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ABSTRACT

The A and B blood group antigens are very similar, and differ in only one
functional chemical moiety; nevertheless this single difference is enough to allow for the
recognition of these carbohydrate antigens by their corresponding anti-blood group
antibodies. This thesis is focussed on an anti-blood group A (BGA) antibody interaction
with its A antigen. A single-chain variable-domain antigen binding fragment (scFv) gene
was constructed based on the known sequence of an anti-BGA monoclonal antibody
(AC1001), and the protein has been expressed in E. coli. The objective of this work is to
improve the binding affinity of this BGA scFv for the A-antigen, and to better understand
the mechanisms by which the anti-blood group antibodies can discriminate between the
largely similar A and B carbohydrate antigens.

The anti-BGA antibody produced ir vivo in the immune system does not undergo
the process of affinity maturation and somatic mutation because it binds a T cell
independent carbohydrate antigen. Therefore, while these anti-carbohydrate IgM
antibodies are able to bind their specific antigen, they do so with a very weak binding
affinity. We have mimicked the process of affinity maturation and somatic mutation in
vitro and attempted to produce a BGA scFv with an increased affinity using two different
approaches. The first approach examined the high resolution crystal structure of the BGA
variable fragment (Fv), to design and produce specific mutants using site-directed
mutagenesis. In tandem with this site-directed mutagenesis study, an error-prone PCR
(EP-PCR) BGA scFv phagemid library was displayed on the surface of M13 phage as
genelll fusions, and screened using several panning techniques. The phage display study
did not lead to the selection of a mutant BGA scFv with an improved affinity for the A
antigen. However, the difficulties encountered using the standard panning procedures
precipitated the development of a new panning technique that can potentially be used to
pan low affinity phage displayed libraries. The site-directed mutagenesis study produced
mutant BGA scFv proteins with an increased specific affinity for the A-antigen. We
report here the first rationally designed single-point mutation in an anti-carbohydrate
antibody that significantly increased the functional binding affinity of the
BGA scFv without altering specificity.
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OBJECTIVES

The main objectives of this work were to generate mutant blood group A (BGA)
single chain antibody fragments (scFvs) with an improved binding affinity for the A
carbohydrate antigen, and to ultimately better understand the interaction between this
BGA antibody and its corresponding A antigen. Because the anti-carbohydrate antibodies
generated in the immune system often do not undergo the process of somatic mutation
and affinity maturation, they may have weak binding affinities for their corresponding
antigens. Accordingly, the anti-blood group antibodies produced in vivo bind their
corresponding carbohydrate antigens weakly. Despite the weak binding affinity of this
interaction, the anti-blood group A and B antibodies are capable of discriminating
between the largely similar A and B carbohydrate antigens. Therefore, the purpose of this
work was to mimic somatic mutation and affinity maturation in vitro, and to generate
mutant BGA scFvs that bind the A antigen specifically with a greater affinity. A greater
understanding of the interaction of these mutant proteins with the A carbohydrate antigen
may lead to a more refined understanding of the mechanisms by which these anti-blood

group antibodies discriminate between the largely similar A and B carbohydrate antigens.

APPROACH

Affinity maturation of anti-carbohydrate antibodies does not occur in vivo in the
immune system. However two different approaches were used to cause the BGA anti-
carbohydrate antibody fragments to undergo affinity maturation in vitro. The first study
produced specific BGA scFv mutants using site-directed mutagenesis after examining the
binding pocket of a high resolution X-ray crystal structure of the BGA Fv. This rational
design approach to mimicking the in vivo maturation process aims at producing mutant
BGA scFv proteins with an improved affinity for the carbohydrate A-antigen. The second

approach involved the production of random mutations in the BGA scFv gene to generate

1



a phagemid library of BGA mutant BGA scFv proteins. These mutants were displayed on
the surface of phage, and screened for high affinity mutants using various panning
techniques. The phage display approach is an alternative to the completely rational
approach, however both approaches aim to overcome the immune system’s obstacle and

produce an anti-carbohydrate antibody with an increased affinity.



CHAPTER ONE
INTRODUCTION
1. OVERVIEW

The carbohydrate structures present on the surface of a variety of cells serve as
important factors in cell-cell recognition and in the discrimination between self and non-
self. The histo-blood group ABO was one of the first reported cell-surface antigens, and
corresponds to the expression of A, B and H carbohydrate antigens respectively. These
carbohydrate moieties were initially identified as constituents on the surface of red blood
cells, however they are found on a variety of cell types throughout the body. Since
carbohydrates can serve as surface markers in cellular recognition processes (Drickamer
& Carver, 1992), a greater understanding of the interactions between these antigens and
their corresponding antibodies would be an important contribution to the understanding
of protein-carbohydrate interactions.

While the immune response to the ABO blood group antigens is mounted by
serum antibodies, the A and B blood group antigens are synthesized in the body by
corresponding glycosyltransferases. The A and B glycosyltransferases catalyze the
addition of monosaccharides to the precursor H molecule to form the A and B antigens
respectively (King, 1994). Glycosyltransferase A attaches N-acetylgalactosamine
(GalNAc) in an a-1,3 linkage to the terminal galactose (Gal) of the H antigen to form the
A antigen, D-GalNAcal,3(L-Fuca1,2)D-GalB1,3/4GIcNAc, while the 1,3 addition of Gal
to the H antigen by glycosyltransferase B forms the B antigen, D-Gala1,3(L-Fucal,2)D-
GalP1,3/4GIcNAc (Tizzard, 1984). It is important to note that the only difference
between these two antigens is that the A antigen displays an N-acetyl group where the B

antigen displays an hydroxyl group.
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Figure 1: Schematic representation of the blood group A and B trisaccharide antigens.
The only difference between these two carbohydrate antigens is that the A-antigen
displays an N-acetyl (AcNH) moiety on the terminal galactose residue, whereas the B-
antigen displays an hydroxyl (OH) group instead. This single difference can be
recognized by corresponding anti-blood group antibodies.

This single chemical difference has serious serological impact. An individual with
blood type A carries the gene for glycosyltransferase A and thercfore presents the A
carbohydrate antigen on the surface of their red blood cells, and consequently possesses
anti-B antibodies in their serum. Accordingly, a blood type B individual carries the gene
for glycosyltransferase B and presents the B antigen on the surface of their red blood
cells and possesses anti-A antibodies in their serum. It is imperative in blood transfusions
that donor and recipient match, since mismatched blood types can activate a full cascade
of intravascular hemolysis (Seymour et al, 1995). Antibodies have the ability to
differentiate between the A and B antigens; however, the nature of this protein-
carbohydrate interaction is not understood at the molecular level.

Carbohydrate antigens and protein antigens differ fundamentally in their
immunological behavior. These fundamental differences will be further discussed in the
section 2.4. The immune system and the structure and function of antibodies will be

discussed in greater detail in section 2.



The main objective of this work is to improve the binding affinity of an antibody
fragment specific for the BGA antigen, and to gain a greater understanding of the nature
of this specific protein-carbohydrate interaction at a molecular level. This was done using
two different approaches in tandem. The first approach was a rationally designed site-
directed mutagenesis study based on the crystal structure of the scFv, described in Part A.
The second approach required the production of a BGA scFv phagemid library and
applied bacteriophage display and various panning techniques to select for a BGA scFv
with an improved affinity, in Part B. A single chain antibody variable fragment (scFv)
consists of a V. domain and a Vy domain joined by a peptide linker which allows these
variable domains to fold on each other and form an antigen binding domain. The scFv

construct maintains the original antibody’s antigen binding site, as illustrated in F igure 6.

2. THE IMMUNE SYSTEM

The immune system’s primary function is defense against a large variety of
infectious microbial agents, such as viruses, bacteria, fungi, and parasites. Niels Jerne
compared the complexity of the immune system to that of the nervous system, and
recognized that the special ability of the immune system was to patrol and guard the body
(Jerne 1973). The discipline of immunology grew out of the observation that individuals
who had recovered from a certain infectious disease were thereafter protected or ‘exempt’
which in Latin is immunis, the source of the word immunity. Immunity as a broader term
means the state of protection, and scientifically it is the protection from infectious disease
and the surveillance for the detection of foreign agents.

2.1 INNATE vs ADAPTIVE IMMUNITY

The immune system is divided into two functional divisions: the innate immune

system and the adaptive immune system. Innate or nonspecific immunity refers to

various physical and cellular attributes that collectively represent the first line of defense



against infectious disease. For example, the skin and the extensive epithelial lining of
mucosal tissues act as nonspecific barriers against infectious agents, preventing them
from entering the body. However, if these barriers are penetrated then the adaptive
immune system is initiated. The adaptive immune system produces a specific reaction to
each infectious agent and recovery from the disease or infection. The primary elements
of the adaptive immune system are antibodies. The production of antibodies is induced
when the host’s lymphoid system comes into contact with immunogenic foreign
molecules, or antigens. The antibody produced, in turn, binds specifically to the antigen
that induced its formation. Furthermore, the adaptive immune system establishes a
specific immunological memory so that any following reinfection with the same agent
results in resistance to disease development, and as a result the individual has acquired
immunity against that infectious agent.

The innate and adaptive immune system consist of a variety of molecules and
cells which are organized into specific tissues and organs in order to perform their
functions most effectively. The cells of the immune system include: lymphocytes,
macrophages, dendritic cells, epidermal and epithelial cells, which are in turn organized
within the lymphoid organs and tissues: spleen, lymph nodes, tonsils, thymus and bone
marrow. These structures are collectively referred to as the immune (or lymphoid)

system.

2.2 IMMUNE RESPONSE

The most important cells of the immune system are the leucocytes or white blood
cells. Leucocytes fall into two broad categories: phagocytes (which form part of the
innate immune system) and lymphocytes (which mediate adaptive immunity).
Lymphocytes are an enormously heterogeneous collection of cells, which not only differ

from one another based on their surface expressed receptors, but also differ, in their
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functional properties. There are two broad classes, or lineages, of lymphocytes: the B
lymphocytes (B cells) and the T lymphocytes (T cells). B cells and T cells both have
their origin in stem cells; however, B cells develop and differentiate in the bone marrow,
while T cells differentiate in the thymus (Paul, 1989).

The bone marrow and the thymus are the primary lymphoid organs, since it is
within these organs that stem cells proliferate and mature into functional effector cells.
The mature B cell endogenously produces Ig molecules, which are then expressed on the
B cell surface, where they act as specific antigen receptors. The majority of B cells
express both surface IgM and IgD antibodies. On the surface of B cells we can also find
a complex that is functionally important for the regulation of the immune response, and is
known as the major histocompatibility complex (MHC). The MHC, which is found on
antigen presenting cells and on various cells throughout the body, is a membrane bound
protein that displays processed antigens on the surface of the B cell . If T cells encounter
antigen associated with an MHC on a B cell, the T cell proliferates and differentiates into

memory T cells and various effector T cells (Kuby, 1998).

2.3 AFFINITY MATURATION

The initial or primary immune response stimulates B cells to secrete antibodies of
the IgM class. These primary response antibodies are generally of low affinity. In the
course of the immune response, the average increase in the affinity of primary response
antibodies can be as much as 100- to 10 000-fold (Kuby, 1998). This phenomenon is
referred to as affinity maturation, and is the result of two processes: somatic
hypermutation and antigen selection of high affinity clones (Berek and Milstein, 1987).

Affinity maturation occurs during B cells development. B cell maturation often
occurs in the bone marrow, and involves the orderly rearrangement of the

immunoglobulin genes; this process occurs in the absence of antigen and is referred to as



the antigen-independent phase of B cell development. These naive B cells (which now
express membrane bound IgM and IgD, have not yet encountered antigen), leave the
bone marrow and are carried to secondary lymphoid organs (spleen and lymph nodes). If
the naive B cell encounters an antigen for which its membrane bound antibody is
specific, the B cell proliferates and differentiates, thereby generating a population of
antibody secreting plasma cells, and memory B cells. This stage of B cell development is
referred to as the antigen-dependent phase. It is in this stage of the development that B
cells undergo affinity maturation and class switching (Paul, 1989).

Antibody secreting plasma cells generally have short life spans. However, a small
subset of these cells migrate to specialized locations in secondary lymphoid organs and
are stimulated to undergo proliferation. In addition to proliferation, the antigen-activated
B cells undergo extensive somatic hypermutation of the V; and Vy chain domains.
Somatic hypermutation introduces point mutations, deletions, and insertions into the Vv,
D, and J segments of rearranged immunoglobulin genes (Kuby, 1998). Mutations can
occur throughout the entire variable region, however, the majority of these somatic
mutations occur in the CDRs, and as such these regions were initially referred to as
hypervariable regions (Kabat, 1968). The somatic mutations that result in the process of
affinity maturation occur randomly, and will generate a few cells with receptors of high
affinity and many cells with receptors of low affinity. For affinity maturation to occur,
not only must B cells bearing higher affinity antibodies be generated, but also cells
bearing lower affinity antibodies must be eliminated.

It is not known why the CDR regions are mutation ‘hot spots’; however, it could
be that the enzymes that are involved in somatic mutation target these regions, or whether
mutations within the CDRs are selected over other mutations because of their impact on
antigen-binding affinity. For example, B cells that have undergone somatic mutation will

result in B cell subpopulations with an altered antigen-binding affinity. If somatic



mutation resulted in an increase in affinity for the original antigen, re-exposure to that
antigen will allow the improved subpopulation of B cells to rapidly expand and
differentiate into B cells that secrete higher affinity antibodies. These higher affinity
antibodies characterize the secondary immune response. While somatic mutation results
in the generation of antibodies with an increased binding affinity, the majority of
antibodies that arise due to somatic mutation exhibit a decreased affinity. Nevertheless,
all the differences that arise due to somatic mutation contribute to the diversity of the

immune systems repertoire.

