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Abstract

Recent advances in cancer immunotherapy have demonstrated promising results in the clinic.
However, the success of these therapeutics depends on the availability of a targetable surface antigen.
Moreover, this treatment approach introduces selective pressures to rapidly evolving tumors which can
ultimately result in a fatal drug resistant relapse. These disadvantages could be mitigated by instead
targeting an underlying mechanism of tumorigenesis. Moreover, the resulting new class of therapeutics
could serve as “off the shelf” treatments for multiple types of cancer.

Certain extracellular proteases that are overexpressed in the tumor microenvironment catalyze a
wide range of tumorigenic processes such as metastasis, angiogenesis, activation of oncogenic signaling
pathways and the activation of other proteases. They would therefore be viable targets for this new type of
generalized cancer therapeutic. Targeting these enzymes with traditional small molecule or antibody
approaches remains challenging because of off-target effects and bulky topology around enzyme active
sites.

We hypothesize that by conjugating small molecules to strategic locations on an antibody to
generate protein-small molecule hybrid inhibitors, we can create a synergy between these two inhibition
strategies and therefore overcome the disadvantages of each approach. These inhibitors could have
translational applications as cancer therapeutics and could also be used as molecular biology probes to
further explore the role of extracellular proteases in the tumor microenvironment. Because of the novelty
of this approach, little is known about which small molecules to use, or the optimal positioning of these
small molecules within an antibody to promote the synergy. A randomized library approach would thus
be a valuable tool to be able to simultaneously evaluate different combinations of these parameters.

Herein, we describe the validation of a previously constructed minimalist yeast displayed scFv
library with variation restricted to the CDRH3 loop. All other antibody loops are un-diversified and left at
the germline sequence and therefore do not significantly contribute to antigen binding. This dramatically
expands the positions at which small molecules can incorporated without disrupting antigen binding, as
compared to a canonical antibody. To validate the library, we isolated binding clones against a panel of
model antigens and evaluate them for specificity to the target antigen, extent of off-target binding to
similar antigens, and affinity. Our results show that we were able to isolate binding scFvs from the library
to a panel of model target antigens using a combination of magnetic-bead based and flow cytometry
approaches. Isolated binders had triple digit nano-molar affinity for target antigen and showed no off-
target binding to structurally similar antigen. When taken together, these results suggest that the CDRH3
library as initially constructed can serve as a protein scaffold into which additional chemical functionality
can be incorporated. This library can have broader applications in other cases where it is desired to
engineer additional functionality into antibodies, such as in motif grafting.



Table of Contents

Acknowledgements
Abstract
List of Figures
List of Tables
Chapter 1: Introduction
1.1: The Tumor Microenvironment as a Target for Cancer Therapeutics
1.2: Overview of Antibody Discovery Strategies
1.3: Overview of Display Technologies
1.4: Strategies for Engineering Further Functionality Into Proteins
1.5: Protein-Small Molecule Hybrids as a Novel Approach to Inhibiting the Enzymes of
the Tumor Microenvironment
1.6: Construction of a Minimalist Antibody Library Capable of Accommodating Small
Molecule Functionality
1.7: Description of Thesis Work
1.8: References
Chapter 2: Methods
Chapter 3: Diagnosing Over-biotinylation and Its Implication in Isolation of Non-Specific
Binding Clones
3.1: Introduction
3.2: Over-biotinylation of Sort Antigen Masks Critical Epitopes and Leads to the
Isolation of Non-specific Binders
3.3: Optimization of Antigen Preparation Protocol to Reduce Chances of Isolating Non-
specific Binding Clones
3.4: Conclusion
3.5: References
Chapter 4: Re-screening the CDRH3 Library to Verify Specific Binders Can be Isolated
4.1: Introduction
4.2: Screening CDRH3 Library Against 1gG Panel Yields Novel Clones
4.3: Screening CDRH3 Library Against 1gG Panel Yields Highly Specific Clones
4.4: Clones From CDRH3 Library Bind to Targets With Reasonable Affinity
4.5: CDRH3 Library Fails to Yield binders to Model Enzymes
4.6: Conclusions
4.7: References
Conclusions and Future Work
Appendix

vi
vii

ook Ww

10
15
20

20
21

26

27
28
29
29
30
34
36
38
40
41
43



List of Figures

Figure 1.1. Tumorigenic proteolytic activity of the proteases of the tumor microenvironment
Figure 1.2. Construction of a synthetic antibody library

Figure 1.3. Overview of yeast display system

Figure 1.4. Schematic of antibody grafting

Figure 1.5: Proposed protein-small molecule hybrid function

Figure 1.6. Yeast displayed library diversification approach

Figure 1.7. Description of thesis work

Figure 2.1. Flow cytometry labeling of induced RJY100

Figure 2.2. Gating analysis for fly cytometry using FlowJo software

Figure 3.1. Chemical biotiynlation of target antigen and its applications

Figure 3.2. Absorbance based biotin quantification assay

Figure 3.3. biotin depletions to prevent isolation of non-specific binders

Figure 3.4. Initial binding assay for isolated 1gG binding clones

Figure 3.5. Follow-up binding assay for isolated IgG binding clones using freshly biotinylated
antigen

Figure 3.6. Over-biotinylation of sort antigen leads to the isolation of non-specific clones
Figure 3.7. Antigen competition experiment to evaluate specificity of isolated binding clones
Figure 3.8. Competition experiment between biotinylated and non-biotinylated antigen for sort 1
clones that did not show diminished binding

Figure 3.9. Relative amino acid frequency for biotin binding clones, genuine antigen binding
clones and the un-enriched library

Figure 3.10. Flow cytometry validation of antigen biotiynlation

Figure 4.1. Multiple avidity of magnetic bead-based library enrichments

Figure 4.2. CDRH3 enrichment for IgG screening

Figure 4.3. Percent enrichment represents the percent of all induced cells with any construct
expression that bind to the target of interest

Figure 4.4. Sequencing analysis of boving 1gG binding clones

Figure 4.5. Sequencing analysis of isolated donkey IgG binding clones

Figure 4.6. Biotinylated vs non-biotinylated antigen competition experiment for new clones
isolated in the second CDRH3 library sort

Figure 4.7. Cross-reactivity assay for all non-biotin binding IgGs isolated

Figure 4.8. Titrations on the yeast surface to estimate affinity of isolated bovine IgG binding
clones

Figure 4.9. Binding assay after 4 rounds of bead-based library screening against model enzymes
Figure 4.10. Pymol structures of different lysozyme binding antibodies

25

26
29
31
32

32
33
34

35
37

38
39

Vi



List of Tables

Table 4.1. Model antigens for CDRH3 library validation. 29
Table 4.2. Loop lengths for the DP47-JH4 heavy chain and DPK9-JK4 light chain germlines used 39
in construction of CDRH3 library

Vi






Validation of a Minimalist, Synthetic Yeast Displayed Antibody
Library



Chapter 1: Introduction

\ 1.1: The Tumor Microenvironment as a Target for Cancer Therapeutics

The World Health Organization predicts that cancer diagnosis will increase by 50% and cancer
deaths will increase by 60% by 2030°. Recent advances in cancer immunotherapies such as chimeric
antigen T cells and monoclonal antibodies have demonstrated high efficacy in the clinic!*>. These
therapeutics function by targeting a specific tumor surface antigen with low enough basal expression in
the surrounding tissue*8, However, not all cancers have antigens amenable to targeting by this approach
and characterizing the antigen expression profiles of rare and under-funded cancers remains a challenge!®-
20, Moreover, targeted immunotherapies introduce a selective pressure to rapidly evolving tumors, which
can ultimately lead to relapse with fatal drug resistant disease® 81°, Thus, there is a clear need for a new
class of cancer therapeutics that can target the underlying mechanism of cancer progression instead of
specific tumor proteins. Such a therapeutic would have the potential to treat diverse types of cancer, all
while reducing potential for drug resistant disease relapse.

The tumor microenvironment is an amenable target for this type of therapeutic because of its role
in both early disease progression and metastasis, as well as its uniformity across different metastatic
cancers?3L, The role of the tumor microenvironment in driving disease progression and metastasis has
been linked to the overexpression of extracellular proteases including certain zinc endopeptidases?+-26 30
3233 and serine hydrolases?? 28 31 34-35 a5 well
as other enzymes such as lysyl oxidases?’.

