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ABSTRACT

CELL-TARGETED RIBOSOME-INACTIVATING PROTEINS DERIVED FROM
PROTEIN COMBINATORIAL LIBRARIES

Degree of Doctor of Philosophy, 2008
Subodini Perampalam

Graduate Department of Medical Biophysics in the University of Toronto

Combinatorial protein libraries based on a protein template offer a vast potential for
deriving protein variants harboring new receptor specificity while retaining other tem-
plate functions to serve as library search-engines, cell-routing sequences and therapeutic
domains. This concept was tested with the design and synthesis of protein libraries
where short random peptide motifs were embedded directly within the catalytic A
subunit of the bacterial ribosome-inactivating protein (RIP) known as Shiga-like toxin 1
(SLT-1). More precisely, a seven amino acid peptide epitope (PDTRPAP) was inserted
between residues 245-246 of its A subunit (SLT-1AP™") and shown to preserve
catalytic function while exposing the epitope. SLT-1 A chain libraries harboring tripep-
tide and heptapeptide random elements were subsequently constructed, screened and
shown to express more than 90% of expected cytotoxic A chain variants. Finally, more
than 9,000 purified SLT-1 A chain variants were screened using their ribosome-
inactivating function in a cell-based assay to identify mutants that are able to kill human
melanoma 518-A2 cells. This search led to the striking discovery of a single chain RIP
that displays selectivity for a panel of human melanoma cell lines as well as minimal
immunogenicity when injected repeatedly into mice. This directed evolution of a RIP

template provides a broad platform for identifying cell type specific cytotoxic agents.
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CHAPTER 1: INTRODUCTION

1.1 Rationale for designing targeted Therapeutics

Chemotherapy has become the prevelant form of treatment for most cancers. However,
conventional chemotherapeutic agents exhibit poor specificity in reaching tumor tissue
and are often constrained by dose-limiting toxicity. This has prompted the exploration of

targeted therapeutics.

Targeted therapeutics refers to drugs that target a specific cellular pathway in the growth
and development of tumor. The targets consist of various molecules that are believed to
play a role in cancer formation. However, most tumors are linked to alterations in more
than one cellular pathway. Hence, multi-targeting approaches are necessary to eliminate
tumor cells as well as prevent drug resistance from developing. Defining new cancer
specific targets may thus yield the next generation of cancer therapies to be used with
conventional treatments with improved clinical benefits. For example, the relevance of
cancer cell surface receptors as therapeutic targets is shown by the successful use of
monoclonal antibodies such as Herceptin, Zevalin, Rituxan, and Mylotarg (Table 1.1) [1-
4]. These monoclonal antibodies have served as excellent prototypes for the design of

protein-based therapeutics in cancer.




Our laboratory started working on protein combinatorial libraries as a way to develop
new classes of targeted therapeutics in the field of cancer [5]. The term combinatorial
library refers to a collection of protein molecules built on a common structural template.
Specifically, our group has been using Shiga like toxin 1 (SLT-1), a ribosome inactivat-
ing protein, as a structural template. A major advantage of mining such toxin libraries is
that families of toxins may address issues such as tumor antigen heterogeneities. Fur-
ther, the use of a protein toxin as a structural template provides an opportunity to
generate binding reagents that have a toxic property. My thesis project was to design
and analyze first generation toxin libraries based on the catalytic A chain of SLT-1. I
first demonstrated that such SLT-1A libraries yielded stable A chain variants that were
catalytically active. Secondly, these libraries were screened to derive toxin variants with

specificity for proteins and cells.

1.2 Targeted therapeutics and cancer

1.2.1 Targeting

The concept of targeted tumor killing has been around since the early 20™ century [6]. In
1906, Paul Ehrlich introduced his “magic bullet” concept which stated:
“The antibodies are therefore magic bullets which find the targets them-
selves....we must therefore concentrate all our powers and abilities on making
the aim as accurate as we can contrive, so as to strike the parasites as hard and

the body cells as lightly as possible.”




The term “magic bullet” refers to a reagent capable of selectively detecting and destroy-
ing tumor cells. The possibility to implement this concept was observed after the
discovery of the methods for producing monoclonal antibodies [7]. A major expectation
for targeted therapeutics is that they show high efficacy and low toxicity. Traditional
cancer therapeutics block the metabolism of dividing cells and do not discriminate
between cancer cells and healthy cells that divide frequently such as hair follicles, and
cells in the gastrointestinal tract and bone marrow. The lack of specificity exhibited by
anti-cancer agents can lead to adverse side effects which limit their clinical success. At
present two main classes of targeted therapeutic agents are used in the clinic: mono-

clonal antibodies and small molecules (Table 1.1).




Table 1.1: FDA-approved targeted agents and the spectrum of targeted cancers*

Agent (mAb) Target Type of Cancer References

Cetuximab (Erbitux) EGFR (chimeric) CRC, HNSCC [8]

2004

Trastuzumab (Her- Her2/neu (Human- Breast cancer [1]

ceptin)-1998 ized)

Bevacizumab (Avastin)- | VEGF (Humanized) Colorectal cancer [9]

2004

Rituximab (Rituxan) CD20 (Chimeric) Non-Hodgkins lym- [3, 4]

1997 phoma

Ibritumomab tiuxetan CD20 (murine) Non-Hodgkins lym- [2]

(Zevalin)-2002 phoma

Tositumomab-I-131 CD20 (murine I-131) | Non-Hodgkins lym- [10]

(Bexxar)-2003 phoma

Alemtuzumab (Cam- CD52 (Humanized) B-cell Chronic lympho- | [11]

path)-2001 cytic leukemia

Small molecules

Imatinib (Gleevec) — TKs (BCR-ABL, KIT, | GIST [12, 13]

2002 PDGFR)

Gefitinib (Iressa)-2003 TK (EGFR) NSCLC [14]

Erlotinib (Tarceva) TK (EGFR) NSCLC, Pancreatic [15]

-2004 cancer

Sunitinib (Sutent) -2006 | TKs (VEGFR, GIST, Renal cancer [16]
PDGFR, KIT, FLT3)

Sorafenib (Nexavar) — Kinases (B-Raf, Renal cancer [17]

2005 VEGFR2, EGFR)

Zolinza (Vorinostat)- Histone deacetylase Percutaneous T-cell [18]

2006 lymphoma

Bortezomib (Velcade) 28S protease B-cell lymphoma [19, 20]

2003

* Adapted from Ref. [21, 22]




1.2.2 Cancer specific markers

Eukaryotic cells exhibit a collection of surface molecules which can serve as targets for
ligands in the development of targeted therapeutics. Developing strategies to identify
novel cancer cell surface markers is fundamental to drug discovery. A variety of solid
tumor markers have been identified that are up-regulated on cancer cells such as the
HER-2/neu, epidermal growth factor receptor (EGFR), carcinoembryonic antigen, the
Lewis Y-related carbohydrate antigen and the epithelial cell adhesion molecule (Ep-
CAM) [23-25]. Ligands binding to cell surface receptors preferentially expressed on
cancer cells may be useful for directing therapeutics to sites of disease with increased
therapeutic windows [26, 27]. For instance, it has been shown that tissue homing
peptides coupled to drugs are more effective and less toxic than the drugs alone [26, 28].
Many molecules selected for their homing potentials to tumors have been used as
carriers to deliver cytotoxic drugs [27], cytotoxic peptides and pro-apoptotic [29, 30],
metalloprotease inhibitors [31], cytokines [32], and imaging agents in mouse models of
human tumors [33]. Many of the FDA approved monoclonal antibodies such as Cetuxi-

mab (EGFR) and Trastuzumab (HER-2/neu) and small molecules such as Gefitinib (EGFR) and

Erlotinib (EGFR) were developed against cancer cell specific markers.

1.2.3 Current combinatorial therapeutics

A combinatorial approach offers the opportunity to explore a large number of potential
drug candidates and this technology can be classified into two groups. The first one is
comprised of low molecular weight compounds (less than 500 Da) based on small
organic scaffolds or natural products and prepared by synthetic methods [34-36].

Members of these libraries are generated by solid or solution phase methods. The




diversity of these libraries is usually less than 10,000 elements and they involve iterative
searches to identify improved lead compounds. Small molecule drugs are less expen-
sive, less immunogenic, less specific, may gain access to intracellular targets and are
more convenient to administer (oral bioavailability) as compared to large molecule drugs
such as antibodies, nucleic acids and peptides [37]. The second class of combinatorial
libraries include all biological polymers such as nucleic acids, peptides and proteins
[38]. There is considerable amount of research that focuses on this class of combinato-
rial libraries since in oncology, proteins (monoclonal antibodies) entering clinical studies
have higher success rates (18-24%) compared to small molecules (5%) [39, 40]. Exam-
ples of both antibody and small molecule therapeutics now approved for human uses are
listed in Table 1.1. Monoclonal antibodies as a major form of approved cancer therapeu-

tics and as a prototype for protein-based therapeutics are discussed next.

1.3 Monoclonal antibodies as cancer therapeutics

Kohler and Milstein developed the monoclonal antibody technology in the 1970s [7].
This technology has allowed researchers to contemplate the design of monoclonal
antibody (mAb) for cancer therapy, as it has many desired features such as high specific-
ity combined with high affinity, a long serum half life as well their organization into
distinct structural and functional domains [41, 42]. There are eight anti-cancer mAbs
approved by FDA and many more are under clinical development (Table 1.1). IgG, the
predominant class of serum antibody, has been used almost exclusively in therapeutic
applications. Functionally, an IgG molecule is divided into two antigen binding frag-

ments (Fabs) and an Fc region which is responsible for mediating effector functions.




1.3.1 Mechanisms of action of monoclonal antibodies

Antibodies possess three different types of therapeutic activities to mediate cytotoxicity
to tumor cells. The first one is unmodified monoclonal antibodies causing antibody
dependent cellular cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC).
These effector functions have been important in the case of Rituxan, alemtuzumab and
Herceptin [43, 44]. However, there have been reports of resistance to ADCC and CDC
among cancer cells [45-47]. Furthermore, these effector functions require the presence
of certain level of antigen expression on the target cells and the effector response in the

case of ADCC is affected by the Fc-receptor polymorphism [48].

The second mechanism of action is by diminishing signaling through receptors whose
over-expression promotes tumor growth. One example for this class is the mAb
Cetuximab which works by physically blocking the binding of the ligand to its receptor
[49]. Monoclonal antibodies can also induce apoptosis directly as in the case of Rituxi-

mab (anti-CD20 antibody) [50].

The third category works by delivering a cytotoxic payload such as monoclonal antibod-
ies conjugated to toxins [51], chemotherapeutics (eg. Calicheamycin conjugated to

1311, °°Y)) or enzymes (bacterial carboxyl peptidase) [53].

Mylotarg) [52], radioisotopes, (
The tumor targeting in all these categories is mediated by the antigen binding fragment
(Fab) of the mAb. For the last category, the antibody simply behaves as a homing
device to direct the payload to the target site. For majority of mAbs, regardless of the

mechanism of action, a necessary first step is penetration of antibody into tumor tissue to

mediate target binding.




1.3.2 Challenges of mAbs

Although, IgG molecules provide bivalency, human origin, and a long serum half life,
they are very large molecules with multi-subunit architecture containing disulfide bonds
and glycosylation. These properties make antibodies difficult and expensive to manu-
facture. Even though solid tumors represent over 85% of human cancers, only 3
(trastuzumab, cetuximab, and bevacizumab) out of the 8 approved mAbs as cancer
therapeutics target solid tumors [54]. One of the three mAbs (bevacizumab) targets a
soluble ligand and not a surface protein within solid tumors. This inequality in efficiency
might be due to poor tumor penetration of intact antibodies (150 kDa) into the interior of
large tumor masses which have inadequate blood supply [55, 56]. Another issue is the
non-specific binding of the antibody molecules by the reticuloendothelial system such as

the liver, spleen and bone marrow.

1.3.3 The use of antibody fragments

Due to the discussed limitations of intact antibody molecules, antibody fragments in the
form of single chain Fv, Fab and multivalent fragments which can be obtained from
combinatorial libraries have become important alternatives. Many of these molecules
are in clinical and preclinical trials and a list is provided in Table 1.2. Any molecule
smaller than intact immunoglobulin molecules (150 kDa) can provide improved tumor
penetration and faster blood clearance. It has become evident that a major determinant
of diffusion speed through tumors is size [57, 58]. ScFv molecules diffuse through
tumors at least 6 times faster than intact IgG molecules due to their sizes and other

properties and they also show improved tissue penetration [59].




Table 1.2. Antibody fragments in clinical and preclinical development*

Name Target Fragment/format | Indication | Stage (ref)
antigen
CEA-scan CEA Fab/mouse Colorectal | FDA approved
(arcitumomab) cancer (http:www.immunomedics.com)
imaging
CDP791 VEGF Fab/PEGylated | Cancer Phase 1 (http://www/nektar.com
humanized
MDX-H210 Her2/Neu | Fab/bispecific Breast Phase 2
& CD64 | humanized cancer (http://www.medarex.com)
SGN-17 P97 ScFv fused to - | Melanoma | Preclinical
antigen lactamase (http://www.seagen.com)
F5 scFv-PEG Her2 ScFv fused to Breast Preclinical [60]
Immunoliposome PEG human cancer as
drug
targeting
C6.5K-A Her2/Neu | Diabody Ovarian & | Preclinical [61]
breast
cancer
T84.66 CEA ScFv dimer Fc Colorectal | Preclinical [62]
cancer
28M CD28 & | Bispecific ScFv | Melanoma | Preclinical [63]
MAP
BiTE MT103 CDI19 Bispecific ScFv | B-cell Phase 1
&CD3 tumors (http://www.micromet.de)
BiTE Ep-CAM | Bispecific ScFv | Colorectal | Preclinical
& CD3 cancer (http://www.micromet.de)
Tandab CDI19 & | Bispecific B-cell Preclinical (www. affimed.de)
CD3 tandem diabody | tumors

*adapted and modified from [64].
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1.3.4 Challenges of antibody fragments

Smaller antibody fragments can be produced in E.coli, yet their stability still relies on
intra-domain disulfide bonds. Antibody fragments provide better tissue penetration, but
offer very low avidity due to single valence affinity [65]. Furthermore, some antibody
fragments tend to aggregate when fused to other domains to achieve therapeutic efficacy.
The addition of single cysteine residue that is convenient during conjugation of FITC or
PEG molecule is not handled well in antibody fragments. Hence, for several applica-
tions, antibody fragments may not be ideal and other protein combinatorial strategies are

preferred.

1.4 Protein combinatorial libraries

Combinatorial protein libraries represent a powerful strategy that can be used to acceler-
ate the evolution of protein scaffolds. The application of combinatorial libraries requires
the creation of a vast collection of molecules and the development of an effective screen
to select members with the desired trait. The basis for combinatorial peptide libraries
was used by arachnids 400 million years ago for the evolution of neurotoxins, as well as
the complex evolution of vertebrate immune system [66]. A combinatorial library
involving the mutations of as little as 7 amino acids within a given protein scaffold
would consist of a billion molecules (20) that share an underlying structural fold while
displaying distinct elements from one another. Because of this vast diversity, it is
possible to isolate library members that bind specifically to any target [67]. The affinity

and specificity of molecules isolated from libraries are linked to the library size. Hence
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a library must be of sufficient size to offer the possibility of containing members with
desired properties. A library with a diversity of 10'° clones resulted in the selection of
antibodies with nanomolar range affinities and a diversity of 3 x 10" clones yielded only
antibodies with micromolar affinities [68, 69]. However, the library size must be within
reasonable limits to be screened practically even if robotic approaches are employed for

all screening steps.

1.4.1 Display strategies

Display strategies refer to combinatorial library searches. They have been developed in
the past two decades to select and evolve random polypeptide sequences into peptides
and proteins with novel functions. Display libraries can either be screened using cell-
based (display on the surface of phage, other viruses, bacteria, yeast or mammalian cells)

or cell-free (ribosome display or mRNA display) systems [70-72].

1.4.2 Phage display

The most common method for creating biomolecular combinatorial libraries is via the
display of peptides and proteins on phages. In 1985, Smith et al established a method
for displaying polypeptides on the surface of filamentous phage by fusing a random
peptide element on viral coat proteins [70]. In phage display, a DNA library is fused to a
gene encoding one of the M 13 phage coat proteins. The fusion proteins are then ex-
pressed on the surface of the phage and the mutants can be screened for binding to a
target. The bound phages can then be recovered and the nucleic acids can be sequenced.
This method allowed for the rapid mapping of epitope binding sites recognized by
antibodies [73, 74]. The methodology was further popularized by Winter and Wells who

demonstrated the display of functional folded proteins on the phage surface [75, 76].
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Antibodies, especially the Fab and scFv fragments were among the first protein libraries
developed. Many high affinity antibodies have been selected using this approach [68,

77, 78].

A great advantage of phage display which also accounts for its popularity is the conven-
ience with which libraries can be screened on targets for specific binders through
biopanning. Biopanning is a process where phages carrying peptides or antibodies are
incubated with a target and phage binders are eluted and enriched by amplification in the
appropriate host cell (described in Figure 1.1). Biopanning provides peptides or antibod-
ies with affinity constants typically in the micromolar (peptides) to nanomolar
(antibodies) range. Cell-based display strategies such as phage display are limited by the
efficiency of transformation (>10°-10'%) in the host system and by the nature of the

protein template used to create libraries [68].
1.4.3 Ribosome Display and mRNA display

Ribosome display is an in vitro selection and evolution technology for proteins which
can be used to create proteins that can bind to a desired ligand [79]. The process leads to
ribosomes and mRNA in a complex with the newly formed protein which can bind to an
immobilized target or ligand [80] (strategy described in Figure 1.2). Then the mRNA of
the complexes is reverse transcribed to produce the DNA encoding the molecule respon-
sible for binding to the immobilized target. Alternatively, mRNA display relies on a
direct covalent link between the mRNA and the protein it encodes [81]. However, this
procedure is limited by chemical synthesis and purification of puromycin-attached

oligonucleotides. These in vitro strategies allow screening of very large initial libraries
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(>10"* members) and it has been shown that increasing the size of the library leads to a
significant improvement in the average affinity of peptides selected against protein
targets [80]. Another advantage of these in vitro selection techniques is the built-in
evolution process where one can obtain increased target affinities or stability of a
member by low fidelity polymerases [82, 83]. However, ribosome display strategies
require low temperature in order to preserve the integrity of the protein-ribosome-mRNA
ternary complex and the recovered mRNA after the first round of panning is very
minimal reflecting the large reduction in the initial library diversity [84]. Moreover,
ribosome display can only be performed on immobilized targets and not on intact cells

since the system is extremely sensitive to RNAse activity present on cell surfaces.
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Figure 1.1: The in vitro panning of immobilized targets by phage display.

In phage display technologies, a DNA random library element coding for peptides or
proteins is fused to a gene coding for one of the M13 phage coat proteins. The library is
incubated with an immobilized target to select for binders and the unbound phages are
removed by washing. Bound phages are then eluted and amplified in E.coli. The
amplified and pooled phages are subjected to further rounds of selection to enrich for
binders and eventually the sequences of individual binders can be identified by sequenc-
ing the encapsulated DNA. (Diagram adapted and modified from [85]).
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Figure 1.2: The in vitro panning of immobilized targets by ribosome display.

In ribosome display, the construct is obtained by PCR amplification of a library insert
and the flanking regions present in the vector. /n vitro transcription of this PCR product
yields mRNA that is used for translation. The ribosome stalls at the end to the message
because of the absence of stop codons, which generates a library of proteins attached to
their messages via the ribosomes. The mRNA-ribosome-protein ternary complexes are
then used for affinity selection on an immobilized target. The message can be recovered
from binders after washing, which then can be reverse transcribed and amplified. The
binders can be used in further rounds of selection or they can be analyzed further by
cloning into expression vectors.
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1.4.4 Possible applications of protein combinatorial libraries

Peptide libraries can be used to map cell surface receptor proteomes. Peptides targeting
specific receptors on cell surface involved in disease can be used for directing imaging
agents (radiolabels, fluorochromes), reporter enzymes, drugs, or gene delivery vectors.
Peptide libraries have been a rich source of ligands for many targets, in particular those
that recognize a continuous stretch of amino acid residues (eg. proteases and SH3
domains). Peptide libraries have also been used to identify motifs mimicking epitopes
of antibodies. However, most molecular recognition events are mediated by folded
proteins [86, 87]. This technology can provide human antibody fragments which are less
immunogenic, do not bind to the reticulo-endothelial system in a non-specific manner
and are rapidly excreted by the kidneys [88]. This approach also allows the generation
of polypeptides other than antibodies (linear peptides, constrained peptides, or small

globular proteins) as binding reagents.