2.4 IMMUNE RESPONSE TO CARBOHYDRATE ANTIGENS

A B cell can become activated when an antigen binds to the Ig receptors on its
surface, thereby inducing the clonal selection of specific B cell clones which then
proliferate and secrete antibody specific to that particular antigen. Depending on the
nature of the antigen, B cell activation can proceed by two different routes: one that
depends on T cells and one that does not. Antigens that are T cell-dependent differ from
antigens that are T cell-independent, with respect to the humoral response they elicit.
T independent antigens are capable of activating B cells to produce antibody without the
help of T cells. The response to T independent antigens is generally weaker, no memory
cells are formed, and IgM is the predominant antibody secreted, reflecting a lack of class
switching (Kuby, 1998).

Since the focus of this thesis is the interaction of a carbohydrate antigen with its
corresponding antibody it should be noted that unlike protein antigens, carbohydrate
antigens are not processed and displayed on MHC. Carbohydrate antigens rarely induce
class switching, a process where the H chain DNA can undergo a further rearrangement
in the Vy-Dy-Jy unit and combine with any Cy gene segment. The inability to undergo

class switching results in anti-carbohydrate antibodies being primarily IgM. The

9



antibody response to carbohydrate antigens is therefore a weak response, lacks affinity

maturation, and does not generate memory B cells.

3. ANTIBODY STRUCTURE AND FUNCTION

Antibodies, or immunoglobulins, are glycoproteins which all possess the same
basic structure (Figure 2). The basic building blocks of these molecules are two distinct
types of polypeptide chains, heavy (H) and light (L) chains. The H chain is composed of
440-450 amino acids, whereas the L chain is composed of 210-220 amino acids. The H
and L chains are made up of a series of domains, each of which is about 110-120 amino
acids. The L chain is made up of two domains, whereas the H chain is made up of four to
five domains, depending on its class.

Within any given antibody molecule there are two identical H chains, and two
identical L chains, which form two identical cysteine-linked heterodimers with two
identical antigen combining sites. Therefore, most antibodies are bivalent and can bind an
antigen at both binding sites. IgG can serve as the prototypic antibody structure, since this
abundant antibody is made up of the basic H,L, unit.

In the 1950s and 1960s, Rodney Porter and Gerald Edelman elucidated the basic
structure of the antibody molecule with the help of proteolytic enzymes which cleave the
immunoglobulin molecule at specific points (see Figure 3). Subjecting IgG to a brief
digestion with papain cleaves the IgG into two identical Fab fragments (‘antigen-binding’
ability was retained, each with MW 45,000) and an Fc fragment (this fragment
‘crystallized’ during cold storage, with MW 50,000). A similar experiment with pepsin
generated only one fragment with MW 100,000 that was able to bind antigen; this Fab-
like fragment was designated F(ab'),. These experiments revealed that the 150,000 MW
IgG molecule was composed of two 50,000 MW chains (designated heavy chains) and
two 25,000 MW chains (designated light chains).
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Figure 2: Schematic diagram of IgG antibody molecule. There are four polypeptide
chains that make up the IgG antibody, two identical heavy chains (Vy) shown in purple,
and two identical light chains (Vi) shown in white. The N-terminal portion of the
antibody constitutes the variable region, and is made up of Vy and V. domains; it is
within this variable domain that the antibody binds antigen (Antigen Binding Site). There
are two antigen binding sites in each IgG antibody. The constant domains contain
interchain disulphide bonds (shown in yellow).
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These experiments and the fragments they generated revealed important insights
into the structure and function of antibodies. Antibodies are immunological proteins that
exhibit two functional domains (Fleischman er al. 1962), the N-terminal variable domains
and the C-terminal constant domains. The variable domains account for the antibodies

unique binding specificities, whereas the constant domain correlates with different

Papain > /g ?
Fab Fc

Pepsin

effector functions.

Fab

F (ab’)2

Figure 3: Enzymatic cleavage of IgG using papain and pepsin. Papain cleaves the IgG
molecule in the hinge region between Cy; and Cy; to yield 2 Fab and 1 Fc fragments.
Papain has nonspecific proteolytic activity and will eventually digest the entire IgG,
however a brief papain digestion cleaves only the most susceptible bonds. Cleavage with
pepsin generates the F(ab'), fragment.
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In most higher mammals there are five distinct classes of immunoglobulins: G, A,
M, D and E, which can be further divided into subclasses. The class and subclass of an
immunoglobulin molecule is determined by its heavy chain type. Therefore,
immunoglobulins G, A, M, D and E have heavy chains v, o, p, & and v, respectively. In
some species, slight variations within a class gives rise to subclasses. In humans there are
nine heavy chain isotypes: 1, y2, y3, v4, al, a2, u, 8 and € which give rise to the IgGl,
IgG2, IgG3, IgG4, IgAl, IgA2, IgM, IgD, and IgE antibody isotypes (Roitt et al., 1993).
The constant region of each antibody class is responsible for the distinct biological
functions of that particular class. For example, IgM antibodies can activate the
complement system, IgA's are secreted into a variety of bodily fluids, IgD's can act as
membrane receptors, and IgE antibodies bind to specific receptors. IgG antibodies,
which are the most abundant of the immunoglobulins, express a variety of functions, one
of which is the ability to be transferred across the placenta (Paul, 1989).

Depending on class, the basic four chain monomeric units can form different
multimeric structures (Figure 4). The H chains of all isotypes associate with one of the
two L chain isotypes to form the basic H,L, antibody unit seen with IgG, IgD and IgE
antibodies. IgM antibodies, however, are pentameric, that is they are composed of five
H>L; units, thereby resulting in 10 identical binding sites (Figure 4). IgA antibodies can
also be multimeric, and may consist of one or more units. Multimeric IgM and IgA
antibodies contain an additional polypeptide chain, one J chain, which holds the units

together.
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IgM (pentamer)

Figure 4: General structures of the five major classes of secreted antibody. Light chains
are in shades of gray and heavy chains are in shades of blue; disulfide bonds are indicated
by thick black lines. IgG, IgD and IgE are found as monomers, whereas IgM and IgA
form multimeric structures, which contain a J chain polypeptide that is linked by two
disulfide bonds to the Fc region of the individual monomers. Serum IgM is usually
pentameric, and most serum IgA is monomeric but multimeric forms are sometimes
present. (Kuby, 1998).
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4. ANTIBODY DIVERSITY

It has been estimated that the mammalian immune system can generate more than
10'! different antibody sequences, allowing the ability to respond to a vast number of
potential antigens. One of the early theories that tried to explain antibody diversity was
the germ-line theory, which maintained that since antibodies are proteins, it follows that
the genome contains a large repertoire of immunoglobulin genes sufficient to encode for
such diversity. A contrasting somatic-variation theory maintained that the genome
contains a relatively small number of immunoglobulin genes from which diversity is
generated somatic cells by mutational and recombination mechanisms. As the amino
acid sequences of many immunoglobulins were determined, it became clear that neither
the germ-line nor the somatic-variation theories were sufficient to explain the diversity
and the consistency that was found in the immunoglobulin sequences; however, both
theories were partially correct.

In the germ-line DNA, multiple gene segments encode a single immunoglobulin
H or L chain. These gene segments are carried in the germ cells but cannot be
transcribed and translated into heavy and light chains until they are arranged into
functional genes. During B cell maturation, these gene segments are randomly shuffled,
in a carefully regulated process, and are capable of generating more than 10® different
specificities. The germ-line genes are: V, D, J, C which encode for variable domains,
diversity segments, J segments and constant domains respectively. The Vy domain is
assembled by the combinatorial joining of Vy-Dy-Jy genes; the Jjoining of these Vy genes
with a Cy gene constitutes the assembly of a complete H chain. The VL domain is
assembled by the combination of V-J, genes; and the attachment of a CL to assembled
VL-JL constitutes the assembly of a complete L chain. Since there are many Vy, Dy, Ju,
Ch, VL, Ji, and Cp germ-line genes, the rearrangement of these DNA segments is capable

of generating much of the diversity observed in the antibody repertoire.
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Therefore, the assembly of functional genes encoding immunoglobulin light and
heavy chains involves recombinational events at the DNA level. A large part of the
diversity in the antibody repertoire is due to these multiple germ-line segments and their
combinatorial joining. However, there are other elements that contribute to the diversity
of antibodies. Junctional flexibility occurs in the combinatorial process, when the joining
of the coding sequences is imprecise, and this also contributes to diversity. Another
mechanism by which diversity is generated is somatic hypermutation, which can
potentially alter the specificity and affinity of the encoded antibody. And finally, the
association of Vi and Vy chains to form an intact antibody also contributes to diversity
since it is the association of these two chains that determines the antibodies’ antigen-

binding site, and therefore determines each antibody’s specificity and affinity.

5. COMPLEMENTARITY DETERMINING REGIONS

Detailed comparisons of the amino acid sequences of the V. and Vy domains
revealed that the variations in the sequences are concentrated in hypervariable regions,
which are separated by regions that exhibit much less variation (Kabat, 1968). These
hypervariable regions are also called complementarity-determining regions (CDRs),
because the antibody’s antigen-binding site is complementary to the antigen in structure,
and the less variable stretches between the CDRs are referred to as framework regions
(FRs) (Kabat, 1968). There are six CDRs in each antigen binding site; three CDR’s in the
VL and three CDRs in the V. These six hypervariable loops form a continuous surface
that is responsible for binding antigen (Figure 5). It is the variabilities found within the
CDRs that give rise to the wide range of specificities exhibited in the antigen-binding

surfaces of antibodies. The intervening FRs act as a scaffold supporting the CDRs.
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CDRs

Figure 5: Schematic representation of the antibody variable fragment VL and VH
domains, each of which contain three CDRs. These six hypervariable regions are
responsible for specific antigen binding.

The three-dimensional structure of the antigen-binding site and the role of the
CDRs in the binding of antigen have been investigated by high resolution X-ray
crystallography. To date the crystallographic analyses has been completed for a number
of antibody fragments; these studies have provided valuable insights into the structure of
the VL and Vy domains and the interactions between the antibodies and their
corresponding antigens. We have examined the X-ray crystallographic structure of the
ACI1001 variable fragment and have focussed on the antigen-binding domain to select
specific amino acid residues for mutagenesis. As will be explained in Part A, many of

the residues selected for this mutagenesis study are residues found within the CDRs.

6. ANTIBODY FRAGMENTS
The variable domain genes of an antibody can be synthetically constructed and
used to express antibody fragments that maintain the parental antibody’s binding

specificity. The Vi and Vy variable domain genes can be linked through a peptide linker
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to form a single polypeptide chain that can be produced in E. coli (Skerra and Pluckthum,
1988). This single polypeptide antigen binding domain is referred to as a single chain
variable fragment (scFv). We have used Vi and Vy synthetic genes based on the anti-A
monoclonal antibody AC1001 (Chen and Kabat, 1985) to produce the BGA scFv
construct used for the following studies. Antigen binding fragments (Fab) of the AC1001
antibody have also been produced (MacKenzie et al., 1994).

Initial constructs of the BGA scFv were linked via a long peptide linker, which
permitted intrachain V| -Vy pairing of the variable domains and results in an scFv
monomer that contains one antigen binding domain (Figure 6). However, because this
BGA scFv monomer has a very weak binding affinity (Kp = 290 uM) (Patenaude e al.,
1998), it made kinetic analyses and phage display studies very difficult. The long linker
was modified to a short linker, and the short linker construct resulted in the formation of
VL-Vy dimers. The long linker joining the V{-Vy domains allows for a freedom of
movement that allows the V-V to form intrachain pairing. The short linker does not
allow these two domains to associate with each other, instead the V-V chain is forced
to form dimers (Figure 6). Therefore, the short linker between the V. and Vi domains
permits interchain bonding, but not intrachain pairing of the variable domains. The
inability of the V| and Vy from one polypeptide to associate with each other forces them
to associate with a corresponding V.-V from a second polypeptide, thereby resulting in

the formation of a bivalent fragment known as a diabody (Holliger, 1993).
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Figure 6: Schematic representation of single chain antibody variable fragment (scFv).
The antigen binding domain of the IgG can be expressed as a single polypeptide chain in
E. coli. The scFvs shown here illustrates the V| and Vy joined by a peptide long linker
and short linker, which allow the formation of monomer and dimer respectively. The
scFv constructs maintains the original antibody’s antigen binding ability and specificity
(Bird et al., 1988). However the scFv dimer has an increased avidity and therefore an
increased functional affinity.

Modifying the linker from long to short, changes the scFv from primarily
monomer to primarily dimer. This increase in avidity (functional affinity resulting from
multiple antigen binding domains) results in an increase in antigen binding activity. The
monomer to dimer change increased the binding affinity from Kp 290 pM to 26 uM,

approximately a 10-fold increase in functional affinity. However, the binding affinity of

the dimeric scFv is still very weak, thereby still making this work a challenge.
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Figure 6b : Three dimension structure of the BGA variable fragment with modelled A
trisaccharide antigen. This top view of the Fv (no linker) shows the V; (blue) and Vy
(green) binding the A trisaccharide antigen (red). This figure was generated using
SETOR (Evans, 1993).
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The scFv dimer or ‘diabody’ displays two antigen binding sites, and each binding
site binds antigen with the same affinity and specificity as the antigen biding site on the
original parental antibody from which it was derived. The scFv construct not only
contains the region of interest but it is also easily produced in E. coli (Better et al., 1988;
Skerra and Pliickthum, 1988). Furthermore, the scFv construct can be subtilisin digested
(cleaves linker joining V-V of scFv) to form an antibody variable fragment (Fv) which
is easily crystallized.

