.
Precipitations utilized the hydrophobic P; fraction. A) Control elution; B) Toxin

elution. All labeled bands were excised and submitted for LC-MS-MS.

127



Figure 3.8A. Figure 3.8B.

B 13C-H1

B 13T-H1
B 12C-H1 2T-H1
B 9C-H1 B 9T-H1
B 8C-H1 B 8T-H1
B 7C-H1 B7T-H1
B4C-H1 B AT-H1
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Figure 3.9A and 3.9B. Gels from 1D SDS-PAGE of rabbit diaphragm.
Precipitations utilized the hydrophilic P fraction. A) Control elution; B) Toxin

elution. All labeled bands were excised and submitted for LC-MS-MS.
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Figure 3.9A. Figure 3.9B.

A 16C-H3 A 1BT-H3
3 A 14T-H3
A 11T-H3
11C-H3

A 10C-H3 -
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CHAPTER 4

IDENTIFICATION OF TWO GROWTH FACTOR RECEPTORS THAT DEMONSTRATE

BINDING TO BOTULINUM TOXIN SEROTYPE A*

! Parrott TM, Baxter VZ, Kellock K, Coffield JA. Manuscript to be submitted



ABSTRACT

It has been well documented that muscles treated with botulinum toxin serotype
A (BoNT/A) demonstrate the formation of functional sprouts from poisoned nerve
terminals. This neurite outgrowth seems to be unique to BoNT/A and BoNT/D, leading
to an intriguing possibility that binding of toxin to its receptor may result in cytoskeletal
rearrangement and subsequent neurogenesis. Recent mass spectrometry data
obtained from BoNT/A affinity precipitation of mouse diaphragm performed in our
laboratory matched peptides to several protein domains that are conserved among
different growth factor receptors. Therefore, in the current study, affinity precipitated
preparations were probed with antibodies to several growth factor receptors that are
thought to be expressed on cholinergic nerve terminals. Through this approach, two
separate proteins that demonstrate toxin binding were identified: Nogo-66 receptor
isoform 2 and Fibroblast growth factor isoform Ill. Both of these proteins are known to
interact with complex gangliosides and to participate in lipid raft signaling. Further
elucidations of the functionality of their interactions with botulinum toxin have yet to be

explored.
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INTRODUCTION

It is well documented that Botulinum toxin serotype A (BoNT/A) causes flaccid
muscle paralysis through a proposed mechanism involving cleavage of the SNARE
fusion complex protein SNAP-25. Therapeutic use of BoNT/A under the trade name
BOTOX was given FDA approval in 1989 to treat strabismus and other spasticity
disorders. More recently, it was also approved for the treatment of wrinkles (Jankovic
and Brin, 1997). This treatment is only temporary, however, with the clinical benefit
ranging from 2-6 months. This transient response is thought to be due to the ability of
BoNT/A to induce the formation of functional sprouts from the poisoned nerve terminal.
Several studies have demonstrated the formation of nerve sprouts in muscles treated
with BoNT/A, and the presence of these functional sprouts corresponds to the
subsequent improvement in muscle function (Angaut-Petit et al., 1990, de Paiva et al.,
1999, Juzans et el., 1996). With the exception of serotype D, which has no clinical
utility in human medicine, the ability of BONT/A to stimulate neurite outgrowth appears
to be unique among the toxin serotypes. It is, therefore, intriguing to consider the
possibility that binding of BONT/A to its nerve terminal receptor not only initiates toxin
internalization, but, it may also induce cytoskeletal reorganization and subsequent
neurogenesis. This possibility would then suggest that the serotype specific receptor for
BoNT/A may have the characteristics of a growth factor receptor.

Recent mass spectrometry data obtained from BoNT/A affinity precipitations
performed in our laboratory matched peptides to several protein domains that are
conserved among different growth receptors, including: leucine-rich repeat domains, Ig-

like domain, tyrosine kinase domain, and an FGFR-like protein. Unfortunately, specific
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protein identifications could not be made because these matches resulted in weak
proteomic scores. In the studies presented in this chapter, information from the
previous proteomic analyses was used to identify likely growth factor receptor proteins
that contain the conserved domains. Affinity precipitations using BoNT/A coupled
beads were performed as previously described. The resultant elutions were then
probed for selected growth factor receptor proteins using standard Western blot
techniques. Through this process selective enrichment of two growth factor receptor
proteins, Nogo-66 receptor 2 (NgR2) and Fibroblast growth factor Ill (FGFR3) was
demonstrated. This enrichment was observed in different subcellular fractions obtained
through differential centrifugation followed by detergent phase partitioning. Since both
NgR2 and FGFR3 are reported to interact with complex gangliosides and to associate
with lipid rafts, these results suggest that the serotype specific, high affinity toxin
receptor for BONT/A may exist as a protein array within a lipid raft domain of the nerve
terminal membrane.
MATERIALS AND METHODS
Tissue preparation and membrane protein enrichment

