University of New Mexico

UNM Digital Repository

Biomedical Sciences ETDs Electronic Theses and Dissertations

12-1-2009
Microslghere based protease assays and high

throug put screening of bacterial toxin proteases

Matthew Saunders

Follow this and additional works at: https://digitalrepository.unm.edu/biom_etds

Recommended Citation

Saunders, Matthew. "Microsphere based protease assays and high throughput screening of bacterial toxin proteases.” (2009).
https://digitalrepository.unm.edu/biom_etds/1

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital Repository. It has been
accepted for inclusion in Biomedical Sciences ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact

disc@unm.edu.


https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Fbiom_etds%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/biom_etds?utm_source=digitalrepository.unm.edu%2Fbiom_etds%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/etds?utm_source=digitalrepository.unm.edu%2Fbiom_etds%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/biom_etds?utm_source=digitalrepository.unm.edu%2Fbiom_etds%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/biom_etds/1?utm_source=digitalrepository.unm.edu%2Fbiom_etds%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu

Matthew J. Saunders
ot

Biomedical Science Graduate Program

(s

This dissertation is approved, and it is acceptable in quality
and form for publication:

Approved by the Dissertation Committee:

% W Bruce Edwards Ph.D., Chairperson
el

W Steve Graves, Ph.D.
e
%V// Paul McGuire, Ph.D.

Of W% ﬂ/\ Larry Sklar, Ph.D.

VA "
; / )
/7 / / / /" A/ / Michael Wilson, Ph.D.
Lllchal ] © Vi ee—
/




MICROSPHERE BASED PROTEASE ASSAYSAND HIGH
THROUGHPUT SCREENING OF BACTERIAL TOXIN PROTEASES

BY

MATTHEW J. SAUNDERS

B.S., Biochemistry University of Oregon, 2002

DISSERTATION

Submitted in Partial Fulfilment of the
Requirements for the Degree of

Doctor of Philosophy
Biomedical Science
The University of New Mexico

Albuquerque, New Mexico

December 2009




ACKNOWLEDGMENTS

| would like to acknowledge and thank my research advisors Dr. StewedGra
and Dr. Bruce Edwards for their support and the effort they havenfmimentorship
during this project. Their continued encouragement and guidance havamsaderk
possible and directly led to the development of my professional caréesnk them for
their continued encouragement, guidance and assistance during this time.

| would like to acknowledge and express my gratitude to the Natidoal F
Cytometry Resource at Los Alamos National Laboratory, paatilyutlirector Jim Freyer
and former director John Nolan for their financial support and guidaiht@s project.
Being a part of this organization has been a great privilege ana thankful for the
support.

| would also like to thank Dr. Larry Sklar for mentorship, laboraspace and

assistance in my graduate student career. This project would nobeernepossible
without his support and contributions.

| also thank my committee members, Dr. Paul McGuire and Dr. adicWilson.
They have contributed a great deal toward the development of thkstiwrough their
recommendations and guidance on this project. | am very grateful.

| thank my friends and family for their continued support and encouragement

during this time.



MICROSPHERE BASED PROTEASE ASSAYSAND HIGH
THROUGHPUT SCREENING OF BACTERIAL TOXIN PROTEASES

BY

Matthew J. Saunders

ABSTRACT OF DISSERTATION

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy
Biomedical Science

The University of New Mexico
Albuquerque, New Mexico

December, 2009
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ABSTRACT
Proteases, proteins which cleave peptide bonds in other proteins,aage arnd varied
group of proteins which regulate a variety of physiologicatpsses. Methodologies to
study proteases are often protease specific and often difathgrfrom the roles
proteases playn vivo. In vitro protease assays often use peptide based substrates, which
do not take into account highly specific interactions distal fromptio¢eolytic site of
peptide cleavage on protease substrates. In the work describedlenleave developed a
microsphere based protease assay, capable of using full lengthgeraubstrates, and
have successfully measured proteolytic activity via lossuafréiscence as measured by
flow cytometry. This assay is capable of being used in highugjimput screening for
small molecule inhibitors for proteases of medical relevancereeSing of chemical
libraries against thBacillus anthracis Lethal factor metalloprotease and t@stridium
botulinum Neurotoxin type A Light Chain metalloprotease has led to the disgcmife
small molecule inhibitors for both of these pathogenic proteasescohmgound ebselen

