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This dissertation describes several strategies used to create diversity in non-immune
antibody libraries. Two of the strategies were used to create two separate peptide focused
libraries. Both of these strategies used to create these antigen-class focused libraries used
a single scaffold antibody gene that contained diversity only in the variable heavy region.
The scaffold antibody gene one of the libraries, the M:anti-pep library, was chosen based
on hypervariable loop canonical structures that are characteristic of other anti-peptide
antibodies. Additionally, all of the contact residues of this antibody are commonly used
contact residues in other anti-peptide antibodies. These positions and others were varied
to incorporate the natural diversity of other anti-peptide antibodies. The second library,

the Hu:anti-pep, is based on a widely used, unique combination of human germline



antibody segments that express well in bacterial expression. Positions were chosen for
variation based on their usage as contact residues in both anti-peptide and anti-protein
antibodies.  The diversity was less focused than with the M:anti-pep library,
incorporating all 20 amino acids at “high usage” positions and only four amino acids at
“low usage” positions. Both libraries were validated by phage display selections against
the peptide angiotensin (AT) and neuropeptide Y (NPY). The M:anti-pep library yielded
specific antibodies to both peptides with dissociation constants as low as 14 nM against
AT and 18 nM against NPY. The Hu:anti-pep library yielded specific clones with higher
dissociation constants: 49 nM against NPY and 11 uM against AT.

The final strategy used to introduce diversity is widely used for affinity maturation of
low affinity, previously selected antibodies. Extremely high rates of mutagenesis (2.2%
of the gene to 2.7%) were used to create two libraries of the anti-digoxin antibody 26-10.
The libraries had been screened by others in an attempt to examine the effects of high-
rates of mutagenesis on the directed evolution of an antibody. A total of 91 isolated
clones from both libraries were sequenced. Several consensus mutations were identified
near the CDRH3 in the isolated clones, indicating that they had a positive, selectable
effect. This study confirmed that high-error rate antibody libraries contain more active
clones than expected. Combinations of the selected consensus mutations from these
libraries provide moderate enhancements to the kinetics and expression of the wild-type

antibody in a non-synergistic manner.
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Chapter 1. Antibodies and Antibody Engineering

INTRODUCTION

The immune systems of vertebrates consist of a complex network of tissues, organs,
specialized cells, and proteins. This network is able to evolve, or adapt, over time as the
immune system fights off pathogens which themselves are adapting to overcome the
immune system'. The adaptive mammalian immune system produces billions of different
antibody proteins which are a key element of the immune system’s defense against a
variety of antigens presented by invading pathogens as well as cancer cells”. One class of
antibodies, known as immunoglobulin G (IgG), is produced by B-cell lymphocytes and
secreted into the serum. The role of IgG is to bind with both specificity and high-affinity
to the antigen-containing foreign molecules, including proteins, peptides, carbohydrates,
and others, that the immune system encounters. The immune system generates IgG
repertoire diversity through V(D)J recombination, followed by iterative rounds of
mutation of the antibody genes, and antigen-mediated selection for tight binders'. The
strategies and even specific proteins of the immune system have been leveraged into
therapies ever since the use of passive polyclonal serum therapy to treat infection
emerged over 100 years ago’. Laboratory methods that mimic the highly adaptive nature
of the immune system began to emerge in the late 20" century®. The field of antibody
engineering uses combinatorial methods to recapitulate the immune system’s diversity,
while methods like phage display allow for the isolation of monoclonal antibodies that

are simultaneously highly specific and bind with high-affinity to the antigen of interest.



THE ADAPTIVE IMMUNE SYSTEM: A MODEL THERAPEUTIC SYSTEM

Under normal circumstances, the adaptive immune system is triggered into action
upon recognition of foreign antigens on the surface of invading microbes or on the
surface of virally infected host cells. The clonally unique cell surface receptors of naive
B-cells that recognize antigens are essentially low affinity, membrane bound antibody
molecules. Upon binding to the antigen, the B-cell engulfs the antigen, digests it, and
presents peptide fragments of the antigen on its surface through the major
histocompatibility complexes (MHCs). The antigen fragment-MHC binds stimulated T-
cells, which secrete cytokines that activate the B-cell expressing the recognizing antibody
to undergo differentiation into one of several types of specialized B-cells. While the
clonal progeny of the original B-cell divide and migrate to the secondary lyphoid organs,,
the genes responsible for the variable domains of the recognizing antibody undergo
somatic hypermutation to the point where an even higher-affinity B-cell receptor (i.e. cell
surface antibody) is produced through an affinity maturation process. The clones with
the highest-affinity receptors are selected by out-competing the lower-affinity clones for
the limited antigen'. Upon completion of this process, the surviving clones have
differentiated into either plasma B-cells or memory B-cells. The plasma B-cells are short
lived, but they secrete large quantities of soluble IgG antibodies that will bind to the
antigen with high specificity and affinity.

Antibody coated pathogens are prevented from binding to, and invading, host cells
and can be targeted for destruction and/or clearance. The antigen bound antibodies
initiate complex effector functions to rid the host of undesired antigens by recruiting

phagocytic cells such as macrophages. Once these cells are in close enough proximity to



the antibody-antigen complex, Fc receptors on the phagocytic cells’ surfaces bind the Fc
region of the antibody and initiate the engulfing and destruction of antibody coated
antigens'. Alternatively, the binding of the antigen-complexed antibodies to the Fc
receptors on natural killer cells (NKs) can activate a process known as antibody-
dependent cell-mediated cytotoxicity (ADCC) which causes the NKs to release
cytokines, pore-forming proteins, and proteases, all of which attack the antibody coated
pathogen’. Antibodies bound to pathogens can also stimulate the complement system
that opsonizes the pathogens and attracts neutrophils to phagocytose the opsonized
pathogens®. Memory B-cells survive for much longer periods in the secondary lymphoid
organs where they continue to secrete antibodies and are primed to divide into clonal
populations of plasma B-cells if the pathogen is encountered in subsequent infections®.
Polyclonal anti-sera, containing a myriad of different IgG clones of varying isotypes
and to different epitopes on the same antigen, were once the only option for therapy and
research. Polyclonal anti-sera, which are purified from the plasma of humans or animals
whose immune systems have responded to the antigen of interest, are easier to make than
monoclonal antibodies (MAbs) as long as immune donors are available’. However, due
to the heterogeneity of the proteins in the serum, the specific activity is low because so
few of the antibodies in the preparation are specific to the antigen. For example, a 0.7 mg
of a mixture of two MAbs had the same neutralizing activity as 100 mg—170 mg of
tetanus immune globulin’. Additionally, because polyclonal anti-sera is purified from
donors, it can be expensive to prepare and can transmit infection from donors to
recepients®. Other drawbacks of polyclonal anti-sera include ethical and safety issues

regarding immunizing donors to create hyper-immune plasma and lot-to-lot



heterogeneity’. Specific activity and high levels of purity can be rigorously controlled
during the manufacture of MADbs, explaining why they have become such popular

therapeutic agents’,

ANTIBODY STRUCTURE

IgG antibodies are homodimer glycoproteins made up of four polypeptide chains:
two identical heavy chains, each about 250 amino acids long, and two identical light
chains, each about 150 amino acids long. A disulfide bond connects a cysteine at the C-
terminus of each light chain to a cysteine of a heavy chain’. In turn, the heavy chains are
associated with each other via two disulfide bonds in the hinge region, which spans the
variable and constant regions of each heavy chain (Figure 1-1). The sequences of
different antibodies are highly conserved throughout most of the antibody'’. The
invariable regions are referred to as constant (C) domains. The N-terminal regions of
each chain, known as the variable (V) domains (V. for variable domain of the light chain,
and Vy for the variable domain of the heavy chain) contains three hypervariable (HV)
loops of high sequence and length variation''. The six HV loops each contain an antigen
binding region, better known as the six complementarity-determining regions (CDRs)'?.
The CDRs contain the amino acids of the antibody that recognize and interact with an

s 12
antigen

. The IgG is actually a bivalent molecule with two binding sites, each with six
CDRs. The conserved sequences connecting the CDRs, known as framework regions

(FRs), make up the B-sheet structural folds of antibodies". Due to the conserved nature

of the FR sequences, the -sheet fold of antibodies is a conserved, easily recognizable



feature'>. The C-terminal domain of the heavy chain makes up the constant fragment (Fc
region), which is capable of eliciting effector functions in cells that contain Fcy receptors.

Proteolysis of IgG molecules yields several stable antibody fragments'®. Two
examples of such fragments, the Fab and Fv are shown in Figure 1-1. Both of these
fragments are monovalent because they both contain only one pair of V domains (versus
a pair of V domains in whole IgG). In addition to containing the paired V domains, the
Fab also contains the first C domain of each chain. The Fv fragment contains only the

paired V domains with no C domains'*.



CDR’s
Fv (hypervariable Regi

scFv Fragment

% leader linker
eptide
Bger € Fab B
9 Hinge % T
Vi

Fc

Figure 1-1. Antibody Structure: 1gG to single chain fragment antibody.

IgG is a dimer of dimers (Two heavy/light chain dimers). Each chain of the IgG contains
one variable domain (labeled VI for the light chain and Vh for the heavy chain) and
constant domains (one constant domain, labeled Cl, for the light chain and three constant
domains, labeled Ch 1, 2 and 3 for the heavy chain). The CDRs, pictured above as brown
stripes on the variable domains, contain the antigen recognition and binding sites of the
antibody. A Fab fragment consists of the Vi and the Vi plus the first constant regions of
both chains, while the single chain fragment (scFv) consists of the Vi and the Vi
connected by peptide linker. (figure courtesy of Stephen Dubel)

CANONICAL STRUCTURE PARADIGM

The loops of the HV regions are connected by a highly structured and easily
recognizable P-sheet framework that defines the immunoglobulin superfamily. The
framework regions of both the Vi and Vi have a limited number of main chain

conformations evidenced by the conserved nature of the structures of most antibody

13; 15; 16

variable domains Within the framework regions, several highly conserved

residues are responsible for limiting the number of possible variable domain structures' "

15: 17: 18 . . .. . . .
"% These conserved amino acids were initially observed in alignments of variable

domains, providing clues about their role as structural determinants'®. Their role as



structural determinants was further buttressed by observations that the conserved residues
of the variable chains act as anchor points in solved antibody structures'> " !?,

In addition to the conserved framework structure of antibody variable domains, the
HV regions, also have a limited number of main chain conformations. From alignments
of antibody sequences, Chothia and Lesk identified relatively invariant or canonical

amino acids in both the FR and the HV regions'> .

They established relationships
between canonical residues of the FR and HV regions, lengths of the HV loops, and a
limited number of HV chain conformations. The canonical residues, some of which are
found outside the HV region and in the B-sheet framework, dictate the conformations of
the known structures through packing, hydrogen bonding, or the ability to assume
unusual values for torsion angles ¢, y, or ®'>. These limited and well described main
chain conformations of HV regions in loops one and two of the Vi and in loops one, two,
and three of the V| are also known as canonical structures'> '**.  HV loop three of the
Vi has eluded the canonical structure paradigm due high variation in its sequence
composition and length. Canonical structure assignments (Figure 1-2) for an HV loop
can be determined from the primary sequence of the antibody. Several algorithms have
been created to predict canonical structure assignment for the HV loops based on two
factors: 1) HV loop length and 2) the position and identity of the conserved (a.k.a.

. . 15; 19; 20; 21
canonical) residues > 7 7.
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Figure 1-2: Canonical loop structures.

Canonical structures of all three HV loops of Vi (k) domains and HV loops one and two
of the Viy domains. HV loop three of the VH domain is too variable in sequence
composition and length for any canonical structures to be identified. (figure adapted
from Chothia, et al.”)

Each of these HV loop canonical structures is represented by an HV loop reference
structure in the protein database. The canonical structure paradigm and the accuracy of
the prediction algorithms has been validated by comparing the predicted HV loop

. 19; 22
structures to the solved atomic structures —~ “~.



HYBRIDOMA TECHNOLOGY AND MONOCLONAL ANTIBODIES

The main sources of MAbs in the immune system, monoclonal plasma B-cells, are
very difficult to maintain in a laboratory culture. Previous observations showed that
clonal populations of myeloma cells, that is cancerous B-cells, grow indefinitely in
culture”. Myeloma cell lines that had lost their ability to produce antibodies were fused
to antibody producing B-cells to create an immortal chimeric cell line that can survive in
culture and provide a virtually unlimited supply of antibodies™. After fusion, the
myeloma-spleen chimeric cells are isolated with a selection media and diluted into
microwells at a concentration of one cell/well to ensure clonality”*. The secreted
antibodies are collected from this microculture and assayed for the ability to bind the
target antigen using an enzyme linked immunosorbent assay (ELISA). The positive
clones with high sensitivity and specificity are maintained in culture, where they produce
secreted MADbs that can be collected and purified. One alternative to producing the
MADbs in culture is to inject a hybridoma into the peritoneal cavity of mice. The
hybridoma creates a tumor which produces an antibody-rich fluid called ascites that is
collected and used as a crude source of MAb.

Although this hybridoma technology is still the backbone of monoclonal antibody
isolation and production, antibodies from hybridomas have diminished value as
therapeutics because of the unpredictable effects they have on the host’s immune system.
Since the hybridomas used to produce antibodies are usually derived from the immune
system of mice, their direct use as therapies in humans results in an immune response
known as the human anti-mouse antibody (HAMA) response” whose consequences

range from inflammation to anaphylaxis®®. Even if the HAMA response is tolerated,



subsequent doses of the monoclonal antibody will challenge the immune system and
result in rapid antibody clearance thus decreasing efficacy®’. Additionally, mouse MAbs
are limited in their ability to elicit typically therapeutic effector functions such as
complement activation through their Fc regions”. Nonetheless, MAbs from hybridomas
are useful reagents for detection in assays such as Western blots, ELISAs,
immunohistochemistry, and for purification by immunoprecipitation or affinity

chromatography. Producing hybridomas and screening them is a laborious process.

RECOMBINANT ANTIBODIES

In the 1980s, recombinant DNA technologies enabled the cloning of virtually any
gene, including antibody variable genes, into bacteria®. The use of recombinant DNA
technologies has led to another useful antibody fragment: the single chain fragment
antibody (scFv) in which the Vi and the Vi of the Fv, described above, are connected by
a flexible peptide linker. The variable domains of antibody genes can be isolated from
donor tissue and cloned with the inter-chain linker to create scFv genes using the

29; 30 (see Figure 1-1 for scFv structure).

polymerase chain reaction (PCR) to create scFvs
Similar PCR-based techniques can be used to isolate the variable domains from
hybridoma cells. The scFv antibody fragments can retain the affinity of a respective
whole IgG, but are easier to express in bacteria than whole IgG and can be purified to
relatively high yields from bacterial cultures (yields of 0.5-5mg purified antibody/L
culture are not uncommon). Due to the ease with which genes can be manipulated in

bacterial expression systems, antibody fragments are amenable to mutation using

molecular biological techniques to enhance the function of the protein (i.e. affinity,

10



stability, etc). It is difficult to perform these types of targeted manipulations on whole

IgG in mammalian expression systems or hybridomas.

HUMANIZATION

Ethical and technical considerations diminish the use of humans as immune donors of
plasma B-cells to create human hybridomas. Hybridomas from human B-cells are
notoriously unstable and not scalable for large-scale production of the antibody31.
Furthermore, the process known as “tolerance induction”, whereby the human immune
system is unable to recognize self-antigens, prevents the maturation and isolation of
antibodies to important self protein targets such as tumors. To overcome ethical and
technical concerns, the self antigen issue, and safety issues, murine MAbs are
“humanized” using recombinant DNA technologies to allow for the production of
monoclonal antibodies which have non-essential mouse features replaced with human
features. “Complementarity determining region (CDR)-replacement” (now, better known
as CDR-*“grafting”) was the first described humanization strategy and involved replacing
only the CDRs, which constitute the antigen binding region of an antibody, of a human
acceptor antibody with the CDRs of a high-affinity mouse antibody’>. The sequence of
the framework regions of the human acceptor antibody are usually selected based on high
homology with the mouse antibody>>. “Resurfacing” which involves replacement of only
the solvent exposed residues of the folded antibody with human sequences has also been
used to humanize antibodies derived from murine sources’’. In nearly all cases of
humanization, the resulting antibody must be further engineered to restore the high-

affinity of the parent antibody™.

11



Humanization of an antibody can affect the stability and affinity of the antibody®.
One alternative to humanization involves using transgenic mice that contain repertoires
of human antibody genes to create hybridomas® that produce human antibodies. The
germline variable heavy and kappa genes of the transgenic mice are disrupted and human
germline variable region segment genes were introduced along with a few human

36; 37

constant regions The hybridomas that are derived from the B-cells of these

transgenic mice produce fully human antibodies due to the human repertoires of the

mice’® .

ANTIBODY ENGINEERING

Since the invention of hybridoma technology, the roles of monoclonal antibodies
have expanded from biological reagents to therapeutics. Antibody engineering was born
out of the idea that recombinant monoclonal antibodies could be isolated, produced, and
purified to fill these roles. The field of antibody engineering focuses on using molecular
biology methods and recombinant approaches to provide antibodies with defined
specificities and affinities for research and therapeutic purposes®. Recombinant DNA
techniques were used to clone antibody variable genes directly from hybridomas®.
These cloning milestones were followed by the cloning of fragment antibody libraries
(e.g. libraries in which the antibodies are expressed as Fabs or scFvs) directly from

lymphocytes into bacterial expression systems™ *.

In present day antibody engineering,
hybridoma technology is often being bypassed as a source of monoclonal antibodies™.