The protocols for these steps have been described in detail in the preceding
chapters. Briefly, diaphragm tissues from NIH Swiss mice were homogenized and
processed to obtain neuromuscular junction enriched membrane fractions. Tissues
were homogenized in 1mL of homogenizing buffer (EDTA 2 mM, Sucrose 250 mM, 2
mM HEPES), then spun at 5,000 X g for 5 min to remove cellular debris. The
supernatant was removed and spun at 10,000 X g for 10 min to remove nuclear debris.

The resulting supernatant was spun a final time in order to obtain a synaptic membrane
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enriched preparation (P3). This membrane-enriched preparation was fractionated with
detergent using the Mem-Per Kit (Pierce Biochemical; Rockford, IL) to further solubilize
and partition membrane proteins into enriched fractions.
Preparation of toxin and control beads

Amino-link beads (Seize—X kit; Pierce Biochemical, Rockford, IL) were coupled
with BoNT/A through the toxin amine terminus following the protocol described in the
preceding chapter.
Affinity precipitation

Equal volumes of sample were added to control or toxin-coupled beads.
Following 4 h incubation on a rotator at room temperature, the beads were spun to
remove the unbound sample. The beads were then washed four times with DPBS
containing 1% TRITON X100 to remove non-specifically bound proteins. Bound
proteins were eluted through 4 cycles utilizing 1 yL of elution buffer/1uL settled bead.
Eluted proteins were then precipitated with acetone on ice overnight and spun for 15
min at 12,000 X g. Acetone was removed and the pellet allowed to air dry.
SDS-Page electrophoresis

Acetone precipitated pellets were solubilized in sample buffer containing 5%
mercaptoethanol. Samples were boiled, loaded onto 4-20% Tris-HCI precast gels (Bio-
Rad; Hercules, CA), and run at 200 V for 55 minutes. Resolved proteins were
transferred to methanol treated PVDF membranes (Hybond; Amersham Life Science,
Inc Arlington Height, IL). Membranes were blocked in 3% nonfat powdered milk diluted
in TBS (milk-TBS) for 2 h. Following 4 washes in TBS, membranes were incubated in

primary antibodies to selected growth factor receptor proteins according to the
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manufacturers’ recommendations. Membranes were allowed to warm and then washed
4 times in TBS. Horseradish peroxidase conjugated secondary was added to the
membranes for 1 h at 25°C. Protein bands were detected with enhanced
chemiluminescence (ECL"; Amersham Life Science). Membranes were then exposed
to hyper-film-ECL for times adequate to visualize bands.
Antibodies

Polyclonal rabbit antibodies to NgR2 1:200, NgR3 1:200 (Alpha Diagnostic; San
Antonio, TX); FGFR3 1:800 (Sigma-Aldrich; St. Louis MO); TRK-B 1:800, LAR 1:400,
ERB-B2 1:400, ERB-B4 1:300 (Santa Cruz; Santa Cruz, CA); Goat anti-rabbit
horseradish peroxidase conjugated secondary antibody (Biosource; Camarillo CA) was
used at a 1:7500 dilution.
Rho A assay

Activated Rho A was isolated using a rhotekin bead affinity binding kit (Upstate;
Charlottesville, VA). Diaphragm tissues were extracted from mice (n=6/replicate) and
hemisected. Each hemidiaphragm was washed 3 times in PBS, and then incubated in
either PBS alone or in PBS plus BoNT/A (1 ug/ul) or MAG, for 30 min at room
temperature. In some experiments the tissues were preincubated in toxin for 10 min
prior to the addition of MAG. After 30 min, diaphragms were washed in ice cold PBS,
homogenized on ice in a 1X Mg®* containing lysis buffer (Upstate; Charlottesville, VA)
with a polytron homogenizer and spun at 10,000 X g for 10 min. Supernatants were
then assayed for protein by the modified Lowery method. 1.5 mg of protein/treatment
was incubated with 38 pl of Rhotekin coated beads (Upstate). After 45 min, beads were