1.4.5 Examples of application

Furthermore, in vivo panning has been used to identify peptides binding to targets
involved in angiogenesis and metastasis [89]. Linear peptide libraries have been suc-
cessfully used to select high affinity binders [74, 90, 91]. Phage display also provides a
tool to identify peptides with similar pharmacological properties to antibodies but with
smaller molecular mass. Peptides binding to one of the vascular endothelial growth
factor receptors (VEGFRs), flt-1, was identified by screening a 12-mer peptide library
[92]. These peptides inhibited angiogenesis and the growth of human gastric cancer
nodules in vivo. Peptides were also isolated that bound to Her2/neu receptor and shown

to possess anti-proliferative effects against breast cancer cells expressing the receptor
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[93]. Simple structural constraints such as disulfide bond have been shown to provide
marginal improvements in affinity during the selection of new binders [94, 95]. In the
case of developing antibodies, phage display provides a way to identify and develop
specific binding reagents very fast with less cost. Several companies have developed
phage display libraries that contain a large repertoire of human immunoglobulin se-
quences which have been used to screen on various ligands (eg, Cambridge Antibody

Technology and MorphoSys AG).

Alternatively, display strategies have also accelerated the translation of antibodies into
targeted therapeutics. For example, the human anti-TNF IgG1 (Adalimumab known as
HUMIRA) is an FDA approved antibody to treat rheumatoid arthritis and was devel-
oped using phage display [96]. There are many other phage display derived antibodies
that are in clinical trials including CAT-2888 (anti-CD22) against leukemias, CAT-354
(anti-IL-13) against asthma, CG-1008 (anti-TGF) against idiopathic pulmonary fibrosis,
MYO0-029 (anti-GDF-8) against muscular dystrophy, ABT-874 (anti-IL12) against T cell
derived autoimmune diseases, as well as HGS-ETR1 (anti-TRAIL-R1) and anti-TRAIL-
R2 against various cancers. Phage display derived tumor binding peptides and antibody
fragments that have been conjugated with radionuclides and toxin molecules have
yielded several potential anti-cancer therapeutic agents [97-99]. Hence, phage display
and other display strategies offer the potential for production of therapeutic proteins.
The use of antibody domains highlight that protein scaffolds may be needed to devise

better classes of targeted ligands.
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1.4.6 Alternate protein scaffolds

A library is designed by choosing a suitable protein as a scaffold with a known three
dimensional structure so that insertion or substitution sites can be selected easily. A
scaffold chosen for the derivation of a protein library should ideally possess all of the
following properties: a large and diverse target binding surface, high thermodynamic
stability under all conditions, efficient folding and expression properties and low immu-
nogenicity. Antibodies, by virtue of their use in adaptive immune responses, have
served a prominent role in designing high affinity, protein based binding reagents. The
target binding surface of antibody molecules is largely formed by the complementary
determining region loops [100]. However, due to the limitations of antibodies and their
fragments discussed in Sections 1.3.2 and 1.3.4, researchers have been exploring alter-
nate binding scaffolds to increase the reservoir of agents. There are over 30 scaffolds
used for library construction and most of the scaffolds used are involved in binding
interactions with other ligands under natural conditions. Examples of some alternate
scaffolds are presented in Table 1.3. These scaffolds present distinct advantages over
antibodies. Many of these scaffolds form stable structures without disulfide bonds
which may simplify their production in bacteria [101, 102]. Moreover, most of these
scaffold molecules are single domain proteins that do not require post-translational
modifications. Many of these scaffolds also display high thermal stability and robust-

ness in terms of their purification [101-103].

Scaffold proteins can be classified into those consisting of: 1) alpha-helical framework
(eg Z-domain of affibodies, and ankyrin repeat proteins) [101, 102], 2) few secondary

structures or irregular architecture of alpha-helices and beta-sheets (eg. Kunitz, and PDZ
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domain proteins) [104, 105], and 3) beta-sheets (knottins, and fibronectin type-III
domains) [106, 107]. Libraries based on these scaffolds have been screened by most of
the in vitro display technologies. There are only a few examples of functional proteins
that have been used as scaffolds for protein display. The beta-barrel green fluorescent
protein served as a scaffold and peptides exhibiting anti-proliferative effects were

isolated [108].

1.4.7 Limitations of existing library scaffolds

Alternate binding proteins and antibody fragments are limited to therapeutic applications
in which the mere event of binding is responsible for the activity of the drug. Intact
immunoglobulins possess effector functions such as ADCC and complement activation.
Hence, in some cases, additional effector functions are needed to obtain therapeutic
potential. Novel effector functions could be provided by conjugating mAbs, their
fragments or alternate binding proteins with diverse classes of molecules such as toxin,
cytotoxic drug, cytokine, enzyme, and radioisotopes. In our study, we explored the
option to use a single chain toxin protein with an inherent functional domain (enzyme

function which causes cell death) as a library scaffold.
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Table 1.3: Examples of alternative protein display scaffolds

Name Scaffold (size) | Randomized Target pro- Selection
elements teins method (ref)
Affibodies Z-domain of 13 aa on flat Insulin, CD28, | Phage display
protein A surfaces HER-2/neu, [101]
(58 aa) factor VIII
Repeat motif Ankyrin repeat | 7aa, on B-turn | MBP, p38, Ribosome
proteins (166 aa) & first a-helix | JINK2, APH display [109]
of every loop
Avimer (LDLR-A- Phage display
module) [110]
(43 aa)
""Fn3/Trinectin | Fibronectin III | 2-3 loops VEGF-R2 & Yeast display
(94 aa) TNF- a [106, 111]
Kunitz do- BPTI/APPI 5 aa in loops Human neutro- | Phage display
mains (58 aa) phil [104, 112]
elastase/TF-
FVlIla, plasma
Kallikrein
PDZ domains | Ras-binding Entire domain | Peptides with Yeast two-

protein AF-6

free C terminus

hybrid, phage
display [113,
114]

Scorpion toxins | Charybdotoxin | Loop Grafting | Acetylcholine | Rational design
or 4aa receptor, and phage
gp120, mAbs display [115]
Anticalins Lipocalins 16 aain 4 loops | VEGF, CTLA- | Phage display
(160-180 aa) 4, Streptavidin | & ribosome
display [116,
117]
Knottins Cellulose 11 aa on Alkaline Phage display
binding domain | loops/7 aa on phosphatase, a- | [118]
flat surface amylase
Knottins Tendamistat 1-2 loops (6- mAb, integrins | Phage display
8aa) [119]

Table adapted and modified from [120].
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1.5 Toxins

Protein toxins have historically been regarded as pathogenic agents. Advances in
molecular techniques have provided us with tools to use the unique properties of toxins
to fight diseases. Toxins are proteins produced by plants, bacteria, animals and insects to
act as either virulence factors (bacteria) or protect plant seeds from predators. Bacterial
toxins have been extensively studied due to their involvement in the progression and
pathogenesis of human diseases and for their ability to exploit host cellular mechanisms.
Specifically, they have been invaluable in terms of understanding endocytic processes
and mechanisms of intracellular transport as well as in the construction of immunotoxins

[121-123].

1.5.1 Immunotoxins and targeting

In order to increase the response of antibody therapy, scientists have engineered antibod-
ies to carry payloads such as toxins [51], enzymes [52], chemotherapeutics [53] or
radionuclides. The creation of various antibody formats through protein engineering
such as single chain antibody fragments (scFv), and Fabs led to molecules possessing
enhanced tumor penetration and optimal serum half life as well as the possibility of
fusing toxic payloads. Immunotoxins (ITs) are protein toxins linked to a cell binding
ligand of immunologic proteins such as monoclonal antibodies, cytokines or growth
factors. Toxins can be chemically conjugated to the targeting moiety by either using
disulfide or thioether bonds, or they can be linked to these molecules at the genetic level.
A single IT can kill a tumor cell, whereas at least 10° molecules of chemotherapeutic
drugs are needed to obtain the same effect, which reduces the likelihood of an adverse

reaction [124]. Immunotoxins bind to target cells through the binding domain and
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undergo endocytosis. The ITs are cleaved in the cytoxol to release the toxin which
causes the inhibition of protein synthesis leading to cell death. Since most toxins exert
their effect in the cytosol by disrupting protein synthesis, a pre-requisite for IT therapy is
the selection of an internalizing antigen. Receptor mediated endocytosis is essential for
the toxins to exert their effect on their targets. Toxins naturally contain a cell binding
domain which is removed during the generation of IT to ensure that toxin targeting is
mediated only through the desired cell binding domain such as antibody or cytokines.
The toxins that are commonly used in the generation of IT that are also being tested in
clinical trials are ricin, diphtheria toxin and Pseudomonas exotoxin. Some examples of
ITs that are undergoing clinical trials are shown in Table 1.4 [125]. Only one IT,
denileukin diftitox (diphtheria toxin fragments fused to interleukin-2), is approved by

FDA for refractory cutaneous T-cell lymphoma.

There are many issues that face the development of ITs as therapeutic agents for solid
tumors such as immunogenicity and vascular leak syndrome (VLS) which is character-
ized by edema, hypo-albuminemia and weight gain [126, 127] . Even though the
etiology of VLS is not clear, there is experimental evidence to support that toxin activa-
tion of the arachidonic acid metabolism pathway may induce vascular leak. Structural
motifs have been identified in toxins that target endothelial cells leading to loss of
vascular integrity. In order to increase the potency of ITs, recent research has focused on
the optimal design of the antibody fragment and linker designs. Furthermore, the safety
profiles of these ITs can be improved through the discovery of new and more selective

tumor targets. These improvements may increase the clinical use of antibody/toxin
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based immuno-therapeutics. Even though phage display and other strategies can accel-

erate the finding of specific tumor targets, the issue remains to optimize the

pharmacokinetics and immunogenicity of the targeting and toxic moieties in combina-

tion.

Table 1.4: Summary of immunotoxin clinical trials*

related effects

Name Clinical Indication Administration | Side Effects Reference
Stage

Denileukin | Phase III CD25+CTCL | Intravenous Acute hyper- [128]

diftitox sensitivity

reactions, VLS,
constitutional
symptoms.

LMB-1 Phase I Lewis Y Intravenous VLS, severity [129]
cancers, and prevalence
primarily increased with
colorectal dose.

BL-22 Phase I CD22+B-cell | Intravenous Dose limiting [130]
malignancies cytokine release

syndrome;
transient
hypoalbunemia

Tf-CRM- | Phase I1 Glioblastoma | Intratumoral Generally well | [131]

107 multiforme tolerated;

symptomatic
progressive
cerebral edema

Proxinium | Phase I SCCHN Intratumoral Well tolerated [132]

with mild drug-

*Table adapted from [125]
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1.6 Bacterial toxins as combinatorial protein library scaffolds

The surface of a cell can be probed for the presence of internalized markers with ribo-
some-inactivating proteins (RIPs) that kill eukaryotic cells. A distinct advantage of
proteins over small molecules in designing combinatorial libraries is that proteins often
incorporate multiple functional domains. Large protein templates such as cell-surface
determinants, immunoglobulins, adapter proteins and enzymes display a modular
architecture in which protein domains exist either as distinct subunits or as defined
motifs embedded into a single peptide chain [100, 133-138]. Another advantage of
proteins as scaffolds is that they offer constrained and exposed domains on their surface
which permits the integration of new functional domains. RIPs represent one such class
of protein templates optimized to kill cells and they contain multiple domains coding for
their cell binding, cell routing, processing and selective inhibition of protein synthesis.
These optimized templates rank as some of the most toxic molecules engineered by

nature. It has been shown that a single molecule of SLT-1 is enough to kill a cell [139].

1.6.1 Ribosome inactivating proteins

RIPs are a family of potent protein toxins that inhibit protein synthesis by directly
interacting with and inactivating ribosomes or by modification of factors involved in
translation. Many RIPs are produced by plants and examples include abrin, ricin,
gelonin, momordin, and mistletoe lectin. Type I RIPs have only a single toxin subunit,
while type II RIPs contain an enzymatic A subunit and a lectin-like binding subunit.
The toxicity of the A chains of RIPs are due to their N-glycosidase activity which

depurinates adenine at position 4324 in the 28 S rRNA as shown in Figure 1.3. This
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single irreversible event prevents the formation of a critical stem-loop configuration
which is necessary for the translocation step in translation. As a result, there is a com-
plete halt of cellular translation. The B chains of type II RIPs mediate cell binding and
internalization through specific sugar residues of glycoproteins or glycolipids. There are
many bacterial and fungal type II RIPs including diphtheria toxin (DT), pseudomonas
exotoxin (PE), Shiga toxin (ShT), alpha-sarcin and restrictocin. Most of these toxins
differ in their mode of action except Shiga toxin which is identical to the plant RIPs. DT

and PE are known to ADP-ribosylate the EF-2 and lead to its inactivation [140-144].
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Figure 1.3: N-glycosidase activity of the SLT-1 A chain.

The A chain of SLT-1 inactivates ribosomes by cleaving the adenine residue at position
4324 of 28s rRNA in the 60 S ribosomal subunit. The stem loop structure is referred to
as the sarcin-ricin domain and its conserved from bacteria to humans [145]. This event
leaving the ribose-phosphate backbone intact is enough to inhibit protein synthesis.
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1.6.2 SLT-1 and catalytic activity

SLT-1 is a bacterial protein toxin produced by a pathogenic strain of E. coli and it
acquired its name because of its similarity to shiga toxin which is produced by Shigella
dysenteriae. The most famous SLT-1 producing E. coli strain is serotype 0157/H7
which has been involved in many outbreaks of hemorrhagic colitis and hemolytic uremic
syndrome [146, 147]. The three dimensional structure as well as detailed structure-
function information derived from mutational analysis are available for ricin and SLT-1
[148, 149]. SLT-1 is similar to ShT in terms of sequence and is immunologically cross-
reactive with ShT whereas SLT-II and its variants have 60% homology at the amino acid
level. SLT-1 assembles into a characteristic ABs arrangement where a single A subunit
is associated with a pentamer of identical B subunits responsible for binding to receptors
on target cells. Ricin, DT, and PE contain a single receptor binding B subunit [150-152].
Shiga toxins, E. coli heat labile enterotoxin, cholera toxin (CT) and pertussis toxin (PT)
possess pentameric B subunits [149, 153-155]. The B subunits generally act as lectins
since they bind to glycolipids or glycoproteins on target cells with the exception of DT

which binds to a protein receptor.

The A subunit of shiga like toxins and other toxins such as ricin and abrin possess N-
glycosidase activity that depurinates a single adenosine residue at position 4324 in the
28S rRNA in the 60S ribosomal subunit leaving the ribose-phosphate backbone of the
molecule intact [156, 157] (Figure 1.3). This event is irreversible and prevents the
association of elongation factor 1 (EF1)-dependent amino-acyl tRNA to the ribosomes
and halts protein synthesis [158]. The SLT-1 A chain binds to a conserved stem-loop in

the 28S rRNA known as the sarcin-ricin domain [159]. Expression of SLT-1 A chain
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mutants in yeast have identified residues tyrosine 77, glutamic acid 167, arginine 170
and tryptophan 203 as critical residues in its catalytic activity [160-162]. There is high
sequence homology between all members of this class of RIPs in regions involved in

forming the catalytic cleft.

1.6.3 Structure of SLT-1

SLT-1 is composed of a 32 kDa A subunit which inserts via its C-terminal domain into
the central pore created by the pentameric arrangement of five identical B subunits (7.7
kDa) (Figure 1.4). The A subunit consists of an enzymatic A; chain (27 kDa) and a C-
terminus A, chain that associates with the B subunit pentamer. SLT-1 B subunits act as
lectins and recognize glycolipids that contain the terminal disaccharide Gala1-4Galf in
order to enter into target cells [163]. SLT-1 specifically binds to the carbohydrate
moiety on the glycolipid called globotriaosylceramide (Gala1-4Galp1-
4glucosylceramide, CD77, Gb3) [163-165]. CD77 is present on a number of cell types
including platelets, gut epithelial cells, endothelial and epithelial cells in renal glomeru-
lus and on germinal center tonsillar B lymphocytes [165-168]. NMR and
crystallographic studies have identified one site per each B subunit monomer as the

functional binding site for Gb3 [169, 170].

Receptor binding is the first step in the process of intoxication of cells by SLT-1. Once
bound to cells, the receptor-toxin complex is internalized by a clathrin-dependent
mechanism and is routed in a retrograde manner through the Golgi apparatus and to the
ER and the enzymatic A subunit is retrotranslocated to the cytosol [171]. Ricin, PE,

pertussis toxin, CT and the E. coli heat labile enterotoxin share the same characteristic
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routing pattern (Figure 1.5). Cells that are normally sensitive to SLT-1, ricin, PE, PT,
CT and the E. coli heat labile enterotoxin are protected by a drug called Brefeldin A
which disrupts Golgi apparatus [172-177]. Even though these cells can internalize the
toxins, their insensitivity illustrates the relevance of routing through the Golgi apparatus
[177]. Toxins that are routed to the ER (SLT-1, ricin, cholera, LT, PE, and PT) have
lysine deficiency, predominantly in their catalytic domain. The catalytic domains of
these toxins are believed to act as mis-folded proteins and use the ER-associated degra-
dation pathway (ERAD) for escaping the ER and it has been proposed that they escape
degradation in the cytosol due to their lysine deficiency [178, 179]. It is believed that
the separation of the SLT-1 A, fragment from the holotoxin in the ER results in the
exposure of a hydrophobic domain which can interact with membranes. The hydropho-
bic C-terminal peptide of SLT-1 A; chain has been shown to have membrane insertional

properties in experiments with cell free membranes [180].
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Figure 1.4: An a—carbon backbone representation of SLT-1.

The A subunit consists of two domains, namely the catalytic A; domain and A, domain
(both shown in purple). The A, domain inserts itself into the central hole formed by a
pentamer of B subunits (shown in cyan). The A subunit is responsible for the ribosome
inactivating function while the B subunit pentamer mediates binding and internalization
of the toxin.
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Figure 1.5: Routing of SLT-1 into mammalian cells expressing CD77 receptor.

The receptor bound holotoxin is internalized via clathrin-mediated endocytosis. The
complex then undergoes retrograde transport through the Golgi apparatus (protease
sensitive loop is cleaved by furin) to the endoplasmic reticulum (ER). In the ER lumen,
the disulfide bond is reduced and the A, subunit of the toxin dissociates from the rest of
the complex and enters the cytosol where it inactivates ribosomes.
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1.7 Summary of previous work

Our laboratory has been working on the properties of SLT-1 and its uses in cancer
therapy. The goal of our initial study was to establish the potential of SLT-1 in purging
B cell lymphomas from bone marrow [181-183]. We had shown that SLT-1 can be
successfully used to purge a human Burkitt’s lymphoma cell line from a murine bone
marrow graft ex vivo before transplantation into SCID mice while sparing bone marrow
progenitor cells [182]. We then reported the expression of SLT-1 receptors on clinical
tumor specimens and cell lines of cancers including breast cancer, multiple myeloma and
lymphoma [181]. We also showed that the CD34" stem cells are resistant to the toxin
which suggests the potential use of SLT-1 as an ex vivo purging agent in removing tumor
cells from autologous stem cell grafts. There are many theoretical advantages to using
SLT-1 as opposed to chemotherapeutic drugs. SLT-1 can in theory kill a cell at a low
dose of 1 molecule per cell [139]. However the actual number of molecules will be
higher due to the efficiency of routing and translocation events in cells [184]. SLT-1 can
be cytotoxic throughout the cell cycle and is soluble in most aqueous media. Finally, it
possesses a novel mechanism of action when compared to conventional drugs suggesting
that known mechanisms of drug resistance will not counter the action of SLT-1. How-
ever, the use of SLT-1 is limited to ex vivo application because its toxicity includes

endothelial cell damage and hemolytic uremic syndrome.
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1.7.1 Combinatorial libraries based on SLT-1

We later developed the concept of modifying the SLT-1 template to target any cancer
cell. Combinatorial SLT-1 libraries were created by randomly mutating two discon-
tinuous loop regions of the B subunit that were previously identified as essential for its
wild-type receptor binding function [5]. More specifically toxin libraries were con-
structed with residues randomly mutated at 9 positions, namely residues 15—19 (loop 1)
and residues 30-33 (loop 2) (Figure 1.6). Since all toxin variants retain their cytotoxic-
ity, this property was used as a search engine to identify mutants from these libraries that
were able to kill target cells expressing internalizable receptors. Minimal searches from
screening bacterial colonies randomly picked from this library have identified toxin

mutants able to kill prostate and breast cancer cell lines resistant to the wild-type toxin.
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Figure 1.6: An a-carbon backbone representation of SLT-1 and space filling model
of the B subunit pentamer.