has been shown to inhibit Botulinum Neurotoxin type A Light Chain withGg, value



in the low pM range. Additional small molecule inhibitors fast@inum neurotoxin
type A Light Chain as well as for anthrax lethal factor hdse been discovered by this
methodology. This work shows the potential for microsphere baseelpeotissays in
discovery of small molecule protease inhibitors and can be adaptedny
protease/substrate system of interest in a multiplex setup.idwmditwork with these
proteases has also led to the discovery of novel solution based kmetlets and shows

promise to validate microsphere based protease kinetics using the same system

Vi
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Chapter 1:
Introduction

1.1 Proteases as Drug Targets

Proteases are a large and diverse group of enzymes that break down
other proteins through the hydrolysis of peptide bonds *. Current genetic
analysis of the human genome predicts the existence of 500 to 600 proteases *.
Of the approximately 400 known proteases, 14% are currently under
investigation as drug targets 2. The roles of proteases in the human body are
varied, and include functions such as degradation of proteins for amino acid
recycling, processing of zymogen protein precursors to active enzymes,
activation of the immune system and clotting of blood through a series of

protease cascades '

. Until recently, proteases were primarily thought of as
protein degrading enzymes; however, new research and understanding of the
downstream results of proteolytic activities has shown that proteolytic
mechanisms are highly regulated components of cellular signaling pathways.
The improper regulation of specific human proteases involved in cellular
signaling can lead to human diseases including inflammatory disease,
thrombosis, osteoporosis, cardiovascular and neurological disorders, and
increased growth and metastasis in specific cancers *.

The study of proteases is varied and usually protease specific >, *.
Protease activity in vitro often differs greatly from their specificity and
physiological effects in vivo * 3. Numerous methods have been developed to

determine optimal substrates for protease cleavage in vitro 3. Such systems have

been used to identify inhibitors for specific proteases of interest to human health



Proteases of clinical significance include human proteases which are
improperly regulated *, pathogenic proteases, which mediate the effects of toxins
® and viral proteases which process viral precursor proteins controlling viral life
cycles .

It would be advantageous to develop a high-throughput protease assay to
identify small molecule inhibitors of specific proteases of interest in disease.
Such an assay would also benefit from the use of full length protease substrates,
because many protease/substrate interaction sites are distal from the protease

cleavage site "°.

There is significant conservation of protease active sites
amongst families of proteases, and similarities in structure and function between
related proteases '. Therefore a platform that could simultaneously evaluate
multiple proteases and protease substrates in parallel would speed the
identification of selective protease inhibitors. We hypothesize that a high
throughput flow cytometry assay that uses full length protease substrates and
multiplex microsphere sets for parallel analysis of multiple protease/substrate
combinations, could identify potentially new classes of protease inhibitors which

affect protease/substrate distal interactions, as well as identify inhibitors of

protease active sites.

1.2 Bacterial toxin proteases
There are several known bacterial pathogens which use proteases in their

secreted two-part toxins to mediate effects upon the host during progression of

infection °. These bacterial toxins use a cellular receptor binding protein to



deliver zinc metalloproteases inside of the cell, where they cleave their
respective target proteins to exert toxic effects on the host °. The pathogenic
bacteria Bacillus anthracis, Clostridium tetani and Clostridium botulinum all
secrete two-part toxins consisting of a cellular receptor binding protein and zinc
metalloproteases, which act intracellularly to cleave target proteins. Due to the
extreme toxicity of these pathogens and their potential use as bioweapons it is
highly desirable to discover specific inhibitors of the protease components of their

toxins.