spun out of the supernatant and washed 3 times in Mg?* containing lysis buffer. The
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beads were then boiled in 30 ul of sample buffer containing 0.5% mercaptoethanol for 5
min. Boiled samples were spun and the supernatant was added to Criterion 4-20%
Tris-HCI gels (Bio-Rad) and resolved for 1 h at 200 V. Proteins were then transferred to
methanol treated PVDF membranes at 100 V for 30 min. Following washes with TBS,
membranes were blocked in 3% milk-TBS overnight at 4'C. Blocked membranes were
washed twice in TBS and then incubated in anti-RhoA (Santa Cruz; Santa Cruz, CA)
diluted 1:500 in 1% milk-TBS for 1 h. After several washes, membranes were incubated
in goat anti-rabbit (Bio-Source; Camarillo, CA) diluted 1:7500 in 1% milk-TBS for 1 h.
Detection of protein bands was performed as described above. Densitometric analysis
of bands was performed using Quantity One Software (Bio-Rad). Statistical analyses
were done with GraphPad InStat software.
RESULTS
Growth factors tested for specific binding to botulinum toxin A

Control and toxin affinity precipitations were probed with antibodies to six growth
factor receptors. These receptor proteins were chosen because they demonstrated
some specificity to the nerve terminal, or because previous research indicated possible
involvement with BoNT/A (Fernandez-Salas et al,. 2005). The results of this experiment
are shown in Table 4.1. Of the six receptors tested, two demonstrated selective
interaction with BoNT/A.
Selective interaction of NgR2 with botulinum toxin serotype A

In initial immunoblots of non-detergent fractionated P, and P3 samples probed for
NgR2, differences were noted between the elutions from toxin and control

precipitations. These differences included increases in the immunoreactive signal of a
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~75 kDa band in the P3 toxin sample (Figure 4.1A), and the detection of immunoreactive
bands at ~50 and ~28 kDa in the P, toxin samples that were not present in the
corresponding control (Figure 4.1B). A variable amount of background signal was
observed in control elutions. This was likely due to the occurrence of non-specific
protein interactions with the control beads. To minimize these nonspecific interactions,
P, and P3; samples were further solubilized and fractionated by detergents prior to
incubation with toxin coupled or control beads. As illustrated in Figure 4.2, it is apparent
that the P fractions yielded a greater degree of background than the P; fractions, and
that the H4 hydrophobic fractions demonstrated higher background than the Hs
hydrophilic fractions. However, on closer inspection differences were observable.
Notably, an increased immunoreactive signal at ~75 kDa was detected consistently in
the P hydrophilic fraction, while variable differences were observed in this same signal
in the P3 fractions.
Selective interaction of FGFR3 with botulinum toxin serotype A

In initial immunoblots of non-detergent fractionated P, and P3 samples probed for
FGFR3, a few specific bands were observed in the P3 elution sample from toxin
precipitations (see Figure 4.3A) that were not present in control elutions. The detection
of these bands, of approximately 110 kDa and >250 kDa, was inconsistent between
experimental replicates. Immunoblots of non-detergent fractionated P, samples
revealed no discernable differences between toxin and control elutions (see Figure
4.3B). Detergent fractionation, to reduce non-specific interactions, resulted in

reproducible detection of the ~110 kDa and 250 kDa band in the P3 hydrophobic
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fraction, and an increased signal at ~50 kDa that alternated between hydrophobic and
hydrophilic fractions (shown in Figure 4.4).
The effects of botulinum serotype A on RhoA activation in mouse diaphragm
Recent evidence suggests that myelin associated glycoprotein (MAG) may
interact with NgR2 as a functional ligand in the CNS. These same studies reported that
the interaction of MAG with Nogo receptors, including NgR2, leads to the activation of
the small GTPase RhoA in CNS neurons. This activation of RhoA resulted in the
blockade of neurite outgrowth, most likely through an interaction with the actin
cytoskeleton. Thus, preliminary experiments were performed to investigate the
functional significance of the interaction of BONT/A with the NgR2. An affinity
precipitation kit was utilized to selectively isolate GTP bound RhoA (activated RhoA)
from control and toxin treated diaphragm samples. This assay demonstrated a
increased amount of variability between experiments. This variability may be a result of
non-specific binding seen in previous bead affinity assays (see chapter 3). Figure 4.5A
illustrates the results of initial activation experiments using BoNT/A at 3 doses (1, 10,
100 pg/ml). Densitometric analysis of the RhoA-GTP signal revealed an increase of
94.8% in RhoA activation at the lowest dose when compared with control, and a
decrease in activation at the higher doses (42.8%, 47.7% respectively). However,
nonparametric analysis of variance (Kruskal-Wallis test) indicated that the differences
between doses were not statistically significant (p = 0.3744). Figure 4.6B illustrates the
results of Rho activation by MAG at 3 doses (0.1, 1, 10 pg/ml). Somewhat
unexpectedly, densitometric analysis of the MAG data revealed a decrease in activated