A) The catalytic A subunit is shown in purple and the receptor binding B subunit is
shown in green. Residues in two loop regions of the B subunit (residues 15-19 in loop 1
and residues 30-33 in loop 2) responsible for receptor specificity of SLT-1 (in red) were
selected as sites for randomization. B) The B subunit pentamer showing the 3 sites that
play a role in binding CD77. Site 1 is shown in red and includes residues Asp17, Thr21,
Glu28, and Gly60. Site 2 is shown in blue and includes residues Asp16, Asn32, Arg33,
Asn55, and Phe63. Site 3 is shown in cyan and includes residues Asp18, Trp34 and
Asn35.
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1.7.2 Advantages of SLT-1 libraries

Toxin libraries provide a strategy to delineate the spectrum of receptors on eukaryotic
cells. The development and screening of such libraries offer practical outcomes such as
the rapid discovery of specific toxins able to destroy cancer cells. This approach does
not suffer from the present limitations associated with immunotoxins or other constructs
where such constructs must be re-engineered to be properly routed and processed by
cells. More importantly, there are no apriori assumptions made about the nature of the
receptors to be targeted on tumor cells. Another feature that was of an advantage was the
multi-valency (pentamer) of the B subunit which may provide binding with higher
avidity. Even though these libraries demonstrated the proof-of-concept for a library

based on a protein toxin, some challenges existed in screening such libraries.

1.7.3 Challenges of SLT-1 libraries

It was experimentally observed that the stability and oligomerization properties of the
binding subunit (B pentamer) are sensitive to the introduction of multiple mutations
within the B subunit sequence. This finding is not surprising considering the compact
packing and highly ordered structure of the B subunit pentamer as evident from its
crystal structure [149]. A major consequence of perturbing the B subunit was the lack of
expression or the rapid degradation of most SLT-1 mutants within such libraries. A
peptide domain has recently been introduced at the C-terminus of the B subunit of SLT-
1 [185], a site previously shown to tolerate the insertion of short peptide antigens [186].
It may thus be possible to insert a peptide library element at the C-terminus of the B
subunit. Unfortunately, such B subunits could not be reconstituted with their A chain.

The second challenge in developing such libraries relates to the size and complexity of
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the SLT-1 ABs template itself, features that reduce the penetration potential of such
targeted agents into solid tumors and potentially increase their immunogenicity. Al-
though these molecules are considerably smaller than mAbs, their sizes were still of the
order of 70 kDa. Tissue penetration is directly related to the size of the targeting agent:

the smaller the targeting agent, the better the penetration [57, 58].

1.8 SLT-1 A chain libraries

In this thesis, we propose to engineer a receptor binding site in the A chain by inserting
or embedding short combinatorial peptide libraries within its scaffold. A careful analy-
sis of the A chain structure revealed several sites that could accommodate local
structural perturbations outside the immediate environment of its catalytic domain.
However, the site to be used has to be assessed carefully for being ideal for inserting a

ligand peptide without compromising other desired properties of the template.

Residues 1-239 were defined as representing the minimum catalytic domain needed for
toxicity of the A; fragment when tested in a rabbit-reticulocyte lysate assay [187].
Secondly, residues 240 to 245 are necessary to facilitate the escape of SLT-1 A; from
the ER lumen [187]. The toxin A subunit contains two cysteines (Cys242 and 261)
which form a disulphide bond. The loop region flanked by the two cysteines is referred
to as the protease sensitive loop and contains the motif R-V-A-R, which is a substrate for
cleavage by furin following the A chain routing into susceptible cells or by trypsin in

vitro. This cleavage separates the N-glycosidase containing 27.5 kDa A; from the 4.5
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kDa A, fragment (Figure 1.7). Like many other bacterial toxins, the toxicity of the A
subunit of SLT-1 is enhanced by proteolytic cleavage [188]. The two fragments are
covalently linked by the disulphide bond and remain associated with the B subunit
pentamer until after the reduction of the disulphide bond which occurs in the ER lumen
[189]. In the crystal structure, the disulphide bond is seen but not residues including
243-257. There are two possible explanations for the absence of structure associated
with residues 243-257 in the crystal structure: the loop is intrinsically disordered or the

loop was cleaved during purification [149].

Furin cleavage site (RVAR)

Y77 R170 ‘W203
1 E1677 | C242 v 261 293
N C
A, (Residues 1-251) A, (Residues 252-293)

1-239 minimun domain for activity

Figure 1.7: A schematic diagram showing the A; and A, chains of SLT-1.

The A chain is composed of 293 amino acids and is cleaved by furin at the C-terminus of
residue 251(Arg). The protease sensitive loop (shaded) is flanked by two cysteine
residues (242 & 261) and the furin cleavage site is indicated by a long arrow. Furin
cleavage of the toxin leads to the generation of an A; catalytic fragment (first 251 aa)
and an A, (42 aa) fragment. The 4 residues crucial for catalytic activity are shown by
small arrows.
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1.9 Thesis Objectives

Considering all the challenges of the holotoxin as a template for combinatorial library,
one could simply focus on creating libraries using the catalytic A chain alone. Interest-
ingly, most of the functional properties of SLT-1 reside within the cytotoxic A subunit
(A, fragment) covering residues 1 to 251 of the A subunit. I thus propose to engineer a
receptor binding site in the A chain by inserting short combinatorial peptide libraries
within its scaffold. The protease sensitive loop region of the A chain was selected as a
ligand site since it is naturally constrained by a disulfide bond (Cys-242 and Cys-261), is
situated outside the minimal catalytic domain of the A chain (residues 1-239; [187], and
is accessible to large protein entities such as proteases. Furthermore, the A chain does

not have any known receptor binding function.

The concept of combinatorial libraries based on a toxin is novel and interesting for a
number of reasons. Toxins are very potent cytotoxic agents and one molecule of the
SLT-1 A chain in the cytosol can kill the cell [139]. Their potency is due to the fact that
they are enzymes with a high turnover rate. Another reason for their potency is the fact
that they are foreign to mammalian cells which makes their activities not regulated by
established cellular pathways. The third reason for their potency is due to the fact that
they are very stable in hosts; the enzymatic domains are especially very stable and resist
proteolytic degradation. More importantly toxins target common and conserved compo-
nents of mammalian cells. The ribosome is the target of RIP, so the toxins have to be
internalized to exert their effect on cells. A surface of a cell can be easily probed for

markers that can be internalized with such a toxin library leading to the identification of
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toxin variants that can target as well as kill a cell of interest. Hence, this strategy can

also serve a role in identifying novel receptors on cancer cells.

The objective of my thesis was to overcome some of the limitations that were associated
with the original SLT-1 library approach by re-designing libraries around the simpler A
chain itself. Our study explores the concept of compressing all functional features
present in the SLT-1 ABscomplex (> 70 kDa) into its catalytic A; domain (30 kDa) with

a view to creating cell-targeted single chain ribosome-inactivating proteins.

Specifically, my first objective was to select a site in the A chain of SLT-1 that can
withstand insertion of a peptide without affecting the expression and the function(s) of
the protein. I demonstrated that a 7-residue long peptide element can be inserted within
residues 245 and 246 of an exposed loop region (protease sensitive loop; residues 242-
261) of the SLT-1 A chain; that this insertion does not affect the expression of stable and
functional protein. My second objective was to construct an SLT-1 A chain tripeptide
library and verify whether the majority of constituent variants were de facto expressed in
bacteria, and whether the library could be mined for ligands recognizing a known target.
The library was constructed by introducing a random tripeptide element within the
known mucin MUC-1 epitope PDTRPAP. It was screened by picking individual colo-
nies and purifying proteins and testing them by ELISA. Our third objective was to
construct a heptapeptide library in the A chain of SLT-1 protease sensitive loop and
screen on cell lines that were resistant to the wild type toxin. The final objective of my

thesis was to explore if existing ligands (available through other approaches) to known
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receptors on cells can be inserted within the protease sensitive loop or anywhere on the

A chain in order to target and eliminate those cells.

1.10 Thesis Organization

In chapter 1, the promise of targeted protein-based therapeutics is discussed. Also,
combinatorial library strategies are discussed. This chapter lists limitations of mono-
clonal antibodies and introduces other protein scaffolds. Specifically, the use of SLT-1

as a protein scaffold is presented.

In chapter 2, I have identified a region in the protease sensitive loop of SLT-1 A chain to
insert a peptide as a targeting moiety. A seven amino acid peptide, PDTRPAP, from the
MUC-1 tandem repeat which binds a mAb was inserted and shown to bind to the mAb

while maintaining toxicity.

In chapter 3, I have described the successful construction of a simple tripeptide library
within the seven amino acid epitope described above. The library variants were
screened exhaustively using an ELISA-based assay to reconstitute the known epitope. 1
explored the entire diversity of the library and identified the expected number of TRP
peptides (3), proving that the constructed library expressed most of the expected mutants

of the SLT-1A chain.

In chapter 4, the seven amino acid library was inserted in the protease sensitive loop of

SLT-1 with a view to finding new toxin variants able to kill cancer cells. This chapter
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highlights the potential for using a cytotoxic function of a protein template as a screen-

ing tool.

Finally, a summary and future directions are provided in Chapter 5.
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CHAPTER 2: VALIDATING A SITE FOR INSERTING PEPTIDE

EPITOPE IN SLT-1A,

2.1 Abstract

The directed evolution of a multifunctional protein template offers the potential of
creating combinatorial protein libraries with one or more embedded search engines.
This concept was established by our group with the construction of a Shiga-like toxin 1
(SLT-1) library harboring random mutations in its receptor-binding B subunit [5]. The
conserved cytotoxic A chain was then used to identify new variants from this library
able to kill cancer cells resistant to the wild type toxin [5]. Despite its advantages as a
protein scaffold, the quaternary structure of SLT-1 could not be maintained in most
variants when many residues were randomized simultaneously within its B subunit.
Furthermore, SLT-1 is composed of 6 subunits (1A and 5 B subunits) and a smaller
protein scaffold would be preferred in terms of increased tumor penetration [57, 58, 190]
and reduced immunogenicity [127]. Hence, we explored the possibility of using the
catalytic A; subunit as a scaffold for inserting a random peptide element. A seven amino
acid peptide epitope (PDTRPAP) recognized by the anti-mucin mAb, Onc-M27, was

first inserted within residues 245 and 246 of the SLT-1 A subunit (SLT-1APTRFAP)
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protease sensitive loop without loss of catalytic activity. The epitope was detected by
Western blot analysis and by ELISA in the context of the toxin variant, indicating that
the site of the library insert was readily accessible to large proteins such as IgGs. The
peptide insertion at this site did not prevent furin from cleaving the protein at the ex-
pected site which readily leads to the generation of a single chain protein with the

inserted peptide ligand.
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2.2 Introduction

Large protein templates such as cell-surface determinants, immunoglobulins, adapter
proteins and enzymes display a modular architecture in which protein domains exist
either as distinct subunits or as definable motifs embedded into a single peptide chain
[100, 133-138]. Conceptually, these constant functional domains could be employed as
embedded search engines to mine such protein libraries with the aim of identifying

variants with altered functional features.

Combinatorial toxin libraries based on the SLT-1 template have been constructed and
screened to identify toxin variants able to recognize and bind specifically to new recep-
tors on cancer cells [5]. In this earlier study, random mutations were introduced into two
discontinuous loop regions of the B subunit previously identified as essential for its
wild-type receptor-binding (CD77) function. This library of SLT-1 toxins with altered
receptor specificities was subsequently mined using the cytotoxic A subunit function as
a search engine to identify mutants able to kill target cells expressing internalized
receptors [5]. However, the quaternary structure of the ABs scaffold introduces folding
constraints, which are often not met if several residues within each B subunit are simul-
taneously mutated. The frequently observed consequences of such mutations are the loss

of pentamer formation and the rapid degradation of toxin variants.

Interestingly, most of the functional properties of SLT-1 reside within a catalytic frag-
ment of its cytotoxic A subunit (A fragment) covering residues 1 to 251 of the A

subunit. One solution to the structural constraints associated with the ABs scaffold may
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thus be to redesign the library template solely around the simpler A; fragment itself. The
objective of the present study was to demonstrate that the structural complexity associ-
ated with the ABs template of SLT-1 (70 kDa) can be simplified by introducing a
receptor-binding domain within its catalytic A; fragment (residues 1-251 of SLT-1 A, 30
kDa) thus removing the need for its remaining A,-Bs protein complex. The 7 amino acid
peptide representing a well known tumor-associated epitope, namely the MUC-1 tandem
repeat (PDTRPAP), was inserted in a selected site within the protease sensitive loop of
SLT-1 A chain to verify if the site is suitable for embedding a library to be screened

using binding as well as functional assays.

2.3 Materials and Methods

2.3.1 Cell lines, antibodies, and bacterial strains

The VERO cell line (African green monkey kidney cells) were purchased from ATCC
(Manassas, VA) and cultured at 37°C in Minimum Essential Medium (MEM) supple-
mented with 10% fetal calf serum (FCS). Hybridomas generating monoclonal
antibodies reactive against mucin glycoproteins were a gift from Peter Linsley [191].
The mAb Onc-M27 used in this study was purified by protein A affinity chromatogra-
phy. The anti-SLT-1 A chain polyclonal antibody was generated by immunizing rabbits
with a detoxified form of the A chain (reduced catalytic activity). DNA sequencing and
cloning steps were performed using the E. coli strain DH5a (Invitrogen, Carlsbad, CA)
while the strain JM101 (Promega, Madison, WI) was employed for the recombinant

production of wild-type SLT-1 and all its variants.
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2.3.2 Construction of SLT-1 expression vectors and embedded libraries

The 7-amino acid long human mucin MUC-1 peptide PDTRPAP was inserted into the
SLT-1-A chain between residues 245 and 246 (Figure 2.1) using a PCR-based approach
(described in Figure 2.2). The reason for choosing this approach for cloning versus any
other method of cloning was due to the lack of unique restriction enzyme sites in this
region of the gene. Briefly, two flanking primers A and B containing the restriction sites
Hind IIT and Pst I were annealed to the 5’ and 3’ end of the SLT-1 operon and two
mutagenic (overlapping) primers containing the inserted nucleotide sequence were used
to build the construct. The 5’-end of the A subunit was amplified with primers A and C,
and the 3’-end with primers B and D. The resulting overlapping fragments were an-
nealed at an equimolar ratio followed by amplification of the full cassette with primers A
and B. The final PCR product was digested with the restriction enzymes Pst I and Hind
IIT (Invitrogen) and cloned into an SLT-1 constitutive expression vector (pECHE 9A)
(Molecular Templates Inc., Toronto) (Figure 2.3). The construction was confirmed by
diagnostic restriction analysis with Nsi I (Nsi I was a unique restriction site in the wt-
SLT-1 which is lost when the peptide was inserted between residues 245 and 246) and
subsequent sequence analysis of the entire cassette region. A diagram of the pECHE
vector map is given in Figure 2.3. Other constructs used in this study were generated

using a similar strategy with the primers listed under Figure 2.2.
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Furin cleavage site (R251/M252)

C242 —C261

1 v 293 1 69
His-tag| A A, B chain

245/ 246

Epitope PDTRPAP

Figure 2.1: A schematic illustration of SLT-1 construct comprising its A and B
subunits.

A histidine tag was inserted at the N-terminus of the A chain for affinity purification.
Furin cleavage occurs between residues 251 and 252 of the A subunit (arrow) within its
protease-sensitive loop (residues 242-261), releasing a cytotoxic A; fragment (residues
1-251) and an A, fragment (residues 252-293) non-covalently linked to the B subunit
pentamer. The peptide epitope PDTRPAP was inserted between residues 245 and 246 of
the A; domain.
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Figure 2.2: Insertion of a 7 amino acid peptide into the A chain of SLT-1 using a
PCR based approach.

The wt-SLT-1 plasmid was used as the initial template for PCR. The first PCR was
done using the flanking primer A (containing a restriction enzyme site, Hind III) and the
mutagenic primer C (which had part of the new peptide sequence). The second PCR
was done using the flanking primer B (containing a restriction enzyme site, Pst ) and
mutagenic primer D (it had part of the PDTRPAP). The two products were allowed to
anneal and then amplified using the two flanking primers, A and B. The two RE sites
shown in red were used for cloning the PCR products into pECHE9A. The restriction
sites on the primers and the gene are shown in red. The primers used for this construct
are listed below.

Primer A: GTT ACT GTG ACA GCT GAA GCT TTA CGT TTT CG

Primer B: GAG AAG AAG AGA CTG CAG ATT CCATCT GTT G

Primer C: GCT GGT CGC GTG TCT GGA TGA TGA TGA CAA TTC AGT AT

Primer D: GAC ACG CGA CCA GCT CCA GCA TCG CGA GTT GCC AGA ATG

Other primers used in this chapter:

Muc P-A: CGA TGC TGG AGC TGC TCG CGT GTC TGG

MUCT-S: GGA GCT GGT CGC GAG TCT GGA TGA TGA TGA CAA TTC AG
Muc R-K:  GCT GGA GCT GGT TTC GTG TCT GGA TG

10xFSEQ:  GGT GAC AGT AGC TAT ACC ACG (Primer used in sequencing

constructs)
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Figure 2.3: Vector map of pECHE 9A.

The signal sequences for the A and B chains are shown in blue. The His-tag at the N-
terminus of A chain is shown in red. The A chain is shown in magenta and the B chain
is shown in green. The critical restriction enzyme sites used during the construction of
SLT-1A"P™PA” are marked (Hind IIL, Nsi I and Pst I). The SLT-1 gene was placed
under the control of the natural promoter of SLT-1. The plasmid also contains the
amphicillin resistance gene.
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5"ggtacccggggatctgaccagatatgttaaggttgcagctctctttgaatatgattatca
ttttcattacgttattgttacgtttatccggtgecgeccgtaaaacgeccgtecttcagggeyg

tggaggatgtcaagaatatagttatcgtatggtgctcaaggagtattgtgtaat

aagggcatgcgttcacatcaccatcaccatcaccatcacatcgaaggtagggctagc
K 6 M R S H H H H H H H H I E G R A S

tgagggggtacc

ggtacctaggctcgagggggggcccggtacccaattcgececct

Figure 2.4: The sequence of the SLT-1 gene and the translated protein sequence in
a pECHE vector.

The A subunit is highlighted in purple and the B subunit in green. The signal sequences
are shown in blue and the arrows indicate the signal peptide cleavage sites. The ribo-
some binding sites (RBS) at the 5° end of A and B subunits have lines above the
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sequence while the two promoter elements at the 5° end of the A chain are underlined
and shown in yellow.

2.3.3 Expression and purification of SLT-1A

Wild-type SLT-1 and SLT-1AP™"4" contain histidine tags at the N termini of their A
chain (Figure 2.1). These toxins were extracted from 6-liter bacterial culture pellets and
purified by metal affinity chromatography on a Ni-NTA HIS-SELECT column (Sigma-
Aldrich). The A-subunits were selectively recovered by treating the column with 50
mM phosphate buffer, 300 mM NaCl, and 10 mM imidazole, pH8.0 containing 6 M
guanidinium-HCI, a denaturing condition which removes the B subunit pentamer that is
non-covalently associated with its A chain. The A subunit bound on the column was re-
folded by subjecting the protein to decreasing amounts of guanidinium-HCI in a step-
wise manner (ie. 80 %, 60%, 40%, and 20% guanidinium-HCl). The columns were then
washed with washing buffer (50 mM phosphate buffer, 300 mM NaCl, and 10mM
imidazole) prior to elution of the toxins with a buffer containing 150mM imidazole (50
mM phosphate buffer, 300 mM NaCl and 150 mM imidazole). Proteolytic cleavage
under reducing conditions to release the cognate A; fragments from their respective A
chain was achieved by incubating the purified A subunits with recombinant furin (New
England Biolabs, MA) in 100 mM MES buffer (pH 6.0), 5 mM CaCl, and ImM -
mercaptoethanol. Typically, 1 mg of SLT-1-A chain was cleaved with 10 units of furin
for 48 hours at 30° C and then subjected to washing with PBS containing 100 mM DTT
and subsequent buffer exchange into PBS using an Amicon ultra-filtration unit (Milli-

pore; 10 kDa cut off). The resulting A; fragments were isolated by a second round of
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affinity purification on Ni-NTA Superflow resin. The toxin was assessed for catalytic

activity (Section 2.3.5) after each stage of purification.