Sources of antibody diversity were expanded from animal immune repertoires*' to human

immune repertoires””, and eventually to completely synthetic repertoires”. High-
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throughput, affinity-based selection methods to isolate recombinant monoclonal
antibodies such as phage, yeast-, bacteria-, and ribosome-display technologies have been
developed to keep up with the advances in the creation of large combinatorial antibody
fragment libraries. Some of the continuing efforts in the field include humanizing mouse
antibodies, creating novel antibody formats, generating libraries of antibodies, and

screening those libraries.

IMMUNE REPERTOIRE LIBRARIES
The natural immune repertoires of living organisms, including humans, were the
original sources of diversity for recombinant antibody libraries*” *'. The first Vi; and V.

40; 41
", were cloned out

domain repertoires of immunized mice, described in separate papers
of immune tissues and into vectors that resulted in the libraries being expressed as
antibody fragments. Later peripheral blood lymphocytes (PBLs) of human donors were
used to create the variable domain diversity of fully human immune libraries*. The
pools of variable genes are simple to clone because the regions flanking the variable

. . . 45 .
regions gene sequences are conserved and readily available™. There are two categories

of immune libraries:

1. Naive immune libraries: the immune system has not been challenged by the target
antigen’®. As a result, the variable genes recovered have not undergone somatic
hypermutation and in vivo affinity maturation for the target antigen. These
libraries are well suited for a broad range of targets. Since the functional diversity

relative to each target antigen is low in an un-stimulated immune repertoire, in
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order to enhance the chances of isolating specific high-affinity clones the libraries
need to be very large (>10°)*. A larger library size increases the likelihood that a
higher fraction of the immune repertoire’s diversity is captured in the library™.
Nonetheless, isolated antibodies from such libraries are usually low affinity and
require additional in vitro affinity enhancements.

2. Biased immune libraries: the immune system has been repeatedly challenged by
the target antigen*, developing primary and secondary responses to the antigen.
Many of the variable genes are primed for antigen binding after undergoing
somatic hypermutation and affinity maturation, often resulting in high affinity

. 40; 41
binders™

. These libraries are most often applicable to only the target antigen
used to immunize the donor, meaning different target antigens will require the
creation of separate libraries. Human versions of biased immune libraries are
rare** due to ethical considerations of injecting human donors with target antigens
for the sake of creating antibodies. Biased human immune libraries have been
isolated from transgenic mice that have had their native antibody germline genes
replaced with human versions” and from the PBLs and spleen cells of diseased
human donors™. Because the immune system has already selected for high

affinity binders to the antigen of interest, the number of relevant sequences in a

biased library will be higher than in a naive immune library*®.

Cloning the variable genes from immune repertoires can introduce unusual Vy/Vp

pairs. As a result, many of the displayed library members may not be stable or express

well”.  Antibodies targeting self-antigens, which are important in recognizing some
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cancer markers, have been isolated from biased immune libraries using donors afflicted
with autoimmune diseases*’. Such antibodies are generally not accessible from naive
libraries. Naive immune libraries are the only option of the two types of immune
libraries for isolating antibodies to toxic or unstable antigens. Despite the successes of
immune repertoire libraries, their shortcomings in the areas of stability, expression, and

diversity have led to alternative sources of library diversity.

SYNTHETIC LIBRARIES

Rather than using the entire spectrum of frameworks and diversity contained within
the immune system, antibody libraries can be created by introducing diversity using
synthetic DNA into the CDRs of highly stable, well-expressed variable domain
frameworks®. These framework “scaffold” genes are selected to increase the number of
functional library clones®’. Synthetic libraries can be used to isolate antibodies for a
broad range of antigens and can be based on human frameworks to avoild HAMA
responses™. The synthetic DNA used to introduce diversity contains codon variation, or
degeneracy, at specific positions resulting in libraries of antibodies that encode an
ensemble of amino acids at those positions. However, introducing diversity can result in
unusual combinations of amino acids causing misfolded proteins and aggregation®. To
limit such inappropriate genes in the library, limited variation can be used at the
randomized sites. Knowledge of the library scaffold(s)’ structure and function can
provide details that allow the diversity to be tailored to specific sites in the CDRs and to

47, 48; 49

limit the amino acid possibilities at those sites Information regarding

improvements to antibodies has been determined from structural studies of known
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antibody/antigen complexes, computer models, and previous mutagenesis studies®’. This
information can be used to introduce mutations in synthetic libraries to reflect potential
improvements™. For example, if the parent scaffold’s structure is known, CDR positions
with side-chains oriented towards the binding pocket are chosen as candidate sites for
randomization. The ability to control precisely diversity and choose frameworks with
optimal characteristics for particular applications makes synthetic antibody libraries a

useful option for antibody engineering.

DIRECTED EVOLUTION

Directed evolution is a protein engineering strategy that attempts to reconstitute
Darwinian selection to evolve proteins with novel functions or physical characteristics.
Since it is an iterative process, when used in antibody engineering, directed evolution is
not unlike rounds of somatic hypermutation/affinity maturation that B-cell receptors
undergo in vivo. The process can be used to isolate high affinity, well expressed, stable,
and specific antibodies from antibody libraries. Diversifying library DNA of the
sequences from a parent gene is the first step in directed evolution. Error-prone PCR”,
in vitro recombination™, and site-directed mutagenesis are commonly used to introduce
diversity. The diversification step can be applied to the CDRs of scaffold antibodies in
the case of synthetic libraries or to a previously isolated low affinity antibody in the case
of affinity maturation (more on affinity maturation, below). Selecting improved antibody
variants from the entire pool of genes and/or eliminating non-functional variants from the
library is the second step (selection techniques described, below). After selection, the

isolated variant genes are amplified to provide a large amount of genetic material for
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sequence analysis and/or for subsequent rounds of selection. Multiple rounds of selection
are usually required for significant enhancements to a protein’s function. In some cases,
variation is re-introduced to the library genes between rounds of selection. Once
enrichment, a term that refers to the overall improvement of the library, has reached the
desired level, the remaining variant clones are screened on a smaller scale that permits
the desired characteristics, i.e. improved affinity in the case of antibodies, to be carefully
analyzed and compared. The screening stage usually provides a set of variants small
enough to be analyzed in more painstaking detail using biochemical assays that require
purified protein.

During the selection steps, coupling the phenotypes of improved clones with their
genotypes is required to carry-over and amplify the “survivors” in subsequent rounds of
selection, screening, and clonal isolation. By isolating the genes of improved clones at
any point in the selection process, the protein sequences of the clones can be determined
by DNA sequencing. In between rounds of selection, the genes of improved proteins can
be further diversified using mutagenesis for subsequent rounds of selection and
screening.  The genes recovered from each round of selection are used to express
proteins for subsequent rounds of selection or screening. During the directed evolution of
antibodies, proteins which are selected with enhancements such as improved affinity,
stability, and expression are coupled to their respective genes. The display technologies

used in the selection process of antibodies physically link phenotype and genotype™.
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Diversity, sequence space, and library size

The maximum library size of ~10" available to cell-free antibody libraries created by
in vitro protein synthesis >* (e.g. ribosome display) is several orders of magnitude larger
than the maximum library sizes of ~10°-10'" available to cell-based antibody libraries*®
(e.g. phage display or microbial cell surface)™. Even the highest throughput in vivo
selection method, namely phage display, is limited to screening ~10'" total variants™*.
Selections from large antibody libraries usually results in the isolation of higher-affinity

3%: 55 There are several bottlenecks that limit the

antibodies than from smaller libraries
size of libraries and the throughput of screening libraries® which in turn affect the
amount of sequence space that can be screened. In order to deal with these bottlenecks,
restricting the library’s diversity must be balanced with maximizing the number of

functional clones relevant to the target antigen. This challenging balancing act can be

crucial to the success of antibody engineering selections.

Affinity maturation

As described above, the natural immune system uses a process known as affinity
maturation to create high-affinity antibodies from relatively low-affinity B-cell receptor
progenitors. The process is mimicked in vitro to enhance MAbs through antibody
engineering®. During the initial steps of the immune response, individual clones of B-
cells expressing rearranged germline variable domains as cell surface receptors that
recognize the antigen with low-affinity are selected and stimulated to divide and establish

a clonal population. In the immune system, somatic mutations are introduced into the
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variable domains to provide diversity to the genes encoding the low-affinity receptors.
The entire population of variant B-cell clones is continuously exposed to the antigen.
Variant clones whose receptors have enhanced affinity and higher expression levels are
provided with selective advantages because higher receptor occupation by the antigen
leads to increased cell division and survival. The process of somatic hypermutation and
selection continues until only one or a few high-affinity clones dominate the immune
repertoire. The immune system’s ability to introduce diversity to the variable domains of
selected, low-affinity antibodies and select higher-affinity variants has similarities to the
in vitro methods of affinity maturation of engineered antibodies. In vitro DNA sequence
diversity is introduced using mutagenic PCR*, DNA shuffling’, or via gene propagation
in mutator strain’® bacteria. Libraries of mutated genes are subjected to selections for
clones of enhanced affinity mimicking the clonal selection and amplification of the

natural immune system.

ANTIBODY LIBRARY DISPLAY AND SELECTION METHODS
Phage Display

Display on the surface of M13, a filamentous bacteriophage, is perhaps the most
widespread and successful method used to isolate antibodies from large combinatorial
antibody libraries””. Phage display has been used to isolate high-affinity human
antibodies from many types of libraries, including biased and naive immune antibody

libraries and synthetic antibody libraries ** > ¢

With phage display, the genes of
proteins or peptides can be fused to the gene of one of the coat proteins of the phage

virion. The minor coat protein plll, which mediates the phage attachment to the cell

19



during infection, is usually used as the fusion partner in phage display of antibody
fragments. This leads to the production of phage particles with the protein or peptide
displayed on the surface of the phage as a fusion to the outer coat protein. To display
antibody fragment libraries on phage, the library is first cloned into a special type of
plasmid called phagemid, between the carboxyl terminus of a secretion leader sequence
and the amino terminus of pIll. Phagemids contains a phage origin of replication to
enable packing of the phagemid DNA into phage particles and also a selectable marker to
ensure selection of the cells containing the phagemid. The phagemid DNA is then
transformed into the host E. coli. Therefore, the size of resulting phage library is limited
by the transformation inefficiencies of E. coli.

A culture of the cells transformed with phagemid is infected with M13 “helper”
phage that provides all of the genes required for replication and packaging of the
phagemid into the phage virion. The helper phage contain a defective origin of
replication or packaging signal resulting in the preferential packing of the phagemid
genome over the helper phage genome. After infection, the expression of the antibody-
plII fusions from the phagemid is induced. The wild-type plll, encoded by the helper
phage genome, and the antibody-plll fusion, encoded by the phagemid, compete for
incorporation into the virion. As a result, the antibody is not displayed on every one of
the five pllIl of each particle. Between zero and five copies of the antibody will be
displayed (Figure 1-3). Some of the phage particles that emerge from a cell will be
decorated with the antibody variant encoded by the phagemid contained within the
particle (connecting the phenotype to the genotype). These particles can be panned for

binding to a target antigen and amplified.
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It is desirable to maintain a low valency of antibody-pllIl fusions on the surface of
phage particles in antibody engineering directed evolution efforts so that avidity is
minimized and high-affinity clones can be enriched. Assuming that an immobilized
antigen results in a densely coated binding surface, avidity effects will occur if multiple
copies of a displayed antibody on one phage particle bind to the immobilized antigen.
Multiple binding events per phage particle will enable even low-affinity clones to be
selected. Because wild-type plll is necessary for the phage to infect, low valency helps
ensure that there are enough copies of the wild type pllI on the selected phage particles to

enable infection after each round of panning.

o Protein VIII
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Figure 1-3. Filamentous phage structure.

Filamentous phage particles consist of single-stranded DNA encapsulated in the
bacteriophage capsid made up of the major coat protein, pVIII. The particle is ejected
from infected bacteria with the end containing pIX and pVII leaving first. plll and pVI
are located at the other end. plll is important as it is the protein that recognizes the pilus
of the bacterium to initiate infection. Fusions of antibody libraries to pIIl are the most
common type of phage display.
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Panning selections consist of iterative rounds of adsorption of the phage-library and
desorption of bound and washed phage particles (Figure 1-4). The library population is
enriched from round-to-round by increasing the stringency of binding to select for clones
exhibiting enhanced affinity. Stringency can be increased by limiting the concentration
of the antigen or by using extensive washings, both of which will select for antibodies
with slower dissociation rates. Faster association rates can be selected by limiting the
exposure time of the library to the antigen®. Solution-phase capture is another strategy
to attenuate the avidity effects leading to the selection of low-affinity antibodies®®. In
solution-phase capture, the phage antibodies and a biotin-labeled antigen are allowed to
interact in solution until equilibrium has been reached. The antibody-antigen complex is
then pulled down, typically using the biotin on the antigen and a streptavidin on a solid
support such as a bead. By allowing the binding interactions to reach equilibrium in
solution, avidity effects are minimized and the highest affinity interactions emerge from
the selections.

Between rounds of selection, the eluted phage particles are used to infect E. coli in
order to propagate enriched clones and amplify them. This output culture of E. coli is

used to produce phage particle for subsequent rounds of selection or for screening.

22



Wi, gl

g pulag, ~Wuing

g, B / Wwﬁﬂ m

. Non-specifically bound phage are

\i%hed o ~Suintz
L L
4 48 L m

1. Antibody fragments 2. Phage are incubated with antigen
displayed on M13

4

gy

3. Antigen-bound phage eluted and
amplified for subsequent panning
rounds

Figure 1-4. Filamentous phage display panning of scFv library.

In step 1, the phage particles displaying the antibody fragment library on an outer coat
protein have been secreted from host E. coli. In step 2, the phage library is incubated in
solution with the target antigen, represented by the triangles. The non-specific or low-
affinity phage are washed away during the washing stage of step 3, while the specifically,
tightly bound phage are eluted, collected, and used to infect a culture of the host E. coli.

Enrichment can be monitored using polyclonal phage ELISA. Briefly, dilutions of
normalized solutions of phage from each round of selection are incubated with the target
antigen that has been immobilized on an ELISA plate. The binding of the polyclonal
phage is detected using an antibody specific to the phage coat. Enrichment between
rounds is evident when equal numbers of phage from one round elicits a stronger signal
than phage from a previous round. This stronger signal indicates that more of the phage

particles are binding than from the sample with the weaker signal. Once enrichment
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reaches an acceptable level, individual clones are screened for enhancements. Sequence
diversity following different rounds of selection is monitored by DNA sequencing of
randomly picked clones. The diversity of the polyclonal population is high in the early

rounds of panning, generally becoming much lower in later rounds.

Ribosome display

Ribosome display is a method used for selecting proteins, including antibody
fragments, from large combinatorial libraries expressed by cell-free, in vitro transcription
and translation (IV-T&T) ¢ 2. Due to the cell-free nature of this method, the library size
is not limited by transformation efficiency. As a result, libraries with diversities on the
order of 10" or greater can be screened”. Using IV T&T, the ribosome translates
transcribed genes from an scFv library. Each library variant is translated along with a
spacer arm to tether the folded scFv to the polypeptide portion of the ribosome®. A
rabbit reticulocyte IV T&T system provides monovalent display of the antibodies which
lowers avidity effects during the ribosome display selections®. After the scFv synthesis
has been completed, and before peptide release, the scFv-ribosome-mRNA complex is
stabilized using a combination of high salt and low temperatures, preventing the release
of the mRNA and the polypeptide®’. One of the drawbacks of using ribosome display to
engineer antibodies is that the conditions required to stabilize the scFv-ribosome-mRNA
complex, are not always ideal for antibody-antigen interactions. These particles are then
panned against an antigen of interest and eluted. The recovered particles contain the
genes of the isolated clones which are amplified and reverse transcribed back into cDNA

for subsequent rounds of selection or screening. During the amplification step, non-
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proofreading polymerases provide additional diversity between rounds of selection®.
This method has been used to isolate anti-GCN4 (a yeast transcription factor) scFvs from
a mouse immune library™, to affinity and stability mature DNA-shuffled scFvs®’, and to

select high-affinity binders from naive immune libraries®.

Microbial cell display and flow cytometry

Another method used to link genotype to phenotype during selections is the use of
microbial cells that display the proteins encoded by the library at sites that can be
exposed to added antigen. Such sites may include the cell surface, inner membrane, or

the periplasmic space of Gram-negative bacteria® ¢7 % ¢

The most commonly used
microbes for protein display are the bacterium E. coli and the yeast Saccharomyces
cerevisiae. Because microbial cells are relatively large, flow cytometry (FC) can be used
to screen these libraries™ (Figure 1-5). To use this method for affinity selections, the
microbes displaying an antibody library are incubated with a fluorescently-labeled
antigen®’. FC is able to interrogate individual cells quantitatively at rates of up to 10°
cells/hour. The light scattering (side and forward scatter) of each cell triggers the flow
cytometer to measure the fluorescence intensity of the cell. The fluorescence intensity is
a direct measure of the amount of bound fluorescent antigen. FC sorting parameters are
set to collect the most fluorescent cells, a pool which corresponds to the cells that have
the most bound antigen®” "',

The number of bound antigen molecules per cell depends on several factors: the

affinity of the expressed antibody for the antigen, the expression level of the antibody, i.e.

the number of protein molecules expressed on the bacteria, and the proper folding of the
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protein. While the primary parameter of antibody selection is typically affinity, the latter
two parameters are important to the efficient scale-up production of the protein, if
necessary. Microbial display provides for selection based on all three parameters in
contrast to ribosome and phage display which have very little selective pressure for
expression. As a result, antibodies isolated by ribosome or phage display are often
expressed poorly in bacteria or higher cells. The real-time quantitative analysis of
parameters such as the kinetics and equilibrium coupled with high-throughput screening’'
makes FC and microbial display a powerful combination when it comes to screening
antibody libraries. Enrichment between rounds of selection can be assayed without any
additional experiments by comparing the fluorescence of each round’s total population of
cells. The fluorescence corresponds to the antigen binding potential, or enrichment, of

the cell population from each round of selection.
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Figure 1-5: Workflow of flow cytometry-based selection of antibodies using
microbial display.