RhoA at all three doses with the lowest dose yielding the greatest reduction (88.1%) in
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the activated RhoA compared with control. Analysis of variance to test the statistical
significance of these findings could not be done because of the low sample number in
the two lower dose groups. However, Dunn’s multiple comparisons test demonstrated
that the difference between control and the highest dose group (10 pg/ml) was not
statistically significant (p > 0.05). Finally, to further investigate the interaction between
BoNT and NgR2, the ability of BONT to antagonize the effect of MAG on RhoA
activation was examined. The results of these data, presented in Figure 4.7,
demonstrate that the inhibition of RhoA activation by MAG illustrated in the preceding
figure was reduced in the presence of BONT/A by approximately 19%. Statistical
analysis indicate that the difference between these two groups was not significant (p =
0.4000 Mann-Whitney test).
DISCUSSION
Serotype A interactions with growth factor receptors

The results of previous affinity precipitation experiments with BoONT/A
demonstrated weak MS-MS identification of conserved receptor regions including
tyrosine kinases, leucine rich repeat domains, Ig-like domains and an FGFR -like
domain. In the current study, immunoblots from control and toxin affinity precipitated
samples were screened for several growth factor receptors that are expressed on nerve
terminals and reportedly contain these conserved domains. In addition, screening for
an FGF receptor isoform recently reported to demonstrate affinity for BONT/A in PC12
cells was also performed (Fernandez-Salas et al., 2005). The results of these screens
revealed differential precipitation of two receptors NgR2 and FGFR3 by toxin coupled

beads compared with control beads. The selective precipitation of these proteins was
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reproducible, even with the variable background signal detected in control
precipitations. These results suggest that NgR2 and/or FGFR3 may participate in the
binding of BONT/A to the nerve terminal at the mouse neuromuscular junction.
NgR-2 receptors and Rho GTPases

Neural regeneration is severely limited within the CNS. Three biological factors
thought to be responsible for this limitation include Nogo-A, oligodendrocyte-myelin
glycoprotein (OMgp), and MAG (Schwab, 1990). Nogo-66 receptors (NgR) are
expressed broadly in the CNS, including in the cell bodies of projection neurons, the
gray matter of spinal cord and in myelinated axons (Laurén et al., 2003). Three
isoforms of NgR (1, 2, and 3) have been characterized, and reportedly share similar
structural motifs. These include eight leucine rich repeat domains capped on both ends
with unique cysteine rich regions, and a unique carboxyl teminus sequence linked to an
glycosylphosphatidylinosital (GPI) anchor (McGee and Strittmater, 2003).

Neuronal responses to MAG are regulated by both development and location.
For instance, MAG deficient mice demonstrate axon degeneration and reduced fiber
diameter (Pan et al., 2002). In the PNS, MAG acts to promote nerve growth in the
dorsal root ganglion of rat pups up to post natal day 4, after which MAG inhibits nerve
growth (Mukhopadhyay et al., 1994). MAG has been shown to bind to NgR2 through
interactions with complex gangliosides such as GT1b. Since NgR2 is a GPI linked
protein, its signaling activity is mediated by the formation of a complex with other
transmembrane proteins including TAJ/Troy, and Lingo-1 (Park et al., 2005). The
binding of MAG to NgR2 and the interactions with this complex activates Rho A, a small

GTPase, by increasing the amount of GTP bound RhoA. Activation of RhoA leads to
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downstream regulation and activation of ROCK which ultimately results in growth cone
collapse. An interaction of clostridial toxins with Rho GTPAses is not unfounded, a
number of other clostridial toxins including, toxin A and B (Clostridium difficile) as well
C3 toxins produce effects via Rho GTPases (Just et al., 1995a; 1995b). In particular,
C3 toxin has been shown to inhibit Rho A, while activating the Ras GTPases RAC and
Cdc42 leading to axonal regeneration (Kozma et al., 1997).

An in vitro assay to measure RhoA activation was utilized in preliminary
experiments to determine the functional significance of the interaction of BoONT/A with
NgR2. Unfortunately, the results of these preliminary studies are inconclusive, due to
the low number of samples tested, and the high variability of the assay. However, a
few interesting observations were notable. Contrary to what had been reported in a
majority of studies, MAG appeared to decrease RhoA activation in our neuromuscular
preparation, and this effect was most pronounced at the lowest dose tested. BoNT
appeared to produce biphasic responses, with a pronounced effect opposite that of
MAG at the lowest dose, and responses similar to MAG at the higher doses. Further,
preincubation of the preparation with toxin appeared to reduce the response to MAG,
although again this was not statistically significant.