2.3.4 Mapping the mucin MUC-1 peptide epitope recognized by the mAb Onc-
M27

The monoclonal antibody Onc-M27 recognizes a peptide determinant within the mucin
MUC-1 tandem repeat [191]. The 20-residue tandem repeat has the following sequence:
GVTSAPDTRPAPGSTAPPAH. The precise epitope for Onc-M27 within this sequence
was mapped by synthesizing a series of 20 overlapping octapeptides spanning the entire
sequence of the tandem repeat. The peptides were assembled by Fmoc chemistry on
aminomethylated grafted plastic lanterns (Mimotopes, Raleigh NC) following previously
described methods [192, 193]. Six copies of each peptide were synthesized and the
resulting MUC-1 octapeptides, covalently attached to a lantern support, were incubated
in blocking buffer (1% [w/v] bovine serum albumin, 1% [w/v] ovalbumin, 0.1% [v/v]
Tween 20 in 10 mM phosphate-buffered saline [PBS, pH 7.4]) for 1 hour and subse-
quently incubated overnight at 4° C in wells containing the mAb Onc-M27 (1 ng)
prepared in blocking buffer. After 4 washes in PBS containing 0.05% (v/v) Tween 20,
the lanterns were incubated for 1 hour in wells containing anti-mouse Ig-HRP conjugate
(1:1,000 dilution). All lanterns were finally washed with PBS and the binding of mAb
Onc-M27 was detected by first incubating the lanterns in 96-deep well plates containing
ABTS (0.05% (w/v) 2,2’-azino-bis(3-ethylbenzthiazoline 6-sulfonate) dissolved in 0.1
M sodium phosphate-0.08 M citric acid (pH 5.0) and 0.003% (v/v) hydrogen peroxide
per well and by finally transferring the colored solutions into microtitre plates after a 20-
minute incubation period. Absorbance readings at 450 nm were recorded with a microti-

tre plate reader.
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2.3.5 Cell viability assays

The sensitivity of VERO cells to wt-SLT-1 and SLT-1 variants was determined by
seeding 2,000 cells/well into 96-well flat-bottom microtiter plates (NUNC Inc., Naper-
ville, IL) and culturing overnight at 37° C to a semi-confluent monolayer. The cells were
then treated with purified toxins diluted in phosphate buffered saline (PBS) for 1 hour at
37° C, followed by removal of excess toxin. Once fresh medium was added to the wells,
the plates were returned to 37° C for 48 hours. The plates were then fixed with 10% w/v
ice-cold trichloroacetic acid for 30 min at 4° C, washed extensively with water, and
stained with a 0.4% w/v solution of sulforhodamine B in 1% v/v acetic acid to assay
total cellular protein [194]. After extensive washing with 1% v/v acetic acid, the residual
dye was released with 10 mM Tris-HCI (pH 10.0) and the absorbance at 570 nm was

recorded using a microtitre plate reader.

2.3.6 In vitro coupled transcription and translation assay

The ribosome-inactivating property of SLT-1 and variants was measured using an in
vitro coupled transcription/translation reticulocyte lysate assay (TNT assay; Promega
Corp, Wisconsin). Briefly, serially diluted, purified toxin variants were added to an
assay mixture comprising rabbit reticulocyte lysate, SP6 RNA polymerase, amino acid
mixtures, ribonuclease inhibitor and a plasmid containing the luciferase gene. The
reactions were incubated at 30° C for 30 minutes. Luciferase expression (RLU/mg
protein) was correlated to the level of protein synthesis in each sample. Usually 5 pl of
the reaction mixture was added to 100 ul of Luciferase Assay Reagent (substrate) and
mixed well. The light emitted when luciferase is mixed with the luciferin substrate is

measured using a luminometer.
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2.3.7 ELISA assay

Wells of 96-well ELISA plates (Nalgene Nunc, Rochester, NY) were coated overnight
with 1 pg of wild type SLT-1, SLT-1APPTRPAP QT T-1 APPSRPAP " T_1 APPTRPAP QI T
1APPTRAAP The variants were prepared in a 10 mM sodium carbonate buffer (pH9.0) for
the coating stage. The wells were blocked for 1 hour with 0.5% w/v bovine serum
albumin (BSA) and 0.5% v/v Tween 20 in PBS (blocking buffer). After washing the
wells 3 times with PBS, they were treated for 1 hour at 37° C with 0.01 pg of mono-
clonal antibody Onc-M27 prepared in blocking buffer. The mAb Onc-M27 (IgGl)
recognizes the tripeptide epitope TRP in the context of the mucin MUC-1 tandem repeat
sequence PDTRPAP [191]. The wells were washed with PBS and incubated for 1 hour
with a 1:1,000 dilution of a goat anti-mouse [gG-peroxidase conjugate (Sigma, St. Louis,
MO). TMB (3,3’,5,5’—tetramethylbenzidine, Boehringer Mannheim, Mannheim) was
used as a substrate to visualize the binding of Onc-M27 to toxins displaying the expected
mucin MUC-1 epitope. A stock solution of the chromogen TMB (6 mg/ml in DMSO)
was diluted to 100 pg TMB/ml in 0.1 M sodium acetate buffer (pH 5.5) containing 1.3
mM H,0; [195]. The substrate reaction was developed in the dark and stopped by the
addition of 1M H,SOj after 30 minutes. Absorbance values were read at 450 nm using a
microtitre plate reader. The ELISA was followed similarly for checking expression of
toxin with an anti-SLT-1 A chain polyclonal antibody. A rabbit IgG-HRP conjugate was

used as a second antibody for this ELISA.

2.4 Results and discussion

The protease sensitive loop was chosen as a site to embed a library. How could one

verify whether such a site can tolerate changes without losing its ability to adopt a
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defined tertiary structure or without becoming much less stably folded? Past studies
have indicated that the conformation and sequence of an exposed loop may be rather
crucial for the folding and the stability of the protein, even though the packing of secon-
dary structural elements predominantly determine the three dimensional structure of the
protein [196, 197]. Hence, we had to verify whether the structure of SLT-1 A chain is
conformationally stable enough to support a variety of library sequences and to impose
geometrical constraints to define their three dimensional structure. Therefore, we em-
bedded a known peptide sequence in the protease loop (between residues 245 and 246)
and looked at whether this insertion affected the expression and function of the resultant

protein.

2.4.1 Expression in bacteria

Theoretically, the ease of production of a bacterial product such as SLT-1 A variants
should be high when compared to that of other classes of protein-based therapeutic
agents such as monoclonal antibodies and growth factors. However, our initial attempts
to use commercially available expression vectors such as pET (Novagen) to express the
A chain in E. coli resulted in very low yields of toxin (Perampalam and Gariepy). We
were able to express the attenuated version of the A; chain implying toxicity of this
molecule towards the bacterial ribosomes. This is in accord with the literature suggest-
ing that the Shiga toxin attacks bacterial ribosomes at higher concentrations [198]. This
was further supported by the knowledge that ricin A chain does not attack bacterial
ribosomes and it can be expressed in very high yields (40-50 mg/L culture) in bacterial

expression systems [198-200]. We also experimentally observed that the bacterial
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expression of A subunit variants of SLT-1 in the absence of its B subunit led to very low

levels of protein expression (Bray, Perampalam, and Gariepy; unpublished results).

For these reasons, we have used the pPECHE expression vectors developed by Molecular
Templates Inc (MTI, Toronto). These vectors were designed in house to incorporate
properties of the pUC expression vectors (amphicillin resistance) and the natural pro-
moter of SLT-1 in E.coli which aids in the constitutive expression of the toxin in higher
amounts (Figure 2.3). The nucleotide sequence of the A and B cistrons of SLT-1 were
cloned from bacteriophage H-19B and both cistrons were preceded by the Shine-
Delgarno sequences [201, 202]. The expression of A chain variants in the context of
ABs holotoxins generated stable A chain variants with yields comparable to that of the
wild-type toxin (2-10 mg/liter). A diagram of the SLT-1 construct used for expression is
presented in Figure 2.1. The wild type B subunit thus appears to act as a chaperone for
the A chain during protein expression and folding. In view of this advantage, all A chain
variants were initially expressed as ABs holotoxins. In addition, an N-terminal octa-
histidine tag was introduced at the N-terminus of all mutated A chains in order to
subsequently isolate their respective A chains by metal affinity chromatography under
denaturing condition. The A; fragment was generated by treating the A chain with furin

followed by reduction and capturing on a metal affinity column [203].

2.4.2 Selection of a site within the sequence of the SLT-1 A, fragment for inserting
a peptide ligand

Our first objective was to identify a site within the A; template that could tolerate the

insertion of a peptide ligand domain without perturbing other functions associated with
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this fragment. The selection of a site was based on three criteria. Firstly, the inserted
peptide element had to be displayed on the surface of the A chain such that any peptide
ligand from libraries designed using this altered ABs template would be exposed to the
solvent and thus be able to potentially interact with cell surface receptors. Secondly, the
insertion of the peptide library must occur at a site that would not cause a loss of cata-
lytic activity since this activity is to be preserved and later used as a screening tool. It
has been established that residues 1-239 of SLT-1 A are required for full catalytic
activity while residues 240-245 are needed for retrotranslocation from the ER lumen to
the cytosol [187]. So the insertion should take place outside of the 1-245 residues.
Finally, the SLT-1 A subunit contains a protease-sensitive loop delimited by a disulfide
bond linking Cysteine 242 to Cysteine 261. This loop region harbors a furin cleavage
site (between residues 251 and 252 and requiring the sequence RAVR starting at residue
248) needed to create single A; chain toxins (Figure 2.1). This protease-sensitive loop
indicates that this region of the loop is accessible to molecules such as proteases. The
protease sensitive loop in SLT-1 A chain is naturally constrained due to the presence of a
disulfide bond bridging Cys242 to Cys261. These three conditions led us to insert a

peptide between residues 245 and 246 (Figure 2.1).

2.4.3 Accessibility of a heptapeptide ligand inserted between residues 245 and 246
of the SLT-1 A,

To validate if the selected site was exposed, the heptapeptide epitope PDTRPAP was
inserted within the A; fragment of SLT-1. This epitope represents part of the sequence of
the mucin MUC-1 tandem repeat, a well-known tumour-associated antigen present on

the surface of epithelial cancer cells [204]. The reason for selecting this specific peptide
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for insertion is because there are a number of mAbs that recognize this linear epitope.

The accessibility of the selected site (inserted peptide) to large molecules was evaluated

using the monoclonal antibody Onc-M27 directed at this epitope [191]. A detailed

peptide mapping of the epitope recognized by this antibody indicates that mAb Onc-

M27 specifically binds to the tripeptide sequence TRP within this epitope (Figure 2.5).

Mutating residues within this tripeptide region is sufficient to abolish binding to the

mADb.

Table 2.1: ELISA results from engineered TRP variants

Clone DNA Sequence Protein Se- Absorbance values
quence (ELISA)
(450nm)
Engineered SLT1A"™ AT ACG CGA CCA TRP 1.140.22
Engineered SLT1APSREAP TCG CGA CCA SRP 0.140.04
Engineered SLT1APPTRAAP ACG CGA GCA TRA 0.140.02
Engineered SLT1APTEEAP ACG AAA CCA TKP

1.4+0.26
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Absorbance
(405nm)

VTSAPDTR
TSAPDTRP
SAPDTRPA
APDTRPAP
PDTRPAPG
DTRPAPGS
TRPAPGST
RPAPGSTA
PAPGSTAP —
APGSTAPP
PGSTAPPA -
GSTAPPAH
STAPPAHG -
TAPPAHGV -
APPAHGVT —
PPAHGVTS
PAHGVTSA -
AHGVTSAP —
HGVTSAPD —
GVTSAPDT

Figure 2.5: Mapping the mucin MUC-1 peptide epitope recognized by the mAb
Onc-M27.

The precise epitope recognized by the mAb Onc-M27 within the MUC-1 tandem repeat
was mapped by synthesizing a series of 20 overlapping octapeptides spanning the entire
sequence of the tandem repeat. Each bar represents the average absorbance readings
calculated for assays performed on six copies of each overlapping MUC-1 octapeptides.
The tripeptide TRP was identified as containing the key residues defining the recognized
epitope.

This toxin variant containing the PDTRPAP heptapeptide was termed SLT-1A"PTRPA

and modeled a-carbon representations depicting its ABs and A; structures respectively
are presented in Figure 2.6. The toxin variant was expressed in E. coli and purified to
homogeneity by metal-affinity chromatography using the octa-Histidine tag at the N-

terminus of its A chain. Purified wild-type SLT-1 and SLT-1A""™"" were character-
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ized by SDS-PAGE and by Western Blot analyses using antibodies raised against SLT-1
A (rabbit anti-serum) or PDTRPAP (mAb Onc-M27). Similar levels of expression were
observed for the A and B chains of both toxins (Figure 2.7). As expected, the band
corresponding to the A chain of SLT-1A™"A migrated more slowly than the wild-
type SLT-1 A chain protein band, indicating the insertion of 7 additional amino acids.
More importantly, subsequent ELISA assays confirmed that the epitope was accessible
to the mAb Onc-M27 (Figure 2.7). An ELISA signal of around 1.0 was observed for the
variant toxin as opposed to about 0.1 for wt-SLT-1. As a positive control for the ELISA
assay, the 20 amino acid MUC-1 peptide (GVTSAPDTRPAPGSTAPPAH) was used.
Toxin variants were also engineered, expressed and purified with conserved substitutions
at each position within the key tripeptide region (Table 2.1). ELISA results demon-
strated that conservative substitutions at the threonine (SLT-IAPDSRPAP) and proline
(SLT-1APT™44P) positions in the TRP sequence within the context of the full heptapep-
tide epitope essentially led to a loss of antibody binding and ELISA signal (Table 2.1).

PDTKPAP
A

The conservative substitution of arginine to lysine (SLT-1 ) yielded a stronger

binding response indicating that the epitope could tolerate or favor such a change.
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Figure 2.6: SLT-1 serves as a robust molecular template for the design and con-
struction of combinatorial SLT-1 libraries

A) a-carbon chain representation of wt-SLT-1 derived from the crystal coordinates of
Shiga toxin ([149] with the heptapeptide epitope (PDTRPAP; in yellow) inserted be-
tween residues 245 and 246 within the protease-sensitive loop (in red) of the A subunit
(in magenta). The pentamer of B subunits is shown in green. B) Predicted a-carbon
chain representation of the A; fragment of SLT-1 harboring the peptide epitope insertion
(yellow). Coordinates for both models were derived by submitting the crystal structure
coordinates and the desired site and inserted sequences (sequence of peptide and site of
insertion) to SWISS MODEL [205, 206].




61

A ., B Anti-SLT-1Achain  Anti-Muc-1 epitope
1 2 3 4 12 3 4

Achain . =
32kD

A chain - 32kD

A, chain =] 28kD -—
B chain = v v
7.7kD

Absorbance
(450 nm)
© © =
Q T ?
i
-
|

Figure 2.7: Effect of inserting a heptapeptide within the protease sensitive loop of
the A chain of SLT-1.

A) SDS-PAGE gel stained with Coomassie blue showing the comparable expression of
both chains (A and B) of His-tagged purified wild-type SLT-1 (lane 1) and SLT-
1APPTRPAP (lane 2). B) Western blots of the purified A subunits and A, fragments of wt-
SLT-1 and SLT-1APP™AP 35 revealed using a rabbit polyclonal anti-serum recognizing
the SLT-1 A subunit (left panel) and the anti-MUC1 mAb, Onc-M27 (right panel).
Lanes 1, 2, 3, and 4 contain wt-SLT-1, wt-SLT-1A;, SLT-1A"P™"*" ‘and A; of SLT-
1APPTRPAP respectively. C) ELISA results comparing the immunoreactivity of the A
chain towards mAb Onc-M27 in the context of the intact wt-SLT-1 (white bar) and SLT-
1APPTRPAP (black bar) holotoxins and their respective purified A subunits and furin-
cleaved A fragments. Bars represent the average of two experiments performed in
triplicate.
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2.4.4 The cleaved A; fragment contains the integrated peptide ligand

The octa-histidine-tagged A; fragment containing the peptide insert was readily isolated
from its A chain following its treatment with furin and the reduction of the disulfide
bond linking the A; fragment to the A,-Bs protein complex. Furin cleavage was moni-
tored by Western blotting with the polyclonal antibody against SLT-1 A (Figure 2.7).
The expected mass of the SLT-1 A; fragment was calculated to be 29,879 kDa and was
confirmed by MALDI mass spectrometry. Similarly, the expected mass of 30,614 kDa
for SLT-1APP™PAP was experimentally verified by MALDI mass spectrometry. The
furin-cleaved and disulfide-reduced A; fragment was shown to contain the inserted
peptide by Western blotting with the mAb Onc-M27 (Figure 2.7). The epitope
PDTRPAP was also detected by ELISA on the recovered A, fragment of SLT-1APTRPA?
using the mAb Onc-M27, confirming the presence of the integrated peptide ligand
within the scaffold of the A; fragment (Figure 2.7). This study also confirms that

insertion of peptide at this site does not inhibit cleavage of the toxin by furin.

2.4.5 The catalytic activity of SLT-1A"""*"A? s identical to that of the wt-SLT-1

The catalytic activity of wt-SLT-1 and SLT-1A"™P"™®"*" A chains were compared using
two separate approaches in order to establish that the peptide insertion had not resulted
in a loss of enzymatic activity. ABs holotoxins corresponding to the wt-SLT-1 and SLT-
1APPTRPAP ghare the same wild-type B subunit and can thus intoxicate Vero cells.
Cytotoxicity curves depicting the concentration-dependent killing of Vero cells by both

holotoxins are presented in Figure 2.8. The two toxins yielded super-imposed cytotoxic-

ity curves suggesting that the peptide insertion did not have an impact on either the
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folding of the toxin variant into an active ABs holotoxin or exhibiting catalytic activity
(Figure 2.8). An in vitro coupled transcription/translation assay (rabbit reticulocyte
lysate) was also used to assess the catalytic activity of the furin cleaved SLT-1A"PTRPA?
(A)) in relation to the wild-type SLT-1 A chain. Both toxins were able to equally abolish
the synthesis of luciferase reflecting that the N-glycosidase activities of the A chains are
intact and not attenuated by the peptide insertion (absence of luciferin signal reported as

relative light units [RLU]; Figure 2.8).
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Figure 2.8: The heptapeptide insertion did not abolish the cytotoxicity or the
ribosome inactivating property of the resulting SLT-1.

A) The ability of a SLT-1 toxin containing a peptide insertion to kill VERO cells (O)
was comparable to that of wt-SLT-1 ([]). B) The ribosome-inactivating activity of
purified A; chain as measured in a rabbit reticulocyte lysate, coupled transcrip-
tion/translation assay. Luciferase synthesis (measured as relative light units) for the wt
SLT-1 A; (®) and SLT-1"""™"A" A (A), and an inactive SLT-1 variant bearing E167A
and R170A mutations in the catalytic site (O). Experiments were performed in dupli-
cate.
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2.4.6 Inserting known ligands within the A chain

Finding new cancer targeting ligands could improve the diagnosis and treatment of
cancer. The purpose of the present study was to demonstrate that one can reduce the
structure and functional features of a ~70 kDa ABs ribosome-inactivating protein
template to a single A chain variant of ~30 kDa. Specifically, we demonstrated that a 7-
amino acid long peptide motif can be inserted between residues 245 and 246 of the A
chain of SLT-1 without loss of catalytic activity and that the new peptide element was
exposed and could readily interact with putative large proteins acting as receptors such
as the monoclonal antibody Onc-M27. The identification of a site to embed a ligand
domain within the catalytic A chain of SLT-1 offers the potential of inserting existing
peptide ligands directed at tumor antigens, which are derived from other combinatorial
approaches. For example, past searches through synthetic or phage display peptide
libraries, have yielded peptides displaying selective binding to tumor antigens on ne-
ovasculature [27, 31, 207, 208] and colon carcinomas [209, 210]. Cancer cells are
known to up-regulate membrane receptors [211] which in theory represent useful

markers in designing tumor homing ligands.

The identification of a site within the A chain where such ligands can be inserted may
offer opportunities for incorporating known ligands within this site. Studies in the past
have shown that fusion proteins containing the full length A subunit as well as truncated
A subunits (of SLT-1) fused to the N-terminus of CD4 retain the N-glycosidase activity
and are cytotoxic to cells expressing the HIV-1 gp120/gp41 complex [212, 213]. Similar
results were observed when SLT-1A subunit or SLT-1A; subunit was fused to VEGF or

hGM-CSF (granulocyte-macrophage colony-stimulating factor [214]. A fusion protein
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containing the A; subunit of SLT-1 linked to the carboxyl terminus or amino terminus of

anthrax toxin lethal factor (LF1-254) was also toxic to CHO cells [215].