1.3 Bacillus anthracis infection and toxin secreti on

Bacillus anthracis, the causative agent of anthrax, secretes two toxins
consisting of three proteins, the cellular binding protein Protective Antigen (PA),
Edema Factor (EF) and the metalloprotease Lethal Factor (LF) *%. Both EF and
LF require PA for entry into their target cells and are commonly referred to as
edema toxin (ET), consisting of PA and EF, and lethal toxin (LT), consisting of
PA and LF 2. (Fig 1.1)

Inhalation anthrax occurs when anthrax spores are inhaled and
phagocytosed into alveolar macrophages, and are carried to the lymph node
where they germinate *. Once inside the macrophage, anthrax spores must
survive and germinate, and require the production of EF and LF to do so,
|

eventually leading to death and lysis of the cel Toxin components are

produced and secreted at the spore stage *° and by newly germinated spores in

13, 14

the macrophage Early PA and LF expression are thought to promote



survival of emergent Bacillus anthracis bacteria after macrophage lysis and
release into the bloodstream ** > °: however, it has been shown that EF
function is also required for survival of germinated bacteria **.

Upon bacterial release into the bloodstream anthrax toxin has several
roles in aiding bacterial survival *2. During the initial stages of infection, after
release from macrophages, sublethal doses of LT lead to cleavage of MAP
kinase kinase (MKK) proteins which help bacteria survive by preventing cytokine

17-19

responses , dendritic cell responses %

, and B and T cell immunity %.
Production of ET incapacitates phagocytes and cytokine pathways as well % %,
It is thought that production of these toxins shuts down the immune system and

prevents immunity from fighting off anthrax infection *2.

Experimental evidence
now shows that lethal toxin (LT) is required for the dissemination of the disease
and subsequent lethality, while edema toxin (ET) contributes to the process, but
is not required . Further analysis of the molecular mechanisms of anthrax toxin,
with particular focus on the lethal factor metalloprotease as a drug target are
described below.

The protective antigen protein (PA), named so for its effectiveness in
inducing protective immunity against anthrax, is the cellular binding protein
responsible for delivery of LF and EF into the cytosol of target cells ?*. PA binds
to either of the cellular based receptors tumor endothelial marker 8 (TEM8) %
and capillary morphogenesis protein 2 (CMG2) %°. PA is proteolytically activated

by members of the furin-like protease family after binding to cellular receptors .

Removal of a N-terminal 20 kDa piece of PA leaves the remaining 63 kDa protein



bound to the cellular receptor. Receptor bound PA63 then oligiomarizes to form
a ring shaped heptameric complex, capable of binding three molecules of LF or
EF competitively ?*. These PA/LF/EF complexes are endocytosed, and under
low pH conditions the PA63 heptamer forms a pore through which LF and EF
enter the cytosol %, where they are enzymatically active. Although not a receptor
for PA itself, recent studies have shown that low density lipoprotein receptor-
related protein 6 (LRP6) is also required for cellular uptake of oligiomerized PA
bound to LF and/or EF #’.

The Edema Factor protein is a calcium and calmodulin dependent
adenylate cyclase and causes increased levels of cyclic AMP (cAMP), which
inhibits neutrophil chemotaxis, phagocytosis, superoxide production and
microbicidal activity 2. Animal models have shown that edema toxin (PA and
EF) is non-lethal, although it does cause edema upon subcutaneous

28

administration In monocytes and macrophages EF affects cytokine

production, particularly decreased TNFa release, while increasing interleukin 6

production 2%,

Edema toxin inhibits T-cell proliferation and cytokine production.
Although edema toxin is not necessarily associated with Bacillus anthracis
lethality, it does weaken the host immune system significantly to promote anthrax

pathogenesis.

1.4 The Bacillus anthracis lethal factor
The Bacillus anthracis Lethal Factor is a 90 kDa protein consisting of a N-

terminal PA binding domain, a large central domain and a C-terminal



Cleavage of MAPKKs.

Increase in cCAMP, Loss of Cell Signaling.
Loss of Phagocytosis. cq|| death.