The finding that the most pronounced effects for both toxin and MAG appeared to
be at the lowest doses is difficult to interpret. A recently published study that examined
the time course of RhoA activation may shed some light on this finding (Hunter et al.,
2003). In this study the activation of RhoA by TNF-a in cultured smooth muscle cells,
began within 1 min and peaked at 15 min, returning towards baseline over the next 45

min. In the current study, only a single time point of 30 min was examined, based on a
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range of time points reported in the MAG literature. It is possible that by looking only at
this later time point the peak responses of RhoA at the higher doses of MAG and toxin
were missed. Additional studies using larger sample sizes and appropriate sampling
times will be needed to clarify these findings.
FGFR3 receptors

The FGF receptors are tyrosine kinase receptors with extracellular regions
containing immunoglobulin-like domains (Johnson et al., 1990). It has been
demonstrated that these receptors interact with cell surface heparin sulfate
proteoglycans to exhibit biological activity (Yayon et al., 1991; Rapraeger et al., 1991).
FGFRs are expressed as multiple isoforms that recognize different ligands through
changes in their extracellular domain brought about by alternative splicing (Tiki et al.,
1992). FGFR3 is ubiquitously expressed in several different tissues including not only
the PNS but also bone, brain, and kidney. lts function in these tissues may be quite
diverse. In several studies it has been reported that FGFR3 may be involved in
apoptotic cell death, while an inverse response has been noted in myeloma cells, where
increased expression of FGFR3 resulted in decreased apoptosis and cellular
proliferation (L’hote and Knowles, 2005). A recent study examining axonal development
after nerve injury, reported that FGFR3 deficient mice demonstrated a lack of neuronal
loss that typically occurred in wild type mice, although the axons were developmentally
smaller in diameter. This suggests a potential role for FGFR3 in axonal development
(Jungnickel et al., 2004). Functional assays of FGFR3 were not performed in the

current study.
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NgR2 and FGFR3: Possible toxin receptors

The possible role that each of these growth factor receptors plays in the selective
binding and internalization of BONT/A merits consideration. First, if FGFR3 is
ubiquitously expressed in several different tissues, and BONT/A demonstrates selective
binding to cholinergic nerve terminals, how could this selectivity be generated? One
possibility may be that the selectivity is conferred by interactions with specific
proteoglycans on the nerve terminal membrane. Binding of ligands to FGFRs requires
low affinity binding to these cell surface molecules (Yayon et al., 1991; Rapraeger et al.,
1991). Secondly, the selectivity may be conferred by binding to NgR2 itself, since its
expression is much more limited than FGFRS3.

NgR2, a GPl-anchored protein requires an interaction with another
transmembrane protein in order to generate an intracellular signal (Fujitani et al., 2005).
GPl-anchored proteins have been shown to localize to lipid rafts, as have complex
gangliosides and downstream components of FGFRS3 signaling (see review by
Kasahara and Sanai, 2000; see review by Tsui-Pierchala et al., 2002; Neithhammer et
al., 2002; see review by Pike, 2005). Complex gangliosides such as GT1b, the same
ganglioside that has been shown to bind BoNT/A with low affinity, have been shown to
regulate binding to growth factor receptors, including FGFR3 and NgR2. Thus, binding
of the BoNT/A may be mediated by recruitment of one or more of these receptors into
lipid rafts, that may result not only in clathrin mediated endocytosis but also activation of
other cell signaling pathways resulting in neurogenesis. These interactions would lend

support to the intriguing theory by Montecucco, Rossetto, and Schiavo (2004) that toxin
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A binds to an array of proteins, with the common links being complex gangliosides and

lipid raft signaling.
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Table 4.1. Growth factor receptors tested for toxin binding.

Antibody P5 Toxin P5 control P, Toxin P, control S, Tox S; Control
LAR ++ ++
TRK-B ++ ++ ++ ++ ++ +++
ERB-B2 ++ ++ ++ ++ +++ +++
ERB-B4 ++ ++ ++ ++ ++ ++
NgR2 +++/+ (73,75) +/++ (75)* +(78) + (75)*
+(75) +(65)
++ (65)
+(30)"
FGFR3 + (50) + (50) +++ (50) +++ (50)
++ (75) ++ (75) +(75) +(75)
+ (100-120) +(100) +/- (100)
++ (250)*