Therefore, we explored the possibility to insert a few such peptides in the protease-
sensitive loop and studied their effect on specific target cells. The two peptides that
were inserted at this site were: A) LTVSPWY — a peptide that was found to bind
specifically to breast cancer cells (SKBR3) [216], B) GRGDSP — a peptide binding to V
4 integrin receptors on cells [27]. The two variant toxins expressed to the same extent as
wt-SLT-1 and were detected by anti-SLT-1 A chain polyclonal antibodies. However,
the two variants did not have any selective cytotoxic effects on the specific cancer cell
lines compared to the wt-SLT-1, indicating that the targeting was not specific (Peram-
palam and Gariepy, unpublished results). There could be a number of reasons for not
observing specific killing by these toxin-peptide variants. For instance, the peptides are
presented in a multivalent format when displayed on phages [217], but only a single
copy of the peptide is inserted into the protease sensitive loop of the toxin. It has also
been suggested that the multivalent presentation of the peptides improves cellular

internalization process [218].
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2.5 Summary and future prospects

The aim of the present study was to generate a single chain toxin that could tolerate a
new targeting site within its structure while retaining all other functions linked to its
cellular routing and toxicity. The subsequent approach of introducing existing ligands
into the toxin A chain was not successful in terms of targeting the toxins to cells. In the
next chapter, I will explore the concept of inserting a combinatorial library within this
site of the toxin. The promise for attempting this approach is that the single chain toxin
template offers a distinct advantage over other ligand binding templates such as immu-
noglobulins for designing combinatorial libraries due to the fact that it incorporates a
cytotoxic domain capable of identifying internalized cell-surface markers in cell-based

assays.
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CHAPTER 3: DESIGN AND CHARACTERIZATION OF THE SLT-

1 APPXXXAP 1 R IPEPTIDE LIBRARY

3.1 Abstract

One strategy to redefine the specificity of the A chain for cancer cells may be to create
libraries of this cytotoxic domain harboring a random peptide motif and to screen such
libraries for novel toxin variants that can target and kill such cells. In this chapter, I will
discuss the design of a structurally compressed SLT-1 toxin library where a random
peptide element was directly embedded within the C-terminal domain of its cytotoxic A
chain in order to reduce both the complexity and mass of the template itself. More
precisely, I have previously discussed that (Chapter 2) a seven amino acid peptide epitope
(PDTRPAP) recognized by the anti-mucin mAb Onc-M27, can be inserted within the
protease sensitive loop (residues 245-246) of the SLT-1 A subunit (SLT-1ATPTRPAP)
without loss of catalytic activity. A SLT-1 library (SLT-1APP***A") was then constructed
where the critical tripeptide sequence TRP within this epitope was randomized. After
assessing the quality of the library in terms of diversity and protein expression, 10,000
clones from this library of (20°) 8,000 variants were screened by ELISA to identify

library members able to bind to mAb Onc-M27. The expected number of variants that
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coded for the TRP motif was 3 and the library screening also identified 3 toxin variants
coding for the expected epitope (TRP) as well as 5 other mutants displaying related and
distinct peptide motifs. These results support the creation of compressed single chain

toxin libraries harboring both a putative ligand and catalytic activity.
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3.2 Introduction

Immunoglobulins exhibit tremendous diversity in terms of the targets they can bind:
proteins, peptides, sugars and small molecules. As noted in Section 1.3.2, there are
many limitations in using immunoglobulins as targeting scaffolds (size and architecture).
These challenges have led investigators to look at alternate protein scaffolds. The term
‘scaffold” describes a protein framework which can be used for introducing novel
functions. The selection of a scaffold best suited for building a combinatorial library
depends on three factors: the library diversity, the properties of the scaffold and the
desired applications. Combinatorial libraries with higher diversity offer a greater prob-
ability of harboring molecules with a desired function than smaller libraries [68, 219].
The compatibility of a novel binding protein scaffold with a particular selection method

should be verified experimentally.

In our case, having established that a peptide ligand could be integrated between resi-
dues 245 and 246 of the SLT-1 A chain, our next objective was to demonstrate that a
random peptide element could be inserted within this site yielding a combinatorial
library of SLT-1 toxins, where each variant may harbor a potentially new receptor-
binding domain within its A; fragment. The reason for choosing a RIP template such as
the A chain of SLT-1 was to utilize the cytotoxic activity of the toxin in the future as a
search engine. However, the idea of a single chain toxin as a library scaffold is novel
and one has to confirm that the selected site can accommodate all possible combination
of sequences within that site without any restrictions or bias. Hence the proof-of-

concept of designing such libraries was experimentally validated by mining a simple
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tripeptide library in search of A, variants able to recognize a receptor mimic, in the
present case, the mAb Onc-M27. The theoretical diversity of a tripeptide library is 8,000
(20%) variants and one can potentially screen all variants in the library as opposed to
variants from a higher diversity library. The rationale behind choosing a mAb such as
Onc-M27 was discussed in Chapter 2 (Section 2.4.2). Specifically, the epitope of the
mADb selected is a linear heptapeptide of which the middle 3 residues (TRP) are the ones
crucial for binding to the mAb. We used ELISA assays to screen the library for variants

reconstituting the known epitope.

3.3 Materials and methods

3.3.1 Construction of the SLT-1AP"**** tripeptide library

A combinatorial SLT-1A tripeptide library (SLT-1A***A") was generated using PCR
by randomly mutating the core tripeptide within the inserted heptapeptide domain of
SLT-1APSRPAP (strategy described in Figure 3.1). The reason for choosing the
PDSRPAP inserted toxin as opposed to the toxin with the PDTRPAP as the parental
template in the construction of the library was to minimize false positives from ELISA
screening (due to wild type sequence emerging). The library design comprised the
replacement of the TRP codons with degenerate NNS codons [220, 221] (N is defined as
A, C, G, or T in an equimolar ratio; S is defined as an equimolar mixture of C or G).
This randomization scheme prevents 2 (opal and ochre) of the 3 stop codons from
occurring within any given nucleotide sequence. Expression of the library clones were

carried out in a suppressor strain that inserts glutamine at the amber stop codon TAG,
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thus removing a source of premature termination of the protein. PCR using the degener-
ate primer E (anti-sense strand) in conjunction with primer A produced dsDNA that was
subsequently purified and used to prime a second PCR, paired with primer B, generating
an amplified library cassette that was then cloned into pECHE9A and transformed
directly into the amber-suppressing (g/nV) E.coli expression strain JM101 (Figure 3.1).
The diversity of the library was assessed by sequencing 11 randomly selected clones and

comparing the DNA sequences.
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Figure 3.1: The construction of a tripeptide library in the A chain of SLT-
1ATPSRPAP ysing a PCR based approach.

The SLT-1""5*"A plasmid was used as the initial template for PCR. The first PCR was
performed using the flanking primer A (containing a restriction enzyme site, Hind I1I)
and the library primer E. The PCR product was carefully purified from a gel and it was
used along with the flanking primer B (containing a restriction enzyme site, Pst I) in a
second PCR. The purified PCR product was digested with the two restriction enzymes
(marked in red) and cloned into the pECHE vector. The plasmids were transformed into
JMI101 strain of E. coli. The synthesized primers used in this study had the following

sequences:
Primer A: GTT ACT GTG ACA GCT GAA GCT TTA CGT TTT CG

Primer B: GAG AAG AAG AGA CTG CAG ATT CCATCT GTT G
Primer E: CGA TGC TGG AGC SNN SNN SNN GTC TGG ATG ATG ATG ACA
ATT CAG TAT TAA TGC
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3.3.2 Expression and purification of toxin mutants

Individual library colonies were picked from carbenicillin-selective LB-agar plates and
grown overnight at 37° C in 1 mL of LB-broth in 96-well culture blocks. The next day,
glycerol stock of each mutant was made by taking 50 pl of culture and dispensing it into
wells of a 96 well plate containing 50 pl of 30% glycerol. The bacterial pellets were
lysed by one cycle of freeze-thawing and then the toxins were extracted using a Bug-
Buster Protein Extraction Reagent (Novagen) supplemented with Benzonase nuclease
(EMD Biosciences, San Diego, CA). The cleared lysates were transferred to individual
wells of 96-well plates containing 2 uL Ni-NTA magnetic agarose beads (Promega) and
incubated for 30 minutes at room temperature. The magnetic beads were washed with
phosphate buffer (50 mM phosphate buffer (pH8.0), 300 mM NaCl, and 10 mM imida-
zole) and the toxin variants were eluted with the same buffer containing 150 mM

imidazole (this process is clearly depicted in Figure 3.2).
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Figure 3.2: A depiction of the tripeptide library screening strategy.

Bacterial colonies were picked from LB plates and grown overnight in deep well plates
with 1 mL LB broth. The cultures were spun down, lysed and purified using magnetic
Ni-NTA agarose beads. Individual purified proteins were adsorbed onto wells of 96-
well plates and ELISA assays were carried out to detect variants that bound to the mAb
Onc-M27.
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3.3.3 ELISA-based screening of toxin variants from the SLT-1APPXXXAP tripeptide
library

Wells of 96-well ELISA plates (Nalgene Nunc, Rochester, NY) were coated overnight
with 1 pg of wild type SLT-1, SLT-1A"™"™"A" or individual purified toxin variants (from
a 1 mL bacterial culture grown overnight in LB) derived from the SLT-1A"PX*XAP
tripeptide library. The variants were prepared in a 10 mM sodium carbonate buffer
(pH9.0) (30 ul of eluted protein diluted in 70 pl of 10 mM sodium carbonate buffer) for
the coating step. The wells were blocked for 1 hour with 0.5% w/v bovine serum albu-
min (BSA) and 0.5% v/v Tween 20 in PBS (blocking buffer). The wells were washed 3
times with PBS. The mAb Onc-M27 (0.01 pg in 100 pul) was then added to each well
for 1 hour at 37° C in blocking buffer. The mAb Onc-M27 (IgG1) recognizes the tripep-
tide epitope TRP in the context of the mucin MUC-1 tandem repeat sequence PDTRPAP
[191]. The wells were subsequently washed with PBS (3x) and exposed for 1 hour with a
1:1,000 dilution (50 ul in blocking buffer) of a goat anti-mouse IgG-peroxidase conju-
gate (Sigma, St. Louis, MO). TMB (3,3’,5,5’—tetramethylbenzidine, Boehringer
Mannheim, Mannheim) was used as a substrate to visualize the binding of Onc-M27 to
toxins displaying the expected mucin MUC-1 epitope. A stock solution of the chro-
mogen TMB (6 mg/ml in DMSO) was diluted to 100 pg TMB/ml in 0.1 M sodium
acetate buffer (pH 5.5) containing 1.3 mM H,O, [195]. The substrate reaction was
allowed to proceed in the dark and was stopped by the addition of 1M H,SO, after 30
minutes. Absorbance values were read at 450 nm using a microtitre plate reader. The
same procedure was followed for checking the level of expression of SLT-1 A chain by

library mutants. An SLT-1 A chain polyclonal antibody (1:3,000 dilution) was also used




76

as the primary antibody and an anti-rabbit I[gG-HRP conjugate was used as a secondary

antibody in order to detect the presence of the A chain scaffold.

3.3.4 Competition ELISA assay

A competition ELISA assay was performed to further analyze the nature of interactions
between mAb Onc-M27 and variants SLT-1A""MYYA and SLT-1A"PM“Y*". The TAP24
(TAPPAHGVTSAPDTRPAPGSTAPP) peptide was used as a competing peptide for this
experiment. Wild type SLT-1 (no MUC-1 epitope present) and the variant SLT-
1APPTRPAP brotein (where the TAP24 peptide should abolish binding) were used as
controls. The ELISA assay was performed as described in Chapter 2 (Section 2.3.7) with
the exception that 5 ug of competing peptide, TAP24, was added along with the mAb

Onc-M27.

3.4 Results and discussion

An SLT-1 A, tripeptide library (SLT-1A°T**4") was designed to verify whether the
majority of the variants were expressed de facto, and whether the library could be mined
for ligands recognizing a known target. The theoretical diversity of this library was
8,000 A variants which presents a possibility for screening each of the variants in a

chosen assay.

3.4.1 Quality of the SLT-1A"P***A? tripeptide library

The tripeptide sequence SRP was randomized within the structural template of the toxin

variant SLT-1APS*PAP The resulting library was termed SLT-1A™***AP " The library
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was constructed using NNS codons (see section 3.3.1) in order to limit the level of codon
bias and the number of possible stop codons [222]. Using the NNS scheme allowed us to
work with a 32 codon population instead of a 61 codon population which gives a better
representation of each of the 20 natural amino acids. The library was characterized in
terms of its sequence diversity and protein expression. Specifically, the insert region of
eleven randomly selected clones from the library was sequenced and the nucleotide
sequences are presented in Table 3.1. All 11 tripeptide DNA sequences observed were
distinct from one another. Each of the library mutant sequenced showed that at least 6
out of 9 bases were different (3 clones showed 6/9, 3 clones showed 7/9, 3 clones
showed 8/9 and 2 clones with 9/9). Even at the level of amino acids, the tripeptides were
distinct from each other. Since all toxin variants in the library harbor an octa-histidine
tag at the N-terminus of their A chains, it was possible to examine the spectrum of
protein expression associated with individual toxins randomly selected from the library.
Holotoxins expressed by 7 distinct bacterial colonies picked from the SLT-1APPXXXAP
library, were recovered by metal affinity chromatography and examined by SDS-PAGE
and Western blot analysis (anti SLT-1 A chain polyclonal antibody). The gel shown in
Figure 3.3 illustrates that both A and B subunits were similarly expressed in a represen-
tative set of 7 library mutants. The Western blot also confirmed that most of the
randomly picked clones express A chains (Figure 3.3). In order to generate a more
quantitative understanding of the expression profiles of the library clones, proteins from
many different sets of 94 different clones were purified and tested by ELISA using the
SLT-1 A chain anti-sera (Figure 3.3). The results showed that more than 90% of the

library clones expressed protein.
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Table 3.1: Nucleotide sequence and amino acid diversity within tripeptide SLT-1 A

chain library
SLTIAPDSRPAP

Randomly Se-
lected Clones
#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

CCA GAC ACG CGA CCA GCTCCA

Library Sequence
CCA GAC GGG ATC GGG GCT CCA

G I G
CCA GAC CTG GAG ATG GCTCCA

L Q M
CCA GAC GAC GAC TTG GCT CCA

D D L
CCA GAC GTC CGGTGG GCTCCA

vV R W
CCA GAC CAG CGCTGG GCTCCA

Q R W
CCA GAC TCC CAG GAG GCT CCA

S Q E
CCA GAC TCC GAC CCC GCT CCA

S D P
CCA GAC TAG GGCTAC GCT CCA

Q G Y
CCA GAC AGC ATG TTC GCT CCA

S M F
CCA GAC AACTACCCG GCTCCA

N Y P
CCA GAC GTC GCCTGC GCT CCA

vV A C

# of Mutated
Bases
8/9

8/9

9/9

7/9

6/9

7/9

6/9

7/9

8/9

6/9

9/9
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Figure 3.3: Expression validation of the SLT-1A""***A? tripeptide library.

Comparable expression levels from 1 mL overnight bacterial cultures of SLT-1APTRFAP

(lane 1), wild-type SLT-1 (lane 2), and 7 randomly selected toxin variants from the SLT-
1APPXXXAP Jibrary following metal affinity purification (lanes 3 to 9), as revealed on a
Coomassie blue - stained SDS-PAGE gel (A), and by Western blotting using a rabbit
polyclonal anti-serum raised against the A chain of SLT-1 (B). C) ELISA was performed
with an anti-SLT-1 A chain polyclonal antibody on 94 different variants (e). Majority of
the library clones expressed protein to similar levels as wt-SLT-1 ([]) and SLT-
1APPTRPAP (). Six out of 94 variants did not express SLT-1 A chain when tested with
the SLT-1 A chain polyclonal antibody (absorbance was less than 0.3).
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3.4.2 Screening of the SLT-1A""***AF tripeptide library

Assuming a uniformed sampling of all possible tripeptide sequences within the SLT-
1APPXXXAP Jibrary, the maximal diversity of the library is of the order of 8,000 (20%)
toxin elements. The diversity of this library was fully explored by picking 10,000
bacterial clones and purifying their individual toxin by metal-affinity chromatography.
The screening strategy used is depicted in Figure 3.2. Each well of 96-well plates
(except well #95 - wt-SLT-1 and well #96 - SLT-1APP™®PAP) were coated with a distinct
toxin from individual mutants and subsequently probed by ELISA using the mAb Onc-
M27 for the presence of the TRP determinant. Results from four screening ELISA
plates are presented in Figure 3.4. An ELISA signal greater than 3 standard deviations
from the averaged baseline signal observed for most toxins tested (0.1 O.D. unit at 450
nm) was considered to be positive and selected for further screening. The DNA coding
for toxins that were positive by ELISA after re-screening were sequenced and the results
are summarized in Table 3.2. The screening identified 3 toxins displaying ELISA

signals comparable to that of SLT-1APTRFAP

(Table 3.2). The calculated or theoretical
outcome of the screen based on a statistical distribution of possible codons within the
randomized region is presented in Table 3.3. The analysis predicts that at least 3 toxins
(12/32,768 or 1/2,731 mutant) with the expected TRP motif should have been identified
in our ELISA-based screen (10,000 mutants tested) and that their nucleotide sequences
(codons) should be distinct. These predictions were experimentally confirmed (Table
3.2) and indicate that the repertoire of molecules within the constructed library closely

approximates the projected random distribution of peptide elements. In addition, three

other sequences containing the essential threonine and proline residues within the TRP
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epitope were identified during the screen (TQP, TLP and TEP). Interestingly, the
ELISA signals observed for these variants were significantly weaker than for variants
integrating the known epitope TRP, suggesting that only a few amino acids can substi-
tute for the central arginine residue. Our screen did not identify any clones with the
sequence TKP (there should be at least be one in our 10,000 clones) present in the
library. Finally, two mutants displaying the tripeptides CAC and MCY were weakly but
consistently recognized by the mAb Onc-M27 (Table 3.2). However, the presence of a
peptide containing the MUC-1 epitope (TAP24 peptide) did not reduce the ELISA signal
observed for these toxins to mAb Onc-M27 suggesting that their binding to the mono-
clonal antibody may occur at a site distinct from the antigen-combining site (Figure 3.5).
The TAP24 peptide did compete off the binding of the SLT-1APP™ A toxin to the mAb

Onc-M27 as expected.
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Figure 3.4: Representative ELISA results derived from screening a SLT-1APPX*XAF
library.

The monoclonal antibody Onc-M27 specifically recognizes the tripeptide epitope TRP.
Scatter-plots of ELISA signals from four 96-well plates coated with 376 randomly
selected and purified toxin variants. The majority of SLT-1A variants derived from the
SLT-1APP***A" library gave absorbance readings at 450 nm of less than 0.25 while
absorbance readings of 1.0 were observed for toxins harboring the TRP tripeptide
epitope. Well #95 on each plate was coated with wild-type SLT- 1 (l, negative control)
while well #96 corresponded to SLT-1A™"T’A” (@, positive control). Toxin variants
giving rise to an absorbance reading higher than 3 standard deviations from the averaged
baseline signal observed for most toxins (') were selected for further analyses.
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Table 3.2: Summary of tripeptide library screening using the mAb onc-M27

Clone DNA Sequence Protein Absorbance
Sequence values (ELISA)

(450 nm)
Engineered SLT1APIREA? ACG CGA CCA TRP 1.140.22
3.C5 ACC AGG CCC TRP 1.1£0.24
34.E9 ACG AGG CCG TRP 1.1£0.15
51.G11 ACC AGG CCG TRP 1.0+0.27
37.C11 ACG CAG CCG TQP 0.4+0.12
11.G5 ACGTTG CCC TLP 0.3+0.11
22.A10 ACG GAG CCG TEP 0.3+0.08
12.G1 TGC GCC TGC CAC 0.44+0.20
33.D6 ATG TGC TAC MCY 0.3+0.12
1.B8 ACC AAGTTG TKL 0.1£0.02
10.A4 CTG CAG ATG LQM 0.1+0.06
1.B19 CAG TCC AGC QSS 0.1+0.03
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Table 3.3: Expected outcome of a tripeptide library screen using a mAb recogniz-
ing TRP

Expected T R P TRP
epitope
Total # of NNS 32 32 32 32768
codons

(4x4x2)
Possible NNS ACC AGG CCC
codons for
TRP ACG CGC CCG

CGG

Expected # of 2 3 2 12
TRP codons
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Figure 3.5: A competition ELISA was performed to further analyze the nature of

interactions between mAb Onc-M27 and variants SLT-1APPMCYAP and SLT-
IAPDCACAP.

The TAP24 (TAPPAHGVTSAPDTRPAPGSTAPP; entire MUC-1 tandem repeat)
peptide was used as a competing peptide for this experiment. Wild-type SLT-1 (no
MUC-1 epitope present) and variant SLT-1APP™PA? (where the TAP24 peptide should
abolish binding) were used as negative and positive controls respectively. ELISA assays
were performed with the mAb Onc-M27 as described in Section 3.3.3 either in the
absence (open bars) or presence of 5 ng of the competing peptide, TAP24 (closed bars).
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3.5 Summary and Future prospects

In this chapter I have described the successful construction of a simple tripeptide library
in the SLT-1 A chain. The library variants were screened exhaustively using an ELISA-
based assay to reconstitute a known epitope. I was able to explore the entire diversity of
the library by screening 10,000 variants. The screening of this library identified the
expected number of TRP peptides (3), suggesting that the constructed library expressed
most of the expected mutants of the SLT-1A chain. This strategy was also successful in

identifying weak binders of the mAb Onc-M27.