Figure 1.1 depicts different
mechanisms by which these enzymes exert
their tumorigenic effects. On the catalytic
level, they cleave and remodel the

< ECM
extracellular matrix (ECM) to provide a path ,
fOI’ tu mor metastasls and anglogenesls This Cleavage of cell surface Degradation and turnover

proteins e.g. E-cadherin of ECM proteins

ECM cleavage is necessary for the formation

of pre-metastatic pockets which circulating Figure 1.1. Tumorigenic proteolytic activity of the proteases of the

tumor cells can eventually colonize® 27 2% 32 tumor microenvironment. The proteases that are upregulated in the
33, The enzymes of the tumor tumor microenvironment mediate their tumorigenic effects via 3
microenvironment also free membrane- main mechanisms: cleavage of ECM to provide a path for

metastasis and blood vessel recruitment, cleavage of membrane

bound signaling WOIeCUIeS such as EC_;F’ anchored signaling molecules to release into soluble form, and
FGF and WNTs into soluble form which can  activation of other proteases. Taken from Joyce et al. (2009)°.

then regulate oncogenic signaling pathways®
25,3233 Moreover, these enzymes activate other tumorigenic enzymes®>33, Interestingly, the functions of
enzymes of the tumor microenvironment are not limited to catalysis®2. Using motifs far from their active
sites, they can bind to certain receptors and activate pathways that up-regulate cell migration and
proliferation®®, as well as regulate local concentrations of ligands linked to cancer malignancy®’.

Unsurprisingly, there have been numerous efforts to develop cancer therapeutics targeting the
enzymes of the tumor microenvironment. Early efforts focused on small molecules that chelated catalytic
ions, or mimicked enzyme substrates??-?3, However, these inhibitors were promiscuous and had off-target
interactions with different members of multi-enzyme families? %¥-%, This proved to be detrimental to their
success since different members of the same enzyme family catalyze essential physiological functions and
some are even tumor suppressive®. Consequently, patients in trials experienced debilitating side effects
and most of these inhibitors failed out of clinical trials®® 3840,

In light of the shortcomings of small molecule-based inhibitors, recent efforts at targeting the
enzymes of the tumor microenvironment have shifted to using immunizations or antibody libraries to



screen for selective binders that can discriminate between different members of enzyme families*45,
While this approach is effective at isolating specific binders to a given target, it is extremely unlikely to
yield inhibitory antibodies*! 6. The enzyme active site is usually located within the bulkiest epitope on
the surface, and therefore traditional antibodies are too sterically hindered to access the enzyme active
site*’. Still, some inhibitory antibodies against enzymes of the tumor microenvironment have been
isolated. However, these were the result of complicated and labor-intensive screening campaigns®® 4849,
Moreover, this approach is not comprehensive, evident in the fact that inhibitory antibodies have only
been isolated against a limited number of the oncogenic tumor microenvironment enzymes? “°. In
alternative screening strategies, camelid VHH antibody scaffolds have been used to overcome the
challenging steric hinderance surrounding enzyme active sites®®. However, camelid antibodies may be
immunogenic when used in therapeutic applications®..

Alternative protein-based inhibition strategies have attempted to exploit the fact that certain
enzymes of the tumor microenvironment have natural inhibitors. For example, the Matrix
Metalloproteinases (MMPSs) and A Disintegrin and Metalloproteins (ADAMS) share a promiscuous set of
naturally occurring inhibitors called Tissue Inhibitors of Metalloproteinases (TIMPs)2. Attempts have
been made to use computationally guided mutagenesis and directed evolution to engineer TIMPs with
boosted specificity. However, the resulting inhibitors only showed mild improvements in specificity and
still had off target inhibition of other Metzincin super-family members®*°*. Moreover, this approach is
limited to enzymes that have known naturally occurring inhibitors, which is not the case for certain serine
hydrolases and lysyl oxidases?* 2’.

Thus, there is an urgent need to develop a novel strategy for the engineering of a more
comprehensive, selective and potent set of inhibitors for the enzymes of the tumor microenvironment. If
successful, these inhibitors would be applicable as an “off the shelf” approach to treating metastatic
cancer and could also be used as a molecular biology probe to elucidate more information on the roles of
these enzymes in cancer progression.

[ 1.2: Overview of Antibody Discovery Strategies \
Despite numerous challenges, antibody inhibitors of some of the oncogenic enzymes of the tumor
microenvironment have demonstrated their efficacy in mouse models and clinical trials*- 43 55,
Computational and rational design approaches to design binding proteins against a given target have yet
to yield binders with a high enough affinity and high enough success rates to be useful for therapeutic
applications®°. Therefore, animal immunizations or directed evolution with synthetic and natural
libraries remain the favored approaches to isolate antibodies®. Importantly, all three of these approaches
have previously yielded inhibitory antibodies of specific enzymes of the tumor microenvironment?”: 4.4,
Figure 1.2 provides an overview of the synthetic antibody library construction process. In these
libraries, the location of antibody diversity, amino acid diversity profile and complimentary determining
region (CDR) loop length diversity profile can all be precisely specified®-%2, A heavy and light chain
germline sequence are first chosen. These germline sequences act as the scaffold antibody for the library,
on which the desired amino acid and loop length diversity can be incorporated®. Libraries can include
single® or multiple®° germlines. Germlines are selected based on favorable expressibility and solubility,
as well as ability to give rise to binders to the specific target of interest®* 7%, Primers are designed so the
germline DNA can be amplified in a PCR reaction. Degenerate codons are incorporated into specific
primer positions corresponding to where amino acid diversity is desired. NNS and NNK codons are
favored for degeneracy incorporation because of a lower probability of stop codon incorporation, which
would result in a truncated clone®, Carefully selected mixtures of DDNTPs ensure incorporation of a pre-




determined amino acid diversity profile’. Primers are also synthesized with variable length in accordance
to the loop length profile” ¢,
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Figure 1.2. Construction of a synthetic antibody library. An antibody loop length and amino acid library diversity profile
is first selected. The germline sequence is then amplified with primers designed to have degeneracy at specific positions.
Custom mixtures of DDNTPs ensure the desired amino acid profiled is re-created. The resulting DNA fragments from the
PCR reaction contain the germline sequence in addition to incorporated amino acid diversity. These fragments are cloned
into vectors for the display system of choice so that the resulting antibody library can be screened. Specifics on display
svstems are discussed in section 1.3.

Synthetic library design allows for precise control over the location of diversity within the
antibody. Certain locations of the antibody can be diversified, allowing them to mediate antigen binding.
Other locations can be left undiversified. This property of synthetic libraries has been useful in
elucidating the role of certain antibody loops in mediating antigen binding® ™ and in engineering
additional functionality into certain areas of an antibody "2,

In contrast, natural antibody libraries and immunizations require the usage of full antibodies and
are not as amenable to further engineering®® %. Each of these strategies has additional pitfalls as compared
to synthetic antibody libraries. In natural libraries, not all antibodies fold correctly and express well
during screening® 73, This could result in missing potential hits to a target antigen. Immunizations are
limited by antigens that can be recognized as non-self and can therefore not be used to isolate antibodies
against human targets that have a closely related murine analogue unless the antigen is extensively
modified®. Thus, synthetic libraries remain the favored choice for applications where further engineering
of isolated proteins is desired.

| 1.3: Overview of Display Technologies \

A display system is needed to use directed evolution to isolate antibody binders to a given
target’. This system provides a link between genotype and phenotype during screening, where the
genotype is the DNA sequence that encodes for a given antibody and the phenotype is the antibody
itself”>76, When a binder of interest is isolated, the corresponding DNA can be easily sequenced and used
to mass produce soluble antibody. The main display technologies for antibody library screening are phage
display™, yeast display’’, ribosome display’® and mammalian cell display’* 8.

An overview of yeast display is presented in Figure 1.3. In wild type Saccharomyces cerevisiae,
the a-agglutinin transmembrane protein fuses haploid cells together to form a diploid. In the RJY100
strain engineered for yeast display, an antibody fragment is fused to the Aga2p sub-unit of a- agglutinin’.
Because yeast are eukaryotic, post translational modifications are carried out with higher fidelity than in
phage or ribosome display”. Yeast display up to 40,000 constructs on the cell surface’, which creates an
avidity effect during screening®. This means that weaker clones can be isolated than in ribosome display,
which only displays 1 constructs on the surface’®. This is important because weaker clones may be more
amenable to further engineering than stronger clones.