*Denotes bands that demonstrated variable amounts of binding
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Figure 4.1A and 4.1B. Initial pull-downs utilizing non-detergent fractionated P3 (Figure
4.1A), and P, (Figure 4.1B) demonstrated variable differences between toxin and
control beads when blots were probed with antibodies to NgR2. Molecular weights
(kDa) are denoted on the left of each blot. Affinity precipitations of each unfractionated
P, or P; sample are illustrated for comparison due to potential differences in protein

localization (see Chapter 2).
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Figure 4.2. Fractionated P, and P; fractions into Hydrophobic (H1) and hydrophilic
fractions (Hs) utilizing detergent phase separation. These fractions were then incubated
with either botulinum toxin coupled beads or uncoupled control beads. Membranes
probed with anti-NgR2 demonstrated increased binding of a 75 kDa band in the P, Hs
band in toxin coupled beads (n=3). Other bands, such as the 37 kDa in P, H4, were not

reproducible.
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Figure 4.3A and 4.3B. Initial affinity precipitations utilizing non-detergent fractionated
Ps (Fig 4.3A) and P, (Fig 4.3B) exposed to toxin and control beads demonstrated
variable differences when blots were probed with antibodies to FGFR3. Affinity
precipitations of each unfractionated P, or P; sample are illustrated for comparison due

to potential differences in protein localization (see Chapter 2).
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Figure 4.3A. Figure 4.3B.
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Figure 4.4. Fractionated P, and P3; samples into Hydrophobic (H4) and hydrophilic
fractions (Hs) utilizing detergent phase partitioning. These fractions were then
incubated with either botulinum toxin coupled beads or uncoupled control beads.
Membranes probed with anti-FGFR3, demonstrated variably increased immunoreactive
signal at ~45 kDa in toxin precipitated samples. In this particular blot weak bands at
~100 and 250 kDa were observed that may correlate to previous bands in assays
utilizing non-detergent fractionated specimens. Detection of these bands was

inconsistent between experiments.
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Figure 4.5A and 4.5B. Graph of RhoA activation following incubation in BoNT/A (4.5A)
or MAG (4.5B). Diaphragm preparations were incubated for 30 min in BoNT/A or MAG
and then processed for RhoA-GTP affinity precipitation. The x-axis denotes the 3 doses
(Mg/ml) tested. A minimum of 3 replicates per dose were analyzed, with the exception of
MAG doses 1 and 10 where there were 2 replicates each. RhoA activation was
measured by densitometric analysis of immunoblots probed with anti-RhoA. Data are

represented as a percent of control mean densitometry (+ SEM).
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Figure 4.6. Graph of RhoA activation following incubation in MAG only or MAG plus
BoNT/A. Diaphragm preparations were preincubated for 10 min in BoNT/A (100 ug/ml)
followed by 30 min in MAG (10 ug/ml) and then processed for RhoA-GTP affinity
precipitation. Three replicates per treatment were analyzed. RhoA activation was
measured by densitometric analysis of immunoblots probed with anti-RhoA. Data are

represented as a percent of control mean densitometry (+ SEM).
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CHAPTER 5

CONCLUSION



Botulinum toxin serotype A (BoNT/A) causes flaccid muscle paralysis by
inhibiting vesicular release of acetylcholine at synapses in the peripheral nervous
system (PNS). This occurs through zinc dependent proteolytic cleavage of the SNAp
REceptor complex (SNARE) protein SNAP-25. Cleavage of this protein is thought to
inhibit the assembly of functional fusion machinery, thereby inhibiting membrane fusion
and neurotransmitter release. Simpson (1986) proposed a four step process of toxin
action which begins with toxin binding to a high affinity cell surface receptor, followed by
internalization through receptor mediated endocytosis. Subsequently, the proteolytic
light chain of the toxin translocates across the endosomal membrane and cleaves
SNAP-25 (Blasi et al., 1993a; Schiavo 1993a; 1993b).

The identity of the high affinity cell surface receptor has long been in question.
Efforts to identify this receptor have been unsuccessful so far, although information
regarding many of its characteristics has been collected. First, the high affinity receptor
works in tandem with a low affinity ganglioside receptor, possibly as a receptor complex,
although the exact relationship is unknown (van Heyningen, 1974a; 1974b; Kitamura et
al., 1980; Bakry et al., 1981). Second, this receptor complex may be lipid raft
associated, since treatment of nerve cells with cholesterol depleting agents has been
shown to inhibit toxin binding (Herreros et al., 2001). Third, the high affinity receptor is
both serotype specific and selective for cholinergic nerve terminals (Burgen et al., 1949;
Black and Dolly 1986a; 1986b). Fourth, several different proteins have been postulated
as receptor candidates, all identified in nontarget tissues by different protein association
studies (Schengrund et al., 1993; 1996; Blasi et al., 1992; Li and Singh, 1998). These

associations have since demonstrated little functional activity, but can be extrapolated

164



to show that the toxin may be highly promiscuous in in vitro type assays. The ultimate
goal of this dissertation was to identify the high affinity receptor for BONT/A in a
physiological relevant target tissue. To achieve this goal, a number of different
proteomic approaches were employed to examine toxin protein-protein interactions in
the neuromuscular junction-enriched mouse diaphragm.