When we screened this library on cells (about 1,000 variants) that were resistant to the
wt-SLT-1, we did not obtain a toxin mutant that was able to kill the cells. This finding
was not surprising, since a tripeptide library provides a very limited diversity for dis-
playing a binding domain recognizing surface receptors. We thus proceeded to construct
a SLT-1A library harboring a 7-residue random element this site (residues 245-246) and
screened this library on cells using cytotoxicity as our cell-based functional assay

(Chapter 4).
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CHAPTER 4: CONSTRUCTION OF AN SLT-1 A HEPTAPEPTIDE
LIBRARY AND THE SCREENING OF A CHAIN VARIANTS ON HUMAN

MELANOMA CELL LINES

4.1 Abstract

A heptapeptide library was inserted into the protease sensitive loop of SLT-1 in order to
screen for A chain variants able to kill cancer cells. The library was screened on the
human melanoma cell line 518-A2. Only two variants namely SLT-1A™SN"™ and SLT-
1AMFAPH showed repeated selectivity for the targeted human 518-A2 melanoma cells.
When the two variants were cleaved with furin to see if the single chains of the variants

can mediate killing, only SLT-1A™SNKIM

retained its specificity to kill the human
melanoma cell line. This variant was able to kill seven other melanoma cell lines
indicating that a specific marker may be present on human melanoma cell lines. A
detoxified version of SLT-1A"SN™ as also tested to see whether the catalytic activity
of the toxin was necessary to mediate cellular toxicity. The results indicated that the

catalytic activity was necessary for killing suggesting that the toxin had to be internal-

ized into melanoma cells to exert its activity. Finally, when this molecule was injected
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into two different strains of mice, the immune responses elicited were minimal, indicat-

ing that this protein may not be highly immunogenic.
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4.2 Introduction

Combinatorial protein libraries based on SLT-1 allows for the identification of receptors
on cell surfaces that are internalized since our readout is cell death due to the routing of a
toxin variant to the cytosol near ribosomes. If the site of the library insertion is away
from the catalytic site and if the size of the library is such that it does not interfere with
the folding and stability of the protein, then the enzymatic activity of the toxin can be
used as a search engine. Cytotoxicity implies that the toxin of interest has undergone the
multi-step process of binding to cells, internalization into cells, and has reached its target
in the cytosol in order to exert its enzymatic activity. The concept of the single chain
toxin library is similar in principle to other combinatorial libraries with the main differ-
ence that it includes a search engine (cell killing) rather than just a receptor binding
function. The idea of mining a SLT-1 A subunit library using its cytotoxic function was
tested on cancer cell lines that were insensitive to the wild type SLT-1. Our first goal in
this study was to design and build a diverse library in SLT-1 A chain (Figure 4.1).
Library diversity represents a key parameter in screening combinatorial libraries for
ligands with high affinity and specificity. The sampling repertoire of the tripeptide
library described previously was shown experimentally to be too limited. However, it
served as a useful library to establish proof-of-concept for single chain libraries. A
seven amino acid library (207 or 1.3 x 10° variants) represents a more commonly used

minimal diversity used in phage display [216] as well as other synthetic peptide libraries.
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Furin cleavage site (R251/M252)

C242 C261

1 293 1 69
His-tag Ay As B chain

245 246
Heptapeptide XXXXXXX library

Figure 4.1: Schematic representation of SLT-1 comprising the A and B subunits in
tandem.

The construct contains an N-terminal his tag that aids in affinity purification. The
protease sensitive loop is shown in grey and it is flanked by two cysteines that form a
disulfide bond. The furin cleavage site is marked by the arrow which gives rise to the A
and A, fragments when cleaved by furin followed by reduction of the disulphide bond.
The random heptapeptide was inserted between residues 245 and 246 of SLT-1 A chain.

4.3 Materials and Methods

4.3.1 Cell lines and bacterial strains

The 518-A2 human melanoma cell line was the gift of Burkhard Jansen (Novelix Phar-
maceuticals, Pasadena, CA). The 518-A2 cell line was made resistant to the wt-SLT-1
by exposing the cells in flasks to the toxin for a week. After treating the cells with 5 pg
to toxin twice, cells were tested in a cytotoxicity assay and found to be resistant to the
action of toxin compared to the untreated cells. All other mammalian cell lines as well
as VERO cells (African green monkey kidney cells) were purchased from ATCC

(Manassas, VA). DNA sequencing and cloning steps were performed using the E. coli




91

strain DH5a (Invitrogen, Carlsbad, CA) while the strain JM101 (Promega, Madison,

WI) was employed for recombinant production of wild-type SLT-1 and its variants.

4.3.2 Construction of a heptapeptide library (SLT-1AX**XXX)

A heptapeptide library, SLT-1A* XX wag prepared (method is very similar to the
tripeptide library construction) by a two stage PCR approach. The first PCR was per-
formed with three-step approach involving the co-annealing and amplification, using
primers F and G, of the dsDNA products resulting from parallel PCRs of the SLT-
1APPTRPAP ¢onstruct with primers F and H (the latter containing seven degenerate NNS
codons), and primers G and I. After cutting with Hind III and Pst I, the resulting library
cassette was ligated into pECHE10A (Molecular Templates Inc, Toronto), which was
then digested with Nsi I to linearize wild-type material. The DNA was transformed into
JM101 and expressed as described for the tripeptide library. The construction of the

library is illustrated in Figure 4.2. A diagram of the pPECHEI10A vector is shown in

Figure 4.3.
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Figure 4.2: Construction of a heptapeptide library in SLT-1 A chain.

pECHEI10A plasmid containing the wt-SLT-1 gene was used as the template for a PCR
using primers F (flanking primer containing Hind III site) and the mutagenic primer H.
Another PCR reaction was performed with primers I and G (flanking primer with the Pst
I site). The two PCR products were used in an overlap extension PCR using the flanking
primers F and G. The final PCR product was digested with Pst I and Hind III and cloned
into pECHE10A. The synthesized primers used in this study have the following se-

quences:
Primer F: CT GAA GCT TTA CGT TTT CGG C

Primer G: G AGA CTG CAG ATT CCA TCT GTT GG

Primer H: GA TGC CAT TCT GGC AAC TCG CGA TGC SNN SNN SNN SNN
SNN SNN SNN ATG ATG ATG ACA ATT CAG TAT TAA TGC

Primer I: GCA TCG CGA GTT GCC AGA ATG GCA TC.
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Figure 4.3: A circular map of pECHE10A plasmid used for SLT-1 expression.

The SLT-1 A chain and B chain are shown in pink and green respectively. The His-tag
at the N-terminus is shown in red and the signal sequences at the N-termini of both
chains are shown in blue. The unique restriction sites used in this study are marked.

4.3.3 Cell viability assays

Human 518-A2 melanoma cells were maintained in Dulbecco’s Modified Eagle’s
Medium supplemented with 5% fetal bovine serum (FBS, Invitrogen) and an antibiotic
cocktail of 100 units/ml penicillin and 0.1mg/ml streptomycin. All other cell-lines were
cultured according to the supplier’s recommendations (ATCC), supplemented with 10-
20% FBS and antibiotics. The sensitivity of mammalian cell-lines to wt-SLT-1 and
SLT-1 library variants was determined by seeding 2,000 cells/well into 96-well flat-

bottom microtitre plates (NUNC Inc., Naperville, IL) and culturing overnight at 37° C to
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a semi-confluent monolayer. The cells were then treated with purified toxins diluted in
phosphate buffered saline (PBS) for 1 hour at 37° C, followed by removal of excess
toxin. Once fresh medium was added to the wells, the plates were returned to 37° C for
48 hours. The plates were then fixed with 10% w/v ice-cold trichloroacetic acid for 30
min at 4° C, washed extensively with water, and stained with a 0.4% w/v solution of
sulforhodamine B in 1% v/v acetic acid to assay total cellular protein [194]. After
extensive washing with 1% v/v acetic acid, the residual dye was released with 10 mM
Tris-HCI (pH 10.0) and the absorbance at 570 nm was recorded using a microtitre plate

reader.

4.3.4 Purification and furin cleavage of A subunit toxins

Wild-type SLT-1 and related library variants were extracted from 6-liter bacterial culture
pellets and purified by metal affinity chromatography on a Ni-NTA HIS-SELECT
column (Sigma-Aldrich) using the method described in chapter 2. Bound A-subunits
were selectively recovered by treating the column with 50 mM phosphate buffer, 300
mM NacCl, and 10 mM imidazole, pH8.0 containing 6 M guanidinium-HCI, a condition
that removes the B subunit. Proteolytic cleavage under reducing conditions to release
the A; fragments from toxin was achieved by incubating the purified A subunits with
recombinant furin (New England Biolabs, MA) in 100 mM MES buffer (pH 6.0), 5 mM
CaCl, and ImM B-mercaptoethanol. Typically, 1 mg of SLT-1-A chain was cleaved
with 10 units of furin for 48 hours at 30° C and then subjected to washing with PBS
containing 100 mM DTT and subsequent buffer exchange into PBS using an Amicon
ultra-filtration unit (Millipore; 10,000 kDa cut off). The resulting A; fragments were

isolated by a second round of affinity purification on Ni-NTA HIS-SELECT resin. The
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disulfide-linked pair of A, and A, chains from SLT-1A™SN'"™ was generated by per-
forming the same purification and furin cleavage steps in the absence of reducing

conditions.

4.3.5 Generation of catalytically inactive A," >~ <"

Tyrosine 77 within the A chain of wt SLT-1 is critical for its catalytic function [223]. It
was mutated to a serine (Y77S) within the scaffold of the SLT-1 A,V varjant using
the quick change multi-site directed mutagenesis kit from Stratagene. The ability of the
Y77S variant to inhibit protein synthesis with respect to the A" """ was measured
using the in vitro coupled transcription/translation reticulocyte lysate assay as described

in chapter 2 (section 2.3.6) [224]. The catalytic activity of the Y77S mutant of SLT-1

IYSNKLM IYSNKLM
A 1 Al

was also compared to that of SLT-1 in a cell killing assay on
human melanoma 518-A2 cells. The assay was performed with both A; fragment and

the disulfide-linked A; and A, chains in the context of catalytically inactive and active

forms.

4.3.6 Immunogenicity studies

The immunogenicity of SLT-1 A \as measured in two host mouse strains
(namely CD-1 and C57 Black). Briefly, animal test groups (3 animals per group) were
subjected to daily intravenous (i.v.) tail-vein injections (10 pg per injection) over five
consecutive days. Animal control groups received subcutaneously (s.c.) 50 pg of the
peptide toxin emulsified in Freund’s Complete Adjuvant on Day 1 and were subse-
quently boosted on Days 21 and 35 with 25 pg of the antigen prepared in Freund’s

Incomplete Adjuvant. Sera were collected from mice over the entire 42-day study and




96

subsequently analyzed by ELISA using anti-mouse IgM and IgG peroxidase conjugate.

IgM and IgG responses were detected using ABTS as the colorimetric substrate.

4.4 Results anddiscussion

Phenotypic cell-based assays provide information including specificity, cytotoxicity and
bioavailability. Cell-based assays enhance the success rate of drug discovery since more
than 90% of drug candidates derived from cell-free assays fail to show any effect in
follow up cell culture assays [225]. In this study, the purpose of constructing a hep-
tapeptide library was to screen the library variants on cancer cells using the cytotoxic
function of the A chain in a cell-based assay. The ability to use cytotoxicity for screen-
ing indicated that the protein variant not only binds to cell surface target but also leads to
toxin internalization, cell routing and eventually cell death. Searches based on cytotoxic-
ity assays also permit high throughput screening strategies and may allow a thorough
exploration of SLT-1 libraries. A schematic of the SLT-1 A chain construct along with

the position of the library are presented in Figure 4.1.
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4.4.1 Construction and screening of the SLT-1AXXXXXXX heptapeptide library

4.4.1.1 Successful construction of the library at the genetic level

Using the same genetic strategy described for the SLT-1AP***2F library, a more
diverse SLT-1 A heptapeptide library (207 variants) was generated in which all seven
positions were randomly mutated within the insert, positioned between residues 245 and
246 of the A, sequence of SLT-1A (Figure 4.1). The insertion of any sequence at this
specific site at the genetic level removes a unique restriction site (Nsi I) from the gene.
This feature was useful in eliminating wt-SLT-1 contaminants during the construction of
library by simply cutting the ligated DNA with Nsi I and then cloning it into pECHE10A
(Figure 4.2). The efficiency of the cloning step was characterized by digesting DNA
isolated from 47 randomly selected bacterial colonies with restriction enzymes Pst I and
Hind III (Figure 4.4). The DNA bands corresponding to library clones were running
higher than the band corresponding to wt-SLT-1. One of the library clones (#12) had a
band similar to the wt-SLT-1 band indicating the absence of the insert in the gene.

Clone #42 did not have a PCR band at all implying that the gene was not in the plasmid.
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CUARMGATA M

Figure 4.4: Restriction enzyme analysis of library variants.

DNA was isolated from randomly selected library colonies and digested with Hind III
and Pst I. DNA from wt-SLT-1 was used as a control. The wt-SLT-1 gives the expected
band of 606 bp and the library clones with the random inserts yielded a band at 627 bp.
Clone #12 and clone #42 (marked as “X”) had no band. Therefore 45 out of the 47
clones tested had the correct size insert.
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Figure 4.5: An SDS-PAGE gel showing the protein expression of 96 library vari-
ants.

There are 8 rows (labeled A to H) of 13 wells (numbered) and only 24 wells and the two
marker lanes are marked. The first twenty four (1-24) and the two marker lanes (M) are
labeled for clarity. The last well in each row was loaded with protein markers (M). Ni-
NTA affinity purified proteins from randomly selected library mutants were loaded in
each well and the gel was stained with Coomassie Blue. Sixty nine (69) out of 96 clones
expressed the A and B subunits as marked in lane 1.

4.4.1.2 Screening of the heptapeptide library

The expression profile of the heptapeptide library, termed SLT-1A™***X 'was compa-
rable to that of the tripeptide library. An SDS-PAGE gel containing 96 different library
variants showed that 69 out of 96 clones expressed A and B chain (Figure 4.5). The

library was then screened for holotoxin variants capable of killing wt-SLT-1-resistant
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human melanoma 518-A2 cells. A total of 9,400 clones were picked from this library
and the cytotoxicity of their purified holotoxin variants towards 518-A2 melanoma cells,
human breast cancer CAMA-1 cells and human prostate cancer PC-3 cells were quanti-
fied using the sulforhodamine B cell viability assay [194]. The screening approach is
illustrated in Figure 4.6. The strategy for screening the A chain library in a cell-based
assay was as follows: Adherent cancer cell lines were grown in 96-well plates and used
as targets in the primary screen stages. The cell line selected for screening purpose was
made resistant to the wt-SLT-1 since we were using the holotoxin template (wt B
subunit) for building and screening our A chain libraries. The need for constructing the
A chain library in this manner was discussed in Section 2.4.1. Since these library
variants had a functional B subunit pentamer, they retained their binding to cells ex-
pressing CD77. Cell lines were made resistant to the wt-SLT-1 by growing them in the
presence of 2ug/mL of wt-SLT-1 for 3 to 4 passages. Afterwards, we confirmed their
resistance by performing cytotoxicity screens using the wt-SLT-1. We also performed
flow cytometry using FITC-labeled SLT-B to verify the absence of CD77 expression on
518-A2 cells (Figure 4.7). Consequently, the 518-A2 cell line was insensitive to the wt-
SLT-1 toxin and this feature was confirmed by the weak binding of FITC labeled SLT-1
B subunit to these cells. Alternatively one could mutate the binding sites in the wt-SLT-

1 B subunits in the future so that the B subunit loses its ability to bind to CD77.
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Figure 4.6: A depiction of the cell screening strategy.

Bacterial colonies from our library were picked, grown overnight and glycerol stock of
each clone was made. The expressed toxin variants were purified by metal affinity
chromatography. The toxin variants were then added to wells (96 well plates) contain-
ing target cells and cytotoxicity assay using SRB was performed. Toxins able to kill
cells were re-tested and subsequently sequenced if they demonstrated selectivity for
cancer cells.
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Figure 4.7: Flow cytometry on normal and wt-SLT treated human melanoma cells
518-A2 cells.

Normal 518-A2 cells and 518-A2 cells grown in the presence of wt-SLT-1 toxin were
treated with SLT-B labeled with FITC. The results from treated and untreated cells are
shown in panels A & B in histogram format. The filled curves on both graphs show the
unstained population of cells and the white curve (unfilled) shows the FITC-SLT-B
stained population of cells. The cells grown in the presence of wt-SLT-1 show no
binding to FITC-labeled SLT-1B.
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A representative scatter plot depicting the viability of 518-A2 cells treated with 94
different purified SLT-1A****X yariants is presented in Figure 4.8. Holotoxin
variants that reduced cell viability by more than 3 standard deviations beyond the mean
value of all other non-cytotoxic variants were selected as possible hits and retained for
further evaluation. A total of 112 different SLT-1A™****X yariants were re-screened
against 518-A2 cells, as well as against a panel of 12 other cell lines (human unless
otherwise indicated), comprising PC-3 (prostate cancer), SKBR-3 (breast cancer),
CAMA-1 (breast cancer), U87 (glioma), OVCar-3 (ovarian carcinoma), SiHa (cervical
cancer), PanC (pancreatic cancer), B16-F10 (mouse melanoma), Vero (monkey, normal
kidney), HS-216 (normal fibroblast), H-MEC (normal mammary epithelial cells), and H-
REC (normal kidney cells). Only two variants, SLT-1AYSNM and ST T-1 AAAFAPH,
showed repeated selectivity for the targeted human 518-A2 melanoma cells (Figure 4.9).
Both variants were then cleaved with furin and their respective A; fragments were
purified and re-tested to determine in each case whether the observed cell-selectivity
were uniquely associated with the cytotoxic A; domains alone and not the holotoxin.
The A, fragment of the A chain of SLT-1AYSNKIM (termed AIIYSNKLM) retained its
selectivity for 518-A2 cells (Figure 4.10). The LDs, of this variant was around 400 nM.
One possible explanation for SLT-1A**FAPH to Joose ability to bind to 518-A2 cells
after furin cleavage could be that the targeting function was provided by not just the

peptide but a combination of the peptide as well as other parts of the toxin molecule.
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Figure 4.8: A representative scatter-plot of melanoma 518-A2 cells when treated
with library mutants.

Wells #1 and #89 were treated with wt-SLT-1 (H), and 8 M urea (@) respectively to
serve as negative and positive controls for cell killing. Percent cell survival was calcu-
lated using the equation: (sample — positive control)/(negative control — positive
control) X 100. The broken line on the graph is the 3 standard deviation line and any
value below this line was considered a hit.
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Figure 4.9: Cytototoxicity curves of SLT-1A"™SNKIM and SLT-1A%4FAP op PC-3
and 518-A2.

Dose-response curves (SRB assay) showing the differential cytotoxic effects of two
holotoxin variants, SLT-1A"N'"M (A | @) and SLT-1A*TPM (A O), that were hits
from the screen on, PC-3 (A, A; human prostate,) and 518-A2 (@, O; human mela-
noma) cell-lines. Each point represents the average of experiments performed in
quadruplicate. Error bars represent 95% confidence limits.
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4.4.2 Broad specificity of SLT-1 AYSNEIM £ human melanoma cell lines
The SLT-1 AN molecule is able to kill 518-A2 cells. Does SLT-1 A™YSN™ have

similar effects on other melanoma cell lines? We tested the effect of SLT-1 AYSNKIM

on
9 human melanoma cell lines (Figure 4.10). Our results showed that 8 of the human
melanoma cell lines (518-A2, A-2058, A-375, C-32, MALME-3M, MeWo, SK-Mel-2,
SK-Mel-5, and SK-Mel-28) with the exception of C-32 cell line were sensitive to SLT-1
AYSNELM qyo0esting a broad selectivity for human melanoma cells. This finding was
interesting since a ligand directed surface profiling of human cancer cell lines with

combinatorial peptide libraries showed that some of the receptors targeted by libraries

might be conserved among cell lines derived from a common origin [226].
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Figure 4.10: Specificity and sensitivity of the A; fragment of SLT-1A"SNKIM,

(A) Dose-response curves illustrating the specific cytotoxicity of the A; fragment of
SLT-1ANM (open symbols) compared to its wt SLT-1 homolog (closed symbols) for
the 518-A2 human melanoma cell line. The cell lines depicted are CAMA-1 (@, ;
human breast cancer), HepG2 (A, A; human normal liver), PC-3 (l, [J; human pros-
tate cancer), and 518-A2 (@, O; human melanoma). (B) Dose-response curves
illustrating the differential sensitivity of human melanoma cell lines 518-A2 (O), A-375
(Y), SK-Mel-28 (@), MeWo (), A-2058 (V), MALME-3M (A), SK-Mel-2 (O), and
C-32 (A) to treatment with SLT-1A"SN"™ " Each point represents the average % cell
survival value (sulforhodamine B assay) from experiments performed in quadruplicate.
Error bars represent 95% confidence limits.