Yeast display has several advantages over ribosome and phage display. To begin with, yeast
display is compatible with flow cytometry””. This can be used to sort libraries with florescent activated
cell sorting (FACS)®, as a tool to assess progression of a library screen, or to estimate the Kp of an
isolated antibody using titrations on the yeast surface’. Other assays can also be done on the yeast surface

4



without the need for production of soluble antibody such as target neutralization or enzyme inhibition
assays*. Also important is the capability of yeast amber suppression machinery to incorporate non-
canonical amino acids into displayed antibodies, which in turn allows for the evaluation of bioconjugates
on the yeast surface®’. For additional assays that require soluble antibody, yeast can secret small amounts
of protein at the end of screening with minimal sub-cloning®. This can be useful for pilot testing before
large scale mammalian tissue
culture. Yeast displayed libraries

are typically screened using Yoasz ol
antigen coated magnetic beads®, o ecreonn ]\ ey

flow cytometry®, or bio panning®. /
Mammalian cell display /<
has all the advantages of yeast &
display, with improved post a-sgghutinin” \_-
translational modification fidelity
and better antibody folding and
expression than in yeast. However,

4 Agalp

Aga2p HA tag
» {Antibody N Terminus)

because of transfection efficiency -, ‘,;‘_fmi;:ﬂ
the library size is limited to 1057
Such a library is too small for a Figure 1.3. Overview of yeast display system. Yeast display system uses an

naive antibody library and is more engineered strain of Saccharomyces Cerevisiae, RJY100, which allows for an
useful for affinity maturation antibody to be fused to the Aga2p surface protein. An N-terminal HA tag and a
) C-terminal Myc tag are also included, which are useful in flow cytometry to

Moreo_ver'_ ng)W_'Up after a round label for full length vs truncated clones. Only one antibody fragment is shown
of sorting is limited by the on the yeast surface for simplicity, although approximately 40,000 constructs
doubling time of the HEK 293 are displayed on the surface of any given cell. Figure adopted from James A.
cells, which is around 24 hours’®. Van Deventer.

Thus, yeast display is extremely advantageous for the engineering of novel protein therapeutics because
of all the assays that can be done on the yeast surface to verify functionality before the production of
soluble protein is required.

\ 1.4: Strategies for Engineering Further Functionality Into Proteins \

The functionality of canonical antibodies can be significantly expanded by engineering peptide
motifs or small molecules into the antibody structure. One such strategy for further engineering antibodies
is through motif grafting, which is shown in Figure 1.4. In antibody motif grafting, a canonical CDR loop
of an antibody is replaced with a specific fragment from another peptide. Grafting is useful to alter the
specificity of a pre-existing antibody®%4, to humanize murine antibodies through the generation of
chimeric antibodies® and to add additional functionality to a pre-existing antibody’*"2. For example,
antibodies that bound a given protein were made to only recognize the phosphorylated form when a
phosphate binding nest was grafted into the CDRH2 loop’?. Motif grafting can also be used to add
inhibitory functionality to an otherwise non-inhibitory antibody. This strategy has been used to replace
the CDRH3 of EGFR binding antibodies with the EGFR dimerization loop™. Resulting clones bound to
and inhibited EGFR dimerization, thereby blocking a signaling pathway implicated in cancer.

In addition to protein-based functionality, chemical functionality can also be added into proteins
using a variety of approaches. In bio-conjugation, a non-canonical amino acid is first added into the
protein using site specific incorporation and then the desired chemical group can be conjugated to the
non-canonical amino acid. This strategy has been used to add post translational modifications to proteins
such as glycosylation® and phosphorylation®®. The strategy has also been used to engineer hybrid
therapeutics that have both protein and small-molecule components. For example, antibody drug




conjugates use this strategy to conjugate
small molecule drugs to antibody framework
regions for the targeted delivery of a toxic
payload®. In some cases, a non-canonical
amino acid alone can be used to engineer
chemical functionality into a peptide,
without the need for the conjugation of a
small molecule. For example, residue
specific incorporation has been used to
replace proline with a boronic acid analogue
in a peptide substrate of DPPIV, a serine
hydrolase implicated in cancer. This
modified the substrate into a potent inhibitor

Antibody Scaffold

R
\

2 '_‘ m Grafted Antibody
1

87 7 S>>
“Donor” Peptide -

of the protease®. Different approaches use
non-covalent strategies to engineer chemical
functionality to proteins. For example, a
promiscuous small molecule kinase inhibitor
was made specific to protein kinase A by

Figure 1.4. Schematic of antibody grafting. Depiction of antibody
grafting. Peptide motif to be grafted into the antibody is highlighted
in red. CDR loops of the antibody are highlighted in yellow, and the
loop to be replaced by the grafted peptide is boxed in black. The
result is the original antibody, with one CDR loop replaced by the
sequence of the grafted peptide, which is highlighted in red in the
final antibody structure.

tethering it to a cyclic peptide that
selectively bound to that kinase. Self-

assembly of a coiled-coil motif around the small molecule was used to attach it to the cyclic peptide®.
Thus, there are many ways to expand basal protein diversity to yield engineered proteins with expanded

functionality over canonical forms.

Tumor Microenvironment

1.5: Protein-Small Molecule Hybrids as a Novel Approach to Inhibiting the Enzymes of the

The disadvantages of small molecule and
antibody inhibition approaches of the enzymes of the

tumor microenvironment may be overcome by combining
the two to yield protein-small molecule hybrids, which is
illustrated in Figure 1.5. These proposed structures rely on

a powerful synergy in which the antibody selectively
delivers a small molecule close to the active site of a
specific enzyme and the small molecule than inhibits the
catalytic activity of the enzyme.

Protein-small molecule hybrids differ from
traditional antibody-drug conjugates in that the antibody
and small molecule act synergistically instead of the
antibody simply delivering the small molecule to its
target, and the small molecule then acting alone. This
approach is powerful in that it allows for non-inhibitory
antibodies to be engineered to become inhibitory.
Moreover, while traditional antibodies dissociate off a
target, protein-small molecule hybrids could in principle
be engineered to be irreversible with certain small

Unique
antigen
feature

Small
molecule
recognizes
active site

Binding protein
recognizes unique
antigen feature

Figure 1.5. Proposed protein-small molecule
hybrid function. The protein-small molecule
hybrids combine the superior specificity of
antibodies with the proven enzyme inhibition
capabilities of small molecules to yield a potent
synergistic inhibitor. Figure taken from James A.
Van Deventer.

molecules. These inhibitors could have translational applications as cancer therapeutics and could also be
used as molecular biology probes to further explore the role of extracellular proteases in the tumor

microenvironment.




The small molecule will be conjugated to the antibody at a non-canonical amino acid residue that
will be site specifically incorporated within the antibody. The non-canonical amino acid will be carefully
positioned such that the orientation of the conjugated small molecule is optimal for interaction with an
enzyme. To summarize, protein-small molecule hybrids combine traditional antibody engineering
approaches overviewed in section 1.2 with methods of adding additional chemical functionality to
proteins as shown in section 1.4 resulting in a novel class of enzyme inhibitors.

1.6: Construction of a Minimalist Antibody Library Capable of Accommodating Small Molecule
Functionality

Because of the novelty of the protein-small molecule hybrid concept, little is known about which
small molecules to use, or the optimal positioning of these small molecules within an antibody to best
promote synergy. A randomized library approach would therefor be a valuable tool to be able to
simultaneously evaluate different combinations of these parameters, without the need to obtain
complicated structural information on antibody mode of binding.

Such a library was previously constructed by Haixing Kehoe and James Van Deventer’. To
maximize the number of positions in the antibody that can be evaluated for small molecule incorporation,
a minimalist synthetic design approach was used to diversify as little of the antibody as possible. In
theory, only diversified regions of the antibody should significantly contribute to target binding, and un-
diversified regions can then be explored for small molecule incorporation.

Previous studies from immunology provided cues as to what the minimal level of antibody
diversity is that can still mediate binding to a target antigen. The heavy chain of an antibody alone is
sufficient to mediate contact with a target antigen. For example, certain camelid species have been shown
to have antibodies composed only of heavy chains®. Within the heavy chain, the CDRH3 loop has been
shown to be the dominant mediator of antigen binding™. This loop is the main source of genetic diversity

within the antibody®!. Mice with antibody repertoires that had been altered to eliminate all diversity

besides that of the CDRH3 yielded high
affinity and specific binders to a wide range
of targets when immunized®. In
computational chemistry studies, the
CDRH3 was shown to contribute most to the
free energy of binding as compared to other
antibody loops®. In antibodies capable of
binding to sterically hindered targets such as
the GP120 envelope of the HIV virus,
abnormally long CDRH3s were found to be
the main mediators of binding®. When taken
together, these previous studies suggest that
in principle, the CDRH3 alone should be
sufficient to mediate antibody-antigen
interactions in a minimalist antibody library.
Indeed, such a library has previously been
constructed in the phage display format®,
but this library was not used for grafting
approaches.

The library constructed by Haixing
Kehoe and James Van Deventer is modeled
after the phage displayed CDRH3 library
originally described by Mahon and
colleagues®. However, our library is
constructed in the yeast displayed format

100b
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Figure 1.6. Yeast displayed library diversification approach.
Shown is an scFv with the antibody framework colored in dark
grey. CDR loops that would ordinarily mediate binding to target
antigen but are left at the germline sequence in the library, are
colored in yellow. The CDRHS3, the only source of diversity in the
library, is colored in red. Also shown is the CDRH3
diversification scheme. All amino acid residues in framework 2
are conserved. Thereafter, the CDRH3 region begins with a
variable length stretch spanning 5-13 amino acids, which is
highlighted in light blue. “X” denotes any amino acid
incorporated according to the frequency found in the human B
cell repertoire. Thereafter, there are 2 positions with a more
restricted amino acid diversity. The final two amino acids that
make up the CDRH3 are conserved as naturally found in the JH4
germline segment®. Numbering shown according to the Kabat
scheme®,



because of advantages in being able to screen for bioconjugates®® and evaluate enzyme inhibition’ all on
the yeast surface. As shown in Figure 1.6, genetic diversity of the library is restricted to the CDRH3. All
other antibody CDRs that usually mediate contact with antigen were left un-differentiated at the germline
sequence. The antibody germline sequences were selected based off those used in the previously
described CDRH3 library®4. The DPK9-JK4 germline was used for the light chain and the DP47-JH4
germline for the heavy chain. These germlines have favorable expressibility and solubility characteristics
and have been shown to be thermodynamically stable® %, These germlines appear in the human B cell
repertoire with a high frequency®.