Synaptosomal proteomics

In previous work in our laboratory, a synaptic membrane preparation from mouse
diaphragm was developed to study toxin substrates (Kalandakanond and Coffield,
2001). However charecterization of this preparation as synaptosome-like had not been
performed. Hence, we began a study to characterize the proteins in our preparation to
determine if this was a synaptosomal preparation. Utilizing mass spectrometry, we
characterized a predominance of cytoskeletal and mitochondrial proteins, a few
endosomal proteins, but very few neuronal specific proteins. Western blots of these
preparations demonstrated the presence of several active zone, SNARE fusion
machinery, and post synaptic proteins. Therefore, we are confident that our preparation
does represent proteins present at the synaptic cleft.

Initial proteomic studies of the mouse diaphragm synaptic membrane preparation
revealed a variable, but unacceptably large, amount of nonspecific binding in affinity
precipitation assays using uncoupled amino-link beads. After testing a number of
different methods to reduce this nonspecific binding, we hypothesized that the cause
was large portions of incompletely solubilized membrane that were binding to the beads
through protein interactions. We further hypothesized that the variability was likely due

to the amount and type of protein complexes within these segments of bound
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membrane. In retrospect, this was not surprising considering the complexity of muscle
tissue and the fact that affinity precipitation protocols are developed primarily for cells in
culture. Given these concerns, we pursued other methods that would further reduce the
complexity of our sample as well as improve protein solubilization. Phase partitioning
using temperature sensitive detergents was chosen to fractionate the synaptic
membrane preparation into hydrophobic and hydrophilic membrane protein fractions.
The procedure chosen used a detergent that forms micelles which allows proteins to
retain function during solubilization. Since we were studying functional protein- protein
interactions, this was an important consideration.
Botulinum toxin serotype A protein-protein interactions

This dissertation began with a description of the journey of BoNT/A from gut
entry to target cell intoxication in an effort to demonstrate how little is known about how
toxin moves across cell barriers. Efforts to identify receptors in gut epithelium have not
generated any potential candidates, and there is still discussion as to what component
of the toxin actually participates in toxin binding and uptake. Since pure toxin has been
shown to cross the gut epithelial barrier, what role, if any, do hemagglutinins and non-
hemaglutinin components play except in protection of the toxin from enzymatic
proteolysis? Does this indicate a role for the pure toxin in functional binding of proteins
in the gut epithelial cells, and if so, what proteins are involved in movement of toxin
across the barrier. What, if any, protein(s) does the toxin bind to when it is carried
through the vascular endothelial cells, especially since some reports regarding
macromolecular movement suggest that it may be a function of receptor mediated actin

rearrangement to create leaks in the membrane. What protein(s) does the toxin bind to
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at the cholinergic nerve terminal membrane, and are binding and receptor mediated
internalization the only functional response of that binding? What protein interactions
occur during translocation of the light chain through the endosome? Finally, what
protein(s) does the toxin interact with as part of the cleavage of SNAP-25, are there
proteins involved in targeting the toxin to its substrate?

Obviously, not all of the potential protein interactions revealed by the studies in
this dissertation represent an interaction of BoNT/A with its cell surface receptor. In fact,
many of the proteins identified are cytoplasmic with no known association with the nerve
terminal membrane. Rather, as the questions posed above suggest, it is quite plausible
that many of these proteins may eventually be shown to participate in toxin trafficking at
multiple levels. For example, the isolation and identification of small heat shock proteins
in association with BONT/A supports the possibility that these proteins are involved in
chaperoning the light chain across the endosomal membrane. The strong increase in
the membrane associated isoform of GAPDH may be interpreted in a number of ways,
especially since there are so many roles being identified for this protein including
membrane fusion (Laschet et al., 2004; Tisdale et al., 2004). Although it is too
ubiquitous of a protein to be a nerve cell receptor, GAPDH might serve as a receptor for
movement of toxin across other membranes. The identification of ubiquitin proteins,
while not required for activation and translocation, may suggest that BoNT/A,
demonstrates some evolutionary binding characteristics of other AB toxins which
require the ubiquitin pathway to escape from the endosome. While it is beyond the

scope of this dissertation, these findings of multiple toxin protein-protein interactions
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indicate the need for further studies in this arena to clarify the potential role of these
proteins in toxin trafficking.
Growth factors and neurogenesis