4.4.3 The catalytic activity of SLT-1 A™5" '™ jg necessary for cell killing

Mutations of tyrosine 77 within the A chain of SLT-1 are known to dramatically reduce
the catalytic activity of wt SLT-1 [223]. A 1,000 fold less active Y77S mutant of SLT-1
AYSNEEM was subsequently constructed and purified to determine if the catalytic activity
of SLT-1 A"™SNIM was necessary for exhibiting cytotoxicity (Figure 4.11). Our results

showed that the catalytic function of SLT-1 A" and indirectly its cellular internali-

zation were required for killing 518-A2 cells (Figure 4.11). These results suggest that
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toxin binding to a cell surface receptor was not sufficient for cytotoxicity (as in the case
of unmodified mAbs). It was evident that the catalytic activity of SLT-1A™ "™ yag
needed to cause cytotoxicity in 518-A2 melanoma cells indicating that the toxin reached
the cytosol of these cells to exert its action on the ribosome (Figure 4.11). The identifica-
tion of this particular molecule in our cell screen proved that embedding a targeting
function in the RIP A chain toxin which has an inherent function (cell killing) was useful
in identifying variants that not only bind cells but also enter cells. Interestingly, both the
furin-cleaved A chain (A; and A, chains linked by a disulfide bridge between Cys-242
and Cys-261) and the A; fragment of SLT-1 A™N™M displayed similar abilities at
killing 518-A2 cells (Figure 4.11). This implies that the presence of the disulfide bond
in this case does not have any impact on the binding affinity of the molecule to the cells.
It is also possible that the binding event is not the only limiting event but the down-
stream processing of the molecule inside the cell (examples of downstream events
include retrotranslocation from the ER to the cytosol, or escape out of endocytic vessi-

cles).




109

A B
123 45 6
w 100
2
2
=
A chain e
A, chain — T 501
(&)
X
0 T T T
10-10 10-8 106 104

Concentration (M)

Figure 4.11: Furin cleavage and toxicity of purified, furin-cleaved A chain and A,
fragment of SLT-1 A™N'™ towards 518-A2 cells.

(A) The difference in molecular weight between the A subunit of SLT-1 (lane
1) and the corresponding A; fragment resulting from furin cleavage (lane 2) followed by
reduction which yields only the A; fragment (lane 3) are shown on a Coomassie-stained
SDS PAGE gel. The gel also shows the A and furin-cleaved A; chains derived from a
catalytically altered (Y77S; 1,000-fold less active) variant of SLT-1A™*N'"M (lanes 4, 5,
6). (B) Dose-response curves illustrating a comparable cytotoxicity for both the puri-
fied, furin-cleaved A chain (A; and A; chains linked by a disulfide bridge between Cys-
242 and Cys-261, ) and A, fragment alone of SLT-1 A™SN'™ (O) towards 518-A2
cells. The detoxified forms (Y77S) of these same molecules (@,l) were not cytotoxic
towards 518-A2 human melanoma cells at concentrations of up to 10 uM. Each point
represents the average of experiments performed in quadruplicate. Error bars represent
95% confidence limits.

IYSNKLM
A

4.4.4 Immunogenicity of single chain SLT-1 ATYSNKLM

One eventual challenge of using SLT-1-based, small, single chain ribosome-inactivating
proteins as therapeutic agents will be their immunogenicity. It had been established in
the past that efficient neutralizing antibodies to SLT-1 are mainly directed at its B
subunit [227]. SLTA,;"" ™ as not toxic to mice when injected intravenously even at

doses reaching 4 mg/kg suggesting that it did not target many cell types or tissues. The
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A, fragment of SLT-1 A™SN™ was thus injected intravenously into CD1 and C57/BL
mice as a series of 5 consecutive (daily) tail vein injections to monitor if an immune
response could be engendered against this A chain (Figure 4.12). Only weak IgG re-
sponses and no IgM responses could be detected in three separate mice as compared
with CD1 and C57/BL mice treated with the same molecule prepared in Freund’s
complete adjuvant. Overall, these results suggest that the repetitive injection of SLT-1 A
chain variants such as SLT-1 A™SN™ does not yield a strong humoral response in

mice.
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Figure 4.12: Immunogenicity of SLT-1A™S"'™ jn mice.

IgG responses (day 42; anti-mouse IgG-HRP conjugate) determined by ELISA follow-
ing 5 daily injections (tail vein; day 1 to 5) of the A; chain of SLT-1A"™N'M in PBS
into 2 mice strains (C57/BL, l; CD1, @). The A, chain in Freund’s Complete Adjuvant
was also injected subcutaneously into such mice (day 1) and boosted with Freund’s
Incomplete Adjuvant (days 21 and 35) to generate [gG immune responses as positive
controls (C57/BL, J; CD1, O). Similar responses were observed at day 35 (not
shown). Each point represents the average ELISA signal derived from measurements
performed on duplicate blood samples drawn from 3 separate mice (6 measurements).
Error bars represent 95% confidence limits.
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4.4.5 Summary of chapter

In this chapter, a heptapeptide library was designed and constructed with a view to
finding new toxin variants able to kill cancer cells. About 70% of the library members
expressed protein. More than 9,400 purified A chain variants from the SLT-]AXXX
library were subsequently tested on cancer cell lines with a view to assess if their com-
mon ribosome-inactivating function could be used to define mutant A chain able to
selectively kill the human melanoma cell line 518-A2. The search identified two library
variants, namely SLT-1AYSNKEM and SLT—IAAAFADLI, selective for 518-A2 cells in
relation to a panel of 11 other normal and cancer cell lines. The isolated A chain of
SLT-1AYSNKIM oiiher as a pure A; fragment or as a disulfide-linked A; and A, chains
was equally cytotoxic towards 518-A2 cells indicating that its cytotoxicity is not related
to the B subunit of SLT-1. The LDsq of this molecule is around 400 nM. In addition,
this single chain toxin kills most of the other human melanoma cell lines we tested
suggesting a broad specificity for melanoma cells. The cytotoxicity of the SLT-
1 ATYSNKIM A, fragment or the disulfide-linked A; and A, chains towards 518-A2 cells
was abolished by mutating a critical residue (tyrosine 77) within the catalytic site
implying that protein synthesis inhibition is involved in causing cell death. Furthermore,
the immune responses engendered against A chain variants of SLT-1 A"3N"™ in mice

were minimal in terms of affecting a treatment protocol involving the administration of

several daily injections of this molecule.

4.4.6 Future prospects
Our preliminary in vivo work on mice showed that a combination of the traditional

chemotherapy treatment for melanoma, an alkylating agent called dacarbazine (DTIC)
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[228], with SLT-1IA™SN™ improved the survival rates of SCID mice implanted with
the 518-A2 tumors (Reveres and Gariepy). A major hurdle with therapeutic proteins is
their immunogenicity. If unexpected immune responses were observed in patients,
protein PEGylation and T-cell epitope prediction are two strategies that can be utilized to
decrease immunogenicity [229-231]. The serum half life of the proteins can also be
optimized through PEGylation which is further discussed in Chapter 5. PEGylation
offers better stability, decreased proteolysis, enhanced solubility, and longer circulation
and body retention of drugs and there are several PEGylated drugs approved by FDA

[232-234].

4.4.7 Immediate future work

AYSNKIM ¢+ in binds will be beneficial in a

Identifying the receptor that the SLT-1
number of ways. The first benefit involves the successful validation of the combinato-

rial approach for targeting cancer cells using single chain RIPs. The second benefit

would be the discovery of a potentially new target for the treatment of melanoma.

4.4.7.1 Characterization of the Receptor for SLT-1A"SY<IM

Our initial attempts to characterize the receptor for SLT-1A™ "™ inyolved labeling the
toxin with FITC. Even though the labeling reaction was successful (we had green
protein) and the toxin retained its ability to cause cytotoxicity in melanoma 518-A2
cells, we did not observe any significant binding of this labeled toxin to the cells in flow
cytometry with respect to the labeled wt-SLT-1 A chain (Perampalam and Gariepy).
This prompted us to explore radioactive methods to label the protein and perform
binding studies to determine the binding constant as well as the number of receptors

present on 518-A2 melanoma cells. The octa-histidine tag present at the N-terminus of
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SLT-1A™SNM brovided an ideal target for radiolabeling with technetium-99m (**™Tc).
Waibel et al had shown that the His-tag of recombinant proteins can be labeled with

#™T¢ which does not affect the rest of the protein [235]. However, our attempt to use

%™ was not successful and it might be because of low labeling yield. Radiolabeling of
surface tyrosine residues with '*°I is another possibility. However, the presence of a
tyrosine residue within the exposed cell-targeting 7-mer peptide (IYSNKLM) could
potentially disrupt SLT-1A"SN"M pinding. There are in total 7 tyrosine residues in this
toxin and 2 of them, namely tyrosines 77 and 114 are the most surface exposed tyrosine
residues. Even though, these two residues are involved in the catalytic activity of the
toxin, it may not influence the binding properties. As future studies, we could explore
labeling the wt-SLT-1 A and SLT-1AYSNKIM (iih 1251, Saturation binding, kinetic, and

competition assays will be useful in determining the number of receptors on the 518-A2

melanoma cells, as well as binding affinity of the toxin to its target [236, 237].

4.4.7.2 Biodistribution studies

If the labeling of SLT-1A"™SN™ with ' is successful, then we could perform bio-
distribution studies with this and wild type labeled toxins. The radiolabeled toxins can
be injected into SCID mice with one of two different human xenografts (518-A2 mela-

IYSNKLM

noma cells; sensitive to SLT-1A and PPC-1 prostate cells; insensitive to SLT-

TYSNKLM . . . . . .
1AYS ). The mice could be imaged using a gamma camera at various time points.

4.4.7.3 Characterization of the receptor

We could also characterize and isolate the receptor for SLT-1A™N™ = This can be
done in a number of ways. The first task would be to determine the nature of the receptor

to determine whether this ligand interacts with a protein or lipid. One way would be to
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treat the 518-A2 melanoma cells with SLT-1ASN"™ at 4 °C and cross-link the com-
plex using bis(sulfosuccinimidyl)suberate (BS’), a homo-bifunctional, water-soluble,
non-cleavable and membrane impermeable crosslinker [238]. The cells can then be
lysed in 6M guanidinium HCI and subjected to Ni-NTA column purification (since the
SLT-1A™SNM toxin contains an N terminal His tag). The purified proteins could then
be analyzed by Western blot using an SLT-1 A chain antibody or they could be sub-

jected to thin layer chromatography.
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS

5.1 Summary and highlights of thesis contribution

Combinatorial protein libraries represent a powerful approach to accelerate the evolution
of protein scaffolds towards the creation of novel anticancer agents. In this thesis, we
have shown that the structural complexities associated with the ABstemplate of SLT-1
could be reduced by just using its A chain. Specifically, we have shown that the SLT-1
A chain can serve as a protein scaffold to display a ligand binding function by inserting
a peptide ligand within the protease sensitive loop of the toxin. A 7 amino acid long
immunodominant epitope from the tumor-associated mucin MUC-1 was used as the
ligand and was inserted between residues 245 and 246 of the SLT-1 A chain as shown in
Figure 5.1. The resulting protein, termed SLT-1AP™ " was shown to express well
and displayed a catalytic function that was comparable to that of the wt SLT-1 (Figure
2.6 and 2.7). The mAb Onc M27 which recognizes the MUC1 epitope PDTRPAP, was
shown to bind to SLT-1A"P™PAP by ELISA in the context of this peptide sequence being
presented as part of the ABs holotoxin or within the single A chain (Figure 2.6). From

this study we were able to conclude that the SLT-1 A chain can tolerate an insertion
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within its protease sensitive loop region and that a ligand inserted within the loop can

bind to an antibody while this A chain retains its catalytic function.

Furin cleavage site (R251/M252)

C242 —C261

1 v 293 1 69
His-tag] A A, B chain

245/ 246

Epitope PDTRPAP

Figure 5.1: A schematic illustration of SLT-1 construct comprising its A and B
subunits.

A histidine tag was inserted at the N-terminus of the A chain for affinity purification.
Furin cleavage occurs between residues 251 and 252 of the A subunit (arrow) within its
protease-sensitive loop (residues 242-261), releasing a cytotoxic A; fragment (residues
1-251) and an A; fragment (residues 252-293) non-covalently linked to the B subunit
pentamer. The peptide epitope PDTRPAP was inserted between residues 245 and 246 of
the A; domain.

As a proof of principle, we also demonstrated that a combinatorial SLT-1APPXX¥AP
library where the key tripeptide epitope TRP recognized by the mAb Onc-M27 could be
screened to identify the sequence TRP as the mAb epitope. The tripeptide motif within
the 7 amino acid ligand in the protease sensitive loop was thus randomized as shown in
Figure 3.1. The tripeptide library generated had optimal properties with respect to
sequence diversity and protein expression (Table 3.1 and Figure 3.3). By screening

10,000 colonies from the library, we observed that the theoretical or predicted outcomes
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of the library were similar to the observed outcome from the tripeptide library (Table 3.2
and 3.3). From this study we were able to conclude that an unbiased library with good
sequence diversity and protein expression can be generated when the library was in-
serted between residues 245 and 246 of the SLT-1 A chain. Moreover, the library

generated could be effectively screened with molecules as large as antibodies.

A heptapeptide library was subsequently inserted in the protease sensitive loop of SLT-1
at the same site in order to screen for A chain variants able to kill cancer cells (Figure
4.1). From screening 9,400 bacterial colonies on a human melanoma cell line 518-A2,
the variant SLT-1A"SN"™ and its A, chain were identified as able to specifically kill
these melanoma cells (Figure 4.9 and 4.10). We also showed that the catalytic activity
of this toxin variant was indeed necessary for the cytotoxicity (Figure 4.11). This toxin
variant did not elicit a strong immune response in mice (Figure 4.12). In preliminary
studies, this molecule was shown to lengthen the survival of SCID mice harboring a 518-
A2 tumor xenograft, when used in combination with a standard melanoma treatment
(dacarbazine; DTIC). Thus, by screening a heptapeptide library in the A chain of SLT-1,
we identified a molecule that was able to bind to a specific cancer cell, be internalized
and mediated cell killing. This is the first study which explored the potential of a single
chain combinatorial toxin library as a discovery tool to define toxin variants able to
target cancer cells. This strategy can be adapted to use any toxin scaffolds and the

resulting libraries can be screened on any normal or tumor cell lines.
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5.2 General challenges in targeting solid tumors with protein
therapeutics
Even though, more than 85% of human cancers are solid tumors, only 3 out of the 8
approved mAbs to date can be used for solid tumors. Out of the 3 mAbs (trastuzumab,
cetuximab, and bevacizumab), one of them (bevacizumab) targets a soluble ligand while
the other 2 target a surface protein [54]. Achieving effective concentrations of mAbs
within solid tumor masses is a major challenge. However, in the case of hematological
cancers, the dosage of Abs can be adjusted to reach the desired serum concentration. In
general, protein therapeutics have to overcome several barriers in order to exert an effect
on solid tumors. These barriers include the vascular endothelium, stromal and epithelial
layers and high interstitial pressure as well as the heterogeneous nature of solid tumors
[239]. It is advantageous to target solid tumors with smaller recombinant proteins such
as single-chain antibodies instead of larger molecules since they can penetrate into tumor
more efficiently [127]. However, this benefit is in fact counter balanced by the disad-
vantage that such smaller molecules are rapidly cleared from the plasma leading to

shorter circulating half-lives [240].

5.3 Toxin-based anti-cancer therapeutics

Immunotoxins (ITs) are presently designed in a two-step procedure, where an antibody
domain, growth factor or cytokine directed at a validated target is initially identified and
subsequently fused or coupled to a catalytic domain of a protein toxin such as Pseudo-

monas exotoxin A, diphtheria toxin or ricin [241-243].
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Small, single chain toxins can address some of the challenges facing immunotoxins.
Specifically, immunotoxin constructs are structurally large (over 200 kDa), require the
derivation of a monoclonal antibody or selection of an established ligand to a known
target and may necessitate that either part or the entire construct be expressed in a
eukaryotic host [244, 245]. Specifically, immunotoxins are protein constructs with an
overall mass significantly greater than the ~30 kDa of SLT-1A; chains described in my
thesis, a feature that can adversely limit their ability to diffuse into solid tumors [59].
For example, several ricin based ITs have been tested in phase I and phase II clinical
trials and failed due to low tumor penetration [246, 247]. The cytotoxicity of ITs are
often not as high as expected because they rely on a number of properties such as
antigen-binding affinity, internalization rate, intracellular routing and processing [248].
It has been observed that due to the inefficient uptake of the ITs into intracellular com-
partments, their toxicities are often not as high as expected. By screening libraries of a
single chain toxin molecule that retains their intracellular functions on tumor cells for
cytotoxicity, we are selecting molecules that may seek their intracellular targets more

efficiently.

5.4 Improving the therapeutic potentials of SLT-1 protein

An ideal protein therapeutic should bind to its target efficiently, be non-immunogenic,
easily produced, while displaying an optimal serum half-life, shelf-life and be safe to
use. Monoclonal antibodies, antibody fragments, alternate binding proteins (such as
those described in Section 1.4.6), immunotoxins and SLT-1 A, variants all have their
own benefits and issues. Since most of the preclinical and clinical studies have been

done with mAbs and their fragments, my analysis will be limited to mAbs. Alternate
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binding proteins and antibody fragments have, up-to-now, been used as targeted carriers
for drugs, while intact immunoglobulins possess effector functions such as ADCC and
complement activation. Additional functions could be introduced by conjugating mAbs,
their fragments or alternate binding proteins to functional domains such as toxins,
cytotoxic drugs, cytokines, enzymes, and radioisotopes. In this regard, the SLT-1 A,

scaffold has an intrinsic advantage of being a cytotoxic enzyme.

5.4.1 Pharmacokinetics and biodistribution of protein therapeutics

Pharmacokinetic parameters include clearance rate, serum stability and tissue penetra-
tion. It has been confirmed by in vivo studies that size is a critical parameter in
pharmacokinetics and biodistribution of mAb molecules [57, 58, 190]. For example,
intact [gG molecules penetrate tumors slowly, distribute non-uniformally, and reach high
serum levels. Since a major parameter affecting the rate of diffusion through tumors is
molecular size, single chain antibody fragments diffuse at least 6 times faster than [gG
[58, 59, 249]. However, small antibody fragments such as scFv on the other hand are
cleared very rapidly and have poor tumor retention because of their monovalent binding
[126, 250-252]. Pharmacokinetic analysis of blood clearance levels showed that the half
lives of IgG, scFv, sc(Fv)2, and (sc(fv)2)2 is 331 min, 10 min, 80 min and 169 min
respectively [253]. Alternate scaffold proteins due to their small sizes (less than 30 kDa)
would exhibit rapid clearance from the bloodstream just as antibody fragments of similar
sizes. This property (small size) on the other hand would provide these molecules with
improved tissue penetration. SLT-1 A; chain is about 30 kDa which makes it similar to
the size of the scFv molecules and most of the alternate scaffold proteins. Hence, SLT-1

A chain would have better tumor penetration potential but might be cleared rapidly from
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the bloodstream. The serum half-life of proteins can be improved by reducing renal
clearance. The molecular weight cut off for their elimination through the kidneys is
around 60 kDa and most of the scaffold proteins and SLT-1 A chain are below this
threshold [254]. Many strategies can be employed to improve the serum half life of
proteins including site specific PEGylation [255], or by the fusion of long-lived serum
proteins such as albumin binding peptides [256] and serum immunoglobulin [257] or by

oligomerization of the proteins.

5.4.2 Protein expression and stability

It is desirable to produce therapeutic proteins using the cheapest and most efficient
manner. Most studies have reported the preference for scFv over Fab due to their
expression levels in bacteria (over 1g/L from fermentors). Alternate binding proteins
can be produced by fermentation in E.coli or yeast [102, 109]. Most of these proteins
fold properly under reducing conditions which enables cytoplasmic expression in stable,
soluble form, a beneficial feature for preclinical and clinical studies. SLT-1 exhibits a
good stability profile because it is produced under denaturing conditions and subse-
quently refolds to become cytotoxic again. Furthermore, the molecule can be treated
with furin (to activate its catalytic activities) for over 3 days at 30 °C without any

degradation taking place.

The nature of a protein scaffold does not guaranty good expression or protein stability
after mutation. In fact protein expression yields can typically be improved by orders of

magnitude during process optimization with industrial vectors and strains [258]. A
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challenge that needs to be overcome with using SLT-1 A, chain as a template, is that it
cannot be expressed at very high levels in bacteria compared to non-toxic scaffold
proteins such as ankyrin repeat, lipocallin and Z domain of protein A. This is due to the
fact that prokaryotic ribosomes are a weak substrate for SLT-1 at high concentrations.
Surprisingly, ricin is not toxic to bacterial ribosomes and can be produced in high yields
(50-100 mg/L). We had attempted to express the A; chain of SLT-1 in two different
vectors (namely the pET expression system and the pECHE expression system). Results
from expression in pET vector indicate that the A1 chain expresses poorly (results not
shown). These results suggest that it may be possible to improve the expression yields
of the A, chain in bacteria. We have experimentally observed that A chain variants must
be expressed as part of an ABs holotoxin, in order to obtain A variants in good yield.
The B subunit appears to act as a chaperone for it’s A chain. Protein expression is also
an issue in terms of screening SLT-1 A libraries since we are only picking a small
fraction (single bacterial colonies) of the 7-mer library due to the technical nature of the
screening process. Screening more colonies from the library would yield more “lead”

protein therapeutics.