As outlined earlier, the aim of this work is to mimic in vivo affinity maturation in
vitro and produce a BGA scFv with an improved affinity. This was done using two
different approaches. The first approach produces specific BGA scFv mutants using site-
directed mutagenesis after examining the antigen binding pocket of the BGA Fv crystal
structure. The antigen binding domain contains a deep pocket, lined with various amino
acid residues, and binds the A trisaccharide antigen specifically. This antigen binding
pocket will be further discussed in Part A. The second approach produced mutant BGA
scFv mutants randomly and used phage display and various panning techniques to isolate
scFvs with improved binding affinity. The phage display study is used as an alternative

to site-directed mutagenesis, and will be described in the following section.

7. PHAGE DISPLAY

Phage display technology is based on the ability to fuse foreign protein gene
sequences to viral coat protein genes, and to express the resulting chimeric fusion
proteins on the surface of the phage particle. In 1985, George Smith was the first to
express a foreign segment of a protein on the surface of bacteriophage M13 virus (Smith,
1985). Smith’s motivation was to use phage display as a method of identifying the
specific epitopes of particular antibodies. Since the advent of Smith’s discovery, phage

display technology has not only been used to map the epitopes of various antibodies, but
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has also been used to construct libraries of random peptides (Scott and Smith, 1990;
Cortese et al., 1995), to identify various target molecules (Lowman ez al., 1991), and to
isolate high-affinity antibodies (McCafferty et al., 1990; Barbas er al., 1991).

One of the important applications of phage display technology is its ability to
allow the in vitro evolution of proteins. For example, the coding region of a specific
protein can be mutagenized to construct a library of recombinant phage expressing a
large repertoire of mutant proteins. From this repertoire, higher affinity proteins can be
isolated by affinity selection (to be discussed below), and DNA sequencing can identify
the primary structure of the selected mutants. Part B of this thesis applies this potential
of phage display, and an error-prone mutagenized BGA scFv gene library was expressed
on the surface of phage. Then the mutant scFv library then undergoes various affinity
selection procedures so that mutant BGA scFv clones with an increased affinity can be

isolated.

7.1 M13 BACTERIOPHAGE

M13 bacteriophage are filamentous phage which are able to infect bacteria
containing an F conjugative plasmid. The F conjugative plasmid encodes for an F pilus,
which is required for the conjugal transfer of the viral or plasmid DNA into the recipient
bacteria (Frost ef al., 1994). The F pilus is essentially a protein tube that can attach and
detach to the bacterial membrane; the F pilus provides a tunnel in which DNA encased
within the phage particle can leave the phage and be inserted into the bacteria (Frost,
1993). Therefore, M13 phage are referred to as Ff phage because to infect £. coli they
require bacterial strains, which contain the F conjugative plasmid, and thus express the F
pilus. The M13 phage particle attaches to the tip of the F pilus, and its DNA genome is

translocated into the bacterial cytoplasm. The genome of the M13 phage is a circular,
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single-stranded DNA molecule encased in a long cylinder, which resembles a thread-like

particle; the M13 bacteriophage is therefore referred to as a filamentous phage.

 —

Transform ation

Figure 7: Schematic representation of M13 bacteriophage. The major capsid protein
pVIII constitutes the bacteriophage cylinder that encapsulates the phage genome (not
shown). There are generally five minor capsid proteins pIII at one end of the phage
particle. The bacteriophage will display the protein encoded in the transformed plasmid
on its surface through fusion to the pIIlI minor capsid protein.

The genome of the M13 Ff phage has 11 genes (genes I - XI), which encode for
DNA replication proteins, proteins involved in the assembly of the phage, and proteins
which make up the capsule of the phage particle (Webster, 1996). The genes gVIII and
glIl encode for phage capsule proteins pVIII and pIII respectively. These capsule, or
capsid proteins, have been particularly important in phage display studies. Peptides have
been fused to minor coat protein pIII (Smith, 1985; Parmley and Smith, 1988) or to the
major coat protein pVIII (I'ichev et al., 1990; Greenwood et al., 1991). pVIII is referred
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to as the major capsid protein, since it is the most abundant capsid protein, and largely
constitutes the protein cylinder that surrounds the DNA. pIIl is also a capsid protein,
however it is found at one end of the phage particle, and is referred to as minor capsid
protein plII. It should be noted that the ability of the phage to be infectious appears to be
a function of the plII capsid protein. There are approximately 5 pIII minor capsid proteins
located at one end of the phage particle. DNA fragments encoding a protein or a specific
peptide can be fused to the pIII or pVIII genes.

Phage display technology is based on the ability of these phage genes to be fused
with foreign gene sequences and to ultimately be expressed as fusion proteins on the
surface of the phage particle. The foreign peptides or proteins fused to either the pVIII or
plII phage proteins must be properly folded, functional proteins that retain their normal
binding ability (Bass er al., 1990; McCafferty et al., 1990). In the phage display study
carried out in Part B, the BGA scFv gene sequence was fused to the pIII minor capsid
protein gene. The mutant scFv-genelll fusion proteins are expressed on one end of the
phage particle, and constitute the library repertoire.

One of the advantages of phage display technology is that it provides a direct link
between a protein’s genotype with its displayed phenotype. The genotype and phenotype
of the displayed protein are directly linked, since the protein displayed on the phage
surface is tagged with its own DNA, which is encoded by the phagemid encased within
the phage particle. Therefore, the primary structure of the attached peptide can be easily

determined by determining the DNA sequence of that particular clone.

7.2 PHAGEMID VECTORS
Most standard cloning vectors contain an origin of replication, an antibiotic
resistance gene, and various cloning sites. When a filamentous bacteriophage origin of

replication is added to a standard vector, it is referred to as a phagemid. Phagemid
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cloning vectors not only contain the above-mentioned sequences; they also carry the glII
with the appropriate cloning sites. In such a phagemid, a protein sequence may be fused
to the N-terminus of the mature pIll (McCafferty er al., 1990; Hoogenboom et al., 1991)
or to the N-terminus of a truncated pIII (Garrard et al., 1991; Barbas et al., 1991).

Unlike phage vectors, which contain all the phage genes necessary for phage
replication and growth, phagemid vectors only contain one phage gene, gl gene fused
with a specific peptide or protein sequence. Therefore, the phagemid DNA encoding the
protein-plII fusion is packaged into particles using helper phage (Vieira and Messing,
1987), such as M13K07, which supplies all the structural proteins needed to make viable
phage particles (Hoogenboom er. al., 1998). However, since helper phage encode for
wild-type pIIlI (i.e. individual pIII, not fusion protein), the great majority of phagemid
particles display no fusion protein at all. Furthermore, the phage that do display fusion
protein will only display a single copy (Garrard er al., 1991). The valency of the fusion
proteins displayed can be increased by using a phage vector (McCafferty et al., 1990),
which eliminates the need for helper phage, or by using a modified helper phage with the
glll deleted (Griffiths et al., 1993); in both instances, every displayed pIII has protein
fused to it. However, since an increase in avidity can affect the binding affinity of the
phage, monovalent display of the fusion protein is desirable when selecting for higher

affinity libraries.

7.3 PHAGE DISPLAY OF ANTIBODY FRAGMENTS

Antibodies were the first functional proteins to be successfully displayed on the
surface of phage (McCafferty et al., 1990). This was done following the initial display of
peptides on the surface of phage (Parmley and Smith, 1988). The display of functional
antibody proteins was achieved by fusing the coding sequence of the antibody scFv

fragment to the N-terminus of pIIl. The Vi and Vy domains of the scFv are correctly
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folded, stabilized by an intramolecular disulphide-bridge, and are completely functional
(Skerra and Pluckthun, 1988; Better ef a/., 1988). Recall that the scFv antibody fragment
contains the original antigen-binding domain of the complete antibody, and is therefore
capable of binding antigen the same way its parental antibody would.

Antibody fragments have been effectively displayed on the surface of phage as
scFvs (McCafferty et al., 1990; Clackson et al., 1991; Marks et al., 1991), disulphide
stabilized Fvs (Brinkmann, et al., 1995), Fab fragments (Garrard er al, 1991;
Hoogenboom et al., 1991; Barbas ez al., 1991), and diabody fragments (Holliger er al.,
1993). However, the smaller the size of the displayed fragment, the more genetically
stable these libraries are; therefore, the scFv format is generally favoured over the Fab
fragment. We have displayed an scFv fragment adjoined by a short linker sequence,
which give rise to a pIIl-scFv fusion that is able to associate with soluble scFv fragments
derived from some proteolytic cleavage of the scFv from pIIl. The association of the
plll-scFv fusion protein with soluble scFv protein effectively forms diabodies. The
advantage of this diabody format for our phage display study was that the avidity of the
displayed protein was increased (i.e. dimeric instead of monomeric). The increase in
avidity consequently results in an increase in affinity per phage, and therefore makes the

study of the weak BGA scFv more feasible.

7.4 PANNING

An important application of phage display is the construction of a library of
fusion proteins expressed on the surface of the phage, and the subsequent use of an
affinity selection process that selects for various target proteins. This process of affinity
selection is known as biopanning or panning (Parmley and Smith, 1988). A panning
experiment involves the capture of fusion phage with an immobilized molecule. The

bound phage is recovered and amplified and again selected for binding to the
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immobilized target molecule. This cycle of selection, elution and amplification is
repeated, usually 3-4 rounds, thus enriching for the phage clones that bind the target
molecule. Figure 10 is a schematic outline of the selection of phage antibody through
panning.

Any method that separates clones that bind from clones that do not bind can be
used for panning. Many different selection methods have been used, including panning
on an immobilized antigen on a solid support (Griffiths et al., 1994), panning on columns
(Clackson et al, 1991), on the sensor chip of the BIAcore instrument (Malmborg er al.,
1996), panning on whole cells (Marks et al., 1993; Bradbury, er al., 1993), panning on
biotinylated antigens (Hawkins et al., 1992), and selection using sorting procedures (de
Kruif er al., 1995). All these methods effectively use a substrate (for example, an
antigen), and separate phage displayed proteins based on binding selectivity. We have
panned our BGA scFv-gIll phagemid library on immobilized BSA-A antigen coated
microtitre wells, on the BSA-A coated sensor chips of the BIAcore, and on a Synsorb-A
column. These methods, with the exception of the Synsorb-A column, have previously
been used to successfully pan various phagemid libraries. However, the panning of this
low affinity anti-carbohydrate BGA scFv-glIl phagemid library has been a challenge.

We report here the first panning experiments on a Synsorb-A column.
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Figure 8: Schematic outline of phage selection through panning. Panning allows for
selectivity by allowing phage to bind to antigen, then washing to remove unbound phage
and then elution to retrieve specific binding phage. If the stringency of the washing step
used to remove unbound phage is increased, then phage with an increased affinity for the
antigen will be selected for in the panning rounds. The eluted phage are used to infect
bacteria and are amplified prior to the next round of panning. Eluted phage are amplified
to increase the better binding scFv population eluted, and to provide the next round with
an increased amount of selected phage for further selection. Phage are allowed to bind to
a target antigen, here it is represented as antigen immobilized on microtitre wells.
However, we have panned our phagemid library on antigen immobilized onto the
BIAcore sensor surface, and have also panned against antigen that is covalently linked to
a column matrix (Synsorb-A). (http://www.uk.neb.com/neb/products/phd/bioflo.gif)
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8. ANTIGEN-ANTIBODY BINDING AFFINITIES

The noncovalent interactions that form the basis of antibody-antigen binding
include hydrogen bonds, ionic bonds, hydrophobic interactions and van der Waals
interactions. The strength of these noncovalent interactions is weak (compared to
covalent bonds) and a large number of interactions are required to form a strong
antibody-antigen interaction. The strength of the total noncovalent interactions between a
single antigen-binding site on an antibody and a single epitope is the affinity of the
antibody for that epitope. Since it is these noncovalent interactions that determine the
affinity of the antibody-antigen interactions, and because these interactions operate over
small distances a strong antibody-antigen interaction depends on a very close fit between
the antigen and antibody.

In the site-directed mutagenesis study described in Part A, the antigen binding
pocket of the AC1001 variable fragment is examined with the A trisaccharide antigen
modeled into the antigen binding cleft. The X-ray crystallographic model structure,
specifically the antigen binding pocket, was the basis of the mutagenesis study. The aim
of this study is to select amino acid residues within the binding pocket that may
potentially be mutated to residues that would improve the fit between antibody and

antigen and maximize the noncovalent interactions.

8.1. DETERMINATION OF EQUILIBRIUM CONSTANTS
In the simplest model for the interaction of an immobilized species Ag with a
mobile species Ab, they react form a 1:1 complex AgeAb, as in reaction 1.

Ab + Ag.—— AbeAg 1)

At equilibrium, the concentrations of these species are dictated by the equation:

Kp =[Ab][Ag]
[AbeAg] (2)
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Where Kop is the dissociation constant at equilibrium. However, because equilibrium is a
dynamic state, Kp alone can not be used to characterize the reaction completely; the rates
of association and dissociation are equally important. Complex association has a
chemical on-rate constant, referred to as ko, and a chemical off-rate constant for complex
dissociation, kox. The ko, indicates how fast the concentration of the AbeAg complex
increases, and ko indicates the fraction of AbeAg complexes that dissociate per second.
The Kp can also be expressed as a ratio of these kinetic constants.
Kp = Kkox
“Kon (3)

Two approaches are typically used to measure affinity constants:

1.determination, at equilibrium, of the ratio of the concentrations of the antibody

(or antigen) free and engaged in complex and using equation (2)
2.measurement of the dissociation and association rate constants, k. and Kon, and

determination of Kp from their ratio using equation (3)

The first approach determines Kp by the analysis of the equilibrium, as is done in
a Scatchard analysis. In this analysis equation (2) is linearized according to the standard
protocol of Scatchard (Scatchard, 1949), and the dissociation constant is the ~1/slope of
the line obtained by plotting the ratios of bound to free ligand [AbeAg] / [Ab] versus the
concentration of the bound ligand [Ab]. The second approach determines Kp by
determining the kinetic rate constants, and applying equation (3). When k,, and kofr could
be measured, the Kp was calculated using equation (3). However, if the kon and kogr could
not be measured on the BIACORE, (due to a weaker interaction) a Scatchard analysis of
the equilibrium binding still allowed the Kp to be derived. Both approaches were used in

the present study, when possible.
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The binding affinity of the wild type BGA scFv and the mutant BGA scFvs for
the A trisaccharide antigen were measured using SPR and the BIACORE instrument

(Biacore Inc.) as outlined in the following sections.