Y CMG2 or TEM 8 . PA heptamer/pore
Protective
Antigen 83

=

Furin-like cellular
proteases

‘ Lethal Factor
Protective

Antigen 63
- Edema Factor

Protective Map Kinase Kinase
Antigen 20 (MAPKK)

Figure 1.1 Lethal Toxin Protective antigen binds to cellular receptors CMG2 or
TEM8 on macrophages or dendritic cells (1). PA 83 is cleaved by furin-like
cellular proteases to give PA63 (2). PA63 forms a heptamer (3) and binds lethal
factor (LF) or edema factor (EF) (4). The complex is endocytosed (5) and the PA
63 heptamer forms a pore through which LF and EF are translocated into the
cytosol (6). Edema factor causes increased cAMP (7) leading to loss of
phagocytosis. LF cleaves Map Kinase Kinase (MKK) proteins (8) leading to loss
of cellular signaling and cell death.



metalloprotease domain with a HExxH Zn?* binding domain ?°. LF specifically
cleaves the family of Map Kinase Kinases (MKK) near their N-terminus " % 3,
which prevents phosphorylation and activation of mitogen activated protein
kinases (MAPKs). LF cleaves all of the family of MKKs, except for MKK5, and
shuts down the ERK, JNK and p38 signaling pathways leading to immune

system response and activation °.

Analysis of LF cleavage sites of MKKs
reveals conserved features including a cluster of basic residues three to five
residues upstream of two or more aliphatic residues ?®. The consensus cleavage
site of the MKK family by Lethal Factor has been identified to contain a motif of
BBBB-H-"H----- where B is a basic amino acid, H a hydrophobic acid, the dash is

31 " These residue

any amino acid, and the ~ indicating the cleavage site
characteristics of the LF cleavage site are conserved among all of the MKKs and
are important for efficient proteolysis of the MKKs % 3% 33 The MKKs also
contain an identified distal interaction site for LF near their C terminus ” 2. This C-
terminal lethal factor interacting region (LFIR) is conserved amongst all of the
MKKs &, which may account for the high specificity of LF for the MKKs. In vitro
experiments with recombinant MKK1 have shown that mutations in the C-
terminal LFIR abolish the ability of LF to cleave MKK1 8. Biochemical analysis
has also shown that full length MKKs are cleaved much more efficiently than
peptides which span the cleavage site alone % 3.

LT is known to act upon numerous cell types of the immune system,
impairing the function of neutrophils and monocytes ** *°, T cells ** % and B
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cells Although LT affects all of these cell types through mechanisms



involving MKK cleavage, there are two main cell types involved in the immune
response which it directly kills, dendritic cells and macrophages *°. Macrophages
uptake lethal factor by PA binding and translocation to the cytosol (Fig. 1.1),
where MKKs are cleaved. Although the MKKs are the only verified substrate of
LF, no direct connection between MKK cleavage and cell death has been
established “°. Recent work by Boyden and Dietrich has shown that the
macrophage polymorphic gene Nalplb is the primary mediator of mouse
macrophage lethal toxin susceptibility, and LT macrophage death requires
caspase-1 **. Macrophage types which do not contain Nalplb are resistant to LT
induced death unless transfected with Nalplb, whereupon they become
susceptible to LT induced macrophage death **. This macrophagic cell death
also requires caspase-1, which is activated in Nalplb containing macrophages
leading to cell death, but not in macrophages containing other variants of the
Nalpl paralogs **. It is unknown if Lethal Factor directly acts upon Nalplb,
causing caspase-1 induced cell death, or if Nalplb activates caspase-1 due to
intracellular stress caused by LF cleavage of the MKKs “°. Regardless of the
direct mechanism, inhibition of LF will prevent macrophage cell death.

Dendritic cells are also affected by lethal toxin, although the role of LF on
dendritic cells is unclear *. Immature dendritic cells circulate in the peripheral
tissue and take up antigens, which they present to naive T cells in the lymphoid
organs after maturation *. Dendritic cells are also the most efficient antigen
presenting cells in the immune system . Studies by Reig et al., using bone

marrow derived dendritic cells in several different genetic variants of mice, have



shown that lethal toxin can induce two separate death inducing pathways in
dendritic cells *°. One pathway is dependent on Nalplb and caspase-1, leading
to rapid cell death independent of cell maturity; the other pathway is independent
of caspase-1 and only effective in immature dendritic cells at times greater than
four hours after LT exposure *. Another important finding in these studies is that
the protective effect of mature dendritic cells in the caspase-1 independent
pathway occurs downstream of MKK cleavage *°. Much work still needs to be
done to separate the pathways in dendritic cell and macrophage death in
different genetic backgrounds.