BoNT/A has demonstrated an ability to induce neurogenesis in tissues that have
been intoxicated (Angaut-Petit et al., 1990, de Paiva et al., 1999, Juzans et el., 1996).
This response does not seem to be induced by decreased muscle stimulation since this
response has not been documented with serotype B treatment. This suggests that the
binding of BONT/A to its high affinity receptor may directly or indirectly activate
neurogenesis. It was intriguing then that several conserved domains found in a number
of growth factor receptors were identified by MS/MS in toxin affinity precipitations .To
pursue this further, the more sensitive Western blot methodology was used to screen
precipitated elutions against several known nerve growth factor receptors that are
present in the PNS. Through this effort, two different receptors were found to be
selectively enriched in certain fractions when exposed to toxin. The significance of this
selective enrichment is that it suggests that the toxin interacts with certain proteins only
when they are present in one cellular compartment versus another. This further
suggests that the toxin may recognize and bind selectively to proteins that only exhibit
certain post-translational modifications or compartmentalization.

It was somewhat unexpected that BONT/A demonstrated specific interactions
with two very different growth factor receptor proteins NgR2 and FGFR3. This ‘dual’
binding may be significant in that NgR2 is a GPI linked protein that is selectively
expressed in the PNS and requires an associated signal protein to produce a cellular

response; while FGFR3 is non-selectively expressed in many tissues, including the
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nervous system, and contains a tyrosine kinase domain. It is possible that these
proteins may act as co-receptors. The common thread between these two proteins is
that they are both thought to be lipid raft associated, and both have demonstrated
interactions with complex gangliosides including the low affinity botulinum toxin receptor
GT1b (see review Kasahara and Sanai, 2000; review by Tsui-Pierchala et al. 2002 ;
Neithhammer et al., 2002). A plausible sequence of events may be the following.
BoNT/A first binds to the low affinity receptor GT1b, which then acts to
compartmentalize NgR2 and FGFR3 into functional microdomains forming a receptor
complex or array within the membrane that promotes more efficient toxin binding and
internalization (Montecucco et al., 2004). In this scheme, NgR2 provides the specificity
for the PNS, while FGFR3 and GT1b provide the signal for internalization. Binding of
BoNT/A to the NgR2 may lead to a reduction in MAG binding, either directly through
competitive blockade or indirectly as a consequence of internalization of the entire toxin
receptor complex. The impact of this on RhoA activation would lead to an equilibrium
shift in RAC-1, with corresponding changes in the actin cytoskeleton regulating
neurogenesis. An interaction of BONT/A with FGFR3 may lead to activation of several
possible pathways including MAPK activation, protein kinase C, or phosphotidyl inositol.
Further, since the 78 kDa FGFR3 fragment that bound BoNT/A has been shown to be a
degraded form of the receptor, it is possible that this interaction occurs during
internalization (Pandit et al., 2002). This mechanism may be used to target the toxin for
degradation in the ubiquitin pathway.

With identification of NgR2 as a possible binding protein, we attempted to

determine whether treatment of tissues with BoNT/A altered RhoA activity. Since MAG
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is the proposed ligand for NgR2 in the PNS, comparisons between MAG activation of
RhoA and toxin were pursued. This effort was complicated by the fact that there are no
published studies of MAG activity in tissue preparations, only cells in culture; nor are
there published works reporting MAG dose-response properties. Although the results
from these preliminary studies were inconclusive due to the small sample size and the
variability of the RhoA assay, a couple of interesting observations were noted. First,
the direction of the effect of the low dose of MAG on RhoA activity was opposite from
that generally reported in the literature for the adult CNS. Second, the effect of the low
dose of BoNT/A on RhoA activity was opposite that of MAG. These opposing effects
are intriguing to consider in light of the differing capacities of the CNS and PNS for
regeneration and the ability of BoONT/A to promote neurogenesis.
Future studies

Future research will be needed to determine definitively whether NgR2 and/or
FGFR3 participate in the serotype specific binding of BONT at the neuromuscular
junction. Studies to address optimization of the RhoA assay in neuromuscular tissue
will be required, including a more thorough examination of MAG dose response
properties. Similar studies should be done using in vitro assays to measure
downstream effectors of FGFR3 activation. Future research should also include
electrophysiologic assessment of the potential antagonism of toxin induced paralysis
and substrate proteolysis by ligands such as MAG and/or fibroblast growth factor. In
addition, proteomic studies should be extended to purified motor neuronal populations
to minimize the methodological problems encountered in the more complex

neuromuscular preparation. Collectively, these studies have the potential to either
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confirm the proteomic findings presented here or to identify other potential receptor

candidates.
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