9. SURFACE PLASMON RESONANCE

Surface plasmon resonance (SPR) (Liedberg et al., 1983) is an optical
phenomenon that arises in thin metal films under conditions of total internal reflection.
Surface plasmons are waves of oscillating surface charge density travelling along the
metal surface, and surface plasmon resonance occurs when these surface plasmon waves
are excited at the metal-liquid interface. Light is directed at, and reflected from, the side
of the metal film and SPR causes a reduction in the reflected light intensity at a specific
combination of angle and wavelength (Figure 9).

Biomolecular binding events at the sensor surface change the refractive index and
produce a shift in the resonance signal. During a binding analysis, SPR changes occur as
a solution is passed over the surface of the sensor chip. The difference in the refractive
index is caused by mass changes on the sensor chip surface i.e. when the analyte binds to
the immobilized ligand. In our case it is when the scFv antibody fragment binds to the
immobilized antigen. The changes in the refractive index are measured continuously to
form a sensorgram (Figure 9 and 10), which provides a record of the progress of
association and dissociation of the reactants in real time.

To perform such an analysis, one reactant must be immobilized on the sensor
surface, while sample containing the other reactant is injected over this surface in a
precisely controlled flow. The sensor chip is essentially a glass slide coated on one side
with a thin gold film, to which a matrix of carboxymethylated dextran is covalently
attached. Biomolecules are then attached to this flexible dextran surface; the sensor

surface with the immobilized reactant can be regenerated, so that one sensor chip can be
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Sensor chip with
gold film

Figure 9: Real time SPR detector, sensor chip and integrated fluidic cartridge in the
BIACORE system. This figure shows the optical configuration together with the sensor
chip and flow channel. BIACORE places the sensor surface on a removable microchip
that is optically coupled to the instrument, and the sample is supplied via an integrated
computer-controlled microfluidic system (Sjolander and Urbaniczky, 1991). The strategy
used in the BIACORE and other SPR biosensors involves the covalent attachment of one
reactant to the sensor surface, then the association and dissociation of a second mobile
reactant is monitored. The SPR response is correlated to changes in the refractive index at
the sensor chip surface. The difference in refractive index is caused by mass changes on
the sensor chip surface, i.e. when analyte binds to immobilized ligand. The cycle of
association and dissociation is repeated using different concentration of the mobile
reactant to give a sequence of binding-progress curves, called sensorgrams, which
contain information regarding the rate constants and the equilibrium constants of the
interaction.
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used for repeated experiments. Three different surfaces were generated for the
biomolecular studies reported in this thesis: a BSA control surface, a BSA-A
trisaccharide antigen active surface, and a BSA-B trisaccharide antigen surface. The
conjugate antigens (BSA-A and BSA-B) are essentially a BSA molecule saturated with
the A-trisaccharide antigens, or the B-trisaccharide antigens. All three reactants were
immobilized onto the dextran surface using amine coupling; similar surface densities

were generated for all three reactants (please refer to Experimental Procedures).

9.1 BIACORE

The most frequently used commercial SPR instrument is the BIACORE™. This
instrument provides a relatively new technology for real-time biospecific interaction
analysis (BIA), based on the biosensor technology, in which SPR is used to monitor the
binding and dissociation of biomolecules on a sensor surface. BIACORE places the
sensor surface on a removable microchip that is optically coupled to the instrument at an
optical interface, and the sample is supplied via an integrated computer-controlled
microfluidic system (Sj6lander and Urbancsky, 1991). This microfluidics system divides
the sensor chip into four distinct flow cells, or channels, on the sensor surface that remain
independent of each other and can provide four separate surfaces. Ligand may be
independently and covalently coupled to each flow cell. The covalent nature of the
bound ligand allows regeneration of the surface and for numerous measurements on the

same surface.
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10. FOLLOWING BIOMOLECULAR BINDING

To analyze the biomolecular binding in an SPR biosensor (BIACORE) the
binding or dissociation of macromolecules is followed. The association and dissociation
of macromolecules at the sensor surface changes the local refractive index and produces a
shift in the resonance signal. This shift in the resonance signal for a given refractive
index increment is proportional to the mass that is bound to the sensor surface. This
output signal is measured in resonance units (RU) where one RU corresponds to an
increase in surface protein concentration of approximately 1 pg/mm’. (Stenberg et al.,
1991).

Therefore, in this real-time interaction analysis, the binding of the antibody to the
immobilized antigen is detected as an increase in the number of RUs as a function of
time, and the progress of this interaction is recorded as a sensorgram (Figure 10). A
sensorgram is the recorded binding-process curve, measuring the change in RU as a
function of time. The cycle of association and dissociation is repeated using different
concentrations of the mobile reactant to yield a sequence of sensorgrams, which contain
information regarding the rate constants and the equilibrium constant of the interaction.

Many molecular interactions have been studied using SPR in a broad variety of
fields. For example, receptor-ligand interactions have been studied (Cunningham and
Wells, 1993; Johanson et al., 1995), as have antibody-antigen interactions (Holliger ez al.,
1993; Kelley and O’Connell, 1993; Malmborg and Borrebaeck, 1995; Patten er al.,
1996), protein-carbohydrate interactions (MacKenzie er al., 1996), and many more
interactions including those involving DNA (Bondeson ef al., 1993; Buckle er al., 1996,
Yang et al., 1995), lipid vesicles (Masson et al., 1994; Ramsden and Schneider, 1993)
and virus research (Glaser et al., 1992; Pellquer and Van Regenmortel, 1993). We are
using SPR and the BLACORE instrument to determine the binding kinetics of wild type

and mutant scFvs binding to immobilized BSA-A trisaccharide surface.

34



? The Sensorgram

|
4}/"'

Kinetics -

Resonance Signal (RU)

)
®
%
Y
z-
[
2

|

Time (s)

Figure 10: A sensorgram reflects the progress of an interaction. In this experiment, and
in other SPR analyses, the response that is measured is the refractive index changes that
are associated with the analyte (antibody) binding to the antigen (BSA-A) immobilized
on the sensor surface. The change in this angle is followed as a function of time, and is
expressed as arbitrary units called resonance units (RU). One RU corresponds to an
increase in surface protein concentration of approximately 1 pg/mm?® (Stenberg et al.,
1991). The sensorgram contains information regarding the rate constants and the
equilibrium constant of the interaction. In the first stage of the interaction the sensor
surface is equilibrated with wash buffer and the baseline is determined. The analyte is
injected, and the association phase of the experiment is monitored. In the association
phase, the mobile analyte is introduced into the buffer flow at a constant concentration
above the sensor surface, and the progress of complex formation is monitored, as is
observed in the increase in the signal. During the association phase, we see a typical
profile of analyte binding, and the k, can be determined from this portion of the
sensorgram. If conditions permit, equilibrium is reached, as it does in this sensorgram
(plateau in RU) and the equilibrium binding can be determined. Once analyte is absent
from the buffer flow the dissociation phase begins, and the time course of complex
dissociation is recorded. The dissociation phase can be used to determine the kKoir. Some
experiments may require that the surface be regenerated, using a suitable reagent to
remove the bound analyte. However, the binding illustrated above shows a dissociation
rate that does not require a regeneration step; the elimination of analyte from the flow
buffer was all that was needed to regenerate the sensor surface in a reasonable time. This
method of measuring specific reversible binding in real-time is useful, not only because
no chromophore group or labeling is needed, but also because sample volume is
relatively small and a broad range of affinities can be measured; Kp = 10° — 1072 is the
affinity range that can be analyzed on a BIACORE 2000 (Myszka et al., 1997).
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The BlAevaluation 3.0 software (Markley, 1997) was used to analyze the kinetic
data recorded. This program allows for the analysis of complex kinetic data. One
approach was to simultaneously fit the ko, and ko from several data sets and determine
the Kp for a particular interaction. This complex simultaneous curve fitting analysis is
referred to as ‘global fitting’, or global analysis, and will be discussed below.

Equilibrium binding analyses were also carried out. Equilibrium binding analyses
are generally performed on weak binding proteins that data that display rapid kinetics.
An analysis of the equilibrium binding was used to determine the Kp when the rapid rise
to equilibrium after injection and the rapid dissociation of bound analyte following
injection do not allow for the determination of Kp from the association and dissociation
phases. If the binding affinity is weak, the analytes need to present in high protein
concentration in the flow buffer and this can cause bulk changes in the RUs recorded.
We are measuring the functional affinity of a bivalent scFv; there are two antigen binding
sites that bind two antigens. For this 2:2 reaction to occur, a high density of antigen on
the sensor surface is required, and this too may contribute to non-specific binding. These
bulk changes or bulk effects may occur when the flow buffer above the sensor surface
has changed, or when the concentration of macromolecules above the sensor surface has
increased, thereby causing an indirect RU change that is unrelated to binding. High
protein concentrations in the flow buffer may also increase non-specific binding to the
sensor surface, and this too will contribute to inaccuracies in the recorded RUs.
Therefore the subtraction of the control surface response from the active surface response
[ (BSA-A) — (BSA) ] in the equilibrium analysis allows for the generation of sensorgrams

that represent the true biomolecular binding interaction.
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10.1 GLOBAL ANALYSIS OF BIACORE DATA

Global fitting is an analysis procedure that deals with fitting experimental data
from several sensorgrams simultaneously. The global fitting analysis constrains the
kinetic parameters (kon and kog) to a single value that is the best fit to all sensorgrams
simultaneously (Markley, 1997). In practice, this simultaneous evaluation of multiple
data sets gives a complete and powerful evaluation, to yield better parameter estimates
and extend the range of kinetic rate constants that can be accurately determined (Myszka,
1998). The global analysis of several data sets provides a non subjective analysis, and for
many interactions is necessary to achieve stability in the fitting process. Using global
analysis enables the analysis of complex biological interactions, and generation of a
single solution from a complex data set; however the global analysis requires high quality
data with low noise, good reproducibility, and pure reagents.

Global analysis is a comprehensive analysis using a large data set, and as a result
global analyses lead to higher residuals. These higher residuals are a direct consequence
of the global analysis, because this comprehensive analysis constrains the kinetic
parameters, kon and ko, to a single set of values that best fit the entire data set. Residuals
are differences between the observed experimental data and the calculated. Visually, the
fitting process can be assessed with the overlay of the calculated data onto the observed
data. However, we can plot the difference between the experimental and the fitted data
for each curve and examine the scatter of the data more precisely in a residual plot.
Pronounced deviation trends in the residual plot indicate poorly fit data, and may indicate
that an inadequate model was used to analyze the data. Residual plots were used
whenever possible to assess the goodness of fit.

Applying a global analysis to multiple data sets allows for the determination of
reliable, reproducible, and non-subjective kinetic data. Global analyses provide a

comprehensive and powerful means of analyzing data and allow for many experimental
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limitations to be accounted for (such as mass transport, discussed below), and for the
determination of an extended range of kinetic constants. A global fitting analysis was
applied to the kinetic data collected whenever possible, using a 1:1 (2:2) binding model,

taking into account mass transport effects.

10.2 MASS TRANSPORT

Deviations from the true Kp can result from mass transport limitations in the
association and dissociation phases (Schuck, 1997). In kinetic biosensor experiments, the
rate of transport of mobile reactant to immobilized ligand may be a potential limitation in
the biomolecular binding experiment. The analysis of biomolecular interactions requires
a direct analysis of the rate at which mobile reactant interacts with the immobilized
ligand, and the rate of reactant transport to the sensor surface should not be the limiting
factor in the binding experiment.

In general, the effects of mass transport can be regarded as a failure to maintain
the injected concentration of free mobile reactant at the sensor surface in the vicinity of
the binding sites. Thus, the effects of mass transport must be taken into account if the
rate of association is higher than the rate of transport, i.e. the limiting factor is not
complex formation but rather the local depletion of mobile reactant at the sensor surface,
thereby limiting complex formation. Similarly, the dissociation phase can also be
affected by mass transport if the rate of dissociation is higher than the transport rate,
thereby allowing analyte to rebind to available antigen sites at the sensor surface. True
kinetics can not be measured if transport effects limit complex association and
dissociation, because the mobile reactant concentration at the sensor surface is not the
same (it is less) as the injected concentration during association or zero during
dissociation. Mass transport effects can be taken into account in the BIAevaluation

analysis, so that true kinetic measurements can be derived.
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CHAPTER TWO

STUDY A
SITE DIRECTED MUTAGENESIS STUDY OF BGA ScFv
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A.1 INTRODUCTION
A.1.1 OBJECTIVE

The main objective of this work was to mimic the process of somatic mutation
which accompanies affinity maturation, generate mutant anti-blood group A (BGA) scFv
proteins and study the effects of these point mutations on the binding of the BGA
antibody AC1001 to the blood group A carbohydrate antigen. The purpose of this work is
to better understand and exploit the interaction between the blood group antigens and
their corresponding antibodies. and to potentially develop a BGA scFv with an improved
binding affinity for the A antigen. A greater understanding of the interaction between this
BGA single chain variable fragment (scFv) and its corresponding antigen may lead to a
more refined understanding of the mechanisms by which these anti-blood group
antibodies discriminate between the largely similar A and B carbohydrate antigen
structures. This would in turn add to the understanding of the interactions involved in
cell-cell recognition and the mechanisms of viral and bacterial infections involving blood
group antigens. This study sought to mimic the maturation process in vitro using site
directed mutagenesis, thereby simulating the generation of anti-carbohydrate antibodies

with a potentially higher binding affinity

A.1.2 OUTLINE

We have used the crystal structure of the AC1001 scFv to rationally design an
improved binding site. The anti-blood-group-A IgM hybridoma AC1001 sequence (Chen
et al., 1987) was used as the basis for the construction of the AC1001 Fab (MacKenzie er
al., 1994). The AC1001 Fab recognizes the blood group A antigen and has been
expressed in E. coli (MacKenzie et al., 1994). We have used the Vy and V, synthetic
genes to produce an scFv form of AC1001 that displays full blood group A binding

activity, and is referred to as AC1001 scFv. The subtilisin digestion of the linker that
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joins the Vi -Vy domains of the AC1001 scFv yields AC1001 Fv, which has been
crystallized (Patenaude er al., 1999), X-ray crystallography data has been collected and

the structure solved and refined to 2.2 A resolution.