Figure 1.6 shows the library diversification scheme. Diversification begins at the first residue in
the CDRH3 according to the Kabat numbering scheme?, and spans a variable length of 5-13 amino acid
residues thereafter. The amino acid repertoire at these positions is randomized to include all 20 canonical
amino acids, with the probability of incorporation mimicking that found in the human B cell repertoire. In
the profile, the frequency of cystine was kept low because disulfide bonds can disrupt antibody
structure®. Similarly, tryptophan appears infrequently in the library because this residue is implicated in
polyspecificity®. In contrast, the frequency of tyrosine is high because this residue has been shown to be
the dominant residue in mediating interactions with antigen®. After the variable length stretch of amino
acid diversity, there are two positions with a more limited amino acid diversity. The final two positions in
the CDRH3 from the JH4 segment of the germline® are left undiversified. The full range of possible
CDRH3 loops for our antibody are 9-17, which mimics part of the distribution in the natural repertoire of
2-26°. Because the CDRH3 library sought to mimic human amino acid diversity and loop lengths, it is
considered a natural mimic library.

The library has 1.3x10°total clones. Of those clones, an estimated 1.1x10° are full length, with
the remainder being truncated. This library is the maximum size that can screened using yeast display at
liter scale’”.

Because of the protein expression limits of the yeast display system, the library is not a full-
length 1gG library, and instead is a single chain variable fragment library (scFv). scFvs contain both the
heavy and light chain of the antibody variable fragment, joined together by a glycine rich linker*. The
antibody Fc region, as well as the second Fab are missing from an scFv. If full length 1gGs are desired,
scFvs can be cloned into an Fc at the end of screening efforts to create an scFv-Fc fusion. To summarize,
the CDRH3 library will act as a protein scaffold into which additional chemical functionality can be
incorporated into any of the un-diversified regions of the antibodies.

| 1.7: Description of Thesis Work

The baseline protein diversity
of the eventual hybrid library must Construct antibody library capable of
firSt be Validated before additional incorporating addmonal chemical diversity
chemical functionality can be

incorporated, as shown in Figure 1.7. Yt *’“’""’ "‘“"b“y bt

This is the topic of this thesis work. »
Other levels of library diversity will Expand library dwedrsnv by adding in chemical *

be discussed in future works. S, ) '

deSCFied in SeCtion 16 W|“ be to Validate expanded diversity hybrid library
expand it from the basal CDRH3

am_mo acid ‘r_md IQOp_ Iength _d'V_erS'ty Figure 1.7. Description of thesis work. All steps required to developing the
to include diversity in positioning and protein-small molecule hybrid library are described in sequential blue
types of small molecules incorporated boxes. The box colored yellow is the focus of this thesis work. The level of
into the scFvs. The resulting library library diversity corresponding to each step is shown to the right. Figure
can be used to screen for protein-small ~ 20apted from James A.Van Deventer.

molecule hybrids against an enzyme

of interest.

The end goal for the library as ‘ "‘ . i * i i



The methods for all experiments conducted as a part of this thesis work are described in chapter
2. Before validating the library, the lab’s antigen preparation and library screening protocols had to first
be optimized, which will be discussed in chapter 3. Then, the library could be validated as described in
chapter 4 by screening against structurally similar antigens: 1gGs from different animal species. This
serves as a proof of concept for the goal of the library, which is to target specific enzymes of
superfamilies for inhibition. Resulting clones were probed for cross reactivity to different IgGs and their
dissociation constant to target antigen. Lastly, we propose modifications to the initial library design to
allow for isolation of binders to smaller enzymatic antigens, which is described in conclusions and future
work.
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Chapter 2: Methods

| 2.1: Yeast Culture™ |
The Saccharomyces cerevisiae strain RJY100 was used for all experiments. For induction of a polyclonal
population or naive library, 10-fold the clonal diversity was first inoculated in SD-CAA media in a
volume large enough to keep culture below ODsqyo 1. For single clone populations, 200uL of saturated
stock culture was inoculated. Cultures were grown at 30°C with shaking at 300RPM to saturation.
Following saturation, cultures were diluted to ODsgo 1 in SD-CAA and allowed to double to ODeqoo 2 While
incubating at 30°C and 300RPM. Following doubling, cells were spun down at 2400xg for 5 minutes to
remove SD-CAA and re-suspended to ODggo 1 in SG-CAA. Cells were then incubated at 20°C and
300RPM for at least 16 hours prior to flow cytometry or library sorting. All cultures are supplemented
with 1x pen/strep (Sigma Aldrich).

| 2.2: Antigen Biotinylation \
Antigen Biotinylation: Full 1gG purified from non-immunized animal serum (Jackson Immuno-
Research) was diluted from stock concentration to Img/mL in ice cold 1xPBS. Lyophilized hen egg-white
lysozyme, bovine pancreases RNAase A (Sigma Aldrich) and horseradish peroxidase (Pierce Scientific)
were prepared in Img/mL solutions in ice cold PBS. 100mM EZ-Link NHS-LC biotin solution (Pierce
Scientific) was prepared in DMF (Sigma Aldrich) and mixed vigorously to dissolve by pipetting. For all
protein, reactions were carried out at room temperature for 30 minutes with 100uL of sample®. For IgGs,
3-5-fold molar excess of biotin solution was added. For enzymes, 2-fold molar excess of biotin solution
was used. Reactions were quenched with 10uL of 0.5M TRIS, 0.02%NaNs pH 7.4. Protein was desalted
in two sequential Zeba Spin Desalting Columns with 7K MW cutoff (Thermo Fischer), which were
prepared and used according to the manufacturers specifications®. The concentration of the flow through
was measured using Nano Drop One (Thermo Fischer).

Validation Assay: The extant of biotinylation was estimated using the HABA/Avidin kit (Peirce
Scientific) according to the manufacturers instructions®. The well plate was blanked sequentially by
shaking at 150RPM for 1 minute and reading absorbance values at 500nm until readings were within
+0.05AU. This was repeated for reading absorbance with protein sample. Extent of biotinylation was then
calculated using the HABA/Avidin kit online tool**,

| 2.3:Library Screening™ \
Naive Library: For naive library sorts, 10%° cells from the 10° membered CDRH3 library that had
previously been depleted for murine FC, biotin and streptavidin were inoculated in 1L SD-CAA and
induced as described above. 1.5x10% cells per antigen sort track were spun down at 2400xg for 5 minutes
to remove SG-CAA media. Cells were washed 3x in ice-cold PBSA and re-suspended to a final volume
of 15mL. 52.5uL of Biotin Binder Dynabeads (Thermo Fischer) were diluted to 1mL in ice cold 1XPBSA
and washed 3x with ice cold PBSA on a Dynamag-2 magnet (Life Technologies). 174 pico-moles of
biotinylated antigen was added to the beads and beads were incubated at 4°C with rotation for 2 hours.
Following incubation, the beads were again diluted and washed 3x in ice cold PBSA on the magnet before
being re-suspended back to their original volume. 50uL of beads were added to cells and 2.5uL were
saved for flow cytometry validation. Cells were incubated with beads for 2 hours at 4°C for 2 hours.
Following the incubation, the 15mL of cells were divided to 1.5mL tubes and incubated on the Dynamag
for 5 minutes. Supernatant was aspirated off and discarded. Retained beads were washed with ice cold
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PBSA 1x for 2 minutes on the magnet. Beads were rescued by re-suspending in 100mL SD-CAA
supplemented with pen-strep and allowed to grow up to saturation at 30°C with shaking at 300RPM.