The library of antibodies is expressed and anchored to either the inner membrane or outer
membrane of the host microbe. The cells are incubated with a fluorescent version of the
antigen and sorted on a flow cytometer. The most fluorescent cells are collected for
subsequent rounds of selection or characterization. (adapted from Barrett Harvey)

R1

Side-Scatter

Relative Fluorescence

PEPTIDES

Peptides are short chains of amino acids linked by amide bonds. Peptides are usually
distinguished from proteins in that they typically lack extensive secondary structure.
Peptides have physiological relevance as hormones, neurotransmitters, or other types of
signaling molecules in humans. They are most often linear and flexible, but at times,

they may have a constrained lariat structure as a result of covalent linking e.g. by

27



disulfide bonds, at the termini. Due to the flexible nature of peptides in the unbound state
and the loss of entropy in the antibody-bound state’?, they have been an elusive target for
high-affinity antibodies. In most of the cases involving large, commercial, synthetic
libraries based on human germline sequences, the published Kps of the isolated anti-

48; 73

peptide antibodies are no better than > 1uM Although there are a few exceptions of

anti-peptide antibodies with Kps in the high-nanomolar range from synthetic libraries’”,

44; 59; 60

most of the libraries are validated against protein or hapten targets Selections

from even the largest of these libraries can result in few or no reported hits against

peptide antigens, suggesting a lack of peptide specificity™ ** 7.

Immune repertoire
libraries have resulted in antibodies with far greater affinity (picomolar Kps) to
peptides™. Affinity maturation using ribosome display of an antibody isolated from an
immune repertoire library has resulted in an anti-peptide antibody with a Kp of 1 pM”°.

In vertebrates, the endocrine system secretes dozens of peptide hormones. Other
peptides modulate the digestive system and secretions, help regulate the heart, stimulate
smooth muscle, and act as neurotransmitters’®. A single peptide hormone or
neuropeptide can have several different functions depending on the cell type targeted and
the receptor activated’®. For example, the tachykinin neuropeptide called substance P,
an 11 amino acid peptide, plays a role in vomiting, sensing pain, cell growth, mood, and

even vasodilation’’

. After being cleaved from the precursor angiotensinogen, the liver
deca-peptide hormone, angiotensin, affects blood pressure through the feedback of the
renin-angiotensin system, stimulates the release of aldosterone, and even causes the thirst

sensation’®. Neuropeptide Y, a 36 amino acid neurotransmitter, causes vasoconstriction,

is involved in regulating eating behaviors in response to energy needs, and plays a role in
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memory and epilepsy””. Peptides are also used by lower vertebrates and prokaryotes.
Some peptides secreted by host-invading prokaryotes can act as toxins in infected hosts,

while some animals use peptides as venom to subdue prey and discourage predators™.

Peptides as alternatives to whole protein antigens

Most antibody epitopes are conformational and specified by interactions with
topographic determinants on the surface of the antigenic molecule. To define epitopes on
proteins for a particular antibody, peptide libraries have been developed to help identify
critical amino acids, and structural and functional features that are important for binding
of the antibody-of-interest to the epitope *'. Isolated peptides can then be mapped back to
the protein using sequence, structural, or functional homology to identify the epitope.
This concept of cross-reactivity between peptide mimics and protein epitopes has been
adapted to the panning of phage-displayed antibody libraries. In these cases, panning a
library against peptides that represent fragments of a larger protein has enabled isolation
of antibodies that are cross-reactive against the larger protein. This method can be
advantageous when the protein target is rare, expensive, or unstable in its native form
(e.g. transmembrane proteins).  For example, the principal antibody-mediated
neutralizing determinant of the human immunodeficiency virus type 1 (HIV-1) is
contained in the third hypervariable region (V3) of envelope glycoprotein, gp120®%. This
entire determinant can be represented by smaller, easier to make, more stable peptides
which can serve as the target for antibody libraries. Antibody clones isolated from these
libraries are typically cross-reactive with the complete gp120 protein and can neutralize

the virus in vivo®. Through immunization with the gpl20 peptide mimics, broadly
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neutralizing antibodies to V3 have been isolated from mice laying the groundwork for the
peptides to be used as a vaccine against HIV-1**. Peptide mimics of carbohydrate,
protein, and even hapten targets are now routinely used to safely immunize mice in order
to isolate antibodies against mimicked target protein, virus, or other types of pathogens®”
86:87:8% " Due to the cross-reactivity of some antibodies to both peptide mimics and full-
sized proteins, libraries that are biased for peptide binders ought to contain clones that
can recognize peptides as well as related proteins. If the peptide mimic maps to a

sequence on the related protein, it is simple to identify the epitope of any antibodies that

are cross-reactive between the two.

Anti-peptide antibodies in detection and therapies

High-affinity, peptide-specific antibodies have been used to redefine expression
patterns determined using lower-affinity protein specific antibodies. For example,
antibodies generated against a 20-amino acid peptide representing an epitope of
cytochrome 450-B26 (a liver enzyme) were able to detect femtomolar amounts of the
cytochrome protein, while an antibody isolated from a screen using the entire cytochrome
protein was unable to detect any of the protein®’. A monoclonal antibody generated to a
peptide mimic of fibrinogen is capable of monitoring fibrinogenolysis in biochemical
assays . Anti-peptide antibodies isolated from rabbits immunized with a 12 amino acid
mimotope of the 636 amino acid endotoxin A from Pseudomonas aeruginosa are able to

neutralize the toxin in vivo’" %2,
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DISSERTATION SUMMARY

Chapter two examines the construction and experimental validation of synthetic
libraries biased towards anti-peptide antibodies. Canonical structure patterns and the
natural diversity of anti-peptide antibodies were analyzed. Common features of anti-
peptide antibodies gleaned from this analysis were incorporated into two different anti-
peptide synthetic libraries. For each library, diversity was limited by randomizing only
positions that are commonly used to make contact with the antigen (peptides) in known
peptide binders. These positions were varied to incorporate only the diversity observed
in natural anti-peptide antibodies. To limit sequence space, both libraries randomize
positions in only one domain (Vy only) of a single scaffold antibody. The libraries were
selected against two peptides, angiotensin I (10 amino acids) and neuropeptide Y (36
amino acids) encompassing a broad size range, using phage display with the isolation of
several specific, high-affinity clones. This is the first report of canonical structures

patterns being leveraged to create antigen-class specific libraries.

When using affinity maturation in antibody engineering, error-rates of less than 1%

56; 58 .
%, These low error rates are used to simulate

are commonly used to introduce diversity
the gradual rate of genetic change thought to occur in natural evolution, to avoid the
accumulation of deleterious mutations that would limit the library’s overall fitness, and to

limit the amount of sequence space to match what can reasonably be surveyed by current

selection methods™. However, there are several reports that show benefits to using high
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error-rates of mutagenesis in combinatorial libraries to survey unusual, but beneficial
combinations of mutations in protein libraries” °**.

In chapter three, high error-rate mutagenesis is extended in the search for rational,
enhancing mutations to an antibody. Mutational hotspots were identified from sequences
of selected affinity-enhanced clones from high error-rate libraries. Combinations of these
consensus mutations were analyzed for enhancements to the wild-type antibody. It was

discovered that several of the mutations provide minor, non-synergistic enhancements to

the kinetics and expression of the wild-type antibody.
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Chapter 2: A synthetic antibody library design with a bias towards

peptide binders

All numbering used in this chapter will use Chothia numbering unless otherwise noted'.

INTRODUCTION

The discovery of antibodies for therapeutic, diagnostic, analytical or affinity
chromatography purposes relies increasingly on the use of large combinatorial libraries
encoding repertoires of antibody variants. Antibodies that recognize and bind to a target
with the requisite affinity and specificity are isolated from a library by high throughput
screening techniques such as phage, bacterial, yeast or ribosome display” * *. Three
distinct types of antibody libraries can be employed: libraries that sample the antibody
diversity available in immunized animals, so called “naive repertoire” libraries that
mimic the diversity of the antibodies in non-immunized individuals and, finally, synthetic
libraries. In the latter, the sequence of one or more antibody scaffolds is diversified so
that it encodes all or a subset of the 20 natural amino acids at multiple positions known to
be critical for antigen recognition. The theoretical diversity of synthetic antibody
libraries in which multiple complementarity determining region (CDR) loops are
randomized far exceeds practical limitations in library construction and screening.

In antibodies, the variable heavy (V) and variable light (V) chains combine to form
a symmetrical structure that contacts the antigen via residues in the six hypervariable
loops (HV; three from each chain)’. Each variable domain contains four framework

regions (FRs) that form a 3-sheet scaffold which orients the hypervariable (HV) loops
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(which are also known as CDRs) towards the solvent, forming the antigen-binding site

(Figure 2-1).

Amzel and Poljak, Annu Rev Biochem. 1979;48:961-97

Figure 2-1: scFv structure with the CDR loops

Each of the six CDRs is contained in one of the six hypervariable loops. The Vi CDRs
are colored yellow (loops 1 & 2) and orange (loop 3) the V. CDRs are light grey. The
Vi FRs are colored purple, the Vi FRs are colored red.

Incorporating information on how the natural immune repertoire has evolved to
recognize foreign antigens can facilitate the generation of more useful synthetic antibody

7891011 a1low for a

libraries®. In particular, the growing databases of antibody structures
comprehensive correlation of antibody binding site topography with the various classes
of recognized antigens. Binding site topography, in turn, is derived largely from HV loop

9;10; 11

lengths and canonical conformations . The canonical conformations that contribute

to the binding site topography are determined by conserved amino acid residues in the
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HV loops and FRs" '2. The geometrical features of the antigen-binding site can be
correlated with the type of antigen recognized''. Concave, grooved, or barrel-shaped
binding sites are typically found in antibodies that bind to small molecules while
flattened antigen-binding surfaces are involved in protein recognition. The binding site
topographies of peptide binders lie between these two'® (Figure 2-2). Persson et al."’
recently reported the construction of a synthetic library biased toward the isolation of
antibodies against small molecules by incorporating the structural and sequence features
known to occur in many anti-hapten antibodies. However, to date, there are no reports

describing the creation of libraries tailored to the isolation of anti-peptide antibodies.

Anti-protein  Anti-peptide Anti-hapten

Figure 2-2: Gross topographical features of the three major antigen classes of
antibodies.

These models show the gross topographical features of the antigen binding site antibodies
that bind to three different classes of antigens. HV loops one of the Vy (circled red on
the anti-peptide and anti-hapten antibodies) and loop two of the Vi (circled green on the
anti-hapten antibody) contribute the topographical differences. (figure courtesy of Juan
Carlos Almagro). Antigens are displayed in purple.

Through analyses of the known structures and sequences of antibodies, a limited

number of main chain conformations, a.k.a. canonical structures, for five of the six HV
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loops, denoted H1 and H2 for Vi, and L1, L2, and L3 for Vi have been described" 2.
Each of the canonical loops structures is defined by loop length and invariant residues at
specific positions throughout the variable region' . Even though the sequences of
different antibodies vary, the conformations of the loops will not vary if they belong to
the same canonical class. Therefore, if two different antibodies contain HV loops with
matching canonical structures, the binding sites of those antibodies will have the same
gross structure due to conserved interactions between amino acids at specific sites in the
loops and FRs. Differences in loop sequence composition merely modify the surface
provided by side chains on the canonical main chain structure without disrupting the
topography of the antigen-binding site. The modification of the surface contributes
greatly to the specificity of an antibody. Analyses of the three-dimensional structures of
antibodies and an even larger number of sequences have established a relationship
between the structure and sequence'® '* from which canonical structures for five of the
six HV loops can be reliably predicted based solely on the amino acid sequence'*(Figure
2-3). The assignment of classes to each of the loops enables a reliable rendering of the

binding site topography.
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Canonical Structure class
H1-H2-L1-L2-L3 Frequency Protein  Surface Antigen  Polysaccharide Nucleic acid  Peptide Hapten

(%) (169) (22) 17) (42) (19) (112)

1-1-2-1-1 3.2 56° 0 0 25 0 19
1-1-4-1-1 3.7 10 0 33 13 0 44
1-2-1-1-1 7.1 5 5 80 5 0 4
1-2-2-1-1 24.5 16 44 0 18 0 23
1-2-3-1-1 29 57 43 0 0 0 0
1-2-4-1-1 14.2 11 4 5 24 52 4
1-3-2-1-1 7.9 15 26 0 31 20 8
1-3-4-1-1 10 43 0 14 11 25 6
1-4-3-1-1 6.8 11 0 0 0 0 89
1-4-4-1-1 6.6 4 0 0 41 0 55

others 131 26 17 17 6 21 13

Antigen size
» O

Vargas-Madrazo et al., J. Mol. Biol. 254: 497, <95

Figure 2-3. Canonical structure patterns correspond to gross specificities

The most common canonical structure patterns of antibody HV regions and their
frequencies in the Kabat database are listed. The frequency that antibodies containing
each of these canonical structure patterns bind to the specified major classes of antigens
is also listed. 52% of the antibodies with a canonical structure pattern of 1-2-4-1-1 bind
to peptides.

An extrapolation from the canonical structure paradigm demonstrated that certain
combinations of canonical structure patterns, i.e. binding site topographies from
sequences, correlate with types of recognized antigens' (Figure 2-3). Several canonical
structure patterns correlate with antibodies that are specific for peptides. Analyses of the
antigen-contacting residues, also called specificity-determining residues (SDRs)'’, in
antibodies of known structure indicate that anti-protein antibodies have a large SDR
surface, in contrast to a small SDR surface of anti-hapten antibodies. Anti-peptide
antibodies have an SDR surface of a size in between anti-protein and anti-hapten

antibodies, with SDRs of high usage located in the interior of the antigen-binding site but

not buried in the V1:Vy interface as in anti-hapten antibodies. These patterns of SDR
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usage have successfully been employed'* ! to create an antibody library with focused
diversity for improved recognition of proteins and haptens.

Antibodies isolated from libraries against peptide mimics of protein epitopes, referred
to as mimotopes, are often cross-reactive to the parent protein. In addition to mimotope
targets, peptides are attractive therapeutic and diagnostic targets due to their varied
physiological roles, from signaling molecules as hormones or neurotransmitters to

. 2324
secreted toxins™ <.

Due to the conformational flexibility of peptides and the loss of
entropy that occurs when they are bound by antibodies, the generation of high affinity
antibodies to peptides can be challenging'’. The availability of the validated scFv
libraries biased towards peptide binders reported here is likely to facilitate the isolation of
high affinity antibodies to peptides of biochemical or therapeutic interest.

Herein, a novel strategy is introduced to generate synthetic antibody libraries intended
to be peptide-specific. By leveraging the canonical structural features of anti-peptide
antibodies, it was hypothesized that libraries could be designed with a predisposition to
bind peptides. The following sections describe the construction of two libraries based,
respectively, on a human (Hu:anti-pep) and on a mouse (M:anti-pep) scaffold antibody.
The scaffold of the Hu:anti-pep library is derived from a well-characterized germline Vy-
V¢, fusion with loop length modifications to the V. The diversity is limited at low-usage
SDRs and unlimited at high-usage SDRs'’. The M:anti-pep library utilizes the well-
expressed anti-digoxin 26-10 antibody scaffold that contains canonical loop structures

that are similar to other anti-peptide antibodies'®. The M:anti-pep library contains limited

diversity at potential SDRs. Following screening by phage display, the M:anti-pep
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library yielded antibodies to two different peptides having dissociation constants below

20 nM.

RESULTS
Design and construction of combinatorial M:anti-pep library

Several commonly used, stable, and well-expressed antibodies were evaluated as
potential scaffolds for the construction of a library biased towards peptide binders.
Features such as canonical structure patterns, loop lengths, SDRs and sequence
composition were examined. Vargas-Madrazo et al. noted that 52% of the antibodies with
the canonical structure pattern of 1-2-4-1-1 (H1-H2-L1-L2-L3) are peptide binders'’.
The canonical structure designations rely heavily on the HV loop lengths. In addition,
the dominant HV loop lengths of 46 anti-peptide antibodies in the Kabat database are as
follows”: Ll1: 11 (35%) or 16 (55%); L2: 7 (100%); L3: 8 (9.5%) or 9 (88%); H1: 5
(85%); H2: 17 (72%); H3: 7 (22%), 8 (13%), or 12 (13%).

The mouse anti-hapten antibody, 26-10, which binds to the cardiac glucoside digoxin
with a nanomolar dissociation constant®, displays the 1-2-4-1-1 canonical structure
pattern typically found in anti-peptide antibodies. Also, the loop lengths of 26-10
conform to those of anti-peptide antibodies in five of the six loops: L1: 16; L2: 7; L3: 9;
HI1: 5; H2: 17 (Table 2-1). The 26-10 scFv is well-expressed in bacteria, highly soluble,
stable, and displays a minimal propensity to form dimers or higher molecular weight
aggregates in solution, making it well-suited for library selection experiments. For these

reasons, even though the 26-10 antibody was elicited though immunization with the heart
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glycoside digoxin, it was selected as the scaffold for construction of an anti-peptide

library.

L1 L2 L3 Hl H2 H3

46 anti-peptide Abs*™ 11, 16

7
26-10 16 7 9 5 17 10
3-23/Jy4-A27md/Jk3 17 7

8,9 5 17 7,8,12

9 5 17 6-8

*(Collis et al., 2003)
Table 2-1. HV loop length of 46 anti-peptide antibodies and both library scaffolds

The HV loops lengths of 46 anti-peptide antibodies, the 26-10 Ab, and the Hu:anti-pep
germline-based scaffold are shown.