A.1.3 APPROACH

To rationally re-design the binding site we examined the high resolution (2.2 A)
X-ray crystal structure of the AC1001 variable fragment, and selected specific residues as
candidates for site-directed mutagenesis (Thomas et al., 1999). The features of the
crystal model are described elsewhere (Thomas et al., 1999) and will be referred to in the
discussion. Examination of the antigen-binding pocket of the AC1001 Fv crystal allowed
the rational design of these mutant proteins. The selection of candidate residues and the
mutational changes that were introduced will be described in detail in this section. The
mutant proteins were then cloned, expressed, purified and then analyzed using SPR. This
rational design approach yielded scFv species with improved affinities for the A-antigen.
Some mutations produced proteins with up to a 30-fold increase in binding affinity while
still maintaining specificity for the A-antigen.

The ACI1001 Fv crystal structure was derived from X-ray diffraction data,
however, this report will not focus on the X-ray crystallographic techniques used to
generate the BGA scFv model, but will focus on the examination of the binding pocket
and the rational selection of the candidate residues for mutation. The candidate amino
acid residues chosen for mutation were selected based on their presence in the binding
pocket, their proximity to antigen, and on the degree of binding to the antigen. The
mutation of these residues was based on producing mutations that would potentially
expose the binding pocket, create greater contact with the antigen, and maximize binding

interactions between the antibody and the antigen, thereby improving affinity.
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A.1.4 RELATED RESEARCH

The rational design of antibodies for improved binding and the interpretation of
altered binding is difficult even when the three-dimensional structure of the antigen
epitope and antibody are known (Brummel er al., 1993; Cygler er al., 1991; Zdanov et
al., 1994). Furthermore, since protein-carbohydrate affinities are lower than protein-
protein affinities, there are few high resolution crystal structures of anti-carbohydrate
antibody complexed with their corresponding antigen.

The main objective of this work has been to rationally re-design an anti-
carbohydrate antibody with an improved affinity for the BGA carbohydrate antigen
through rational design. Many groups have attempted a similar approach to protein
design. which usually involves the generation of a model that best describes the protein
or epitope to be studied. This model can be generated using X-ray crystallography
(Xiang et al.. 1993; Vermersch et al., 1990 & 1991), by computer modelling using
comparisons with related proteins (Ruff-Jamison and Gleeny, 1993; Komissarov et al..
1997; Near er al., 1993), and nuclear magnetic resonance (NMR) (Reichman er al.,
1992). Since the rational design approach is difficult, many groups have used alternate
routes. such as phage display (Schier er al., 1996), saturation mutagenesis (Yand et al.,
1995). and a combination of these various techniques in tandem (Reichmann et al.. 1992
& 1993; Jeffery et al., 1995).

The rational design approach is difficult, particularly for anti-carbohydrate
antibodies. To date there have been no reports of a single mutation in an anti-
carbohydrate antibody that resulted in a specific increase in antigen binding affinity.
Vermersch e al. (1990 and 1991) have reported two different single amino acid
mutations that have caused an increase in the binding affinity in a lectin-carbohydrate
interaction; however, these mutations altered specificity and did not improve the lectin’s

affinity for its specific sugar but for a related sugar. A single amino acid mutation that
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caused a specific two-fold increase in antigen binding affinity has been reported by Xiang
er al. (1993); however, this was a protein-protein interaction and not a protein-
carbohydrate interaction. Improvements in the specific binding affinity in protein-
carbohydrate interactions have been reported, but the improved mutants contained many
mutations rather than a single point mutation (Thompson er al., 1996; Jeffrey et al.,
1995). Moreover, the majority of these reports describe mutants with decreased affinities
(Lavoie et al., 1992; Komissarov et al. 1997; Korbin et al.. 1991). We report here the
first rationally designed single point mutation in an anti-carbohydrate antibody that

increased specific antigen binding affinity of a bivalent scFv 30-fold.
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A.2 EXPERIMENTAL PROCEDURES
A.2.1 MATERIALS

All DNA manipulations were carried out according to standard procedures
(Sambrook et al., 1989). Restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs and Life Technologies, Inc. DNA sequences were
performed by the dideoxynucleotide method (Sanger and Coulson, 1975) using an
automated DNA sequencer model 373 (Applied Biosystems Inc.). BSA-A and BSA-B
trisaccharide conjugate antigens were purchased from Chembiomed (Edmonton, Alberta)
and Calbiochem-Novabiochem Corp. (San Diego, CA). Binding kinetics were determined

by surface plasmon resonance using a BIACORE™ bijosensor system (Pharmacia

Biosensor) (Jonsson, er al., 1991).

A.2.2 TGAscFv CONSTRUCT

The BGA scFv gene was cloned into the phagemid pSK4 (Deng et al., 1994) at
the EcoRI-Bglll cloning sites to yield the TGASL#4 phagemid vector. The TGASL#4
scFv Vi and Vy regions are linked by a 5 amino acid short linker (Arg-Ala-Asp-Ala-Ala)
to favour the formation of scFv dimers, or 'diabodies’ in solution (Holliger er al., 1993).
The BGA scFv gene is preceded by an ompA signal peptide, and followed by a c-myc
detection tag (Hoogenboom er al., 1991) and a Hiss purification tail. TGASL#4 was
initially cloned to produce scFv-genelll fusion proteins, and therefore contains the
genelll phage protein sequence fused through a Gly;Ser linker to the scFv at the Bglll
site following the Hiss tail. Since soluble BGA scFv proteins were required for this study,
the TGASL#4 phagemid was modified through the insertion of a self-complementary
terminator sequence (5'-AGATCTTAATAGTGATCACTATTAAGATCT-3") (Deng et al.. 1994) at

the BglIl site between the BGA scFv and the genelll regions. This modified vector will



be designated TGAscFv, and will be used to produce BGA scFv mutant proteins in E.

coli.

TERMINATOR

EI)RI Vi Va Bfn genem
) ) 711 :

ompA short linker c-myc Hiss linker

Figure 11 : TGAscFv vector segment showing BGA scFv region. A S amino acid linker
joins the Vi-Vy scFv genes. At the BglII site a terminator sequence was inserted, so that
soluble scFv fragments would be produced and not fusion proteins. The short linker
forces the scFv fragments to dimerize.

A.23 X-RAY CRYSTALLOGRAPHY
All crystallographic and modeling experiments were carried out by Ms. Sonia

Patenaude at the University of Ottawa, and will be described in her thesis.

A.2.4 SITE-DIRECTED MUTAGENESIS

PCR mutagenesis was used to construct the site-directed mutant clones.
Oligodeoxyribonucleotides containing the appropriate mutations were synthesized on an
automated DNA synthesizer model 394 (Applied Biosystems Inc.). The crude
oligonucleotides were purified using polyacrylamide gel electrophoresis (PAGE) as
described by Laemmli (Laemmli, 1970). The slowest migrating portion of the band was
removed, the DNA oligonucleotides were eluted from the gel and further purified on a
Millipore Cs Sep-Pak cartridge (Sambrook er al., 1989). Using the TGAscFv wild type

plasmid as template, the purified mutant oligonucleotide primers were used to PCR
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amplify the corresponding mutant fragments. Amplification was performed using 30
cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s (Perkin Elmer model 9600
thermal cycler). The PCR amplified mutant fragments were purified, digested with the
appropriate restriction enzymes, and ligated into purified TGAscFv vector cut with the
same restriction enzymes. The ligated products were then transformed into E. coli TG1

competent cells, and screened for the appropriate insert.

A.2.5 SCREENING MUTANT CLONES

The ligated TGAscFv mutant plasmid clones were transformed into E. coli TG1
cells. This cell line is not resistant to the antibiotic ampicillin (amp), but the TGAscFv
plasmid contains the amp resistance (amp") gene and thereby confers resistance to amp.
Therefore, TGI cells that have been transformed with the TGAscFv plasmid have
become amp’, and will then grow on media containing ampicillin. Since the ligated
clones were transformed and plated on LB amp plates, the screening process began with
the random selection of a few (4-8) colonies from each transformed mutant LB amp
plate. Each clone was grown in 5 ml LB ampicillin media for 12 hours at 37°C. The
following morning, a glycerol stock (1 ml overnight culture + 0.2 ml sterile glycerol,
stored at —80°C) for each clone was made. The remaining 4 ml of overnight culture was
used to prepare plasmid DNA using the QIAprep Spin Plasmid Kit (QIAgen) and the
plasmid DNA was eluted with ddH,O and stored at -20°C.

The mutant plasmid DNA was checked for the correct plasmid size on a 1%
agarose gel, and compared to the wild type TGAscFv plasmid size. Mutant plasmid
clones that were of an appropriate size (i.e. appeared to contain insert) were further
screened using restriction enzymes. The appropriate restriction enzymes were used to
double digest each mutant plasmid, such that the correct insert length could be verified.

The clones that contained the correct insert were then sequenced by the
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dideoxynucleotide method (Sanger and Coulson, 1975). The sense and antisense strands
for the PCR amplified insert were completely sequenced to ensure that only the desired

mutation was present.

A.2.6 PROTEIN EXPRESSION, ISOLATION AND PURIFICATION

A.2.6.1 ScFv Protein Expression

Expression of the wild type and mutant BGA scFv was carried out in E. coli strain
TGI. Clones were grown in baffled shake flasks for 24 h (140 rpm) at 25°C in 100 ml
M-9 minimal media (1uM MgCl,, 0.1uM CaCl,, 0.0005% Vitamin B1, 0.2% glucose.
0.4% casamino acids, and 0.01% ampicillin). Thirty milliliters of this preculture was then
used to inoculate 1 1 M-9 minimal media and this main culture was then grown for
another 24 h at 25°C prior to induction with isopropyl-1-thio-B-D-galactopyranoside
(ImM IPTG /1) and supplementation with additional nutrients (12g tryptone, 24g yeast
extract. and 4 ml glycerol /1) (Anand et al., 1991a). After a further 48 h of growth the
cells were harvested and the periplasmic fraction was obtained using an osmotic shock

procedure (Anand ef al., 1991b).

A.2.6.2 Protein Isolation

The cells were collected by centrifugation at 7000 rpm for 20 m in a Beckman
centrifuge (model J2-21M). The cell pellet was resuspended with wash buffer (0.5M
Tris-HCI, pH 8.0, 0.8% NaCl), and centrifuged at 8000 rpm/40 m. The washed cell pellet
was then suspended in 50 ml sucrose buffer (25% sucrose, ImM EDTA, 10mM Tris-HCI,
pH 8.0). After 10 m at room temperature, the cells were centrifuged at 7000 rpm/50 m
and the sucrose supernatant was collected. The pelleted cells were then resuspended in

50 ml ice-cold Shock buffer (10mM Tris-HCI, pH 8.0, 0.5mM MgCl,), centrifuged at
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7000rpm/50 m. and the periplasmic extract (supernatant) was collected (Anand et. al.,

1991b).

A.2.6.3 Verification of Protein Production

The supernatants after each centrifugation were analyzed by SDS-PAGE
(Laemmli. 1970) and Western blotting (Towbin er al., 1979). SDS-PAGE (12.5%
acrylamide) was performed using the buffer system described by Laemmli, and the gels
were stained with Coomassie Brilliant Blue (BluePrint, Gibco-BRL). In Western
blotting, the proteins were transferred to PVDF Immobilon-P membrane (Millipore) and
detected using mouse monoclonal antibody to c-myc oncoprotein (Cambridge Research
Biochemicals) followed by an anti-mouse [gG/alkaline phosphatase conjugate (Promega)
with BCIP/NBT (BioRad) as substrate (MacKenzie ef al., 1994). The sucrose supernatant
and the periplasmic shock extract containing protein were dialyzed in starting buffer

(10mM HEPES, pH 7, 0.5M NaCl) prior to column purification.

A.2.6.4 Protein Purification

The histidine-tagged scFvs were purified by immobilized metal-ion
chromatography (IMAC) using a Ni2+-charged Chelating Sepharose Fast Flow column
(HiTrap, Pharmacia). The column was equilibrated with starting buffer (10 mM HEPES,
500 mM NaCl, pH 7.0) and the bound protein was eluted with a 0-500mM imidazole
gradient in the same buffer; the eluted fractions were then analyzed by SDS-PAGE and
Western blotting. The pure scFv protein fractions were pooled and dialyzed in
phosphate-buffered saline (PBS) and concentrated in Centricon-10 (Amicon)
concentrators. The protein concentration in the dialyzate was determined by measuring
the optical density at 280 nm; where an Aj30nm = 1.35 indicates a protein concentration of

I mg/ml.
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A.2.7 SCFV DIMER SEPARATION

To ensure that the protein sample used in the kinetic analysis is homogeneous (i.e.
free of aggregated protein), the dimer and oligomers were always separated using size-
exclusion chromatography (Superdex 75 column, Pharmacia) and the desired protein
peak was collected and subsequently analyzed. The Superdex 75 column was
equilibrated in HBS (10 mM HEPES, 150 mM NaCl, 3.44 mM EDTA pH 7.4), 200 pl of
concentrated (protein concentration > 2 mg /ml) protein was injected into column, and the

scFv dimer or ‘diabody’ peak (final peak) was collected.