Further Library Enrichments: The rescue was induced according as previously mentioned. 1.5x10°
cells were prepared the same way as the naive library for sorting but were re-suspended to a final volume
of 1mL. Beads were also prepared according to the same general methodology as the naive library sort. In
further enrichments, antigen beads were prepared by adding 42 pico-moles of biotinylated antigen to
12pL of washed beads. Biotin coated beads were prepared by adding 1pL of 50nM D Biotin (Sigma
Aldrich) solution in DMSO (Sigma Aldrich) to 10pL of washed beads. In further enrichments, cells are
first depleted for streptavidin and biotin followed by a second streptavidin depletion before a positive sort.
For depletions, cells were incubated with 10uL of the appropriate beads for 1.5 hours at 4°C with rotation.
Supernatant was recovered and carried over to the next depletion or positive sort and beads were
discarded. The positive sort and rescue was run the same as in the naive library screen, only this time
beads were washed 2x before rescue. Further library enrichments were repeated a total of 2x before
progressing to flow cytometry sorting.

| 2.4: Flow Cytometry
FACS Sorting: 2.0x10” induced cells were

2° : Streptavidin 488 or Anti-biotin PE

diluted to a volume of 1mL PBSA and N,
washed 3x in ImL PBSA in 1.5mL tubes by s Y /‘>E

- - v |//
spinning down at 12,000RPM for 30 secorlds, 29: Goat anti-chicken 647 "é b
(_alsplratlng off supernata}nt, and re-suspending S SRE" ~_10. sotinylated Antigen
in 1XxPBSA. After the final wash, cells were T e o 411
re-suspended in 50pL of 50nM or 250nM 1°: Chicken anti-Cmyc —* | Binding scfv
biotinylated antigen and 1/500 dilution of CmyeTagliulliengtivespression)
chicken anti-Cmyc antibody (Gallus Figure 2.1. Flow cytometry labeling of induced RJY100.
Immunotech) in PBSA. The PE single color Yeast are first labeled with a primary label mixture
control was a Donkey IgG isolated single consisting of biotinylated antigen and an anti-Cmyc
clone and was labeled with only 50nM antibody. Goat anti-chicken 647 then labels the anti-Cmyc
biotinylated donkey IgG. The Alexa Flour antibody and streptavidin 488 or anti-biotin PE labels the

647 single color control was labeled with only biotin on the antigen. The secondary labels are what are

a 1/500 dilution of Cmyc. Cells were read by the cytometer.

incubated at room temperature with rotation

for 30 minutes. After the incubation, cells were diluted with 1mL ice-cold PBSA and kept on ice. Cells
were washed 3x at 4°C and after the final wash, re-suspended in 50uL of 1/250 dilution of anti-biotin PE
(eBioscience) and goat anti chicken Alex Flour 647 (Life Technologies) and allowed to incubate at 4°C
with rotation for 15 minutes. The PE single color control was only labeled with the anti-biotin PE and the
Alexa Flour 647 control was labeled only with goat anti-chicken 647. After the incubation, cells were
diluted with 1mL ice-cold PBSA and washed 2x at 4°C. Cells were left in the dark and on ice until
sorting. Sorting was performed by the Tufts University School of Medicine Flow Cytometry Core using a
BD Aria cell sorter. An upper and lower gate was drawn for each sample (see appendix) and a minimum
of 10,000 events per gate were collected. Cells were collected in 5mL SD-CAA with pen-strep and
allowed to grow up to saturation.

Binding Experiments: Labeling for binding experiments was performed the same as for FACS sorting.
2.0x106 cells were used. In some experiments, streptavidin Alexa Flour 488 (Life Technologies) was used
instead of anti-biotin PE. In these cases, a single-color Alexa Flour 488 control was prepared in the same
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way as the 647 single color control, using Goat anti-chicken 488 as the secondary label. Samples were
read on an Attune NxT Cytometer, and 10,000 events were collected per sample.

Bead validation experiments: 2.5uL of antigen-coated and washed beads were re-suspended in 50pL of
a 1/250 dilution of either streptavidin 488 or anti-biotin PE and incubated on the rotator wheel at 4°C for
15 minutes. Further washing and data collection was carried out as described for binding experiments.

Biotinylated Antigen Competition Experiments: 2.0x10° induced cells per sample were placed in the
appropriate wells of a 96 well plate. Cells were diluted to 200uL 1XxPBSA and spun down at 2400xg for 5
minutes. The plate was shaken out to decant supernatant. Cells were re-suspended in 200pL PBSA and
washed a total of 3x. Competition cells were re-suspended in 50uL PBSA with 1 or 5uM non-biotinylated
antigen and 1/500 chicken anti-Cmyc. Secondary label control and biotinylated antigen only conditions
were re-suspended in 50uL PBSA with 1/500 chicken anti-Cmyc. Cells were incubated for 30 minutes at
room temperature on a plate shaker at 150RPM. After the incubation, the plate was kept on ice. Into the
biotinylated antigen and competition condition, enough biotinylated antigen for a final concentration of
50 or 250mM was added. Cells were mixed and incubated on a plate shaker at 150RPM for 15 minutes at
4°C. After the incubation, cells were diluted to 200uL ice cold PBSA and washed 3x at 4°C. Cells were
re-suspended in 50uL PBSA with 1/250 dilution of streptavidin 488 and goat anti-chicken 647 and
incubated for 15 minutes on a plate shaker at ISORPM for 15 minutes at 4°C. After 15 minutes, cells were
washed 2x in PBSA and left on ice in the dark until reading on the flow cytometer.

Titrations on the Yeast Surface”™: 1.5x10° induced cells were diluted to 1mL 1xPBSA in a 1.5mL tube
and washed 3x at 12000RPM for 30 seconds. After the final wash, cells were re-suspended to 1mL
PBSA. 300pL of those cells were aliquoted and 0.3pL of chicken anti-Cmyc was added. The tube was
vortexed gently to mix.

Triplicate titration plate was A " Colls B\

prepared by making 53.3uL ] L I a4

of 1.25uM of biotinylated Sngle Cells

antigen. 8 4-fold dilutions & 89.4%

were performed across '

triplicate conditions in the e

plate and one PBSA blank e e

condition. 10uL of Cmyc s o | D wlw =] E joe f—
93 0.091% 0% 10°] 0.25% 0.30% 1204 59% 1%

cells were added to each
well. The plate was

incubated at 150RPM at _
room temperature Ja Q4 Ja o4

90

Count

Antigen Binding
=)

Antigen Binding
=)

60

overnight. The next day, the wioes | w ] Gjss | aem)|
experiment was continued
with secondary labeling as Cme Exaresaion
described for the Figure 2.2. Gating analysis for flow cytometry using FlowJo software. A)

Debris are gated out using SSCA vs FSCA plot. B) Doublets and triplets are
gated out using FSCH vs FSCW plot. C) Vertical quadrant line is positioned
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competition experiment.
1/500 dilutions of
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were recorded per sample on the cytometer instead of the usual 10,000 events.

Data Analysis: All analysis was carried out using FlowJo software. Figure 2.2 shows flow cytometry
gating. Debris were first gated out from the yeast population using the negative control sample on an
SSCA vs FSCA plot. Doublets and triplets were then gated out from single cells using FSCH vs FSCW
plot. In cases where scatter plots with quadrants was used, the vertical line of the quadrants was
positioned by using the negative control sample in such a way that all negative cells fall in Q1. The
horizontal line was positioned using the AF 647 single color control sample in such a way that minimal
cells are in Q3.

In cases where histograms were used, single cells were first gated out for analysis. Induced vs un-
induced cells were separated using Cmyc signal. The induced population was then placed on a histogram
corresponding to antigen binding level. For titration experiments, the median florescence intensity (MFI)
for the antigen binding signal was recorded for both the Cmyc positive and negative populations of a
given sample. The MFI of the positive sample was subtracted from that of the negative sample. The ratio
of the MFI for the sample with the highest antigen concentration to that of all subsequent samples was
taken to get normalized binding. This data was then input into GraphPad Prism 7 software. A curve was
fit to the data and the Kp was estimated including standard error and 95% confidence interval using the
binding-saturation, one site specific binding model.

| 2.5: Isolation of Single Clones and Sequencing \
Isolation of single clones: Following FACS sorting, the recovery yeast population was mini-prepped
according to the manufacturer’s instructions (Zymoprep)*®. Instead of using 2mL of fresh culture at
ODrqo of 2, 5mL of culture was used. Instead of using the included mini-prep columns, columns from a
separate E Coli mini prep kit were used (Epoch Life Sciences). Wash buffer from the E Coli mini prep kit
was also used. The column was stood for 5 minutes to elute DNA instead of the recommended 2 minutes
and sterile water was used instead of the provided elution buffer. The concentration and purity of plasmid
DNA was measured on the nanodrop one.