An analysis of the contact residues in eight antibodies that bind to small
polypeptides'' and 18 anti-peptide antibodies® was employed to identify specificity
determining residues (SDRs) that occur preferentially in anti-peptide antibodies (Table 2-
2). All 11 SDRs in the co-crystal of 26-10 with digoxin®® (Figure 2-4) correspond to
SDRs found in anti-peptide antibodies in the aforementioned studies, making these sites
candidates for sequence diversification. Positions with solvent-exposed side chains in
26-10 corresponding to SDRs in anti-peptide antibodies were also diversified. To

simplify the construction of the library, termed the M:anti-pep library, diversity was

introduced only in the V. No positions in the Vi were diversified (Figure 2-5).
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Figure 2-4. SDRs of 26-10.
A model of the 26-10 antibody showing the positions of the SDRs (pink) of the heavy
(dark blue) and light chains (light blue).

L1 L2 L3 H1 H2 H3
Position-number ~ 32-20, 30a-15, 50-4,46-3,49-3  91-24, 94-20, 33-16,31-9,35-  47-10 50-20, 52-  95-20, 96-10,
of SDRs in set of  30c-12, 30f-5, 96-17, 92-12, 6,32-3,30-3 18, 56-17, 58-17,  97-8, 98-5, 100-
24 antibodies 30e-3, 30b-8, 93-11, 89-2 53-13, 54-8, 4,100b-4, 92-4,
(26-10SDRsin ~ 27-2,36-2 52a-8,55-7,57-  93-4,99-3,
bold) 4 100a-3, 100c-3,
100d-3, 100e-3,
100£-2, 101-2

Table 2-2. SDRs of 24 anti-peptide compared to SDRs of 26-10.

The SDRs of all the antibodies have been structurally determined. The position of each
SDR is listed followed by the number of antibodies that use that position as an SDR. The
SDRs of 26-10 are shown in bold.
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The positional frequencies of amino acids at all of the SDRs located in H1 and H2 of
anti-peptide antibodies were determined by aligning 103 heavy chains available in the
Kabat database’’. Amino acid frequencies for each SDR position were determined
(Table 2-3). Subsequently, degenerate codons were designed for each SDR of H1 and
H2 with an attempt to encode for the natural diversity of amino acids found at each SDR
position. In some cases, two or more degenerate codons, and therefore two or more
oligonucleotides, were necessary in order to encode most of the expected amino acid

diversity (Tables 2-3) while eliminating termination codons and cysteines.
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Position Target diversity Codon Residues Coverage(%)
Prevalence in natural anti- encoded/extra
peptide Abs (%) residues
H29 F-80 L-10 I-9 HTT FLI 100
H30 T-57 S-29 K-7 N-3 P-1 AVK TSNK/R 99
H31 S-35D-23 T-10 E-9 G-8§ N- RVK SDTEGNR/KA 99
8 R-41-1
H32 Y-71 N-8 T-7F-4S-4 G-2  WHT FSYTN/I 96
A-1C-1
H33 A-21 G-21 W-20-Y-16 T-9  DSG AGWTS/R 74
N-6 F-3 I-1 P-1 S-1 WWT YNFI 26
H35 H-43 N-22 S-21 D-2 E-2 HMT HNSYP/T 90
W-2Y-2P-1K-1L-1C-1
A-1
H47 W-99 Y-1 TGG WY 100
TAC
HS50 R-16 G-15 T-13 N-12 E-11 RNK RGTNEVAS/IMKD 87
V-10 W-8 Y-5 A-4 S-2 TGG Y 8
TAT Y 5
H51 [-94 F-3 S-1 V-1 WYT IFS/T 99
H52A  P-44S-14 T-11 L-6 N-6 F-2 HMT FSLPT/T 91
Y-1G-1
H53 G-23 Y-21 N-20 A-13S-12  TAT Y 21
K-6 D-3 I-1 RVN NKSADG/TER 78
54 N-39 G-30S-13Y-7D-6 T- RRT GSDN 89
4
55 G-58 S-13 Y-11 T-5 V-3 A- RBT ITSVAG 82
2 D-2-E-1-H-11-1 K-1 M-1  THT FSY 12
F-1
56 S-20 G-15 Y-14N-12D-11 DMT SYTNAD 72
A-10T-5V-4E4R-3C-1 RKA VRG/M 22
Q-1
57 T-80 P-7 V-3 S-2 A-2 I-1 NYA LSPITVA 98
K-1L-1Y-1
58 Y-26 N-23 S-13 K-10 T-8 THT FSY 44
H-7 F-4 D-4 E-2 A-1 VMN TAHNKDE/PQ 56

Table 2-3. M:anti-pep library target diversity of H1, H2.
Positions in bold correspond to the SDRs of 26-10. Positions in italics correspond to the
positions of SDRs from 24 anti-peptide antibody co-structures that have side chains
which are solvent exposed in 26-10. See Experimental procedures for the degenerate

codes.
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The length, sequence, and structural variation of the H3 loop implies its importance in
antigen recognition and binding, supported by studies that show this loop contacts the
antigen more than the other loops and that all 20 amino acids occur in this loop in the

natural repertoire of antibodies” **

. The length of the H3 loop was allowed to vary (n=8,
10, and 12) to reflect the length diversity of other anti-peptide antibodies (Table 2-4). In
H3, a consensus pattern for the four amino acid positions just prior to position 103 of
Ala-Met-Asp-Tyr is often observed in natural antibodies®. Similarly, Ala and Arg/Gly

are conserved at positions 93 and 94, respectively’”>",

These consensus sequence motifs
are maintained in the H3 library design. Between four and nine positions of H3 were
diversified in 26-10, depending on the length variation introduced (Table 2-4). Primers
of appropriate lengths were designed using the NNS coding scheme (S= G or C), which
encodes for all 20 amino acids and also one stop codon (TAG). It was hoped that
allowing all 20 amino acids in the randomized positions of this H3 loop of the library will

result in higher affinity clones®.

CDR-H3 positions 95-102

Oligo 93 94 95 96 97 98 99 100 100a 100b  100c  100d 101 102 Length
NNS-10a A SGT NNS NNS NNS NNS NNS Y A M D Y 10
NNS-10b A SGT NNS NNS NNS NNS NNS DSG A M D Y 10
NNS-12a A SGT NNS NNS NNS NNS NNS NNS NNS Y A D Y 12

NNS-12b A SGT NNS NNS NNS NNS NNS NNS NNS DSG A M D Y 12
NNS-8a A SGT NNS NNS NNS Y A M D Y 8
NNS-8b A SGT NNS NNS NNS DSG A M D Y 8

Table 2-4: H3 Diversity.

Sub-libraries encoding H3 regions of different lengths were constructed by introducing
diversity at the positions shown in italics. The codon scheme used at those positions is
indicated. NNS encodes all 20 amino acids; DSG encodes W/S/A/G/T/R.

Following gene construction and ligation into pAK200 vector’>, a total of 5.1 x 10°

independent transformants were obtained. 12 clones, picked at random, were sequenced

52



and found to contain inserts with the expected diversity. The length diversity of loop H3

was also well represented (n=8, 5 out of 12; n=10, 3 out of 12; n=12, 4 out of 12).

Design and construction of combinatorial Hu:anti-pep library

The design and construction of the Hu:anti-pep library has been described'’. Similar
to the M:anti-pep library discussed above, all diversified SDRs in the Hu:anti-pep library
are located in the Vi domain, while the Vi domain is kept constant (Figure 2-5). In brief,
the 3-23 Vi human germline gene recombined with the Jy4 minigene, which is well
expressed in E. coli*’, was used as the Vy scaffold. Diversity was generated at a
consensus of anti-protein and anti-peptide SDRs. Unlike the M:anti-pep library, in the
Hu:anti-pep library, SDRs of high usage were varied with all 20 amino acids whereas
SDRs that make contact less frequently were limited to Tyr, Asp, Ala, or Ser (by using
oligonucleotides with the degenerate codon KMY'"). Tyr and Asp play a dominant role
in antigen recognition, while the Ala and Ser residues allow for space and conformation
flexibility, functioning in an auxiliary role to facilitate contacts between Tyr or Asp and

3435 Position 93 of H3 was fixed to an Ala whereas position 94 was allowed

the antigen
to encode the more typical germline amino acid Arg®® and the amino acid found in 3-
23/144"7, Lys. In summary, the H3 apical region (positions 95, 96-98) as well as
positions 50 and 52 of H3 and position 31 of H1 encoded all 20 amino acids (NNK codon
scheme) whereas positions 30, 32, 33, and 35 of H1, 52a-54, 56, and 58 of H2 encoded
Tyr, Asp, Ala, or Ser (KMY codon scheme). The length of the H3 loop was also

diversified (n= 6 or 8) to reflect partially the type of length diversity seen in the H3 loop

of other anti-peptide antibodies.
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@) HI H2 H3

—
1 10 20 30 40 50 60 70 80 90 100 110
(E0) EEETY PSS PErel PETEY PRrel EEre) PRrey PETEY EXaey ER-Ur) PEPRS PERT) PRrty CErTy REPE PRL-Ucory PRrel RECE] PSS Lo RRrry PRres R
Hu:anti-pep (VH) EVQLLESGGGLVQPGGSLRLSCAASGFTF[] BEMEWVRQAPGKGLEWVS! 1| IGHTHYADSVKGRFT ISRDNSKNTLYLQMNSLRAEDTAVYYCAR YF----DYWGQGTLVTVSS
M:anti-pep (VH) EVQLQQSGPELVKPGASVRMSCKSSGY I FlIMIWVRQSHGKSLDH 1 GNNMIN Y NQKFKGKATLTVDKSSSTAYMELRSLTSEDSAVYYCA| AMDYWGHGASVTVSS

(b)

Green: full diversity. Blue: YDAS. Red: Tailored diversity (Table 2-3)

Figure 2-5. Structure of the Hu:anti-pep and M:anti-pep VH libraries.

(a) Sequence of the VH chains showing randomized positions. (b) Structures of 3-23/Jy-
4 and 26-10 Vi domains that were used respectively as the scaffold for Hu:anti-pep and
M:anti-pep libraries showing the positions that were diversified. Green: fully
randomized positions incorporating all 20 amino acids; Blue positions diversified to Tyr,
Asp, Ala, and Ser; Violet: positions diversified to Arg and Lys; Red positions diversified
to incorporate the most common amino acids at each position found in an alignment of
anti-peptide antibodies in the Kabat database (see Table 2-4 for details).

The Vy repertoire was cloned with a synthetic Vi constructed by modifying the human
germline V,; gene A27, a highly promiscuous light chain, capable of generating antigen-
binding sites that accommodate a wide diversity of antigens’ that is also easily

overexpressed in vivo®™ 3% 4 A27 codes for flat antigen-binding sites and displays a type
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6 canonical structure in L1*'. To modify it to encode a grooved antigen-binding site, the
L1 loop from the germline B3 gene, which is a canonical structure type 3 loop (the
longest canonical structure of L1), was grafted into A27 (Figure 2-6). The hybrid A27md
was fused to the Jkl region to create the complete Vi scaffold. The scaffold gene
assumes a 1-2-3-1-1 canonical structure pattern for HV loops H1-H2-L1-L2-L3, which is
more commonly associated with protein binders”. The Vi HV loops have the anti-
peptide pattern of 1-2 while Vi HV loops lack the quintessential 4-1-1 observed for
peptide binders due to an extra amino acid in L1. The library was cloned into the pHEN
vector'®, resulting in 2 x 10® independent transformants. A total of 20 clones were picked
at random and sequenced. All clones contained the insert and intended diversity with two

clones each containing one stop codon.

Figure 2-6. Sequence of L1 in

Numbering 30 A27mdJxcl _
The HV loop L1 of germline Vi, gene
--1----labcdef. .| B3, with a long canonical loop structure,
A27 CRASQSVSS----- SYLAW  was grafted onto germline V, gene A27.
111 Ii 111 B34§1nd A27 are highly homologous in
L1™ with the exception of the additional
B3 CKSSQSVLYSSNNKNYLAW length in B3. L1 of both genes A27 and

TFTLEVRLLELLLN0L1) ] B3 share akey canonical structural

determining residue (V29, underlined in
AZ7md CKSSQSVLYSSNNKNYLAW B3). Other sequence identities are

indicated with vertical bars.

Selections of scFvs with 2 different peptide targets

The M:anti-pep and the Hu:anti-pep libraries were screened by phage display against
the peptides human angiotensin (AT, 10 amino acids, M.W. 1296 Da) and human
neuropeptide Y (NPY, 36 amino acids, M.W. 4271 Da). Both peptides were synthesized

with a biotin moiety at the N-terminus. Three rounds of panning were performed in each
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case, except for the M:anti-pep library, which was panned against NPY for five rounds.

Enrichment was monitored by polyclonal phage enzyme-linked immunosorbent assay

(ELISA) (Figure 2-7).
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Figure 2-7. Polyclonal phage ELISAs.

Polyclonal phage from the pre-pan through the third or fifth rounds of screening with

Hu:anti-pep (a & b) or M:anti-pep (c & d) libraries against AT (a or ¢) and NPY (b or d).
Individual clones from the last rounds of selection were randomly chosen for

additional screening by monoclonal phage ELISA. Specifically, phage antibodies from

96 individual clones selected at random from the last round were assayed for binding to

either the selection peptide or an unrelated peptide as a control (Figure 2-8). Following

three rounds of selection, 71% of the screened clones from the Hu:anti-pep library

panned against NPY showed specificity to NPY, while 87% of the clones from the
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Hu:anti-pep panned against AT showed specificity to AT. For the M:anti-pep library,

79% of the clones panned against AT showed specific binding after 2 rounds and 96%

after 3 rounds. A total of 99% of the clones from the fifth round of selection of M:anti-

pep library against NPY showed specific binding.
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Figure 2-8. Monoclonal phage ELISA
screening.

Signal-to-noise ratios obtained in
monoclonal phage ELISA assays with
AT or NPY with clones isolated from:
(a) Hu:anti-pep and (b) M:anti-pep
libraries. Results are presented as the
frequency of clones exhibiting a certain
signal-to-noise range. To determine the
signal-to-noise ratio, the binding signals
of phage antibodies were determined
against both the target peptide and the
unrelated peptide. Clones were isolated
from the range with signal-to-noise
ratios greater than 10 for additional
analysis



Sequence analysis

Clones exhibiting a signal-to-noise ratio greater than 10 by monoclonal phage
ELISAs were sequenced (Tables 2-5 and 2-6). 15 clones were sequenced from both the
AT and NPY panning of the Hu:anti-pep library revealing two distinct clones for each
peptide (Table 2-5). For the M:anti-pep library, after two rounds of screening against
AT, nine of 12 clones were distinct. But after the third round, sequencing of twelve
clones yielded only two distinct sequences, one of which, M:ATBS, was already present
in round two. Interestingly, 20 of the 24 total M:anti-pep clones specific for AT contain
the same H2 DNA sequence as the parental 26-10 scFv. In contrast, the round 5 phage
population of M:anti-pep library screened with NPY exhibited a high degree of diversity
and contained 13/15 distinct clones (Table 2-6). Not surprisingly, the sequences of all the
clones isolated from the M:anti-pep library conformed to the 1-2-4-1-1 canonical
structure pattern while all the clones isolated from the Hu:anti-pep library conformed to

the 1-2-3-1-1 canonical structure pattern.

(&)
CLONE CDRH1 CDRH2 CDRH3 H3 length Frequency
29 30 31 32 33 35 47 50 51 52 52a 53 54 55 56 57 58 94 95 96 97 98
3-23/34 F S S Y A S W A1 S G S G G S T Y 12 NA
Hu:AT1 .. DL S s Y . T AY A S . A . R R K D 1 8 13715
Hu:AT2 S T A D A | G S D Y S K N G - - 6 2/15
(b)
CLONE CDRH1 CDRH2 CDRH3 H3 length Frequency
29 30 31 32 33 35 47 50 51 52 52a 53 54 55 56 57 58 94 95 96 97 98
3-23/34 F' S S Y A S W A 1 S G S G G S T Y 12 NA
Hu:NPY1 .. D . A DY w . A Y S . D K R S S H 8 6/15
Hu:NPY2 AW A D Y Y G A Y A S K R T T G 8 9/15

Table 2-5. Alignment of clones isolated from the Hu:anti-pep library:

Alignment of the randomized positions in clones isolated after three rounds of panning of
the Hu:anti-pep library against (a) AT or (b) NPY. The sequence of the scaffold Vg
gene, 3-23/Jy4 is listed at the top. The H3 sequence of the scaffold gene exists only in
randomized form and therefore is not included.
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(@)

CLONE CDRH1 CDRH2 CDRH3 H3 length Frequency
29 30 31 32 33 35 47 50 51 52 52a 53 54 55 56 57 58 94 95 96 97 98 99 100 100a 100b 100c 100d