A.2.8 BIACORE ANALYSIS

The kinetics for the interaction of the purified scFv fragments with the A antigen
were determined by surface plasmon resonance (SPR) using a BIACORE™ biosensor
system (Biacore Inc.). Approximately 5000 resonance units (RU) of bovine serum
albumin (BSA) or BSA-A trisaccharide were immobilized on research grade CM3 sensor
chips in 10 mM sodium acetate, pH 4.5, using the amine coupling kit supplied by the
manufacturer. One resonance unit corresponds to an immobilized protein concentration
of ~1 pg/mm?> (Stenberg et al., 1991). All measurements were performed at 25°C in 10
mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% P20 at a flow rate of
20ul/m. Surfaces were regenerated by washing only. Binding constants were calculated
from the association rate and dissociation rate constants where possible or by Scatchard
analysis of the equilibrium binding. Subtracting the control response (on BSA surface)
from the active (BSA-A-trisaccharide) surface provided values for equilibrium binding.
A comparison of the response on the active and control BSA surfaces allowed for
subtraction of bulk effects associated with buffer changes and high analyte concentrations

and the calculation of specific binding.
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A.3 RESULTS
A.3.1 MUTAGENESIS OF TGASCFV MUTANT PROTEINS

The substitution of specific amino acids in the TGAscFv sequence was done using
site-directed mutagenesis. PCR mutagenesis was used to construct the clones using
oligodeoxyribonucleotide primers containing the appropriate mutations. These specific
substitutions have been verified by DNA sequencing and all mutant TGAscFv clone
sequences were identical to the wild-type TGAscFv, except for the codons that
introduced the specified mutations. The wild type TGAscFv and mutant genes were
cloned into the pSK4 phagemid vector (Deng er al., 1994), and expressed in E. coli TG1.
Of the 24 TGAscFv mutants that were cloned, 19 clones contained only a single amino
acid point mutation, and 5 were multiple mutants (2 double mutants and 3 triple mutants)

as shown in Table .

A.3.2 SCFV EXPRESSION

All TGAscFv site-directed mutants were cloned using the same vector. and all
were produced, isolated and purified using the same experimental protocols. In Table I,
we can clearly see that different amino acid substitutions effected the expression levels of
the various mutant proteins. Mutants Y50N, Q89E, GI1S, Y32W, N34D. Q89H. N102D.,
L103N, W104H, and N34M all produce amounts of protein similar to or less than the
amount produced from the wild-type TGAscFv (~ 7 mg/1). Mutants L46N, L46K, L46M,
N102Q, N102E, L103I, L103V, L103M and G91A have a 3-4 fold increase in protein
production under the same conditions. Furthermore, multiple mutants of L46N, L46M,
and N102Q with L103I have a much greater protein expression than any of the other
mutants produced, for example the L46M-L103I multiple mutant is produced
approximately 10-fold better than the wild-type protein, yielding 65 mg/l. The amino

acid mutations in the proteins with improved expression are relatively conservative
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mutations; for example a leucine to isoleucine mutation yiclded a protein with a 4-fold
improvement in expression. The effect of mutations on expression levels will be further
considered in the discussion. It should be noted that the mutations involved in the
improved expression levels are not limited to a specific region in the TGAscFv sequence,

they are found in both the Vi and Vy in the CDR and FR regions.

A.3.3 SHORT vs LONG LINKER

Initial constructs of the BGA scFv linked the Vi and Vy genes via a long linker,
which allowed the two domains freedom of movement so that they could bind to each
other and form a V-V scFv monomer (Figure 6) (MacKenzie et al., 1994). However.
because the BGA scFv monomer has a weak binding affinity which made phage display
experiments and kinetics analysis difficult, the long linker construct was modified into a
short linker, which forced the expressed protein to form a dimer (Figure 6). The
conversion of BGA scFv long linker (TGASL#4) to short linker (TGAscFv) prevented
the formation of V| -Vy monomers by eliminating the freedom of movement provided by
a long linker. The short linker did not allow the domains from a single polypeptide to
fold and bind to each other; instead it forced the V. and Vi domains to remain together
but unassociated. forcing Vi -Vy domains to dimerize with each other, or form
“diabodies’ in solution (Holliger et al., 1993). This increase in avidity (change from
monomer to dimer) resulted in an increase in functional affinity, and therefore made
possible the study of this weak binding scFv. Since avidity can affect the binding affinity
of the interaction it is imperative that the scFv population being analyzed is made up
strictly of scFv dimers, and does not contain aggregates. To eliminate aggregates from
the analyzed protein sample, the purified scFv dimer protein was always separated using

size-exclusion chromatography immediately prior to kinetic analysis.
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TGAscFv Clones Constructed and Expressed

Table I

for the Site-Directed Mutagenesis Study

TGAscFv Mutant Mutant Abbreviation Region Containing Approximate
Clone Mutation Protein Produced®
mg / liter
Tyr L Asn Y50N V. CDR2® 5
Gln L¥ Glu QS89E VLFR3¢ 2
Gly L%' Ser G91S Vi CDR3 2
Tyr L Trp Y32W V. CDRI 2
Asn L** Asp N34D V. CDRI 5
Gin L¥ His Q89H VL FR3 4
Asn H'® Asp N102D Vy CDR3 5
Leu H'® Asn L103N Vi CDR3 5
Trp H'™ His W104H Vu CDR3 8
Leu L*® Asn L46N VL FR2 26
Leu L*Lys L46K V. FR2 28
Leu L* Met L46M VL. FR2 25
Asn H'Z Gin N102Q Vi CDR3 17
Asn H'” Glu N102E Vi CDR3 38
Leu H'®Ile L103I Vi CDR3 30
multiple mutant L46N-N102Q-L103I 55
multiple mutant L46M-N102Q-L103I 30
multiple mutant L46N-L103I 63
multiple mutant L46M-L 1031 65
multiple mutant N102Q-L103I 51
Asn L** Met N34M VL CDR1 2
Gly L*! Ala G91A VL CDR3 24
Leu H'® val L103V Vi CDR3 27
Leu H'* Met L103M Vi CDR3 14
TGAscFv wild-type 7

* Protein amount determined by measuring the optical density at 280 nm; where 1mg/ml
Erotein has an optical density of 1.35 at 280 nm

CDR, complementarity determining region (Kabat et al., 1991)
° FR, framework region (Kabat et al., 1991)



A.3.4 ANALYSIS OF BINDING INTERACTIONS

The binding kinetics of the BGA scFv proteins were determined by surface
plasmon resonance (SPR) using a BLACORE™ biosensor system (Biacore, Inc.). Two
approaches were used to determine the Kp, a kinetic analysis and an equilibrium analysis.
The kinetic analysis was favored because it not only generated highly reliable data, but
also allowed for the determination of the kinetic constants (kon and ko ) in addition to
Kp. The analysis of the equilibrium binding only determined the Kp value of the

interactions; this analysis method was used when a kinetic analysis could not be done.

A.3.4.1 Kinetic Binding Studies

The first approach used to determine Kp was to measure the kon and ko and to
determine the Kp from their ratios, using equation (3) in section 8.1 (page 30). This
kinetic approach to measure Kp was used whenever the k., and ko could be determined
from the sensorgram. Figure 12A shows the observed sensorgrams of mutant L1031 at
five different protein concentrations overlaid with the corresponding calculated fitted
curves. The fitted curves were calculated using a global analysis and a 1:1 binding model
in which mass transfer effects were taken into account. Data analysis using a 1:1 model
works very well (Figure 12), but this reaction is overall a 2:2 reaction. This bivalent
interaction can be analyzed using a 1:1 model only if there is a high density antigen
surface on the immobilized sensor chip. Visually we can make a good assessment of the
deviations between the experimental and the fitted data, and this itself is a good indicator
of the validity of the fitting, as seen in Figure 12. However, a residual plot of the
difference between the observed and calculated curves shows the scatter of the data more
precisely, as seen in Figure 12B. This residual plot indicates that the difference between
the calculated and the observed is relatively small (+ 10%) for these sensorgrams.

Furthermore, the random scatter of these residuals indicates that the differences observed
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are due to noise in the signal and are not due to an inappropriate model or to errors in the
analysis. We are using a global analysis, and would normally expect higher residuals;
however, the scatter of the residuals observed for this data set and for all the kinetic data
sets observed indicates an excellent fit of the calculated curve onto the observed curve.
Therefore, the calculated Kp generated from this kinetic global analysis yields very
reliable values.

Table II lists the calculated Kp values for the mutant proteins that were amenable
to kinetic analyses. The sensorgrams and residual plots collected for all mutants in Table
II are not included because the analyses for all these listed mutants resemble that
illustrated in Figure 12A and B. Table II also lists the per cent standard error associated
with each kinetic constant; the relatively small error associated with these values further
confirms that this kinetic global analysis yields reliable Kp values. Weak binders were
not amenable to the calculation of ko, and ko because of insufficient association and
dissociation data and therefore the measurement of Kp required that equilibrium binding

be achieved and analyzed.
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Table I1

Affinities and rate constants for TGAscFv mutants on BSA-A trisaccharide surface
determined using global analysis with mass transfer and a 1:1 interaction model

Mutant Clone Kon Kosr Kp®
Mg s M
L103V 4.82 x10* (x1.1)>  0.0396(x1.1) 082 x10® (=1.6)
L1031 2.57 x 10* (£2.8) 0.0483 (£2.6) 1.88 x 10° (+3.8)
L103M 1.96 x 10* (+£0.6) 0.0440 (£ 0.3) 225 x10% (x0.7)
L46N-L1031 2.68 x 10* (£ 1.5) 0.0535(x0.6) 2.00 x 10% (+1.6)
L46M-L103I 3.13 x 10* (£0.7) 0.0642 (+0.4) 2.05 x 10° (+£0.8)
N102Q-L103I 3.08 x 10* (+0.5) 0.0381 (x0.3) 1.24 x10° (+£0.6)

L46N-NO12Q-L103I  2.89 x 10" (+0.4) 0.0365 (+ 0.2) 1.26 x 10® (+£0.5)
L46M-N102Q-L103I  2.43 x 10* (+ 1.0) 0.0434 (£ 0.6) 1.79 x 10° (£ 1.2)
N34M 0.04 x 10* (£2.5) 0.0122(£0.2) 305 x10° (£2.5)

koﬂ‘/ kon The wild type Kp = 26 x 10™ as determined using an equilibrium analysis.
® Numbers in parentheses are the standard error, expressed as a %
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Figure 12: Global Analysis of TGAscFv mutant L1031 using a 1:1 binding model with
mass transfer. (A) Kinetic sensorgrams observed at protein concentrations of
0.3uM, 0.6uM, 09uM, 1.2uM and 1.5puM. Overlaid on the observed data
are the corresponding fitted curves for each concentration in blue. (B) Residual
plots of the fitting indicate differences between the observed and the fitted data for
each sensorgram.



A.3.4.2 Equilibrium Binding Studies

The analysis of the equilibrium binding to determine Kp was used for all mutants
(Table III); it should be noted that for the weak binders, an equilibrium study was the
only method that allowed for the determination of Kp. These poor binders have very
rapid kinetics, and therefore are limited to an equilibrium analysis because the Kp can not
be determined from the association and dissociation phases of their sensorgrams.

Figure 13 illustrates the sensorgrams recording the equilibrium binding of mutant
Y5ON to the active BSA-A trisaccharide surface (red) and the control BSA surface
(black); the blue solid line is the difference between the active and control surfaces and
represents the true binding, which is then analyzed.

The subtraction of the control surface from the active surface is necessary because
the weak affinities of these proteins require that very high protein concentration be
present in the buffer so equilibrium can be reached and analyzed. Furthermore, a high
antigen density on the sensor surface is required because we are measuring a bivalent
scFv interaction, and 2:2 binding will only occur on high density surfaces. Therefore. the
subtraction of the control from active not only eliminates non-specific binding but also
eliminates the bulk effects that may occur in an equilibrium analysis.

In this kinetic sensorgrams, equilibrium was not reached (Figure 12); however,
there is a clear curve in the association and dissociation portions of the sensorgram from
which ko, and ko were determined. In the weak binding mutants we do not observe this
‘curving” in the association and dissociation phases of the sensorgrams. Instead we
observe a very rapid increase and decrease in the response levels (Figure 14 A). Table III
lists the Kp values determined from equilibrium binding, whereas Table II lists the

kinetic constants determined from a global analysis of the kinetic binding.
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Table III

Dissociation constants of TGAscFv mutants to a
BSA-A trisaccharide surface using a Scatchard analysis of the
equilibrium binding on data collected a BIACORE™

Mutant Clone Ko (x 10°M)
Y50N 185 (x1D)?
QS89E ND®
G91S Very weak (~3000) ¢
Y32W ND
N34D ND
Q89H Very weak (~1000)
N102D 30 (19
L103N 53 (x16)
W104H ND
L46N 16 (£7.5)
L46K 314 (£51)
L46M 18 (£5.5)
N102Q 22 (x10)
NI02E 51 (£16)
L1031 1.49 (£ 20)
L46N-N102Q-L103I 1.5 (£20)
L46M-N102Q-L103I 1.38 (£2.2)
L46N-L.1031 2.77 (0.2
L46M-L 1031 1.42 (£ 21)
N102Q-L103I 1.23 (£ 12)
N34M 47 (+£60)
GI91A ND
L103V 0.86 (x 10)
L103M 1.89 (£ 10)
TGASL#4 26 (£12)

* Uncertainties are given in parentheses as a % standard error

b ND, not determined
¢ Approximate Kp value given for a weak interaction
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Figure 13: Equilibrium binding sensorgrams of TGAscFv YSON mutant binding
to BSA-A trisaccharide antigen active surface (red), BSA control surface
(black), and the true binding (blue) which is determined from the difference
between the active and control surfaces, i.e. true binding = (BSA-A active
surface) - (BSA control surface).
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Figure 14: (A) Equilibrium sensorgram overlays of TGAscFv Y50N mutant binding
to active BSA-A trisaccharide antigen surface (red) and BSA control surface (black)
at concentrations of 10.4, 20.8, 31.2, 41.6and 52 pM.  (B) Scatchard plot of
equilibrium binding data obtained by subtraction of control surface from active

surface. Kp is -1/slope of the Scatchard.
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Figure 15: (A) Equilibrium sensorgram overlays of true TGAscFv L103V mutant
binding to active BSA-A trisaccharide antigen surface at concentrations of 0.2, 0.4,
0.6, 0.8 and 1 uM. (B) Scatchard plot of equilibrium binding obtained from these
subtracted sensorgrams. The K is -1/slope of the Scatchard.