Sequencing of single clones: The plasmid DNA from the yeast mini prep was transformed into
chemically competent ZH1a E coli. Plasmid DNA was mixed with cells in a ratio of 1:10. Cells were
incubated on ice for 30 minutes, followed by a 45 second heat shock at 42°C and a 5-minute incubation
on ice. Cells were recovered in 500pnL SOC media for 1 hour at 37°C with shaking at 200RPM, before
plating on LB AMP plates and growing overnight at 37°C. Depending on the estimated clonal diversity,
anywhere from 10-25 single colonies were picked to submit for sequencing. Sanger sequencing was
performed by Quintara Biosciences. Sequencing was performed using both forward and reverse primers
specific to the PCT-CON 2 yeast display system plasmid.
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Chapter 3: Diagnosing Over-Biotinylation and Its Implication in
Isolation of Non-Specific Binding Clones

| 3.1: Introduction |
Biotinylating target antigens is important for both antibody library screening and flow cytometry

assays. In library screening, streptavidin-coated magnetic beads are coated with biotinylated antigen to
isolate binding yeast from the rest of the population®. In flow cytometry binding experiments, the biotin

on the antigen can be labeled
with a fluorescent streptavidin
conjugate. This in turn allows
for the detection of antigen
binding on the yeast surface™
103.

There are two main
methods to biotinylate an
antigen of interest: enzymatic
and chemical. In enzymatic
biotinylation, a specific tag
sequence is cloned into the
expression vector for the
antigen of interest at the
location desired for biotin
incorporation. An enzyme
then incorporates exactly one
biotin to the tag. This method
is advantageous because of its
robustness. Only a single
biotin is incorporated per
protein molecule at the same
position®. However, this
method only works with the
proper tag cloned into the
antigen expression vector. It
thus cannot be used with
purchased antigen or antigen
from collaborators®,
Moreover, uniform
positioning of the biotin could
mask critical antigen epitopes
during library screening since
the same antigen surface is
positioned against the
magnetic beads. In contrast, in
chemical biotinylation (Figure
3.1), an NHS cross linker
conjugated to the biotin reacts
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Figure 3.1. Chemical biotinylation of target antigen and its applications. In chemical
biotinylation, a linker on the biotin reacts with free amines from lysine residues or
the N-terminus of the antigen. The result is antigen with biotins at variable positions.
This antigen can then either be used to coat streptavidin beads for library screening
or for flow cytometry experiments where the biotin on the antigen is labeled with a
fluorophore. The antigen is represented by the white globular protein. The biotin is
represented by the black circle with a red “B” and the NHS-LC cross linker is
represented by the black line. The biotin is not drawn to scale and is approximately
1/1000 the size of the antigen itself.
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Figure 3.2. Absorbance based biotin quantification assay. An absorbance assay can
be used to quantify the extent of a chemical biotinylation reaction. The main reagent
of the assay is a HABA/avidin complex. When mixed with biotinylated antigen, the
biotin displaces the HABA in the avidin, resulting in a change in absorbance at
500nm. This absorbance change can be used to calculate the ratio of moles biotin to
moles antigen.
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because a random Figure 3.3. Biotin depletions to prevent isolation of non-specific binders. To prevent the isolation
distribution of of clones binding to biotin instead of to the target antigen, negative selections are performed
biotin reduces the before each positive screen for both bare beads and beads coated in biotin. White yeast represent

risk that a critical antigen binding clones, grey yeast represent bead non-specific binders and black yeast represent

. . . biotin non-specific binders. Red boxes show the population from each screening step that are
antigen epitope will carried over to the next step. Sorting is repeated until the desired enrichment is achieved in the
be fully masked rescue population.

during library

screening. Moreover, this method does not require any cloning and thus can be used on purchased antigen
or antigen from collaborators. The disadvantage of this method is it is difficult to control the extent of
reaction to get the desired number of biotins per protein molecule!®. An uncontrolled reaction can lead to
the isolation of non-specific clones that bind to biotin instead of the antigen of interest.

In this thesis work, we prepare antigen using chemical biotinylation because we wanted to be able
to screen against both antigen produced in-house and purchased antigen using consistent methodology.
We use two main safeguards to mitigate the main disadvantages of this approach. Firstly, the extent of the
biotinylation reaction is verified using an absorbance assay, as shown in Figure 3.2. The main reagent for
this assay is Avidin complexed with 4’-hydroxyazobenzene-2-carboxylic acid (HABA), a phenyl-
benzoic-acid. When the biotinylated antigen is added to the reagent, the biotin displaces the HABA
because of its high affinity for the avidin, resulting in a change in absorbance. The change in absorbance
can then be used to calculate the number of biotins per protein molecule!®. The target extent of reaction is
1-2 biotins per protein molecule. This ensures that the protein is not over-biotiynlated to the point where
there is a risk of isolating non-specific binders. The second safeguard is to run negative selections using
biotin coated beads during library screening as shown in Figure 3.3, This process removes any biotin
binding clones that may be present in the population.

3.2: Over-biotinylation of Sort Antigen Masks Critical Epitopes and Leads to the Isolation of
Non-specific Binders
After constructing the CDRH3 library, validation began by screening against model antigens

including: bovine, donkey and rabbit IgGs. Screening an antibody library is not 100% efficient, and non-
binding clones will always be retained in the enriched population. These clones most likely clumped to a
bead surface or to binding yeast cells after washing and were thus carried over to the next round of
sorting. Therefore, the first step after isolating single clones from a library screen is to determine which
clones are genuine antigen binding and which are non-binding. Figure 3.4 shows the results of this flow
cytometry binding assay for individual bovine, donkey and rabbit IgG binding clones isolated from the
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Figure 3.4. Initial binding assay
for isolated 1gG binding clones.
All cells were labeled for Cmyc
expression, which was used to
gate out un-induced cells. In the
antigen binding condition shown
in red, cells were labeled with
50nM target antigen and anti-
biotin PE secondary. In the
secondary control condition
shown in blue, cells were only
labeled with the PE secondary. X-
axis represents relative PE
fluorescent signal and Y-axis
represents number of events.
10,000 events were collected for
each sample. Data collected by
Haixing Kehoe’.

Figure 3.5. Follow-up binding
assay for isolated 1gG binding
clones using freshly biotinylated
antigen. All cells were labeled for
Cmyc expression, which was used
to gate out un-induced cells. In the
antigen binding condition shown in
red, cells were labeled with 50nM
target antigen and a streptavidin-
Alexa Flour 488 conjugate
secondary label. In the secondary
control condition shown in blue,
cells were only labeled with the
streptavidin. X-axis represents
relative streptavidin 488 fluorescent
signal and Y-axis represents
number of events. 10,000 events
were collected for each sample.

initial set of CDRH3 library screens’. Figure 3.5 shows a follow up binding assay in which cells were
labeled with freshly biotinylated IgG. Clones determined to be non-binding because of carryover are not

shown.

Histograms show relative antigen binding for isolated single clones labeled with target antigen
and a secondary fluorophore, as compared to control samples treated with the fluorophore alone. Only
induced cells are shown as events on the histograms. All single clones labeled with biotinylated antigen in
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Figure 3.4 show a shift to the right along the x-axis as compared to the overlaid control sample. This shift
represents an increase in the antigen binding fluorescent signal, which comes from the fluorophore that
selectively binds to the biotin on the antigen surface. Thus, all clones in the initial binding assay exhibit
apparent binding to their target antigen.

In contrast, in the repeat binding assay as shown in Figure 3.5, most of the clones no longer
showed a shift along the x-axis. The histogram for cells labeled with antigen and fluorophore is
superimposed over that for cells labeled with fluorophore only. The fact that the fluorescent signal
corresponding to antigen binding remains constant between the control and antigen labeled cells indicates
that clones are no longer binding to their target antigen. The exceptions are Donkey 1.1, Donkey 1.2 and
Rabbit 1.1, all of which all show similar increases in antigen binding signal as in the initial binding
experiment. When taken together, these results show that most isolated single clones that had previously
bound to their target antigen ceased to bind to that antigen when it was freshly biotinylated. Only one
third of isolated clones retained binding to the target antigen.

In analyzing the histograms of Figures 3.4 and 3.5, it is important to note that the control cells do
not have a median antigen binding fluorescence signal of zero and have a basal fluorescence. This is both
because cells have an autofluorescence at the wavelength of light the cytometer reads for the antigen
binding signal, and because of slight non-specific sticking of the antigen secondary label to the yeast
surface. Also important to note is that the histogram for the antigen-treated cells is more widely
distributed than that for the control cells. This is because there is not a uniform level of construct
expression on the yeast surface. Cells with more displayed constructs will show a greater level of antigen
binding signal than those with less displayed constructs, causing variability.

We next sought to determine what the underlying cause of the observed diminished binding was.
Antigen degradation could cause a change in the conformational shape of the protein, eliminating critical
epitopes that clones used to bind to. In principle, clones that still showed binding in the follow up
experiment could have bound to more thermodynamically stable regions of the antigen that were less
susceptible to degradation®. However, this was unlikely the case since IgGs are usually very
thermodynamically stable®®.