26-10 F T D F Y N Y Y I S P Y S GV T G G S S G N K W A M - - 10 NA
Rd. 2
M:ATBS I N A . F H - G T . D . A - - 10 3/12(13/24)"
M:ATCIO . N A . S T - R I G W G A M - - - - 8 1/12
M:ATC11 I S T I F H W A S R Y E G D VY NV Q G T G . R - - 10 1/12
M:ATC12 . . . T F S - - .. GV T A M . - - - 8 1/12
M:ATE3 - N . 1 S H G F R N D s G 1Y Q G L L Q K T G A M 12 1/12
M:ATES L N Y W S - - . G K T A M . - - - 8 2/12
M:ATB4 L A T F H - Q GV T AM - - - - 8 1/12
M:ATC6 L AT WH WTSRY D F G TOD * N . Y A M - - - - 8 1/12
Rd. 3
M:ATBS I N A F H G T . D A - - 10 3/12(13/24)"
M-ATG11 I N A F G V. T A - - 8 2/12
(b)
CLONE CDRH1 CDRH2 CDRH3 H3 length Frequency
29 30 31 32 33 35 47 50 51 52 52a 53 54 55 56 57 58 94 95 96 97 98 99 100 100a 100b 100c 100d
26-10 F T D F Y N Y Y I S P Y S GV T G G S S G N K W A M - - 10 NA
Rd. 5
M:NPYA2 I . G 1 WP W G S Q . G GV N I Y R . I P S V L P T A M 12 1/15
M:NPYA3 - - K T A S - WS w o DF G VY R T GV M S . - - - 10 1/15
M:NPYA6 S T . WY W A S . H G DTY . S . L E LY AWM - - - - 8 1715
M:NPYA9 LN . Y TP W G S R S A . I D I S R DHV Y AWM - - - - 8 1/15
M:NPYD8 I S K S W H W M T R H . G F G L N - VN Y A E Y - - 10 1/15
M:NPYE3 . . Rs 1 T W G F . S A DV AV S R L L MS AWM - - - - 8 1/15
M:NPYES 1 N S 1T . W T . R H . . F GV Q R M A Q V CR - - 10 1/15
M:NPYE6 L R .Y G Y W . T Y H D F G A H .. C Q A Y A M - - - - 8 1715
M:NPYG4 1 T N 1 P W T F R Y S DV Y 1 S R P A MWD Y - - - - 10 1715
M:NPYG12 L S ATWH . A F R S . G s . .Y .. Q P P S AV G R A M 12 1/15
M:zNPYH1 I . A1 A . W R F R Y T . T Y VY I K EY A M - - - - 8 1715
M:NPYH8 I K T Y WP W w S W H . bs G VY H W F Q D P M R A M 12 1715
M:NPYSol1l . S T . W S W VvV S R Y G DI AAY P G DY AWM - - - - 8 2/15
M:NPYSol2 L K T T S V S R S D . G P Y L EWWAWM - - - - 8 1/15

Table 2-6. Alignment of clones isolated from the M:anti-pep library.
(a) Alignment of the randomized positions in clones isolated after two or three rounds of
panning of the M:anti-pep library against AT. The sequence of the scaffold VH from 26-
10 is shown at the top. * denotes stop codon. FClone M:ATBS appeared 3/12 and 10/12
times in rounds 2 and 3, respectively. (b) Alignment of the randomized positions in
clones isolated after five rounds of panning of the M:anti-pep library against NPY.
Characterization of soluble scFvs

Based on the monoclonal ELISA sequencing results, human and mouse clones
specific for each of AT and NPY were chosen for further characterization. Proteins were
expressed in soluble scFv form in E. coli and purified by immobilized metal affinity
chromatography (IMAC) followed by gel filtration to remove dimers or higher molecular
weight aggregates. All nine scFv proteins expressed well with seven of nine resulting in
yields of purified, monomeric protein >1 mg/L (Table 2-7). Binding specificity of each
purified antibody was assayed by ELISA using either the target peptide or an unrelated

peptide (data not shown). The kinetics of antigen binding were determined by surface

plasmon resonance on a BIACore 3000 instrument. Briefly, the biotinylated peptides
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were immobilized on a streptavidin chip at a surface density sufficient to give 30 (AT) or
75 (NPY) RUs, respectively, and the kinetics of association and dissociation were
measured. The antibodies isolated from the Hu:anti-pep library in general exhibited
lower affinities relative to the antibodies from the M:anti-pep (Table 2-7). Specifically,
three out of four antibodies from the Hu:anti-pep library exhibited dissociation constants
(Kp values) for their ligands in the micromolar range. In contrast, with the exception of
the anti-NPY antibody fragment M:ATES, five of six antibodies from the M:anti-pep
library displayed Kp values in the 10-100 nM range. This is particularly noteworthy
considering that the Vi domain of the M:anti-pep library had not been subjected to

diversification.
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(@)

Clone Ka (1/Ms) Kq (1/s) Kp %2 Expression

level (mg/L
(HM) of culture)
Hu:NPY1 177 724x10% 4100 2.73 4.8

Hu:NPY2 9.06x10° 4.40x 10* 486 0.589 0.3
M:NPYSoll 5.06x10° 3.81x10* 753 0.731 1.4

M:NPYSol2 1.66x 10* 3.03x10* 182 0489 04

(b)

Clone Ka (1/Ms) Kq (1/s) Kp y2  Erpression

level (mg/L
(I‘IM) of culture)

HuwATI 124 x 10" 0.0139 1130  1.55 1.6

Hu:AT2  2.08x10°  0.0112 5400  3.61 1.3
M:ATGI1 1.13x10° 594x10° 526 0.44 3.1
M:ATE5 127x10° 4.62x10° 3630 0364 28

M:ATB5 2.56 x 10° 3.62x10° 142  0.505 1.5

Table 2-7. BIACore analysis and expression yields of scFv antibody fragments
specific to NPY or AT.

Freshly prepared monomeric scFv protein was used to determine the k, and kg by surface
plasmon resonance on a BIAcore 3000 instrument using biotinylated-NPY (a) or
biotinylated-AT (B) immobilized on different SA sensor chips, as described in the
experimental protocols section. The expression yield was calculated from the amount of
purified scFv protein as determined by a BCA plate assay.

CONCLUSIONS
Examination of the available structures of anti-peptide antibodies has revealed that
they contain similar topographical features, based mostly on loop lengths and canonical

structures. It is reasonable to propose that the similar topography facilitates recognition
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of a general class of antigens, in this instance peptides'” .

Shared sequence-based
features include SDRs common to peptide binders and also the amino acid preferences
displayed at these SDR positions.

The available information on the structure and sequence features of anti-peptide
antibodies was exploited to construct a mouse (M:anti-pep) and a human (Hu:anti-pep)
library. The anti-digoxin 26-10 scaffold of the M:anti-pep library was selected primarily
based on the structural features it shares with anti-peptide antibodies. These shared
structural features include: (i) peptide-specific canonical structure pattern (1-2-4-1-1) for
the HV regions and (ii) loop lengths nearly identical to those of anti-peptide antibodies.
Additional similarities between 26-10 and anti-peptide antibodies were observed in the
SDR usage, indicating that the side chains at the putative SDRs of 26-10 are well
positioned to interact with peptide antigens. 26-10 is also known to bind to peptides*,
perhaps because of its anti-peptide-like binding pocket topography and SDR side chain
orientation. Other desirable features of the 26-10 antibody as a scaffold for synthetic
library construction include its high expression level in E. coli and its thermodynamic
stability™.

The 3-23/ Jy4 Vi chain and the modified V. germline chain A27md segment used for
the construction of the Hu:anti-pep library is also well-expressed™. This scaffold,

without the minor modification to the V| region, is capable of recognizing a wide variety

17; 37 13; 34;

of antigens and has also been validated in several other phage display pannings

» In contrast to 26-10, which is a murine antibody isolated from a hybridoma that had

undergone somatic hypermutation®®, the scaffold of the Hu:anti-pep library is a fusion of

germline genes that have not undergone any prior selection.
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Both libraries incorporated variation only in the Vi chain. The canonical structure
patterns of the Vi chains for both libraries are identical. By leaving the Vi, of the M:anti-
pep library intact, the library maintained the 4-1-1 anti-peptide-like pattern for the V7.
The difference between the libraries’ canonical structure pattern in the Vi chain (3-1-1
for Hu:anti-pep) is subtle: CDRLI1 is one amino acid longer in the 3-1-1 canonical
structure compared to the 4-1-1 arrangement. While the 17 amino acid long L1 loop of
the Hu:anti-pep scaffold is not typically associated with peptide binders, an examination
of the canonical structures available in the PDB database indicates that the 3-1-1 binding
pocket is likely concave enough to accommodate peptides.

The M:anti-pep library incorporated only the diversity observed by aligning known
anti-peptide antibody sequences. Residues were targeted for diversity based on two
considerations: their use as SDRs in anti-peptide antibodies and 26-10, and on surface
exposure. Since the targeted diversity was based on that of existing antibodies, the
number of structurally deficient clones should be lower in this library*’. Although not
buried, position H47 is occupied by Trp in 99% of reported anti-peptide antibodies,
whereas it is a Tyr in 26-10. For this reason, the diversity at that position in the M:anti-
pep library included only Tyr in addition to Trp. Length diversity was included in the
M:anti-pep library for H3, also to reflect the range of H3 lengths of natural anti-peptide
antibodies.

The number of randomized positions in the Hu:anti-pep library (17) was lower than in
the M:anti-pep library (21-25, depending on H3 length). Additionally, the Hu:anti-pep
had a simpler diversification scheme: all 20 amino acids were incorporated at “high use”

SDRs and only 4 amino acids at “low use” SDRs. Varying the positions that correspond
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to frequently used SDRs to all 20 amino acids enabled a large number of possible amino
acids to be explored at the positions critical to peptide recognition. The SDR positions
identified as infrequently used SDRs in other anti-peptide antibodies” '' had diversity
restricted to Tyr, Asp, Ala, or Ser in order to limit the total sequence space of the library.
This limited diversity at the low usage SDRs has been validated for high affinity

1735 Due to the limited role the side chains at these

interactions with protein antigens
positions play in antigen recognition, restricting the diversity to these four amino acids
was anticipated to have only minimal adverse effects on the activity of library clones.

Anti-peptide antibodies to angiotensin and neuropeptide Y were isolated from each of
the two libraries following phage panning in solution. AT and NPY are representative of
peptides having different lengths and solution structures. Although AT is short, at only
10 amino acids, a solution structural analysis™ reveals a persistent short B-sheet in the
middle of the peptide. At 21.8 A in length, AT is only slightly longer than digoxin, the
hapten recognized by the scaffold antibody 26-10 (~19 A). The solution structure of the
larger peptide, NPY (36 amino acids, M.W. 4271 da), with a length of 51 A*, shows a
persistent six turn a-helix at the C-terminus. Thus, AT is close to the size range of the
26-10 binding peptides (15 mers around 1800 da, 26mers around 2900 da) isolated by
Ball et al. **, whereas NPY is much longer.

Isolated clones from each library bound specifically only to their target peptide. Two
high affinity clones, M:ATB5 and M:ATGI11 (Kp values of 14.2 nM and 52.6 nM,
respectively) were isolated from the M:anti-pep library after two (M:ATBS5) and three

(M:ATG11) rounds of selection against AT. Interestingly, three AT-binding clones from

the M:anti-pep library had the same H2 sequence, which is identical to the H2 sequence
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of the scaffold. Since this sequence is present in both the aforementioned high affinity
clones and also in the low affinity clone M:ATES, it is possible that it was isolated
because it was slightly overrepresented in the library as a result of PCR artifacts and may
not reflect the optimal sequence for antigen-binding. However, since the two NPY-
specific clones did not contain the 26-10 H2 loop, it is likely that its selection in the
M:ATBS, M:ATES and M:ATGI11 antibodies reflects a possible structural role in
stabilizing the binding pocket or enhancing specificity for smaller peptides such as AT.
The sequences of the two higher affinity M:anti pep-AT clones, M:ATB5 and
M:ATGl11, are identical except for the H3 region. The H3 length of M:ATG11 (Kp=52.6
nM) is 8 amino acids, while H3 of M:ATBS5 (Kp=14.2 nM) is 10 amino acids. The side
chains at the apex of H3 are not accessible to the binding pocket®® when the H3 loop
length is 10 amino acids or longer, rendering any interaction between the apical positions
of H3 of M:ATES and AT unlikely. A key SDR in the parental 26-10 antibody,
H100Trp, is replaced with smaller amino acids, namely Ala in M:ATB5 and Thr in
M:ATGI1 at position H98 which is equivalent to position H100 when H3 length is eight.
The presence of smaller amino acids could enlarge the binding pocket, allowing the AT
peptide to bind in an orientation analogous to that of digoxin in 26-10. The sequence of
the low affinity M:anti-pep clone, M:ATES, is different from the two higher affinity
clones in H1 as well as in the H3 loop. The H3 loop length is eight amino acids and the
sequence is almost identical to that of the higher affinity M:ATBS5. Lys at position H97
of M:ATES is likely oriented towards the top of the binding pocket and could hinder

entry of AT into the binding pocket compared to the much smaller Val or Gly at this
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position in M:ATGI11 or M:ATBS, respectively. Consistent with this notion, M:ATES
exhibits a slower association rate.

Binders to NPY from the M:anti-pep library were isolated after five rounds of
panning. Although the sequence diversity in round five was still high, additional rounds
of screening resulted in a low polyclonal phage ELISA signal indicating de-enrichment
(data not shown). Two clones showing the highest ELISA signal, M:NPYSoll and
M:NPYSol2, exhibited Kp values of 75.2 and 18.3nM, respectively. The respective
amino acid sequences are distinct, but both exhibit an eight amino acid H3 loop length.
A shorter H3 loop may serve to form a more shallow grove capable of accommodating
the helical structure of NPY '°. The solvent exposed apex of the H3 loop in M:NPYSol2
has two Trp residues. Such solvent exposed hydrophobic patches are often destabilizing
in antibodies®’. However, because of the short H3 of M:NPY2, these two Trp residues
might actually be part of the binding pocket giving the hydrophobic side chains an
opportunity to interact with NPY.

After three rounds of panning the Hu:anti-pep library, two distinct clones for each
peptide target were obtained. The two clones specific for AT, Hu:AT1 and Hu:AT2
exhibited only micromolar Kp values. Despite differences in the length of H3 among the
two clones, the kgs were very similar: Hu:AT1 kg=0.0139 s Hu:AT2 kg=0.0112 s™".
The H3 length of the lower affinity clone, Hu:AT2, is shorter than any of the other four
anti-AT clones from either library. This might result in a more planar paratope surface
which would not be able to interact as completely with the peptide-sized antigens'®. The
two NPY binders isolated from the Hu:anti-pep library differed markedly in their

affinities. Interestingly, for clone Hu:NPY1, an unusually slow association rate (k,=5.09
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x 10°) was primarily responsible for the low overall affinity (Kp=4.1 uM) relative to the
second clone, Hu:NPY2, which exhibited a Kp=48.6 nM. The slow association rate
constant indicates that Hu:NPY1 may have to undergo a rate-limiting conformational
change in order to bind antigen. Alternatively, the two aspartic acids at positions 31 (in
the HI loop) and 58 (H2) could be negatively impacting antigen binding. Recent
computational studies have underscored the significance of electrostatic interactions in
antibody: antigen recognition’'. In addition, Hu:NPY?2 contains a Trp at position 31 (in
H1) compared to a Ser in the lower affinity Hu:NPY1 antibody. The sequence
differences of the H3 loops of these two antibodies are relatively minor. The most
notable difference is the presence of a His at position 98 of Hu:NPY 1 compared to Gly in
Hu:NPY2. Hu:NPY1 may have been selected in part because it is very well-expressed
resulting in a yield of 4.8 mg/L of purified protein, more than 15-fold better than what
was obtained with Hu:NPY?2 (0.3 mg/L).

Possibly due to the flexible nature of peptides in the unbound state and the loss of
entropy in the antibody-bound state™, previous attempts to isolate high-affinity anti-
peptide antibodies from synthetic libraries have led to mixed results. The presence of
few or no reported hits against peptide antigens suggests a lack of peptide specificity in

38:33:34 - Qereening of highly complex synthetic libraries based

previous peptide libraries
on human germline sequences resulted in isolated anti-peptide antibodies with Kp values
> 1uM> . Better anti-peptide antibody Kp values in the high-nanomolar range were
reported for a library constructed by incorporating natural CDR diversity within a single

scaffold™. Anti-peptide antibody affinities ranging from 67-420 nM were reported for a

library constructed by incorporating natural CDR diversity within a single scaffold®®. On
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the other hand, as might be expected, immune repertoire libraries have resulted in
antibodies with far greater affinity (Kp values in the picomolar range) to peptides’’. Most
notably, affinity maturation using ribosome display of an antibody isolated from an
immune repertoire library has even resulted in an anti-peptide antibody with a Kp of
lpMsg.

The synthetic libraries reported here gave rise to antibodies with nanomolar
dissociation constants against two structurally different peptides without the use of
animal immunizations, affinity maturation, or light chain diversification. Analysis of
selected clones provided a preliminary indication that the M:anti-pep library design is
more suitable for the isolation of high-affinity antibodies to peptides relative to the
Hu:anti-pep library. It is important to keep in mind that in both libraries the light chain
was not subjected to diversification and consequently most, if not all, of the binding
energy for AT or NPY likely arose from contacts with SDRs in the V. All the
sequenced clones (Tables 3 and 4) from both libraries maintained the same canonical
structure patterns as the respective scaffold scFvs. Encouraged by this early success in
creating a fertile anti-peptide synthetic antibody library, work is currently underway to

create next generation libraries that include Vi diversification.