To determine the Kp of the mutant proteins, equilibrium sensorgrams of the
antibody at different concentrations were collected, and these sensorgrams were
converted to a Scatchard plot from which the Kp was determined. Figure 14 A shows the
sensorgrams of the mutant Y50N at different concentrations binding to the active BSA-A
trisaccharide active surface (red lines) and the same Y50N concentrations binding to the
BSA control surface (black lines). Figure 14 B shows the corresponding Scatchard plot,
from which the Kp can be determined as —I/slope. The slope of this Scatchard was
determined to be 1.85 x 10 M (+11%). Table III gives the Kp values determined using
this equilibrium analysis.

Figure 15(A) shows the five sensorgrams for L103V mutant protein, and the
corresponding Scatchard plot used to determine Kp. The association and dissociation
phases of L103V (Figure 15) differ from the association and dissociation phases of Y50N
(Figure 14). 'Y50N exhibits a rapid increase and a rapid decrease in the association and
dissociation respectively, which is characteristic of a weak affinity. However, the
sensorgram of L103V (Figure 15) reveals a progressive increase in the association phase
and a slower dissociation phase, which accounts for a sharper sloping Scatchard and a
smaller L103V Kp value (Kp = 0.86 x 106M). Table III lists the equilibrium Kp values
determined for all the proteins examined. All equilibrium sensorgrams and Scatchards
are not included in this section. Instead, two illustrative figures (Figures 14 and 15) of the
equilibrium binding encountered by all the listed proteins, weak and strong binders. are
shown. A comparison of the RUs at different protein concentrations further illustrates the
differences in the binding affinity between the weak YSON and strong L103V mutant
proteins. In Figure 14 A, a Y50N protein concentration of 52 pM gave a response of
~490 RUs, whereas in Figure 15 A, a L103V protein concentration of 1 uM gave a

response of ~3500 RUs. This observation of the sensorgrams alone can clearly indicate
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that mutant L103V has a stronger interaction with the antigen surface than does mutant

Y50N, since much less L103V is needed to yield a much greater response.

We can see from Table III that there is a wide range of Kp values; L103 V has
Kp = 0.86 (£10%) uM, and L46K has Kp = 314 (+51%)uM. The reliability of the Kp
determined and the error associated with it largely depends on the binding affinity of the
mutant. For example, a very poor binder yields a shallow slope in the Scatchard plot. and
therefore does not allow for the generation of reliable Kp value, as can be seen from the
error associated with these Kp values. The Kp of some mutants (Q89E. Y32W. N34D and
G91A) could not be determined because the Scatchard plots determined from the analysis
of these mutants did not give a slope (ie. the slope was ~ 0, a flat line). Approximate Kp
values were given for G91S and Q89H., but these values were determined from an almost
flat slope, and thus are not very reliable. Hence, it is more accurate to say that these
mutants have very weak binding. There is a range in the observed standard error
associated with each Kp value; however, the Kp values were found to be reproducible in
analyses of some of the mutants on different days using different antibody
concentrations. The equilibrium binding analysis of the majority of the mutants was
possible, and reproducible Kp values were determined; this method of analysis was used

if a kinetic analysis was not possible.



Table IV

Comparison of the calculated Kp values determined from Kinetic global analysis and
from Scatchard analysis of equilibrium binding

Mutant Clone I(D{r Kp®

M M
L103V 0.82 x 10 (z1.6)" 0.86 x 10°(x10)
L1031 1.88 x 10 (+£3.8) 1.49 x 10 (+20)
L103M 2.25 x 10°(0.7) 1.89 x 10°(x10)
L46N-L103I 2.00 x 108 (£ 1.6) 277 x 10%(x72)
L46M-L1031 2.05 x 10%(+£0.8) 1.42 x 10°(x21)
N102Q-L1031 1.24 x 10 (£ 0.6) 1.23 x 10°(x12)
L46N-N102Q-L1031 1.26 x 10 (£0.5) 1.5 x 10°(£20)
L46M-N102Q-L103I 1.79 x 10%(x1.2) 1.38 x 10%(+2.2)
N34M 30.5 x 10 (+£2.5) 47 x 10°(x60)

: Mutant clones for which both equilibrium and kinetic data are available
® Determined using a global analysis with mass transfer (kinetic data)

¢ Determmed using a Scatchard analysis of equilibrium binding
¢ Numbers in parentheses are the % standard error

Table IV compares the Kp values from the kinetic and equilibrium binding studies
for the mutants amenable to both types of analysis. We can see that both methods gave
very similar Kp values, indicating that the Kp values reported are reliable and are
representative of the binding affinity of these mutants for the BSA-A trisaccharide
antigen. The affinity of all the mutant proteins was also analyzed on a BSA-B
trisaccharide antigen surface (data not shown); this was done to check for any alterations
in the binding specificity. All mutants showed no detectable binding affinity for the BSA-
B trisaccharide antigen surface, indicating that none of the specified mutations caused the

binding specificity to change from A to B antigen binding.



A.4 DISCUSSION

Increasing the binding affinity of the anti-carbohydrate BGA antibody for its
carbohydrate antigen was attempted using a rational design approach that examined the
binding pocket of the AC1001 BGA Fv using a high-resolution X-ray crystallographic
structure (Figure 16, 17, and 18). The A-trisaccharide antigen was modeled into the
binding pocket of the antigen, and specific candidate residues were selected for site-
directed mutagenesis. The X-ray crystallographic data of the 2.2A high resolution
ACI1001 Fv structure is described elsewhere (Patenaude ef al.. 1999). The features of this
crystal model. and the amino acid residues selected for site directed mutagenesis will be
described in crystallographic detail (Thomas er al., 1999), but are explained in this thesis
whenever necessary.

The BGA Fv antigen binding pocket contains a cleft, or deep pocket (11.1 A
deep, and 9.4 A wide) and opens up 4.7 A at its surface and 2.8 A at its base. This
binding pocket is of sufficient size to accommodate the A antigen, and the trisaccharide
antigen was modelled into the binding pocket with a good fit. This antigen binding
pocket is lined with 12 amino acid residues: Tyr"? 2, Asn™?, Tyr"S, Leu™, His™*, Tyr™,
GIn"®, Trp"%, Asn''%2, Leu!'3, Trp™'®, Phe"''%. The anti-BGA antigen binding pocket
is predominately made up of aromatic amino acids, similar to other anti-carbohydrate
binding proteins (Quiocho, 1991; Brummel er al., 1993). This binding pocket is mainly
hydrophobic, but there are hydrophilic residues present that seem to help mediate antigen
binding (Figure 16). For example, GIn**® and Asn“* directly interact with the NAc
group of the GalNAc sugar residue. The residue that seemed to greatly affect binding
affinity is LeuHm; however, this residue does not seem to interact with the antigen.
LeuH'? is located in the lower portion of the antigen binding pocket, and does not seem
to neighbour the GalNAc sugar residue. The GalNAc bordering residues seem to be

GIn'*¥, Asn™**, and Tyr2. The mutations of these residues eliminated the binding ability
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of the BGA scFv for binding the A- antigen (Table III); therefore, indicating the
importance in these residues for maintaining antigen binding ability.  Figure 16 is a
stereodiagram of the antigen binding pocket residues with the modelled A antigen. It
should be noted that the crystal structure determined was of the BGA Fv antibody, and
not of the antibody-antigen complex. The A antigen was consequently modelled into the
antigen binding pocket so that we could focus on the interactions of the antibody with the

antigen, therefore the antibody interactions with the A antigen are putative.

Figure 16: Stereodiagram of BGA Fv with modelled A antigen. Shown are the 12 amino
acid residues lining the antigen binding pocket. Residues Asn''? Leu™'% and Leu* are
highlighted in green. The A antigen trisaccharide is in red.
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Figure 17: Three dimensional BGA Fv molecular surface at the binding pocket with the
bound A trisaccharide antigen (red). This diagram was generated using SETOR
programming package (Evans, 1993).
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Figure 18: BGA scFv binding pocket with A-antigen (red). Protein backbone is shown
as a ribbon, and only the amino acid residues lining the binding pocket are shown.
Asn M2 Leu 1% and Leu ™ are highlighted in green. This diagram was generated

using SETOR programming package (Evans, 1993)
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An important study that examined the X-ray crystal structure of a germline
antibody and its corresponding mature antibody (crystal of Fabs and Fab-hapten
complexes determined) gives important structural insights into the evolution of an
antigen combining site (Wedemayer ef al., 1997). A comparison of the germline and the
corresponding affinity-matured antibody indicate 9 somatic mutations in the mature
antibody that resulted in a 30 000-fold increase in affinity. Furthermore, significant
changes in the conformation of the combining site occur upon hapten binding. whereas
binding in the mature antibody proceeds via a ‘lock-and-key" fit mechanism. Although
conformational changes have been observed for other affinity matured antibodies (Wilson
and Stanfield, 1994), what is important in the Wedemayer er al. (1997) report is that
structural changes that occur in the germline-hapten complex became preorganized in the
combining site of the mature antibody. This study suggested that the 30 000-fold
increase in affinity may be due to a variety of factors. however they have suggested that
entropic restrictions, and many small additive changes may have contributed to this
significantly large increase in affinity (Wedemayer et al., 1997). The crystal of the BGA
Fv antigen complex has not yet been determined, and thus we can not resolve the changes
that may occur upon antigen binding, if any structural changes do occur at all.

Mimicking somatic mutation using a rational design approach to improve binding
affinity is difficult and often results in the production of proteins with decreased binding
affinities (Lavoie et al., 1992; Komissarov er al., 1997; Korbin et al., 1991). However,
some groups have had some success in improving the binding affinity of various
interactions (Xiang et al., 1993; Vermersch er al., 1990 and 1991). Xiang used rational
design to improve the binding affinity of a protein-protein interaction 2-fold with a single
point mutation (Xiang et al., 1993). Others have improved the binding affinity of protein-

carbohydrate interactions, but the improved mutants contained multiple mutations
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(Thompson er al., 1996; Jeffery et al., 1995). And there have been reports of two
different single point mutations in a lectin-carbohydrate interaction that increased affinity
20-fold, but altered specificity, there was no improvement in the mutant lectin for its wild
type carbohydrate (Vermersch er al., 1990 and 1991). None of these groups, however,
have significantly improved the binding affinity of a protein-carbohydrate interaction
with a single point mutation, while still maintaining binding specificity.

The binding affinity of the site-directed mutants was determined using
equilibrium and kinetic binding methods. The kinetic data for the L1031 mutant (Figure
12) shows that the fitted curve is almost superimposed with the observed data. therefore
indicating very accurate analysis of the binding, and hence very reliable kinetic data. All
kinetic data was determined by global analysis; only high quality data can be analyzed
using a global analysis, and these kinetic experiments yield highly reliable global rate
constants with low residuals. Table II lists the kinetic data of the BGA scFv binding to
the A-antigen surface. We can see that mutant L103V binds the A-antigen with a 30-fold
increase in binding affinity (Kp = 26 x 10 compared to 0.82 x 10® M). This increase in
the binding affinity due to a single amino acid mutation is exceptional for an anti-
carbohydrate antibody. There were other mutations that produced improvements in the
binding affinity; Table V gives the increases in affinity with respect to the TGASL#4
wild type scFv. The reason for these improvements can not be ascertained from simply
observing the binding site. However, improvements in binding affinity could be due to
improved interactions, an increase or decrease in the surface bulk, or an increase in
complementarity of the binding, or due to entropic changes further discussed below.

From the binding analysis, we observe that the increase in affinity can be
attributed to the decrease in kog. If we compare the binding of mutant Y50N (Figure 14)
to the binding of L103V (Figure 15) we can see that the dissociation phase is slower in

the better binding L103V mutant. According to Equation (3), a decrease in the kog will
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result in a decrease in the Kp, therefore indicating an increase in binding affinity. Due to
their low binding affinities, anti-carbohydrate antibodies have not been extensively
studied kinetically. However, mutants that have shown improvements in binding affinity.
usually show decreases in ko (MacKenzie et al., 1996).

Table V lists the mutations that improved the binding affinity of the BGA scFv
for the A-antigen. The L103I residue was the first mutant in which such a significant
increase in affinity was observed. This mutant was then combined with other single
mutations that exhibited an increased binding affinity, and some of these double mutants
showed a further increase in affinity. H'® was also mutated to a Valine and a
Methionine, both of which resemble Leucine. It is interesting to note that the L103V
mutation resulted in a 30-fold increase in bivalent binding affinity, which is remarkable
for a single point mutation, and especially remarkable for an anti-carbohydrate antibody.