Over the last five years, there has been great progress towards expressing proteins that
are toxic to cells. Bowers and her collegues have engineered a new E. coli host/vector
system to allow tight and uniform modulation of gene expression and y origin (ori)

plasmid copy number [259]. This host/vector system was used to overproduce a potent

toxin knows as colicin. However, one has to bear in mind the dangers (bioterrorism and
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new pathogenic strains) of creating and giving growth advantage to bacterial strains with

toxic genes.

5.4.3 Screening on wild type tumor cell lines

The wild type B subunits bind to CD77 receptors on normal cells. Thus combinatorial
libraries of the ABs template may require a modification in the B subunit to knock down
its binding to CD77 which would allow us to screen our respective library directly on
tumor cells without growing them under the presence of wt-SLT-1 toxin. Up to now, we
have used cell lines as targets that are resistant to wt-SLT-1. Growing cells under stress
(ie. the presence of toxin) may in theory alter their phenotype by changing the expres-
sion of cell surface markers. The effect of different site specific mutations on SLT-1 B
subunits in the three sites known to be crucial for binding (shown in Chapter 1, Figure
1.6) are summarized in Table 5.2 [260]. Single mutations (such as D17E, A56Y and
W34A) cause modest changes in B subunit binding to CD77 (as indirectly measured
using a cytotoxicity assay). Other mutations such as F30A, and G62T have a dramatic
impact on toxin binding and have been shown from crystal structures of the B subunit to
carbohydrate receptor mimics to be associated with the receptor binding surface of the B
subunit. It might be beneficial to try single mutations and combinations to compare
protein expression and to choose B subunit variants which lack CD77 binding and are

still well expressed in bacteria.
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Table 5.1: Site directed SLT-1 mutants and their cytotoxicity

Mutations Site CDsp (ng/mL) Fold reduction
Wild type 1 0.0061+0.0018 1
F30A 1 1,100+£600 10°
DI17E 1 6.7+3.2 10°
A56Y 2 1.4+1 10
G62T 2 10,000+2,500 10°
G62A 2 1,900+820 10°
W34A 3 0.046+0.002 10
F30A/G62T 1,2 360,000+100,000 10°
F30A/W34A 1,3 3,300+510 10°
D17E/W34A 1,3 3,300+10 10°
A56Y/W34A 2,3 3,300+510 10°
G62T/W34A 2, 3 2,3 11,000+3,200 10°
F30A/G62T/W34A 1,2,3 740,000+55,000 10°
1,2,3

* Table adapted from [260]
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5.4.4 Improving the ligand binding and cytotoxicity of our lead compound, SLT-
IAIYSNKLM

The CDsg for SLT-1AYSNKIM 4 around 400 nM and there are ITs with CDsg in the
picomolar range [261] that did not provide good clinical results. There are a number of
reasons for this including low number of receptors on target cells, inefficient internaliza-
tion of ligand/receptor complex, or inefficient escape from endosomal compartments or
ER lumen into the cytosol. Some of these issues will be better addressed once the
receptor for SLT-1A™SN"M s identified. Thus one major future challenge in exploring
SLT-1A libraries will be to develop a generic strategy (a new proteomic approach) to
identify receptor(s) targeted by “lead” SLT-1A variants. Clearly, new receptors will

represent important new tumor markers and thus valuable intellectual property.
5.4.4.1 Improvement of ligand binding affinity

If the CDso of SLT-1A"SN'™ i5 only dependent on the affinity of the molecule to the
receptor, then the affinity constant would also be in the sub-micromolar range. For
mAbs, the avidity is much higher and even for ITs the CDsy is in picomolar range [127].
There are two approaches that are used to improve the affinity of antibodies. The first
approach is to create very large libraries of the CDR loops and to select for higher
affinity variants [240, 262]. The second approach involves making sublibraries of

known CDR loops or hot spots to provide small improvements in affinity [263-267].

In the case of SLT-1A"SN"™M 'if our dissociation constant from the radiolabeling studies
is close to our cytotoxic constant, then each of the positions in the 7 amino acid ligand

(IYSNKLM) could be randomized using the NNS scheme and better binders/killers
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could be selected. This approach would resemble the sublibrary strategy used for

evolving antibodies.

5.4.4.2 Addressing routing of the toxin

Our study has shown that SLT-1A"™SN"M needs to be internalized in order to cause
cytotoxicity in human 518-A2 melanoma cells (Figure 4.11). We are currently perform-
ing studies to verify the apoptotic pathway that is involved in this toxin mediated cell
death. Previous studies have shown that routing of wt-SLT-1 through the Golgi appara-
tus was crucial for mediating toxicity [268, 269]. Cells that were normally sensitive to
the effects of SLT-1 were protected by Brefeldin A which disrupts Golgi cisterns [177].
Brefeldin A mediated protection against intoxication by toxins was shown for cholera,
pertussis toxin, E.coli heat labile enterotoxin, Pseudomonas exotoxin A and ricin but not
for diphtheria toxin (which enters the cytosol through endosome), demonstrating that the
routing through the Golgi represents an important step in the pathogenesis of these
toxins [171, 173, 176, 270, 271]. We could treat the 518-A2 melanoma cells with
Brefeldin A and determine if this drug will protect them from toxicity which might

TYSNKLM .
AlYS . Toxins such as

indicate whether routing through Golgi is crucial for SLT-1
cholera toxin, PE and E.coli heat labile enterotoxin contain a KDEL-like motifs and the
C-termini of their A chains that are thought to play a role in their retrograde transport to
the ER. Removal of the KDEL sequence from PE had severely attenuated its toxicity
while removal from cholera and LT did not alter their toxicity to the same extent [271-

273]. It was also observed that addition of the KDEL sequence to the ricin C-terminus

greatly enhanced toxicity [274-276]. The addition of the KDEL motif to the SLT-
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1AYSNEEM s another strategy that could be done to see if it enhances toxicity towards

518-A2 cells.

5.4.4.3 Avidity effects

In the context of tumor environment, even high affinity monovalent interactions provide
fast dissociation rates and only modest retention times on target antigen. It has been
observed that scFvs have better tumor penetration, lower retention times in non-target
tissues and rapid blood clearance [277]. Due to the rapid clearance from the blood pool
of these 30 kDa proteins, the absolute amount of scFv uptake by a tumor is limited.
Valency is an effective way of increasing the affinity of an protein to the antigen. Hence
it is beneficial to re-engineer the monovalent Fab or scFv fragments into multivalent
molecules which lead to significant increases in avidity for cell surface molecules [278,
279]. The effect of valency has been observed in other systems as well (for example, the
affinity of dimeric hemagglutin to its ligand on human A erythrocytes is 10,000 fold
higher than that of the monovalent hemagglutin [280]. PEGylation using bifunctional

TYSNKLM
. However, an

PEG molecules is a simple strategy to make bi-valent SLT-1A
increase in valency also results in increased molecular size, which will affect pharma-

cokinetics, extravasation, and tumor penetration.

Another strategy that may be utilized for making dimeric or tetrameric form of SLT-
1AYSNEIM 45 by using self associating peptides. Willuda et al constructed mono-, di-,
and tetrameric variants of the anti-tumor p185HER-2 scFv fragment 4D5 by fusion of
self-associating peptides to the carboxyl terminus. They generated dimeric miniantibod-

ies with a synthetic helix-turn-helix domain (dhlx) and tetrameric ones with the

tetramerization domain of the human p53 protein in the periplasm of E.coli [281].
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Dimerization and tetramerization of the antibody fragment resulted in increased serum
half life, significantly reduced off-rate, due to the avidity effect, both on purified
p185™ 82 and on SK-OV-3 cells. The sequence for the 2 domains and the possible

constructs are presented in Figure 5.2.

C242

1 258
His-tag A; of SLT-1A™NEM GS linker dhlx

helix turn helix dimeric domain (dhlx):

GELEELLKHLKELLKGPRKGELEELLKHLKELLKG

C242

1 258
His-tag A; of SLT-1A™NEM GS linker| p53*

P53 tetramerization domain:
KPLDGEYFTLQIRGPERFEMFRELNEALELKDAQAKEP

Figure 5.2: Possible dimerization and tetramerization constructs of SLT-1A'YSNKLM

At the C-terminus of the A1 chain, a GS linker is fused to which a 35 amino acid helix
turn helix domain is attached. Similarly a p53 tetramerization domain is fused at the C-
terminus of the A1 chain through a GS linker.
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5.4.5 Immunogenicity and protein therapeutics

Immunogenicity elicited by protein therapeutics can limit their potential. Even though,
SLT-1A™SNMM §id not elicit a strong immune response in mice, it is possible that it
might produce immune responses in patients when chronically administered just as in
the case of ITs. Researchers have tried to reduce immune responses by choosing scaf-
fold proteins of human origin. Therapeutic proteins with a human origin can lead to the
production of human anti-human antibodies upon repeated administration [282]. The
same immunogenicity problems may arise for alternate binding proteins since many

mutations are introduced during library generation.

5.4.5.1 Lessons from immunotoxins to reduce immunogenicity

Immunotoxins have been shown to have high specificity and potency in tissue culture
and in immunocompromised mice bearing human tumor xenografts. However, clinical
benefits from these molecules have been hampered by the immune responses which
reduce their serum half life and their cytotoxicity [128, 283-286]. The question of
whether one toxin is more immunogenic than another has been asked and the answer
appears to be no [287-289]. All ITs used clinically have induced immune responses in
patients to both toxin and mAb regions. A number of strategies have been explored to
reduce the immunogenicity problem associated with ITs. The first strategy was the
administration of immunosuppressive agents such as cyclosphosphamide and cyc-
losporine with ITs which did not result in prevention of anti-IT antibodies [290, 291].
Another strategy explored was altering the structure of the ITs by (1) adding polyethyl-
ene glycol (PEG) groups or (2) by site directed mutagenesis to remove immunodominant

epitopes [292, 293]. ITs modified using these strategies have not been tested in patients
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yet. Another approach was to use human RNase (cytotoxins when in the cytosol cause
degradation of cellular RNA and lead to cell death) with single chain antibody molecules
[294-296]. Fusion proteins consisting of angiogenin (pancreatic RNase A) and a human-
ized anti-CD22 single chain antibody or human pancreatic RNase and a human anti-
ErbB2 single chain antibody were generated and shown to be very specific and to inhibit
tumor growth in a murine model [294-296]. The values of IC50 (i.e., the concentration
capable of reducing cell viability by 50%) were found to be 12.5, 47, 52, and 60 nM for
SKBR3, MDA-MB361, MDA-MB453, and TUBO cells, respectively. However, it is
still a concern that the combinations of human toxins with ligand may generate immune

responses.

5.4.5.2 PEGylation of SLT-1A"S\<!M

PEGylation is one of the best known methods for post-translational modification of
proteins that impact therapeutic efficacy. PEG or polyethylene glycol is a non-toxic, and
a non-immunogenic, and has been used in modifying many therapeutics that have the
FDA approval including adenosine deaminase, asparaginase, a-interferon, and a growth
hormone antagonist [232, 234, 297, 298]. PEGylated proteins have a number of advan-
tages such as inhibition of protein degradation by metabolic enzymes, and extended
protein half-life (ref). PEGylation also decreases immunogenicity by decreasing prote-
olysis, interfering with protein processing and presentation and by blocking antibody-or
HLA-epitope binding [289, 299]. PEGylation can also prolong protein residence time in

plasma and increase their solubility [300].
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A common way to PEGylate a protein is by modifying free lysine groups on the surface
of the protein, however, this method is often associated with protein inactivation [301,
302]. Furthermore, the presence of a lysine residue in the ligand binding site of SLT-
1AYSNEIM “encourages us to look at alternate sites for PEGylation. If we look at the A
chain of SLT-1A™SN™ there is a cysteine residue with a thiol group, which could be
used in the covalent attachment of a PEG molecule (Figure 5.3). We can evaluate the
relative conjugation efficiency of several A; chain of SLT-1A™5""™ with PEG mole-
cules varying in size, structure, and reactive thiol groups, including mono- and
bifunctional PEG molecules in linear and branched formats (Figure 5.4 and Table 5.2).
PEGylation also offers the opportunity to form multidentate structures through the use of
star or branched PEG polymers which may increase avidity and hence residence time on
target sites [303]. PEGylation efficiency can be analyzed by SDS-PAGE where free
SLT-1A™SNM and PEGylated SLT-1A™SN™ mjgrate at different positions. The
PEGylated proteins can also by tested for their ability to cause cytotoxicity on the human
melanoma cell line 518-A2 to verify if any particular PEGylation strategy is superior to

others and to make sure that PEGylation at that site does not impose any steric hindrance

on ligand binding function.
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TIYSNKLM
A

Figure 5.3: Two space filling models of SLT-1
residue at position 242

showing the free cysteine

Residues (1-245) that includes the catalytic domain of the A; chain is shown in magneta.
The ligand binding domain (7 aa insert) is highlighted in cyan while the rest of the
protease sensitive loop is colored in yellow. The free cysteine which lies at the N-
terminal of the protease sensitive loop is shown in red.

*eg\
'ﬁ\v o
o=" T
SH j
) 1 258 1 w258
PEG—NQ + IH8I A, of SLT_1AIYbI\rRLM I — |H8| A, of SLT_»]AIYbI\TRLM I

o

Figure 5.4: Modification of Cys 242 of SLT-1A"*N'"M with PEG maleimide

The coupling of PEG to the A; chain of SLT-1AIYSNKLM is achieved by using PEG-
maleimide which reacts with the free cysteine residue at position 242 on the A, chain.
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Table 5.2: List of reactive PEG derivatives used for site-specific PEGylation of
proteins

Functionalized PEGs Molecular weight (kDa)
PEG-(Mal), 2,3,4

NHS-PEG-Mal 3,4

PEG-Mal 5

PEG-Mal 10

PEG-Mal 20

(PEG),-Mal 40

5.4.5.3 Other strategies to de-immunize protein therapeutics

Protein sequence modification resulting in the removal of T cell epitopes from recombi-
nant proteins could reduce the immune response to the protein. Many mAbs have been
de-immunized and successful deimmunization of therapeutic proteins has been demon-

strated by Genencor Inc., and EpiVax Inc [304].

5.4.5.4 Immunotoxins and vascular leak syndrome

A major side effect of ITs is vascular leak syndrome which is characterized by increased
vascular permeability causing extravasation of fluids and proteins leading to interstitial
edema and organ failure [305]. It has been observed that VLS causing toxins such as
ricin and PE, and IL-2 share a 3 amino acid disintegrin-like consensus motif (xDy)
where x=L, 1, G,or Vand y=V, L, or S and it has been shown that those proteins can

bind and damage human endothelial cells in vitro [306]. These studies have revealed
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that mutations in this site or in residues flanking these sites in the three-dimensional
structure might prevent VLS [306]. It is also believed that larger ITs (over 200 kDa) due
to their longer circulating lifetimes display higher incidence of VLS in patients when

compared to smaller ITs [307, 308].

In the A chain of SLT-1, there are 5 putative motifs that may contribute to VLS al-
though this information is speculative. One way to address this issue would be to make
point mutations in these sites and assess their ability to induce VLS symptoms in endo-
thelial cells. These putative VLS causing endothelial cell binding sites are highlighted in

Figure 5.5.

4

TIYSNKLM
A S

Figure 5.5: Two space filling models of SLT-1
motifs

showing the VLS causing

The 5 VLS causing motifs are shown in red. The catalytic cleft containing residues Y77,
E167, R170 and W203 are shown in cyan while the ligand binding peptide (7 aa insert)
is shown in yellow.
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5.5 Future studies

An ideal platform for developing protein therapeutics should offer potent specific
activity against a target, be non-immunogenic and meet practical standards related to
manufacture, serum half-life, delivery and safety as discussed in Section 5.4. These
traits must either be inherent to the protein scaffold or easily added. In this thesis, I have
shown that the A; chain of SLT-1 has potential as a therapeutic agent against a human
melanoma cell line, 518-A2 and I have also proposed a number of strategies to optimize

the therapeutic potential of SLT-1A"™ ™ fyrther.

In our study, the library element had been inserted into the protease sensitive loop which
is a structurally unconstrained region of the A; fragment (residues 245-246), meaning
that the conformational space associated with each peptide bond within the ligand is
large. Indeed, in the crystal structure of SLT-1, this region is not defined [149]. Em-
bedding the random peptide library into a stable structural scaffold would limit the
flexibility of the resulting peptide ligands, potentially yielding ligands with better
affinity constants and selectivity for a targeted receptor. In the future, the C-terminal of
SLT-1 A; chain could be fused to small stable protein scaffolds which can express well

with fusions at the N-termini (Figure 5.6).
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C242
1 245

Scaffold protein

Figure 5.6: A schematic illustration of C-terminal fusion of a scaffold protein to the
cytotoxic domain of SLT-1

The construct includes a His-tag for purification (red) and the cytotoxic domain of SLT-
1 A chain (1-245 in purple). A putative scaffold protein to create a library can be fused
at the C-terminal end of the A; chain (shown in yellow).

Although, numerous protein scaffolds are described (Table 1.3) as suitable for generat-
ing binding reagents, only some would better the potential of SLT-1 A chain as a
therapeutic when used as a fusion to the A; chain. Some of the protein scaffolds that
may be useful for this purpose are shown in Figure 5.7. My selection is mainly based on
size and a rigid framework for selecting high affinity binders. The reason for using
smaller scaffolds is to incorporate multiple domains of the scaffold in order to increase
the avidity of binding. I believe that the human LDL receptor A-domains (Figure 5.7)
provide most of the criteria for developing a therapeutic protein platform along with the
Aj chain of SLT-1. These proteins offer simple, thermodynamically stable folds that
occur as strings of multiple domains on several cell surface receptors mediating binding
to over 100 different targets [309]. Each of the A domains are about 35 aa long (4 kDa),

stabilized by 3 disulfide bonds and are separated by linkers that average 5 aa in length.
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In each A domain, 28 residues are non-conserved and hence large diversity libraries can
be generated. Silverman and colleagues had generated a phage display library of about
10" clones to provide a pool of A-domains capable of binding immobilized targets
[110]. They have shown that rather than mutagenising the protein between cycles, they
can add a new pool of domains (random or previously selected) adjacent to the domains
selected in previous rounds. The end product was a single chain protein containing
multiple domains with independent function and they called these proteins avimers.
They selected binders with subnanomolar affinities against many targets including 1L-6,
cMet, CD28 and CD40L. They also demonstrated that the serum half life of these
avimers can be increased by adding IgG binding domains. We thus plan to fuse an A
domain to the C terminal of A chain of SLT-1 with the idea of creating a randomized
library in the A domain. The A1l chain — A domain libraries could either be screened

using phage display or designed to be used in cell-based assays.

Another choice of a protein framework for fusion to the A; chain of SLT-1 would be the
Z domain of protein A which is a variant of the IgG-binding Protein A from Staphylo-
coccus aureus. The Z domain is a 58 amino acid, three-helix bundle [101, 310]. In this
domain, up to 13 solvent exposed residues in the a—helical structure were randomized

and nanomolar affinity ligands were generated against HER2/neu [311, 312].

A third choice would be the single immunoglobulin-binding domain (GB1; HTB1) of
protein G which binds to the Fc region of IgG. The GB1 domain comprises of 56 resi-

dues with no disulfide bridges and is composed of a four-stranded -sheet, supporting a
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long a-helix [313]. Although the core region of the GB1 scaffold is affected by muta-
tions, its exposed a-helical domain which is involved in binding to the Fc domain of IgG

can be altered [314].

Ankyrin repeat proteins present a modular architecture where each of the 33 amino acid
modules possess a B-turn and two anti-parallel a—helices [102, 109, 315]. This protein
has predominantly been used in ribosome display strategies and high-affinity binders
(KDs in the nanomolar range) against different protein targets including the maltose
binding protein were selected [79]. Since this scaffold protein has not been successful
with phage display strategies and ribosome display is not a suitable approach for display-

ing SLT-1 A chain, only the cell-based assay is feasible.

Members of the knottin family are very stable proteins of around 30 aa and typically
contain a small triple-stranded anti-parallel f—sheet and a cysteine knot motif [316].
Since they are used to present an inserted peptide loop of high variability in terms of
both length and sequence, they may not be ideal to provide rigid framework in our

molecule.
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Figure 5.7: Proteins in use as scaffolds for generating binding reagents.

A) A-domain of LDL receptor, B) Z domain of protein A provides secondary structure
elements for randomization, C) Single immunoglobulin-binding domain (GB1; HTB1)
of protein G from group G Streptococcus which binds to the Fc region of IgG, D) Kunitz
domain (chain A from 1AAP) provides a rigid protein framework for the insertion or
randomization of single loop peptides, E) lipocallin (chain A from 1BBP) provides a
framework similar to the CDR loops of antibodies, and F) Ankyrin repeat protein
(1MJO0) is shown as an example of a modular repeat protein.
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