An alternative
explanation could be that A.
poorly controlled
biotinylation reactions were
initially used to prepare the
antigen used in library
screening. Over-biotinylation
of sort antigen could result in
the isolation of biotin binding
clones rather than genuine

Figure 3.6. Over-biotinylation of sort antigen leads to the isolation of non-specific
clones. A) The desired case of careful biotinylation of sort antigen where only 1-2

antigen binding clones, as biotins are incorporated per antigen molecule. This results in the isolation of specific
shown in Figure 3.6. Library binders to the target of interest, which are shown in white. B) Poorly controlled
depletions against biotin are biotinylation reaction in which the entire surface is covered in biotins. This results in

the isolation of clones that bind to the biotin itself, the NHS-LC cross linker, or

run consistentl ring th
un consistently during the antigen that has changed shape because of the presence of excess biotin. Biotin

sc_reenlng process to prev_ent binding clones are shown in black. There is still a genuine antigen binding clone
this. However, the depletions shown in white, which is rare, but can be isolated if certain antigen epitopes have low
are run against D biotin and biotin incorporation rate.

not cross-linked NHS-LC
biotin. Therefore, it is possible that certain clones may bind to the 6-carbon cross linker that conjugates
the biotin to the antigen surface®. This hypothesis is supported by the fact that synthetic antibody libraries
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have previously been used to
isolate binders capable of
discriminating between the
hapten and non-hapten form
of a given antigen®+%¢-197 The
biotinylated form of an
antigen mimics a hapten
because the biotin is a small
molecule that is about one
thousandth the size of most
model antigens. Even if
isolated clones were not
binding to the chemical cross
linker, over-biotinylation can
change the conformational
shape of antigen®,
Incorporated biotin can
disrupt interactions between
amino acids, resulting in a
change in shape. For example,
the NHS-LC biotin
incorporates into the free
amines of lysine residues with
high frequency®. This could
disrupt certain charge-charge
interactions necessary to hold
antigen in a given shape.
Thus, clones isolated against
over-biotinylated antigen may
bind to antigen with a
different conformational shape
than the canonical form.

To evaluate this
hypothesis, we ran an
experiment that tested whether
nanomolar concentrations of
biotinylated antigen could
compete with micromolar
concentrations of non-
biotinylated antigen for
binding. A schematic of this
experiment is shown in Figure
3.7. We tested each of the
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Figure 3.7. Antigen competition experiment to evaluate specificity of isolated
binding clones. A) Clones are specific to non-biotinylated antigen. When incubated
with a high concentration of non-biotinylated antigen, all clones bind. When
biotinylated antigen is added at lower concentrations and low temperatures, clones
will not bind because lower concentrations and temperatures discourage binding.
Low fluorescence will be observed because the fluorophore selectively binds to the
biotin on the antigen surface. B) Clones are specific to the biotinylated form of the
antigen. When incubated with a high concentration of non-bitoinylated antigen, no
binding will occur. When biotinylated antigen is added at lower concentrations and
low temperatures, binding will still occur because the binding sites of these clones
was not occupied with the non-biotinylated antigen. High fluoresce will be observed.
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Figure 3.8. Competition experiment between biotinylated and non-biotinylated
antigen for sort 1 clones that did not show diminished binding. Un-induced cells
were gated out using Cmyc labeling. In the biotinylated antigen condition, cells
were labeled with 50nM of biotinylated target antigen and Streptavidin 488
secondary. In the secondary control, cells were only labeled with the Streptavidin
secondary. In the competition condition, cells were first labeled with 1uM non-
biotinylated antigen followed by 50nM biotinylated antigen and the streptavidin
488 secondary. X-axis represents streptavidin 488 signal and Y -axis represents
number of events. 10,000 events per sample were collected.

clones that showed un-diminished binding in initial binding assays. If clones are specific to the non-
biotinylated form of the antigen, the biotinylated antigen cannot compete with the non-biotinylated form
for binding because it is present in such low relative concentrations. In contrast, if a clone is specific to

the biotinylated form of an antigen, it will only recognize that form. The biotinylated antigen will thus be
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able to out-compete the non-biotinylated form independent of concentration. The results of this
experiment are shown in Figure 3.8

Unsurprisingly, the shift in fluorescence of the 50nM target antigen labeled cells as compared to
the control is the same as described in Figures 3.4 and 3.5 for all clones. The histogram representing the
competition condition is almost directly overlaid with the secondary control condition for all clones
tested. This means that the competition population had no increase in fluoresce over the control. Since the
fluorescent label only binds to biotin, the lack of increase in fluorescence over the control means that
clones did not bind to biotinylated antigen. If clones did not bind to the biotinylated antigen, their binding
sites were occupied by non-biotinylated antigen. Thus, these isolated clones did not preferentially bind to
biotinylated antigen.

The fact that these clones retained binding while others did not could potentially be attributed to
the fact that they bind to an antigen epitope with little free amines. This would be the case for epitopes far
from the N-terminus of the antigen and with a low amount of lysine residues®®. Clones that showed
diminished binding in Figures 3.4-3.5 also preferentially bound to biotinylated antigen in competition
experiments run with the original sort antigen (Appendix, Figure A4)’. When taken together, these results
support the hypothesis that the diminished antigen binding was caused by over-biotinylation of antigen.

In an attempt to
further support our Il Biotin Binders Genuine Antigen Binders Library (Un-Enriched)
hypothesis, we compared 0.4
the CDRH3 sequences of 9
clones that were shown to
be biotin binders were
compared to that of 6
clones that were genuine
antigen binders binders
and to a random sampling

. 0.0
of 100 library members ACDETFGHIKLMNPQRSTVWY
that were sequences for Amino Acid

library validation as

previously described’. We Figure 3.9. Relative amino acid frequency for biotin binding clones, genuine antigen
binding clones and the un-enriched library. 9 clones were sequenced in the biotin binder
population, 6 for the genuine antigen binder population and 100 for the library. Only

e
W

Relative Frequency
=] =]
— N

did so to see if biotin

bingling clongs V\{ere variable portions of the CDRH3 sequences are compared in the graph. Relative
enriched for in different frequency is defined as the ratio of number of times that amino acid appears in a given
amino acids, which could population to the total number of amino acids in a population.

be indicative of a different

mode of binding. A graph comparing the relative prevalence of each amino acid for each population is
shown in Figure 3.9. The graph shows that biotin binders were slightly enriched for in alanine and
tyrosine as compared to the overall library population and the genuine antigen binding population.
Alanine had a relative frequency of 0.13 in biotin binders, as compared to 0.072 for genuine antigen
binders and 0.064 for the library population. Tyrosine has a frequency of 0.34 in the biotin binding
population, and 0.28 and 0.19 for the genuine antigen binding and library populations respectively. It is
possible that this enrichment occurred because alanine and tyrosine can form favorable hydrophobic
interactions with the biotin’s carbon cross linker. However, these observed trends should be extrapolated
with caution. This sample size is small, and more data would be needed to draw more definite
conclusions. In any case, we had to assess and modify the lab’s antigen preparation protocol before
continuing with validation of the CDRH3 library.
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3.3: Optimization of Antigen Preparation Protocol to Reduce Chances of Isolating Non-specific
Binding Clones

We began the process of optimizing the chemical biotinylation protocol by analyzing lab
notebook entries of prior group members to pinpoint potential experimental errors. We found that in past
protocols, a 90-fold molar excess of biotin as compared to antigen was being added to the reaction. In
contrast, we found that when re-preparing the antigen only a 5-fold molar excess of biotin was required at
most to get 1-2 biotins per protein molecule incorporated. Moreover, the reaction kit guidelines suggest
that a 20-fold molar excess of biotin should be sufficient to label an IgG with 8-12 biotins per protein
molecule®®. Based off the extreme excess of biotin added to the reaction, it is likely that all free amine
residues on sort antigen had biotin incorporation during library screening.

However, even with the excessive addition of biotin, the absorbance assay was still reporting
biotinylations within the target ratio of 1-2 biotins per mole of protein. We therefore needed to determine
whether the assay itself was faulty. Further analysis of lab notebook entries revealed that the source of
error was the fact that the absorbance assay is heavily dependent on protein concentration. After the
biotinylation reaction, the antigen is placed through a series of two desalting columns to remove any un-
reacted biotin and cross-linker byproduct from the solution®®-*°. Approximately 70% of the protein passes
through the column, meaning that concentration decreases from the initial value. However, in the original
protocol the concentration of protein was assumed to be constant. As shown in Figure 3.2, one biotin
molecule displaces one avidin resulting in a change in absorbance in the validation assay*®. If the
concentration of the antigen is over-estimated, this change in absorbance will be divided among too many
protein molecules, therefore underestimating the extent of biotinylation.

We hypothesized that chemical biotinylation, if carefully executed, can still yield the desired ratio
of 1-2 biotins per mole of protein. We wanted to verify that the antigen was still being biotinylated using
a secondary validation method in addition to the colorimetric method. Streptavidin beads are big enough
to pass through the flow cytometer, so the beads were coated with biotinylated antigen. Streptavidin 488
could then be used to label free biotin of the antigen attached to the beads. The results of this validation
for a wide range of different model antigens are shown in Figure 3.10. The antigens were chosen to
represent different types of proteins, both IgGs and enzymes, with different molecular weights.