In addition to being a single point mutation, the Leu—Val mutation is a conservative

amino acid substitution.

71



Table V

Mutations that exhibit an increased affinity
with respect to the TGAscFv wild type

Mutant Clone - Changes in affinity’
L46N 1.6°
L46M 1.4
N102Q 1.2
L1031 17.5
L46N-L103I 9.3
L46M-L1031 .
N102Q-L103I 21.1
L46N-N102Q-L103I 17.3
L46M-N102Q-L103I 18.8
L103M 13.8
L103V 30.2
TGAscFv wild type 1

“ Mutant clones which exhibit an increase in binding affinity

b Comparison of equilibrium data (Table III)

° Determined by dividing with the TGAscFv wild type affinity (26 uM)
For example L46N 26 / 16 = 1.6-fold increase in affinity.

The binding pocket was examined, and residues located within this cleft were
selected for mutation based on: their proximity to the modelled antigen, the extent of
their binding interactions with the modelled antigen, the potential of better
accommodating the antigen within the binding pocket. Figure 17 and Figure 18 show the
side view of the BGA binding pocket with the A-trisaccharide fitted into it. The analysis
of this binding region, using various 3-dimensional images, was used to determine the
candidate residues for site-directed mutagenesis. For example, a binding pocket residue

that was in close proximity to the antigen, but did not seem to contribute to its binding
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would be a candidate residue; and it would be mutated to an amino acid that could
potentially increase the binding interactions (Deng er al.. 1994).

Table V lists the mutations that improved binding affinity, and how they compare
with the wild type TGASL#4 scFv. Amino acid 103 in the CDRH3 was initially mutated
Leu— Ile, and resulted in a 17-fold increase in the BGA scFv's binding affinity. There
were some residues that moderately improved the binding affinity of the scFv (L46N,
L46K, and N102Q). Multiple mutations that combined the mutations of better binders in
some cases showed further increases in binding affinity; L103I-N102Q yielded a 21-fold
increase in affinity. Residue H'® was further mutated, and mutations Leu— Met and
Leu— Val again showed increased binding affinity. It should be noted that all mutations
bound only to the A-antigen, and none of the mutant scFv's were found to bind the
B-antigen at detectable levels. Remarkably the Leu— Val mutation at position H'® in
CDR H3 resulted in a 30-fold increase in affinity.

The Leu™® residue is a CDR H3 residue located at the lower portion of the
binding pocket and does not seem to interact directly with the antigen. The increase in
affinity for the Leu— Val mutation can be a result of a reduction of the surface bulk in
this region, since this decrease in the surface could possibly allow better accommodation
of the antigen into the binding pocket. Alternatively, the Leu—> Val mutation may have
indirectly affected other residues, thereby inducing the formation of other bonds that
could potentially have increased the binding. A wide range of different changes can elicit
binding to the antigen with increased affinity. An improved affinity could result from a
mutant’s ability to accommodate the antigen more easily, by reducing bulk in the surface
of a particular region (Deng er al., 1994) or by increasing surface complementarity.
Mutations can be indirectly causing an increase in affinity, and the indirect influence of

non-contact residues on antigen binding has been reported for several antibodies, with



these synergistic and long range effects being a common occurrence (Sharon 1990;
Lavoie et al., 1992).

Another explanation for the increase in affinity could be that the L103I and
L103V mutations result in a lower entropic penalty upon antigen binding. If we consider
the amino acids Leu, Ile, and Val, we can see that these neutral hydrophobic residues are
very similar. However, these residues vary in the number of methyl groups and in the
positioning of these groups. These differences confer each of these residues with a

different disorder or entropy.

@?5 @ S

Leucine Isoleucine Valine

Figure 19: Schematic representation of H'®® wild type (Leucine) and mutant amino acids.
The red ball represents a carbon, or methyl groups in the amino acid residues. The
branching of residue is indicated by a, B, and Y branches. Leucine contains a y branch.
Isoleucine does not have a y branch; there is y carbon, however there is no branching, it
contains a 3 branch. Valine only has a B branch. Arrows indicate the freedom of
movement about the bonds of these residues.

We can see that Val has the lowest entropy, since its possesses the least amount of
movement about its carbon backbone. Leucine has a y branch, isoleucine also has a B
branch, and valine has a B branch. Leucine has potentially a higher conformational
entropy than isoleucine and valine, because leucine has potentially more movement about
its B and vy branches. Isoleucine contains a Y carbon, however there is no branching at the
Y carbon, and as a result there is less bulk movement, and therefore lower entropy. Valine

has the lowest entropy since it only has movement about its B branch. Therefore, the Val
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residue has the conformational lower entropy, since it has the least freedom of
movement, and Leu has the higher conformational entropy since it possesses more
freedom of movement.

Amino acid residues that contain a high freedom of movement, or disorder have a
high entropy. Whereas, residues that exhibit less movement, and as a result, less
disorder, possess a lower entropy. Therefore, we can say that leucine has a higher
entropy than valine, and as a result leucine is favourable to entropy. The immobilization
of an amino acid residue with a higher entropy (i.e. Leu) will produce an unfavourable
decrease in entropy and will result in a large entropic penalty. Conversely, amino acid
residues that possess a lower entropy (i.e. Val) will yield a smaller entropic penalty upon
immobilization. The Leu — Val mutation can effectively lowered the entropy of the
H'® amino acid residue, thereby resulting in a smaller entropic penalty upon antigen
binding. Since leucine has increased entropy, it will not favour antigen binding, because
antigen binding would result in a decrease in disorder. and in a large entropic penalty.
However, valine is favourable to antigen binding because it results in a lower entropic
penalty upon antigen binding.

The ability of a conservative single point amino acid mutation to increase binding
affinity 30-fold can not be explained solely from an X-ray crystallographic examination
of the binding pocket. The complete characterization of a protein-carbohydrate
interaction should not only include X-ray studies, but should also include a detailed
thermodynamic characterization of the binding. Many thermodynamic studies have
shown that most saccharide-protein interactions are accompanied by a decrease in
entropy. However, the origin of this decrease in entropy has been argued, and has been
suggested to be due to a loss of saccharide flexibility (Carver e al., 1991), or to a
reorganization of water molecules within the binding pocket (Lemieux, 1989; Lemieux er

al., 1991). The increase in binding affinity observed for some of our mutant scFv
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proteins can not be conclusively attributed to a decrease in the entropic penalty, or due to
an increase in the surface complementarity. Therefore, the precise cause of the observed
increase in affinity requires further detailed analysis of this binding interaction.

[t should be noted that many of the mutations that improved binding affinity were
located within the CDR3 of the Vy chain (L1031, L103V, and N102Q). F unctionally, the
CDR H3 plays a distinct role in determining antibody specificity (Chothia and Lesk,
1987; Chothia et al., 1989; Kabat and Wu, 1991). Most structural and sequence diversity
is found within the CDR H3 loop, which is the most central loop of the antigen
combining site. The other five CDRs seem to have limited variation (Chothia et al.,
1989). The CDR H3 varies most extensively in length, and can range from 2-26 amino
acid residues (Kabat et al., 1991), and also varies greatly in amino acid sequence. The
CDR H3 of the BGA scFv is 9 amino acids long. It is interesting that the mutant that
improved binding affinity 30-fold is located within this highly significant region.
However, the lack of influence of the CDR H3 region of an anti-carbohydrate antibody
Sel55-4 is reported by Brummel et al. (1993); an exhaustive study of the CDR H3 region
of this anti-carbohydrate antibody was unable to increase the binding affinity. However
there have been many studies that indicate the importance of this highly diverse region
(Chothia and Lesk, 1987; Chothia et al., 1989; Kabat and Wu, 1991). Mutations to the
CDR H3 region greatly effected binding in this study. The L103V bound specifically to
the A-antigen with a 30-fold increase; however it did not bind the B-antigen, illustrating
the importance of the CDR H3 in its ability to confer specificity to an antibody.

In addition to being better binders these mutants also had improved protein yield
in E. coli (Table I). The wild type BGA scFv yields approximately 7 mg/l of protein,
whereas mutant L46M-L103I yields approximately 65 mg/l of protein. This 10-fold
increase is a very significant improvement in protein production. Higher yields were also

observed for a number of other proteins, many of which contained the L103] mutation.
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Moreover, it is interesting that a conservative amino acid mutation, L1031, resulted in a
3-4-fold increase in protein production.

It has been shown that single mutations can have a significant effect on the yield
of active protein product (Brummell e al., 1993; McManus and Reichmann, 1991), the
molecular basis of which is unknown. Some mutations may result in improved folding
or in better interactions between the two scFv fragments, and would in turn lead to
improved production levels in £. coli. For example, the replacement of an Ile with an
Asn or a Thr (in FR3 of Vy) resulted in an approximate 10-fold increase in protein yield,
and was suggested to be due to an improvement in folding due to introduction of
nonhydrophobic residues (Deng e al., 1994). Moreover, some mutations may cause an
overall stabilization in the scFv structure, and may thereby result in an improvement in
folding and a subsequent increase in protein yields. Low expression levels have also been
shown to result from secondary mRNA structure (Stemmer er al., 1993). or from the
domain order of variable fragment constructs i.e. V-V or Vu-Vi (Anand er al.. 1991b).
[t has also been shown that the production of functional anti-carbohydrate Fab fragments,
which is often limited by V| chain availability, can be significantly increased by the
replacement of a Vi chain’s C, domain with a C;; domain (MacKenzie ef al., 1994).
This was shown for the AC1001 BGA Fab and a related anti-carbohydrate Fab, in which

the Vi chain availability for both proteins was low.
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A.4.1 FUTURE EXPERIMENTS

Further examination of the BGA Fv high resolution crystal with the modelled
antigen, and the selection of other site-directed mutants in an attempt to further increase
the antigen binding affinity for the A antigen can be continued. For example, if the
increase in binding affinity for the L103V mutant is indeed driven by a reduction in the
entropic penalty, it would be interesting to see if a Leu—Ala mutation could further
increase binding affinity. It would also be interesting to carry out a site-directed
mutagenesis study aimed at altering binding specificity from the A to the B carbohydrate
antigen. Such a study could help to better understand how the anti-blood group antibodies
discriminate between these highly similar antigens.

Co-crystallization of the BGA Fv with the A antigen and the determination of a
high resolution crystal structure of this complex is also an important future experiment.
A crystal structure of the complex would indicate the definite location of the antigen
within the binding site, and would greatly simplify future site-directed mutagenesis
studies. A comparison of the antigen binding pocket with and without bound antigen
would elucidate any structural changes that may occur upon antigen binding, if any
structural changes do occur. And finally, a complete characterization of the protein-

carbohydrate interaction should include a detailed thermodynamic study.

78



CHAPTER THREE

STUDY B
BACTERIOPHAGE DISPLAY STUDY OF BGA ScFv
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B.1 INTRODUCTION
B.1.1 OBJECTIVE

The main objective of this study was to construct a mutant BGA scFv-gIIl
phagemid library using error-prone PCR, and to screen this mutant library using various
panning techniques for a BGA scFv clone that exhibits an improved binding affinity for
the A-antigen. Contrary to the rational design of mutants in Part A, this study generates
random mutants; however, both approaches aim to produce or isolate a BGA scFv with
an improved affinity for the A antigen.

Phage display is a very powerful technique that allows for the display of fusion
proteins on the surface of bacteriophage (Smith, 1985). Analogous to the immune
system’s B cells, which express antibody on their cell surface. phage display expresses
antibody on the surface of phage and the phage contains the genes encoding the antibody
within. Moreover, similar to the immune system’s ability to produce antibodies with
increased affinity through affinity maturation and somatic mutation. phage display can
also produce antibodies with increased affinity through mutant libraries and affinity
selection. The objective of this work is therefore to mimic the in vivo process of affinity
maturation and somatic mutation in vitro, and to ultimately isolate a BGA scFv mutant

with an increased affinity.

B.1.2 APPROACH

In tandem with the site-directed mutagenesis study of Part A, a phage display
study was carried out as an alternative to the rational design of mutant BGA scFv
proteins using X-ray crystal structure analysis and site-directed mutagenesis. In this study
we have displayed a synthetic BGA scFv V-V PCR mutagenized library on the surface
of phage. These synthetically produced BGA V| and Vy genes (MacKenzie e al., 1994)
were based on the anti-BGA IgM hybridoma AC1001 (Chen er al., 1987). The mutations
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produced throughout the BGA scFv V| and Vy genes were generated using error-prone
PCR (EP-PCR). These randomly mutated genes were then displayed on the surface of
phage through fusion to the pIII minor coat protein gene (pIII-scFv fusions). This library
is therefore referred to as the EP-TGASL#4 phagemid library, and was panned using a
variety of techniques. This study will examine these various panning methods, and will
outline how these experiments led to the development of a novel panning process that can
be used to pan low affinity anti-carbohydrate libraries.

The success of a phage display study largely depends on the composition and
diversity of the gene library (Hoogenboom et al., 1992). The initial phase of this study
required the construction of a gIII phagemid library of BGA scFv mutant proteins. The
EP-TGASL#4 plll-scFv phagemid library was determined to be of adequate size
(10° clones), and therefore includes many scFv clones of varying binding affinities. The
constructed phagemid library was screened for complete scFv mutant proteins; this was
done to ensure that the library to be screened contained a repertoire of complete, intact
scFv mutant clones.

Equally important to the construction of the library repertoire, is the selection
strategy used to select phage. Three different panning strategies have been used to select
for higher affinity clones; panning in microtitre wells, panning on the BIACORE
instrument, and panning on a Synsorb-A column. It should be noted that panning an anti-
carbohydrate library can be challenging, particularly a low affinity anti-carbohydrate
antibody library. The EP-TGASL#4 phagemid library was first panned in microtitre
wells. This panning process did not