In summary, current literature shows that Lethal Factor, and its specific
delivery to these cell types by PA, is critical to survival and germination of
anthrax spores at early stages of infection, and promotes immune system
evasion and specific cell death at later stages of the disease. LF is thought to
play a central role in anthrax toxicity, primarily due to these reasons **. Because
of the high biothreat potential of inhalation anthrax there is much interest in
finding novel LF protease inhibitors as a potential treatment for inhalation
anthrax.

Anthrax is listed as a category A biothreat agent by the Center for Disease
Control **. Anthrax has been weaponized and used in numerous cases dating
back as far as World War 1 **. Numerous deaths worldwide have occurred due
to weaponized anthrax use and accidental exposure **. The somewhat recent

postal service anthrax terror of 2001 caused 11 cases of inhalational anthrax



which led to 5 fatalities and highlights the need for fast-acting preventative drugs

for inhalational anthrax treatment .

1.5Tetanus toxin

Clostridium tetani neurotoxin (TeNT) is another two part toxin with a
cellular binding protein heavy chain of 100 kDa which delivers a 50 kDa light
chain (TeNTLC) zinc metalloprotease inside of neurons. Tetanus toxin binds to
and enters peripheral motor neurons and travels by retrograde transport to the
central nervous system, crosses transynaptic gaps and enters inhibitory neurons
% The TeNTLC crosses into the cytosol of inhibitory neurons from endocytic
bodies and acts intracellularly to prevent inhibitory interneuron vesicle release *°.
Cleavage of vesicle-associated membrane protein-2 (VAMP-2) on the surface of
pre-synaptic vesicles by the tetanus neurotoxin light chain in inhibitory
interneurons leads to a block of gamma-aminobutyric acid (GABA) and glycine
release which elicits spastic paralysis “°.

Studies on TeNT light chain, and the closely related botulinum neurotoxin
type B light chain, which also cleaves VAMP-2 at the same peptide bond in
different neuron types “°, reveal extensive substrate/protease recognition
domains distal from the protease cleavage site on VAMP-2. Deletion and
mutational studies on VAMP-2 show that mutations in amino acid residues 41-51
result in a much reduced cleavage rate by TeNTLC compared to wild type

VAMP-2 “°. Mutations in this region had a greater effect on VAMP-2 cleavage

than mutations in amino acids 70-80 adjacent to cleavage site itself located
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between residues 76 and 77 “°. VAMP-2 residues 82-87, C-terminal to the
VAMP-2 cleavage site, were also shown to be important for VAMP-2 cleavage by
TeNTLC “°. Particularly interesting is the fact that the closely related botulinum
neurotoxin type B light chain (BONTBLC), which cleaves VAMP-2 at the same
peptide site, has entirely different distal recognition sites than TeNTLC “°. The
distal interaction sites of both proteases are different than the original SNARE
motifs described by Rossetto et al.,, hypothesized to be important in
protease/substrate recognition °.

These studies show distal recognition elements of tetanus toxin light chain
are important for protease/substrate specificity and substrate recognition.
Tetanus is a often a fatal disease with death occurring by heart or respiratory
failure *’, however, due to large-scale vaccination and availability of vaccines, the
disease has dramatically declined *®, and is not considered to be of particular
interest in drug discovery. Instead, much focus is currently being placed on drug

discovery for the closely related botulinum neurotoxins.