EXPERIMENTAL PROTOCOLS
Library Construction

0%> * was first cloned into the

M:anti-pep Library: The anti-digoxin scFv 26-1
pAK200 vector’>. TAA stop codons were introduced into each of the three Viy HV loops

and the resulting gene, “scFv 26-10 stop” was used as the template for the construction of
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the library. The stop codons are repaired during the library construction. Six or 10
putative SDR positions in HI and H2, respectively, and between 4-9 positions in H3
were diversified depending on the length variation (n) introduced (n= 8, 10, or 12).
Diversity was introduced by separate PCR amplification of each of the three CDRs in
the Vi using oligonucleotide primers (Table 2-8) containing degenerate codons using the
codon diversification scheme proposed by Sidhu, et al*’ (Tables 2-3 and 2-4). Length
and sequence diversity of H3 was generated by three separate PCR reactions using
oligonucleotides encoding 8, 10, or 12 amino acids. H1 was amplified using an upstream
vector specific primer and two reverse library primers, H2 was amplified using six
forward library primers and 1 reverse primer, and each of the H3 loops was amplified
using two forward library primers and one downstream vector specific reverse primer
that also amplified the Vi region. High Fidelity polymerase (Roche Diagnostics,
Indianapolis, IN, USA) was used in all PCR reactions to limit mutations to those encoded

by the oligonucleotides.
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Name Sequence Concentration

pAKscFvAmpF  5’-CATGAAATACCTATTGCCTACGGC ImM
HlaR 5’-AGTCTAGAGACTTACCATGAGACTGGCGAACCCAAKDCATCSHADWMBYMBTAADAATGTACCCTGAGGA 1ImM
HI1bR 5’-AGTCTAGAGACTTACCATGAGACTGGCGAACCCAAKDCATAWWADWMBYMBTAADAATGTACCCTGAGGA  500nM
H2aF 5’-GGTAAGTCTCTAGACTGGATCGGGRNKWYTMRKHMTRVNRRTRBTDMTNYAVMNTACAACCAGAAGTTT 500nM
H2bF 5’-GGTAAGTCTCTAGACTACATCGGGRNKWYTMRKHMTTATRRTTHTRKANYATHTTACAACCAGAAGTTT 250nM
H2cF 5’-GGTAAGTCTCTAGACTGGATCGGGRNKWYTMRKHMTRVNRRTRBTDMTNYATHTTACAACCAGAAGTTT 500nM
H2dF 5’-GGTAAGTCTCTAGACTGGATCGGGRNKWYTMRKHMTTATRRTTHTRKANYAVMNTACAACCAGAAGTTT 250nM
H2eF 5’-GGTAAGTCTCTAGACTACATCGGGTGGWYTTGGHMTTATRRTTHTRKANYATHTTACAACCAGAAGTTT 25nM
H2{F 5’-GGTAAGTCTCTAGACTGGATCGGGTATWYTTATHMTTATRRTTHTRKANYAVMNTACAACCAGAAGTTT 25nM
H2R 5’-GCAATAGTATACCGCGGAGTCCTCAGA ImM
H3n=8a 5’-GCGGTATACTATTGCGCCSGTNNSNNSNNSTATGCCATGGATTATTGGGGT 500nM
H3n=8b 5’-GCGGTATACTATTGCGCCSGTNNSNNSNNSDSGGCCATGGATTATTGGGGT 500nM
H3n=10a 5’-GCGGTATACTATTGCGCCSGTNNSNNSNNSNNSNNSTATGCCATGGATTATTGGGGT 500nM
H3n=10b 5’-GCGGTATACTATTGCGCCSGTNNSNNSNNSNNSNNSDSGGCCATGGATTATTGGGGT 500nM
H3n=12a 5’-GCGGTATACTATTGCGCCSGTNNSNNSNNSNNSNNSNNSNNSTATGCCATGGATTATTGGGGT 500nM
H3n=12b 5’-GCGGTATACTATTGCGCCSGTNNSNNSNNSNNSNNSNNSNNSDSGGCCATGGATTATTGGGGT 500nM
pAKscFvAmpR  5’-AAAATCACCGGAACCAGAA ImM

Table 2-8. Oligonucleotide primers used for the construction of the M:anti-pep
library.

The concentration of primers used in initial HV fragment PCR is also given. scFv 26-10
stop in pAK200 was used as template for the construction of all fragments.
pAKscFvAmpF was used to amplify the H1 from the pAK vector and to amplify the final
overlap-extension library insert. pAKscFvAmpR used to amplify H3 from the pAK
vector and to amplify the final overlap-extension library insert. SDR diversity guided by
degenerate codons and varying concentrations of each primer. H3 length diversity
provided by additional NNS codons in H3 primers. In primer nomenclature, “R” refers to
primers used to amplify in the reverse direction from the sense strand, while “F” refers to
primers used to amplify in the forward direction from the anti-sense strand.

Each CDR fragment was agarose-gel purified and extracted using the QIAquick Gel
Extraction Kit (Qiagen, Valencia, CA, USA). The respective fragments were assembled
into the complete scFv by overlap-extension PCR. This reaction included 150ng of DNA
from each of the genes having diversified CDR regions region (i.e. H1, H2, H3s, H31
and H3;,). The full length scFv fragment was PCR purified using the QIAquick PCR
Purification Kit and digested with Sfil (New England Biolabs, Ipswich, MA, USA) at
50°C for six hours, gel purified and ligated, using T4 ligase (New England Biolabs)
overnight at 16°C, into the complementary sites of Sfil-cut phagemid, pAK200™ using a
molar ratio of 2:1 (insert to vector). Ligation reactions were desalted on nitrocellulose

(Millipore, Billerica, MA, USA) and 200ng of DNA were electroporated into E. coli
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XL1-Blue (Stratagene, La Jolla, CA, USA) in 10 separate reactions, recovered, plated on
TYE-2% glucose supplemented with 34pug/mL chloramphenicol and incubated overnight
at 30°C*%3® resulting in library of 5.1x10® independent transformants.

Hu:anti-pep Library: The scaffold of the Hu:anti-pep library comprises the Vi of 3-
23(DP-47)/JH438, and the Vi of A27md and J;. The construction of the Vy repertoire
was described earlier'’. Vy synthetic fragment was purified, digested with Xhol and Sfil,
and ligated into the phagemid vector pHEN1-V A27md/Jx3 as previously described'’.
The library DNA was amplified as above and following electroporation, transformants
were selected by plating on plates containing 100 upg/L ampicillin instead of

chloramphenicol. 2 x 10® independent transformants were obtained.
Degenerate DNA is represented using the IUB code: N=A,C,G,T; V=G,A,C;

B=G,T,C; H=A,T,C; D=G,A,T; K=G,T; S=G,C; W=A,T; M=A,C; Y=C,T; R=A,G.

Phage panning

Library cells were scraped and used to inoculate S0mL 2xYT-2% glucose containing
chloramphenicol resulting in an ODggo of 0.1. The cells were grown at 30°C to ODggo
=0.6 and infected with a 100-fold concentration of VCS-M13 helper phage (Stratagene,
La Jolla, CA, USA). Subsequently, the cells were incubated at 37°C for one hour, spun
down, and resuspended in 100mL of 2xYT containing 0.1% glucose, chloramphenicol as
above and kanamycin at 50 pg/L and incubated overnight at 30°C. Phage particles were
harvested from the cultured supernatant following two rounds of precipitation with 20%
PEGgo00 /2.5M NaCl (Tomlinson Protocol, Geneservice, UK), stored at 4°C and panned

within 18 hours.
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Panning was performed in solution with biotinylated-human angiotensin I (AT) and
biotinylated human neuropeptide Y (NPY) (Genscript, Piscataway, NJ, USA) using
streptavidin-coated paramagnetic beads (Invitrogen, Carlsbad, CA, USA) essentially as
described’”.  Prior to panning the phage with 10uM biotin-peptide, non-specific phage
antibodies were depleted on 100uL naked streptavidin beads without peptide. The
remaining phage antibodies were then incubated with 10uM biotin-peptide in 1 mL PBS
before the phage antibody-biotin-peptide complexes were captured with 100uL
streptavidin beads. The beads were washed vigorously and bound phage were eluted by
incubating the beads with ImL 100mM triethylamine (TEA) for 10 min while rotating.
The beads were separated and the TEA-phage mixture was added immediately to 0.5 mL
IM Tris, pH 7.4 for neutralization. 9mL of E. coli XL1-Blue (ODgy= 0.7) culture were
infected, the cells were plated on selective media as above, colonies were scraped and
used to inoculate liquid cultures for phage preparation as above. The rescued phage

particles were used in subsequent selection rounds.

Phage ELISAs

To evaluate the enrichment of selected phage pools, the binding of polyclonal phage
populations to the target peptide was monitored by polyclonal ELISA. Costar 3590
(Corning) plates were coated overnight’” with 100uL/well biotin-BSA (2ug/mL in PBS)
(Sigma-Aldrich, St. Louis, MO, USA) at 4°C and washed three time with PBS-0.1%
Tween20 (EMD) between reagents and samples. 100uL/well streptavidin (a 10pug/mL
solution in PBS-0.5% gelatin, Jackson Laboratories) was then added for one hour at room

temperature followed by 100uL/well of biotinylated-peptide (2ug/mL in PBS) for one
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hour at room temperature. The plates were blocked with 200uL/well PBS-2% milk for
one hour. 100uL/well of normalized titers of phage antibodies from each round of
panning were added to the plate in PBS-2% milk, in triplicate. After one hour at room
temperature bound phage was detected with 100uL/well of anti-M13-horseradish
peroxidase (HRP) conjugate (1:5000) (Amersham-Pharmacia Biosciences, Piscataway,
NJ, USA) followed by development with S0ul/well TMB substrate (Dako) quenching
with 50uL/well IN sulfuric acid. Plates were read at OD4sp and the signals from
background binding were subtracted from the peptide binding.

To analyze individual clones, randomly selected clones from rounds of panning
showing maximal enrichment by polyclonal ELISA were cultured overnight in microtiter
plates (Tomlinson Protocol, Geneservice, UK). 50uL of phage supernatant from each
well, was collected and added to ELISA plates containing either the target peptide or an
unrelated peptide. The plates were coated and developed as described above for the
polyclonal analysis. A ratio of the absorbance reading for each clone’s ability to bind to

the target peptide and to the unrelated peptide was determined.

Expression of soluble scFvs

Infected cells collected from the last round of panning of the M:anti-peptide library as
described, were cultured in 100mL TB (Difco) containing 2% glucose and
chloramphenicol to an ODgy of 1.5. Plasmid DNA was prepared, digested with Sfil, gel
purified, ligated into pAK400°* and the DNA was transformed into E. coli Jude-1% and
plated on TYE with 2% glucose and chloramphenicol. Cloning into pAK400 allows

expression of scFvs with a C-terminal His tag without fusion to the plIIl.
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Phage from the isolated clones of the Hu:anti-pep library were infected into HB2151
E. coli, an F’, non-suppressor strain (Maxim Biotech, Rockville, MD, USA) to promote
recognition of the amber codon between the scFv coding region and gene III, enabling
expression of his-tagged scFv from pHEN without the plII fusion.

Selected clones from both libraries were grown in 400 mL TB containing 2% glucose,
the appropriate antibiotic and one drop of anti-foam C (Sigma-Aldrich) at 25°C. After 3
hours, ImM IPTG was added and incubation was continued for an additional 4 hours.
The cells were pelleted (5000g x 10min), and the periplasmic fraction was isolated.
Briefly, the cell pellet was resuspended in 10mL ice-cold 100mM Tris-HCI, pH 7.4
containing 0.75M Sucrose and 1mL 10mg/mL lysozyme (Sigma-Aldrich). 20mL of
ImM EDTA was added, the cells were incubated for 15 minutes and then 1.4mL 0.5M
MgCl, was added for another 15 min. The periplasmic fraction was separated from the
spheroplasts by centrifuging the lysed mixture at 12,000g for 30 min. An equal volume
of immobilized metal affinity chromatography buffer IMAC; 20mM Na,HPO,4, 500mM
NaCl, 10mM imidazole, 0.1% Tween-20, pH 7.4) was added followed by 0.5mL washed
Ni-NTA Agarose (Qiagen) for 1 hour. The resin was washed twice in IMAC buffer and
elution was carried out with 4mL 250mM imidazole in IMAC buffer. Monomeric scFv
was further purified by size exclusion gel filtration chromatography on a Superdex 200

column (Amersham-Pharmacia Biosciences, Uppsala, Sweden).

BIACore Analysis

Antigen binding kinetics of monomeric scFvs were determined via surface plasmon

resonance analysis using a BIAcore 3000 (BIAcore-GE Healthcare, Piscataway, NJ,
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USA). Biotinylated peptides were captured on SA sensor chip with the reference cell
containing streptavidin without peptide. Five different concentrations of each scFv were
injected in triplicate over the sensor chips at a flow rate of 30uL/min for 2 min for ka
measurements. Ky was assessed during a 10 min dissociation stage. The chip was
regenerated by a one min injection of 10mM glycine, pH 2.0 followed by a one minute
injection of HBS-EP at a flow rate of 50ul/min. Response curves were generated by
subtracting the response of the reference cell from that of the experimental cell and the
data were analyzed using BIAevaluation v. 3.2. Binding kinetics were calculated by
simultaneously fitting the k; and kg data to a 1:1 Langmuir binding model. Only data fits
with a % value less than 2.5 were used.
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Chapter 3: Analysis of Consensus Mutations in High Error Rate

Libraries of scFv Antibodies

INTRODUCTION

Enhancements to a protein’s function, expression level, stability, ligand-binding
affinity, and other properties can be engineered by sequence randomization using a
variety of mutagenesis strategies followed by selections to isolate improved variants.
Random mutagenesis, commonly performed by error-prone PCR, is one of the most
efficient strategies to sample a large sequence space. Error-prone PCR is a technique
used to introduce random mutations in an amplified stretch of DNA by lowering the
fidelity of the polymerase'. The mutation frequency induced by decreasing polymerase
fidelity can be controlled by varying a number of parameters such the [MnCL]%,
[MgCl,]°, the amount of polymerase', or using forcing concentration of one of the di-
deoxy nucleotides in the reaction' *. Traditionally, random mutagenesis rates have been
kept low in directed evolution efforts to avoid an overabundance of deleterious mutations
causing the inactivation of too many library proteins™ °. Such deleterious mutations from
high-error rates in combinatorial libraries are associated with large-scale perturbations in
the protein conformation or function and with the introduction of stop codons. As a
result, the number of functional clones decreases as the mutational load is increased” ®.
Several studies describe an exponential loss in library activity relative to increasing
mutation rates® °. As the error-rate increases, the number of mutations per sequence in
the libraries also increases. The throughput of most of the methods used to screen

libraries for improvements is often not high enough to sample efficiently the vast
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sequence space of high error-rate libraries. In summary, because high error-rates result in
a library with a small functional fraction contained in a large sequence space that is
difficult to screen, the use of high rates of mutagenesis is not considered to be an
effective method of generating diversity in libraries for directed evolution. On the other
hand, high rates of mutagenesis represent a tractable strategy for sparse sampling of
protein sequence space. Previous reports indicate that the exponentially inverse
relationship between mutation rate and library activity begins breaking down when high
mutation rates are applied to a library, indicating that there are numerous evolutionary
paths to improved fitness” °. High error-rate libraries are more likely to enable the
creation of coupled mutations, i.e. pairs of amino acid substitutions that interact with one

d” % 1% Some of these

another epistatically to enhance function and to be identifie
interacting mutations may directly increase function. Others cooperate to provide protein
enhancements in a more indirect manner. For example, a certain mutation might
destabilize global protein folding, causing it to not be selected despite any enhancements
that it makes to the protein’s function. However, if that mutation can be coupled with a
second mutation that is able to counteract the destabilizing effect of the first mutation, the
enhanced and stable protein can now be selected along with its coupled mutations’.

The variable domains of antibodies have been used in several previous studies to
examine the effects of different mutagenesis strategies on protein function''* '# 13: 141316
Antibodies are well-suited to mutagenesis studies because residue replacement is highly
tolerated throughout the protein, especially in the complementarity determining regions
17

(CDRs), indicating plasticity in terms of folding, specificity, and affinity'®

Conservative (e.g. F=Y) mutations in antibodies variable domains are highly tolerated'®.
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In earlier studies, the high affinity anti-digoxin single chain fragment (scFv) derived
from the 26-10 monoclonal anti-digoxin antibody was used as the parent gene for the
creation of two high mutation rate libraries'’. The libraries were screened by displaying
the scFvs as tethered Lpp-OmpA-scFv fusions on the outer membrane of E. coli,
incubated with fluorescently labeled digoxin, and sorting using fluorescence-activated
cell sorting (FACS). Despite the high-error rate in these libraries, the fraction of active
clones was higher than what would be expected based on extrapolations of the linear

59510 Ty et
o0, Digoxin

relationship of loss in library activity due to high error-rate mutagenesis
binding clones were readily isolated from this library by FACS screening as discussed
above. Sequencing revealed the presence of an average between 4.3 (L2) and 5.4 (L3)
amino acid changes per selected gene, suggesting that even in a highly mutated library,
there are epistatic mutations that retain or improve antibody function. The sequence
alignment of 91 clones isolated from the two high-error rate 26-10 scFv libraries revealed
the appearance of three consensus mutations around CDRH1: Vy24(S=>F), Vii29(F->S),
and Vy34(M->V).

The following sections describe an attempt to determine the role of these high
frequency mutations in improving antibody affinity. Specifically, we sought to evaluate
whether the Viy24(S=>F), Vi29(F->S), and Vi34(M—>V) couple to confer higher cell

fluorescence due to enhanced expression, affinity, or stability and whether the effect of

combining the individual consensus amino acid substitutions is additive.
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RESULTS
Library construction and analysis

An scFv derived from the monoclonal antibody, 26-10'°, which binds with high
affinity to the cardiac glycoside digoxin, was used as the template to create two error-
prone PCR (EP-PCR) based libraries of scFvs (L2 and L3) as described previously'’.
Briefly the scFv proteins were displayed on the surface of E. coli via a fusion to an outer
membrane targeting sequence comprised of Lpp-OmpA'” *°. The fusion protein was
expressed from the Pgap arabinose promoter in the E. coli strain, LMG194. The mean
number of mutations (M) for each of the two libraries analyzed was determined by
sequencing 45 clones from L2 and 46 clones from L3. A mean number of mutations, Mg,
= 15.8 (2.17% of the gene) and my; = 19.8 (2.72%) was thus estimated. The average
number of amino acid mutations was, respectively: 10.5 (4.33%) and 13.1 (5.42%).
Figure 3-1 shows the frequency distribution of mutations per gene (n) among the
sequenced clones from each library overlaid with the predicted Poisson distribution.

The types of substitution mutations introduced at the genetic level from each library
were analyzed (Table 3-1). Mutations at A-T base pairs occur more frequently than at G-
C base pairs in L2, while the inverse is true with L3. In L2, the A>T, A=>G, and G2 A
mutations (along with the complementary mutations) occur more frequently than A=>C,
G—>C, and G>T substitutions. In L3, the trend is reversed with G>A being more
dominant, while A>T and A->C are still prevalent.

Following incubation with a BODIPY-digoxin conjugate, cells were analyzed by flow
cytometry and the most fluorescent clones were isolated”’. The library screening and pre-

screening analysis was performed by Dr. Richard Loo.
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Library clones DNA mutations of DNA number of of amino
sequence amino acid acids
space mutations mutated
mutated per gene
L2 46 15.8 2.17 10.5 4.33
L3 45 19.8 2.72 13.1 5.42

Figure 3-1. Presort analysis of both high error-rate libraries.

The distributions of number of mutations per sequenced clone from each library with an
overlaid Poisson distribution are shown in the two charts. The number of mutations at
both the genetic and amino acid level with the average percent of the gene mutated is also
shown. The 26-10 scFv gene is 753 bp in length.
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L2 (2.17%) Library L3 (2.72%) Library

Type of substitution Number Frequency Number Frequency
A>T, T2A 172 23.7% 103 12.0%
A=>C, T=2G 7 1.0% 7 0.8%
A>G, T=>C 336 46.4% 194 22.6%
G2>A,C>T 188 25.9% 508 59.3%
G=2>C,C>G 11 1.5% 28 3.3%
G-2>T,C2>A 11 1.5% 17 2.0%
A->N, TN 515 71.0% 304 35.5%
G2>N,C>N 210 29.0% 553 64.5%

Table 3-1. Types of mutations.

Mutational spectrum showing the occurrence and frequencies of all the types of
substitutions in the clones sequenced from each library prior to the selections. The
genetic mutation rate for each library is provided in parentheses.

The frequency of fluorescent clones expressing functional scFv antibodies capable of
binding to digoxin was found to be much larger than was anticipated based on low error-
rate library studies. In low error-rate libraries, the number of functional clones is
predicted to decrease exponentially as a function of the average number of mutations®
according to a Poisson model where P is the probability that a sequence will have m

number of mutations, <mp:> is the mean number of nucleotide mutations per sequence,

and e is the base of the natural logarithm®**:

However, in high-error rates libraries, the frequency of mutations follows a PCR-
modeled distribution instead of a Poisson distribution’”. As a result, the predicted
fraction of functional clones in such libraries is much higher than what is predicted from

a Poisson distribution’. A consequence of modeling the process of mutation generation
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by PCR is a much larger variance relative to the Poisson distribution which is no longer
equal to the mean of the distribution’. The model, developed by Drummond, et al.’
reveals that the frequency of active clones in high-error rate libraries is far greater than
that predicted by libraries that have a Poisson distribution of mutations (i.e. low-error rate

libraries). This is the case for of the L2 and L3 scFv libraries analyzed here.

Library Observed Expected Observed-to-
fraction active fraction active* expected ratio
L2 1.2x 10 1.7 x 10” 71
L3 4.1x10™ 1.6 x 10 256

Table 3-2. Library activity.

Prior to selections, the number of observed active clones in each library determined by
flow cytometry is compared to the expected number of active clones, based on an
extrapolation of error-rate vs. activity of lower error-rate libraries. *Expected values
were extrapolated from low error-rate libraries which are characterized by a Poisson
distribution of mutations

Analysis of clones exhibiting increased cell fluorescence

L2 and L3 were screened by FACS for binding to BODIPY-digoxin. In the first and
second rounds, positive clones were isolated after incubating the cell population with 100
nM BODIPY-digoxin. The most fluorescent cells were isolated using the recovery mode
of the flow cytometer that collects cells based on strong fluorescence but also results in
the enrichment of nearby coincident cells. In rounds 3-5, in addition to being labeled
with 100 nM BODIPY-digoxin, the cells were also co-incubated with 2 uM digoxin as a

competitor to select for clones with scFvs that exhibit slower hapten dissociation rates.
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46 colonies were randomly picked from the final round of enrichment of L2 and 45
from L3 and sequenced. A sequence alignment indicated the appearance of consensus
mutations at several positions. Specifically in 62% of the sequenced clones from library
L2 and 35% from L3, the serine at position V24 was changed to a phenylalanine (Table
3-3). Positions 25, 29, 30, 32, and 34 of the Vy, are also mutational hotspots. Table 3-3
shows the frequency that each mutation occurs simultaneously with the mutation
Ser->Phe mutation at position Vi 24. In both libraries, the Ser=>Phe mutation at position
Vi 24 is produced in all clones possessing this mutation through the same base-pair
substitution to the wild-type codon (TCC>TTC). Likewise, the consensus mutations at
Vu positions 25, 29, 32, and 34 of both libraries are produced by only one, repeating
base-pair substitution. On the other hand, the amino acid mutations at Vi positions 6 and

30 are produced by two and three mutant codons, respectively.
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Library Percent mutated: Second mutated Percent mutated:

SerH24 residue SerH24 + 2nd residue
L2 62 GInH6 19
SerH25 24
PheH29 24
ThrH30 29
PheH32 33
MetH34 18
L3 35 SerH25 19
MetH34 15

Table 3-3. Commonly occurring mutations.

Common mutations observed in an alignment of sequences from 91 (45 sequences from
L2 and 46 from L3) randomly isolated clones after five rounds of selection. The
frequency of the most common mutation in each library, S=>F at position V424, is given.
The frequencies that other consensus mutations appear simultaneously with the S>F
mutation at V24 in the sequence alignments are also provided.

Construction and characterization of single amino acid variants of the 26-10 scFv
antibody

Various combinations of the consensus mutations discussed above (at positions Vi 24,
25, 29, 30, 32, and 34) were constructed using site-directed mutagenesis. The resulting
genes were cloned into the pB30D vector and transformed into E. coli LMG194. Cells
were incubated with 100 nM BODIPY-digoxin and fluorescence was measured by FACS.
The clones with the highest fluorescence contained the following mutations: Viy24(S—>F),
Vi29(F->S), and Vp34(M—->V) (data not shown). Based on the fluorescence rank-

ordering, the clones described in Table 3-4 were selected for more detailed biochemical

analysis:
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Name of clone Position(s) mutated Mutation

24 V24 Ser=>Phe
29 Vu29 Phe—>Ser
34 Vu34 Met->Val
2429 Vu24 Ser->Phe
V29 Phe-> Ser

2434 Vu24 Ser->Phe
Vu34 Met—->Val

2934 Vu29 Phe—>Ser
Vu34 Met—->Val

242934 Vu24 Ser->Phe
Vu29 Phe—>Ser

Vi34 Met=>Val

Table 3-4. VVariant clones created by site-directed mutagenesis.

The variants listed were created through site-directed mutagenesis of the 26-10 antibody
to incorporate the listed mutations. These variants reflect the most commonly selected
mutations from the selections of both libraries. The name of each clone and the
position(s) and identity of each mutation are listed.

The variable regions of the genes encoding the mutations shown in Table 3-4 were
cloned into the pMoPacl6 vector™ between the pelB leader and the human constant
kappa domain (huCk)**. Fusion of the variable regions to the huCk generates single
chain antibodies (scAb) which are more soluble and less prone to C-terminal proteolysis
than scFvs®. There is a hexa-histidine sequence (His-tag) fused to the C-terminus of the
huCx domain for ease of detection and purification. pMoPacl6 also expresses the Skp
foldase chaperone that enhances solubility of the antibody fragments without affecting
the expression levels. 440 mL cultures of each clone were grown in shake flasks and
protein synthesis was induced with 1 mM IPTG at room temperature for four hours. The
periplasmic fraction, containing His-tagged scAb protein, of each culture was collected
after osmotic shock. The scAbs were purified from the periplasmic fractions by

immobilized metal affinity chromatography (IMAC). Size exclusion FPLC was then

used to purify the monomeric scAb from dimeric scAb.
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The kinetics of binding and dissociation of the freshly purified, monomeric scFvs to
digoxin were measured by SPR on a BIAcore 3000 instrument. Briefly, digoxin, was
conjugated to bovine serum albumin (BSA) via oxidation of the terminal sugar residues
of digoxin followed by covalent attachment to BSA through reductive amination''. The
kinetics for all of the mutant clones, as well as the wild-type, are listed in Table 3-5. That
statistical analysis on all the data proved significant. Six of the seven variant clones,
except for 34, show similar or moderately lower Kps (between 1.5-fold and 3.5-fold
lower) than the parent gene, 26-10 (4.41 nM), indicating that the mutations are neutral or
enhancing to antigen affinity. The on-rates, k,, of all the variants that contain the selected
F>S mutation at V29 increased from wild-type (1.85x10° M S™) resulting in the
largest enhancement in Kp. The mutations S2>F at V24 and M->V at Vi34 confer a
minor decrease (i.e. enhancement) relative to the wild-type in the off-rate, ks. Even
though these two mutations appear to enhance the kg, in one case they worsen the k, (€.9.
M-V mutation at position Vi34 alone) resulting in a diminished Kp, relative to the wild-
type. The mutations S>F at V24 and M-V at V34 appear to cooperate in a non-

additive manner to lower the kg while increasing the k,, leading to an enhanced Kp.
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Mutant clone ks (1/Ms) kg (1/s) Kp (nM) X
26-10 1.85 8.16 441 0.9

24 2.19 6.27 2.86 1.3

29 6.39 8.43 1.32 0.7

34 1.03 5.96 5.79 0.9
2429 3.07 5.54 1.80 1.2
2434 1.71 4.94 2.89 0.7
2934 3.04 6.19 2.04 1.8
242934 3.36 4.26 1.27 0.9

Table 3-5. Kinetics of 26-10 and mutants determined with BIAcore.
The kinetics of monomeric purified protein as determined by BIAcore analysis using
direct binding are listed. X* is a measure of how well the data are modeled. Any X°
value less than 2.5 is considered highly accurate.

The consensus mutations were selected using directed evolution methods that
previously have been used to isolate antibodies with higher affinities than the parent

antibody'” »°

. The lack of any exceptional affinity enhancements amongst the mutants
suggests that other criteria could have been used to drive the selection of these three
consensus mutations. The FACS-based selection method relies on enhanced fluorescence
of a clone relative to the wild-type, to isolate individual clones from the original libraries.
The fluorescence is directly related to the amount of fluorescently-labeled antigen bound
to the cell-surface displayed antibodies. Typically, the affinity of the displayed antibody
is the primary determinant of the amount of bound antigen and the resulting fluorescent
signal.

However, the expression level of the antibody displayed on the surface of each cell
can also influence the amount of bound antigen and therefore the resulting fluorescent

signal. In light of the results that show the mutations at positions Vy24, V29, and V34

are selected despite the lack of any exceptional affinity improvements, it is important to
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determine if these variants show enhanced expression levels. Variations in expression
level of antibodies, which may explain the selection of certain mutations, are strongly
influenced by the amino acid sequences of the antibody variable regions®®. Single amino
acid substitutions can dramatically alter the expression levels of antibodies’’. The
expression levels of the variants and wild-type protein were determined from E. coli
cultures of each clone that were normalized to the same optical density to ensure that the
same number of cells was used in protein preparations. After purification of scAb from
each clone, the amount of monomer, dimer, and total scAb were determined (Figure 3-2).
Although only preliminary (this was not repeated), clones 29, 2934, and 242934
displayed modestly improved expression levels, compared to wild-type (28% higher,
26% higher, and 27% higher, respectively). In fact, the only scFv that doesn’t express as

well or better than 26-10 was clone 24.
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Figure 3-2. Expression levels of 26-10 and mutants.

(a) Expression levels of the wild-type and mutant scAbs (all combinations of mutations
involving Vy24(S>F), Vu29(F->S), Vu34(M->V)) determined as mg protein/liter of
culture. (b) Percent expression levels of the mutant scAbs compared to the wild-type.

The functional thermostability of each of the isolated antibody variants was assessed
via ELISA. Aliquots of each concentration-normalized scAb protein were incubated at
25°C for 24, 48, and 72 hours. The binding ability of “25°C incubated” scAb and fresh
scAb from each clone was assayed in triplicate using microtitre plates with immobilized
digoxin-BSA. Anti-HuCk-HRP followed by development with TMB substrate was used

to detect the amount of bound antibody. This ELISA assays the effect that 25°C

incubations have on the activity of the scAb, i.e. a measure of functional stability of the
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antibody. As seen in Figure 3-3, the antibodies 29 and 2434 show greatly improved short
term stability after 24 hours over the wild-type antibody. All other proteins, except for
2429 and 34, show some stability improvements over wild-type after 48 hours at 25°C.
After 72 hours at 25°C, the only antibody that does not have improved stability is 2429.
2434 proved to be less stable over the longer term than 29, 24, and 242934, but is more
stable than wild-type. Antibody 29 turned out to be the most stable after 72 hours at

25°C.
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Figure 3-3. Functional stability of 26-10 and mutants.

ELISA was used to determine the binding of each purified monomeric scFv after leaving
it at 25°C for up to three days. The binding signals were compared to the signals of fresh
protein.
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DISCUSSION

The mutational distribution in both high error-rate libraries rejects a Poisson
distribution in favor of a PCR-modeled distribution agreeing with the predictions of
Arnold and coworkers’ for high-error rate libraries of the 26-10 scFv. The variance of
each library exceeds the mean number of DNA mutations, indicating that library activity
follows a PCR-modeled distribution. Based on this observation, it is not surprising that
our libraries have more functional variants than if they followed Poisson statistics as
previously reported’.

The PCR-modeled distribution of mutations, which is applied to high-error rate
libraries, accesses unusual nucleotide subsitutions’. Consistent with this observation, the
nucleotide substitutions in the current study of high error-rate libraries display very
different mutational spectra when compared to previous studies of low mutation rates”.
The results of the types of mutations observed, while not wholly consistent between
libraries (e.g. A>N mutations prevail in L2, G=>N mutations prevail in L3), show a
prevalence in both libraries for A>T, A>G, and G=> A mutations, in agreement with
previous reports* **. Curiously, the most commonly reported and predicted mutations™* **
for high mutation rate libraries, A>T, while common, are not the most prevalent in this
study. The A>G and G>A mutations are the most prevalent in this, including at the
selected mutational hotspots of V24, V29, and Vi34.

PCR efficiency declines inversely to the rate of mutation because the first generation
mutants amplified from the parent gene are persistently copied throughout subsequent

29

cycles and are more likely to retain the wild-type function” Thus, the number of

active clones in a high-error rate library is greater than that predicted by the exponential
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decline seen in libraries that follow Poisson statistics (i.e. low-error rate libraries). In the
case of our libraries, PCR efficiency is likely attenuated due to high error-rates, helping
to explain why the actual activity of the libraries is 71-fold (L2) and 256-fold (L3) greater
than the expected activity.

Coupled substitutions at positions that play little-to-no direct role (i.e. contact) in the
actual antigen binding can provide antibody enhancements”, demonstrating the
usefulness of libraries generated via high error-rates of mutation to discover
unpredictable enhancing mutations” >’. Previous studies have suggested that mutations
selected from combinatorial antibody libraries based on high-affinity templates often
occur in regions away from the contact residues® and are selected due to enhancing
effects on the conformation of the antibody”' or by optimizing the positions of the contact
residue side chains to interact with the antigen’>. None of the three positions (Vy24,
Vi29, and Vy34) that are commonly mutated in the selected clones correspond to an
antigen contact residues in the parent antibody™, suggesting that in addition to enhancing
antigen interactions directly, the mutations at these positions might be selected due to
indirect effects. Other selection effects might include global stabilization of the overall

. 34; 35; 36
protemn™”

, stabilizing the binding pocket during the initial stages of antigen
recognition, or increasing the protein’s expression level”” *’. The mutations at positions
V24 and Vy29 of CDRHI1 from 26-10 were selected in previous high-error rate
mutagenesis selections of 26-10'°. Since CDRHI is not considered to play as important

16; 33
27 selected

of a role in antigen recognition as the other CDRs for the 26-10 antibody
mutations in this region support further the idea that they are selected based on indirect

effects. Both the expression (clones 29, 2934 and 242934) and stability (clones 24, 29,
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2434, 2934, & 242934) were found to be modestly enhanced for the mutant scFvs,
characteristics that might help explain why these mutations were selected.

The Kp is improved (ranging from 1.5 — 3.5 fold higher) over wild-type for nearly all
the common mutations: i.e. in clones 24, 29, 2429, 2434, 2934, 242934. There appear to
be two paths to the highest affinity, Kp ~ 1.3 x 10 M, shared by proteins with either a
single mutation at position 29 or coupled mutations at positions 24, 29, and 34. One path,
the F=>S mutation at V429, demonstrates that by increasing the k, alone, the protein’s
affinity is increased 3.5-fold. The other path, involving mutations at all three hotspots
(Vu24, V29, and Vy34), while lacking the optimal k, seen in the FV{29S protein, uses
enhancements to the kg to reach Kp = 1.3 x 10” M. Significantly, these three mutations
do not appear to synergize, that is cooperate, to enhance the affinity beyond that seen

with the single mutation at position Vy29.
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Figure 3-4. Structural model of 26-10 binding pocket.

This ribbon-structure, using the PDB coordinates for file 11GJ, shows the binding pocket
of 26-10 with its antigen, digoxin (grey and red space-filling balls). The side chains of
each of Vy positions 24, 29, and 34 are shown in red, orange, and blue, respectively.
Note that none of the side chains are oriented towards the binding pocket (figure courtesy
of Clint Leysath).