1.6 Botulinum Neurotoxins

The Clostridium botulinum neurotoxins, like tetanus toxin and anthrax
lethal toxin, are two part toxins. These neurotoxins are of seven types, A-G, all of
which target the molecular machinery of docking and vesicle fusion in
neurotransmitter release “**°, the loss of which can lead to flaccid paralysis

and death **. They are expressed as 150 kDa polypeptides and processed by

proteases into a 100 kDa heavy chain and a 50 kDa light chain, which are linked
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by a disulfide bond ®°. The 100 kDa heavy chain targets gangliosides and
neuron specific receptors on the presynaptic membrane of motoneuron nerve
endings *°, and the 50 kDa light chain zinc metalloprotease acts intracellulary in
neurons to cleave SNARE proteins, which form complexes required for pre-
synaptic vesicle fusion. Cleavage of SNARE proteins in pre-synaptic
motoneurons leads to a loss of acetylcholine release into neuromuscular
junctions, and leads to flaccid paralysis due to lack of muscle contraction °3.
These toxins are some of the most deadly substances known to man °°.

The heavy chains of botulinum neurotoxins (BoNTs) have been shown to
bind to polysialoganglioside lipids on the neural cell membrane, but require a

protein receptor for internalization *°.

The heavy chain (HC) of botulinum
neurotoxin types A and C bind specifically to the family of synaptic vesicle
receptor proteins SV2 isoforms A, B and C while BoNT type E heavy chain only
binds to SV2 A and B **>°. BoNT serotypes B and G have been shown to bind
strongly to synaptotagmin | and synaptotagmin Il “°.  The dual binding
requirement for these receptors and specific lipids by the BoNTs is thought to
account for their ability to enter pre-synaptic nerve terminals with high specificity
54.

Upon binding to their specific receptors and polygangliosides, BoNTs are
endocytosed in vesicles forming endosomal compartments. The light chain must
then exit these endosomal compartments to the cytosol in order to act upon their

specific SNARE proteins. Once inside of endosomal compartments the low pH

causes the light chain protease to undergo a conformational change where
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previously buried hydrophobic residues and domains are on the outside of the

molecule °°

. The reducing environment of the endosome also causes the
disulfide bond between the chains to separate. The light chain then translocates
through the heavy chain, which forms a pore through the endosomal
compartment membrane once the disulfide linkage to the light chain is reduced.
Once in the cytosol, the light chain re-folds to its active state where it can act
upon its substrate SNARE proteins *° (Fig. 1.2).

The targets of botulinum neurotoxins, the SNARE (soluble NSF
attachment protein receptor) proteins are bound to pre-synaptic vesicles and
membranes. SNAREs are attached by either a transmembrane region, as seen
with the SNARE proteins synaptobrevin (VAMP) to the pre-synaptic vesicle and
syntaxin to the pre-synaptic membrane, or via post-translational palmitoylation on
cysteine residues and attachment to pre-synaptic membranes, as seen with
SNAP-25 *" %8 Depolarization of the neuron by action potentials and calcium
influx causes the calcium binding protein synaptotagmin to initiate SNARE
protein complex formation of VAMP, SNAP-25 and syntaxin into a colied coil
structure, leading to membrane fusion and release of acetylcholine from
acetylcholine containing vesicles into the synaptic cleft of the neuromuscular
junction > >,

The SNARE proteins are mostly unstructured in the absence of their
binding partners but form a highly stable structured coiled-coil helical structure

once they come into contact after neural depolarization, mostly due to

hydrophobic packing °®®*. Formation of the low energy coiled-coil SNARE
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Figurel.2 Botulinum neurotoxin (BoNT) binds to the SV2 receptor on pre-
synaptic nerve terminal via the heavy chain (1) and is internalized (2). The
change in endosomal pH (3) causes the heavy chain to form a pore and
translocate the light chain protease into the cytosol of the neuron (4). The Light
chain protease cleaves specific SNARE proteins causing loss of acetylcholine
release. Light chains of serotypes A, C and E cleave SNAP-25 while serotypes
B, D, F and G cleave VAMP/synaptobrevin. Serotype C alone cleaves syntaxin
as well as SNAP-25.
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complex by the three SNARE proteins is thought to counter the energetic penalty
of bringing phospholipids head groups from separate membranes together and

makes membrane fusion of th