Position V24, positioned just prior to the beginning of CDRHI'* %, is typically

associated with neutral residues’” 3%

, €0. a Ser in the wild-type 26-10 scFv, and
occasionally hydrophobic residues®’. Since the side chain at this position points into

hydrophobic core of the 26-10 antibody®’ (Figure 3-4), a Ser to the hydrophobic Phe
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mutation should be well-tolerated by the protein and by the CDRH1 without drastically
perturbing its structure. Variation at this position is accommodated by slight differences
in the conformation of the loop region that is outside of the common core of the scFv’".
Although rare at this position, Phe does naturally occur here in other antibodies'*” and it
has been presumed that a hydrophobic residue here will act as a buried anchor point for
the CDR1 loop™ *’. Through its insertion into the backbone of the scFv, the substitution
of a Phe at this position may stabilize the loop of CDRHI increasing the rigidity of the
backbone and the CDR, a role often played by hydrophobic residues on the borders of
CDRs*. The importance of an anchor at position V24 is accentuated in 26-10 because
as described below, position V29, which often serves as loop anchor, is actually solvent
exposed in 26-10 (Figure 3-4), disabling its typical anchoring role. The S—=>F mutation,
selected at position Vi24, enhances the stability of the protein left at 25°C unless coupled
with the F>S mutation at position Vi29. Molecular simulations of the Vi24 (S>F)
mutation (data not shown) indicate that the aromatic ring of a Phe at V24 is near enough
the aromatic rings of Tyr V27 and/or Phe V32 to form either edge-to-face or offset
stacked geometry typical of the m-m interactions between aromatic residues. These
types of aromatic interactions have been calculated to stabilize proteins*' offering a
explanation for the increase in functional stability for mutant protein 24.

The side chain of another position of a selected hotspot position, Vy34 (M—>V), is
imbedded within the backbone of the parent antibody (Figure 3-4) and likely serves as a
CDRH1 anchor™ *” ¥, Of equal hydrophobicity®, the selected M=V mutation at this
imbedded position should also be well-tolerated. Although a molecular simulation of this

mutation indicates no change in structure, the insertion into the backbone of the smaller
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Val at this position encounters less steric hindrance compared with the wild-type Met,
particularly with respect to the side chains of Vi34 and Vi24*®. As an anchor point for
the loop of CDRHI, it is possible that a Val at Vi34 instead of the bulkier Met may
further stabilize CDRHI1. In addition to enhancing stability, the selected mutations at
positions Vy34 and Vy24 apparently affect the nearby contact residues (YVu33 and
NVy35) in such a way as to slow the rate of dissociation of digoxin (decrease the Kg).

The apex (H28-H31) of the loop of CDRH1 maintains the appropriate hydrophobic
residues predicted by the canonical structure paradigm for the loop (described by Chothia
et al.*®). However, in the crystal structure, the side chains at positions 28 (Ile) and 29

33; 39
d>>

(Phe) point away from the core of the antibody and are solvent expose . In most

antibodies, the side chain at Vx29 is hydrophobic3 % 43

, and is inserted into the protein
core constraining the number of loop conformations to the canonical structures™ >°, but
this is not the case for the 26-10 scFv>’ (Figure 3-4). The unusual conformations of
positions 28 and 29 contribute to the crystallographic disorder of the region spanning

positions Vi27-3016 33

. Because the wild-type Phe at V29 is solvent exposed, and not
imbedded in the backbone, its influence over the conformation of CDRHI is likely
limited. Therefore, mutating the Phe>Ser ought to have almost no effect on the
conformation of this loop. In the structures of four proteins that have homologous
sequences to the CDRH1 region of 26-10, (PDB IDs 1KBS5, 1PLG, 1EGJ, and 1YNT) the
side chains of the positions homologous to 28 and 29 are indeed pointed toward the core,
away from the solvent (personal communication from PD Jeffrey). In the other

antibodies, the Phe at position V29 typically packs down against CDRH2. In 26-10, the

interplay between the two loops of CDRHI and CDRH2 at this point is attenuated (but
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not eliminated), due to the conformation of Vy29, potentially leading to greater flexibility
of CDRH2. For example, with the unusual conformation of the Phe V29 directed away
from CDRH2, the Tyr at position V53 at the apex of CDRH2 is less hindered than in the
four other homologous sequences. The substitution of Ser at V29, would likely promote
even fewer electrostatic constraints on Tyr Vy53 enabling more conformational
flexibility of CDRH2. CDRH2 would have more flexibility enabling its one contact
residue Tyr V50 to be slightly closer to the antigen, thereby improving the k; of the H29
mutants, as observed in this study.

Solvent exposed, hydrophobic regions similar to the unusual hydrophobic patch on
CDRHI of 26-10 (Ile V28 and Phe Vi29) are associated with unstable proteins44 and
antibodies®®. In general, disrupting a solvent exposed patch with a polar side chain (i.e.
Ser) will make a protein more soluble and stable®. Consistent with this observation,
when Phe V29 is mutated to the non-hydrophobic, polar Ser, the protein is functionally
stabilized in this study, in all mutants except for clone 2429. It is difficult to offer an
explanation for the poor stability of 2429, especially considering that both mutations
alone offer improvements in functional stability. Equally confounding is the result that
when added to 2429, 34, a rather innocuous mutation as explained below, improves the
stability of the protein.

The selected mutation at Vi34, M=V, is not a significant biochemical change: a
large hydrophobic residue replaced with a smaller, hydrophobic residue. Not
surprisingly, this mutation, alone, does little to stabilize the protein. However, when used
in combination with 24, the protein does become modestly more stable than wild-type.

As the side chains of V24 and Vi34 are practically opposed to one another (Figure 3-4),
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the smaller Val may allow more room for the bulky Phe at V524, a new feature that may
lead to greater stability. This mutation might allow for the Phe at V24 to bury further
and form stronger m-w interactions, as described above.

Based on the structure of the complex between 26-10 and digoxin™ (Figure 3-4), it is
unlikely that these selected mutations enable any new contacts between the mutated
residues and the antigen. However, new contacts at other positions or tighter contacts to
wild-type contact residues cannot be ruled out. Taken individually, these substitutions
may affect the conformation of the non-binding pocket face of CDRHI1 and affect the
conformational flexibility of CDRH2. Together, these substitutions may alter the anchor
points of CDRH1 leading to slightly improved affinity, stability, and expression of the
variant clones.

It is noteworthy that the positions identified as consensus mutations (Vy24, V29,
Vu34) map to a region of the crystal structure that contains high B-factors, indicating
disorder in this region®. Although no functional link has been established in this work,
the data presented can be interpreted as being consistent with the notion that the coupled
mutations somehow provide increased order at this position of the structure, providing an
entropic advantage that enables higher affinity antibody binding. Our results support
previous studies that described the CDRHI1 as being plastic, consistent with the
disordered crystal structure'®.

High mutation rate libraries may be the most direct method to identify coupled or
synergistic mutations, both in and out of the binding pocket, that lead to an enhanced
protein’. In the final analysis, high-error rate mutagenesis was used to create two

separate libraries based on the gene 26-10. Both libraries were able to produce enhanced
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antibodies at a higher frequency than predicted based on an extrapolation of lower error-
rate library activity Vs. error-rate studies. High-error rate libraries are useful to unlock the
constraints put upon in vivo derived Abs by the germ line V sequences, as in the case of
26-10. Separate screenings of both libraries isolated clones that, when sequenced,
displayed identical mutational hotspots at positions Vi24, Vi29, and Vi34.

At the end of these studies, it must be stated that the data were not as conclusive as
one might have hoped. Although suggestive of modest effects, it is not clear that the
identified consensus mutations, when made individually and within groups, tell the entire
story with regard to affinity/expression/stability enhancement of the 26-10 scFv subjected
to high error-rates. Importantly, these consensus mutations were always found in the
context of additional mutations that were more stochastic in nature. It might be that these
additional mutations hold the key to unraveling the full consensus mutation story, a story

whose telling must await much future work.

EXPERIMENTAL PROTOCOLS
Strains, Plasmids, and Reagents

254647 E coli

Plasmids pB30D and pMoPac16 are described above and elsewhere
strain LMG194 was used for all library screening by Dr. Loo, as previously described'”
while the ABLE C strain was used for expression of purified scFvs, as described below.
Oligonucleotide primers were synthesized by Invitrogen (Carlsbad, CA) and New

England Biolabs restriction enzymes were used. Digoxin-BODIPY was synthesized as

. 131
described 7.
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Creating the common mutants

The 26-10 antibody was mutated using site-directed mutagenesis via splicing by
overlap extension PCR described in detail by Horton et al.** to create the mutants
described in Table 3-4. After the PCR, each antibody gene was digested with Sfil, gel
purified, ligated into Sfil cut pMoPac16, and transformed into E. coli ABLE C. The
transformed cells were plated on LB Media (Difco, BD Biosciences, Sparks, MD)
supplemented with 2% glucose and ampicillin (100pg/mL). The sequences of the
antibody genes were confirmed with bi-directional DNA sequencing of plasmids

prepared (Qiagen, Valencia, CA) from randomly selected transformed colonies.

SCADb protein expression and purification

scAb antibody proteins were produced in soluble form and purified from the
periplasm as described®’. Briefly, E. coli ABLE C cells containing the appropriate
pMoPac derivatives were cultured from single colonies in 2mL of Terrific Broth (TB)
(Difco, BD Biosciences, Sparks, MD) supplemented with 2% glucose and 200pg/mL
ampicillin for 10h at 37°C. This entire culture was then used to inoculate a 40mL culture
of TB-2% Gluc + AMP;(, and the cells were incubated overnight at 25°C. The next day,
each 40mL culture was added to 400mL of TB + AMP,y which incubated for 2 hours at
37°C. The cultures were shifted to 25°C for 30 minutes and IPTG (Sigma-Aldrich, St.
Louis MO) was added to a final concentration of ImM. The cells were incubated at 25°C
for 4 hours and pelleted (5000g % 10min). The periplasmic fraction was isolated by
resuspending the cell pellets in 10mL ice-cold 100mM Tris-HCl, pH 7.4 containing

0.75M Sucrose and 1mL 10mg/mL lysozyme (Sigma-Aldrich). 20mL of ImM EDTA
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was added, the cells were incubated for 15 minutes and then 1.4mL 0.5M MgCl, was
added for another 15 min. The periplasmic fraction was separated from the spheroplasts
by centrifuging the mixture at 12,000g for 30 min. An equal volume of immobilized
metal affinity chromatography buffer (IMAC; 20mM Na,HPO,4, 500mM NaCl, 10mM
imidazole, 0.1% Tween-20, pH 7.4) was added followed by 0.5mL washed Ni-NTA
Agarose (Qiagen) for 1 hour. The resin was washed twice in IMAC buffer and elution
was carried out with 4mL 250mM imidazole in IMAC buffer. Monomeric scFv was
further purified by size exclusion gel filtration chromatography on a Superdex 200

column (Amersham-Pharmacia Biosciences, Uppsala, Sweden).

Expression levels of functional scFv

Polyacrylamide gel electrophoresis using 4-20% gradient Tris-glycine gels (Cambrex,
East Rutherford, New Jersey) was used to analyze 20uL of each 0.5mL antibody
containing fraction from the size exclusion gel filtration chromatography under reducing
conditions. The gels were stained with GelCode Blue, Pierce Biotech, Rockford, IL) to
distinguish which fractions contained scAb monomer and which contained dimer. A
bicinchoniric acid (BCA, Pierce Biotech) assay was used to determine protein
concentrations of both the monomer and dimer scFv. These concentrations were
extrapolated linearly to give the expression levels of monomeric and dimeric scAb in

terms of mg/L of culture.
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Protein stability analysis

50uL/well of 4pg/mL of digoxin-BSA conjugate was immobilized on high-binding
Costar 3590 microtitre plates (Corning). Standard ELISA blocking and washing
procedures were used throughout®. Normalized concentrations of mutant and wild type
scAb were left at 25°C for 24, 48, and 72 hours and added to the wells along with fresh
scAb to determine the decay of each scAb’s binding ability. Binding of antibody
fragments was detected with 100uL/well of 1:30,000 dilution of anti-His-HRP (Sigma).
The plates were developed with aTMB substrate kit (Pierce Biotech), quenched with 5N
sulfuric acid and read at 450nm. The optical density at 450nm of each 25°C incubated
scAb was compared to the optical density at 450nm of the respective fresh scAb. The
results for the stability of each scAb are expressed as a fraction of its binding ability

compared to binding ability of the fresh scAb.

Surface plasmon resonance (SPR) kinetic analysis of single chain antibodies

250 response units (RUs) of the digoxin-BSA was immobilized on the carboxy-
dextran surface of CMS5 sensor chip (BIAcore, Piscataway, NJ) using EDC/NHS
activated amine couplingzl. Hank’s buffered saline (HBS) was used as the running and
dilution buffer for all kinetics experiments and the flow rate was kept constant at
100pL/min. scAb proteins in triplicate in one independent trial per clone over a
concentration range of 100pM to 100nM were injected onto the surface of the chip to
determine the association and dissociation rates of the proteins. Antibodies were eluted
and the chip was regenerated with 50% ethylene glycol-HBS, pH 10.0 using a flow rate

of 30uL/min. BIAeval software calculated the association/dissociation rates and
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ultimately the equilibrium constant (Kp) of the antibody proteins to digoxin. k, was

determined from a plot of the [In(dR/dt)]/t versus concentration while kg values were

detemined from a plot of In(Ro/R) versus time.
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Chapter 4: Conclusion and future directions

CONCLUSION

The work presented in this dissertation describes different strategies of creating
diversity in single antibody scaffold genes which are ultimately used to construct
antibody libraries. These libraries were screened for either the de novo isolation of
antibodies to two different peptides or for enhancements to a previously isolated antibody
(26-10) which binds with high-affinity to digoxin. The first two approaches, described in
Chapter 2, used rationally designed randomization with the objective of introducing
diversity biased towards peptide binding. These approaches were validated by isolating
medium to high-affinity, specific single chain antibody fragments (scFv) using phage
display libraries. Specific antibodies were isolated from the M:anti-pep library with
equilibrium dissociation constants (Kps) as low as 14 nM to angiotensin (AT) and 18 nM
to neuropeptide Y (NPY), while the Kps of the highest affinity antibodies isolated from
the from the H:anti-pep were 11 uM to AT and 49 nM to NPY.

One of the main objectives in the design of both of the anti-peptide libraries was to
use scaffolds and diversity that resulted in a library of sequences that were more relevant
to binding peptides than some of the other “single-pot” antibody libraries that often
provide antibodies to peptides with weak or non-specific binding. Three main factors
were considered in the design of each library: 1) which antibody gene to use as the
library scaffold, 2) which positions would be targeted for diversification, 3) and what
type of diversity would be incorporated at each position. Structural features of anti-
peptide antibodies were identified and used to select the 26-10 antibody as the scaffold

gene for the M:anti-pep library. These same structural considerations were not used in
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the selection of the scaffold gene for the Hu:anti-pep library. The scaffold of this library
is based on human germline variable genes and has been commonly used in other
synthetic antibody libraries. Positions in the Vi regions of both library scaffolds were
chosen for diversification based on their high usage as peptide contacting residues in
other anti-peptide antibodies. In the M:anti-pep library, these positions were diversified
using site-directed mutagenesis to reflect the natural diversity at each position in an
alignment of other anti-peptide antibodies. In the Hu:anti-pep library, these positions
were diversified using site-directed mutagenesis to incorporate all 20 amino acids. The
targeted mutagenesis was employed to limit the theoretical diversity, thus limiting the
amount of sequence space to be surveyed in the library selections. Also, by targeting
only potential antigen contact residues, the anti-peptide structural features were left intact
and deleterious effects on expression and stability of the library proteins were likely
limited. The results indicate that the more rigorous approach of the M:anti-pep library
provides antibodies of higher-affinity. In the case of either library, the results are
impressive in that neither starting scaffold antibody binds to the target peptides and the
potential contact residues of only one of the two variable regions have been diversified.
Rather than using targeted mutagenesis and tailored diversity, the approach used for
creating diversity to enhance the 26-10 scFv, described in Chapter 3, employed whole
gene randomization via error-prone PCR at error rates which are typically viewed as
detrimentally high. Despite error-rates that were expected to result in non-functional
libraries, the bacterial surface displayed libraries were active and contained clones that
were easily isolated using FACS-based selections. The sequences of clones isolated from

the libraries contained several selected consensus mutations along with dozens of more
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widely distributed mutations. Clones with combinations of the consensus mutations were
analyzed to determine if the selected mutations cooperate to enhance the affinity,
expression, and stability of the antibody. The results indicate that some of the mutations
may provide higher affinity, higher expression levels, or enhanced stability. If lower-
error rates were employed, the sequences in the library would be less likely to have
multiple mutations. Therefore, coupled, enhancing mutations would be more difficult to

identify than with high-error rate libraries.

FUTURE DIRECTIONS

The isolated anti-peptide clones could be easily affinity matured by randomizing
positions in the Vi regions that correspond to peptide contacting residues in other anti-
peptide antibodies and screening these Vi libraries against the respective peptides. The
anti-peptide libraries can be used as a source of monoclonal antibodies to countless other
peptides. By screening the libraries against additional peptides, the sequences of all
isolated clones can be compared to refine the positions to be diversified and the types of
diversity to introduce in any second generation libraries. Positions with conserved
mutations need not be diversified in subsequent libraries because they might be important
for maintaining a peptide-binding structure, expression levels, or overall stability. This
type of refinement could increase the fraction of well-expressed clones relevant to
peptide binding in the libraries. By limiting the amount of total sequence space in the
library, fewer rounds of selection might be required to isolate high-affinity binders. The
model could be further refined by determining and comparing the atomic co-structures of

both high and low affinity binders bound to the peptide antigens This type of analysis
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would provide insight into which contacts are the most important for binding and if there
are any mutations which position the hypervariable loops for high-affinity interactions.
Variations of the original M:anti-pep and Hu:anti-pep libraries, such as Vi libraries
(with tailored diversity in only the Vi region with a fixed V) or Vi/Vy libraries (with
tailored diversity in both the Vi and Vy regions) could also be created and screened.
Antibodies from these libraries could be affinity matured by shuffling the Vy; regions of
the highest affinity antibodies from Vy region libraries with their counterparts from the

V1 region libraries and screening them for higher affinity antibodies.
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