The histogram for the antigen coated beads for all model antigens tested shows a shift along the
X-axis as compared to the streptavidin 488 control. This shift along the X-axis means an increase in
streptavidin 488 signal. Since streptavidin selectively binds to biotin, this in turn corresponds to an
increase in biotin detection, meaning
that the antigen was biotinylated. ol
Moreover, the histograms are relatively \‘ 4
narrowly distributed meaning that a \
relatively uniform extent of
biotinylation occurred across antigen 7 | I
molecules. The flow cytometry T T
experiment only confirms the presence Biotin Detection Biotin Detection Biotin Detection
of biotin on antigen and does not secondary Label Control ] anigen Coated
provide information on the extent of

Lysozyme Rabbit IgG RNAase A

Count

r il T fror T "
S o1 .2 3 4 5§ 01

T ™ "
2 3
100 10 100 100 10 10010 100 10 10T 10

J T
45§
100 1010

Figure 3.10. Flow cytometry validation of antigen biotinylation. Beads

bigtinylatipn. Even so, the results of were prepared according to the standard protocol used for library
this experiment suggest that when the screening and were then labeled with the fluorophore streptavidin 488.
stoichiometric amount of biotin added The secondary label control beads were blank beads that were then

labeled with the same fluorophore as the antigen coated beads. The X-axis
represents biotin detection and the Y-axis represents number of single
bead events.

to antigen is drastically decreased,
chemical biotinylation of the antigen
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still occurs to enough of an extant to be useful in both library screening and flow cytometry applications.

| 3.4: Conclusion

In conclusion, we found that CDRH3 library clones that had previously been isolated against a
panel of model IgG antigens as a proof of concept no longer bound to the same antigen when it was
freshly biotinylated. We developed a hypothesis that this was because over-biotinylation of antigen used
in library screening. Initially isolated clones likely either bound to the chemical cross-linker of the biotin
or to conformationally altered epitopes that formed because of excess biotin. We therefor had to re-
evaluate the lab’s biotinylation protocol to prevent over-biotinylation from occurring in the future. We
optimized the protocol to incorporate only 1-2 biotins per protein molecule. We hypothesize that this
updated protocol will allow for all of the canonical antigen epitopes to be exposed during screening and
will therefore result in the isolation of genuine antigen binding clones. To validate this hypothesis, we
next had to re-screen the CDRH3 library using antigen prepared according to the optimized protocol.
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Chapter 4: Re-screening the CDRH3 Library to Verify Specific
Binders Can be Isolated

| 4.1: Introduction

The ultimate purpose of the CDRH3 library is to

generate specific binding protein fragments that can act Model Antigen Molecular Weight (kD)
as scaffolds into which further functionality can be Polyclonal Bovine IgG 160

incorporated in the form of small molecules or grafted Polyclonal Donkey IgG 150

peptides. We envision the application of the library as Polyclonal Rabbit 1gG 150

generating protein-small molecule hybrids for the Hen Egg White Lysozyme 143

targeted inhibition of specific members of structurally Bovine Pancreases RNAase A 13.7

similar, yet functionally diverse enzyme families. Horseradish Peroxidase 44

Therefo_re,_ the_library_must yield bindir_‘ng _proteins capable 41 Model antigens for CDRH3 library

of discriminating against structurally similar targets. validation. Model antigens used to validate the
However, we sought to start library screening with a CDRH3 library included both enzymes and IgGs
panel of model antigens outlined in Table 4.1 instead of with a wide range of molecular weights. Polyclonal

1gGs were purchased from the serum of non-
immunized animals. All enzymes were purchased as
lyophilized powders.

directly with a model enzyme family such as the MMPs.
Starting with a panel allows us to critically evaluate the
performance of the library. Specifically, we can pinpoint
the types of antigens the library fails to isolate binders to and adjust the library design strategy to correct
for these shortcomings.

IgGs are relatively conserved across mammalian species, all consisting of the Fc region attached
to two Fabs. The Fabs contain the heavy and light chains, each chain with 3 complementary determining
region (CDR) loops®. Moreover, 1gGs are also all the same size across mammalian species at 150kD? 1%,
The exception is bovine IgG, which has a slightly higher molecular weight at 160kD because of an
abnormally long stalk and knob CDRH3%°, Therefore, a panel of different mammalian 1gGs are useful as
model antigens to validate the CDRH3 library. The structural similarity across antigens in this panel
mimic that of the eventual therapeutic targets of the library, such as the matrix metalloproteinases.

While the 1gGs can test the capability of the library to discriminate between structurally similar
targets, we also included model enzymes in the antigen panel to evaluate the ability of the library to yield
binders against different sized targets with different conformational shapes. Hen egg-white lysozyme,
RNAase A, and horseradish
peroxidase were chosen as
model enzymes because they
have been previously used in
library validation® 110-111 This
would allow us to compare the
number of clones isolated and
their affinity to other libraries.
Moreover, as shown in Table

Figure 4.1. Multiple avidity of magnetic bead-based library enrichments.

4.1 these enzymes range from Antigen coated magnetic beads allow for a greater contact surface area
one third the size of IgGs to a with yeast displayed antibody fragments as compared to 2-D coated

full order of magnitude smaller.  surfaces. This creates a multiple avidity effect which boosts the effective
They therefore allow us to affinity of the yeast displayed constructs, allowing for the isolation of

determine whether the library is weaker clones. Figure from Ackerman et al. (2009)2°.
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limited to the size of antigens it can effectively produce binders against.

Once we selected our model antigens, we could begin screening the CDRH3 library. The main
methods used to screen a yeast displayed antibody library are magnetic bead-based sorting®, bio panning®?
and florescent activated cell sorting (FACS)®® . We initially use magnetic bead-based sorting to pare
down the naive library, after which FACS was used to achieve a more efficient enrichment.

We use magnetic bead-based sorting because the beads facilitate a greater contact surface area
between the coated antigen and yeast displayed constructs as compared to 2-D surfaces, which is shown
in Figure 4.1. This creates an avidity effect, boosting the effective affinity of the yeast displayed antibody
fragments. The multiple avidity allows for the isolation of weaker and rarer clones than with other
screening methods®. Weaker clones can still be viable leads for affinity maturation or for further
engineering**2,

| 4.2: Screening CDRH3 Library Against 1gG Panel Yields Novel Clones |

Screening the CDRH3 library against the panel of IgGs took four rounds of magnetic bead-based
sorting followed by a 5™ round with FACS. Multiple rounds of enrichment are required because
inefficiencies result from non-binding clones non-specifically sticking to beads or clumping to binding
yeast. With each progressive round of screening, the population becomes more enriched for binding
clones as less non-binding yeast are retained. Qualitative flow cytometry dot plots depicting the
progressive library enrichment are shown in Figures 4.2. A quantitative summary of these results
describing percent induced cells that are target binding for each round of sorting is shown in Figure 4.3.

Figure 4.2 shows flow cytometry dot plots with quadrant gating. Un-labeled cells have a basal
Cmyec detection and antigen binding signal. Moreover, cells that are only Cmyc labeled have a basal
antigen binding signal. To overcome this background signal, quadrants are positioned using an unlabeled
control to separate Cmyc positive and negative populations and a Cmyc single color control to separate
antigen binding from non-binding populations.

Cells in quadrant 4 have no Cmyc detection and no antigen binding signal. These cells are un-
induced, meaning they do not have any constructs expressed on their surface. This is expected, because
the induction efficiency of the yeast display system is not 100%.

Cells in quadrant 3 exhibit elevated levels of Cmyc detection, but no antigen binding signal.
These cells are induced but not binding, meaning cells express constructs on the surface that do not bind
to the target antigen. Cells in this quadrant have a wide distribution along the Cmyc detection axis. This is
true because the expression level of constructs on the yeast surface is variable between single cells.

Cells in quadrant 2 have both Cmyc detection and antigen binding signal. These cells are induced
and display constructs that bind to the antigen of interest. Cells do not appear in this quadrant until after
the 3" round of library screening for the donkey and rabbit 1gG sorts, and in the 4" round of screening for
the bovine IgG sort. After the initial appearance of binding cells, progressively more cells are present in
the second quadrant after each successive round of sorting. This is evident in the fact that the percentage
of the population in quadrant 2 increases progressively after each round of sorting for each IgG. The
exception is the bottom FACS population, which does not show a higher percentage of cells in quadrant 2
as compared to the prior round of sorting. This is true because the gate for the lower FACS population
was drawn close to quadrant 3, such that some induced but non-binding cells likely got isolated along
with binding clones. Figures showing FACS gates are in the appendix.
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The flow cytometry plots shown in Figure 2 do not just show whether a given population has
binding clones but can also show the relative affinity of multiple clones in the same population. Higher
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affinity clones will bind more antigen and

. ) . ) Quantitative Enrichment IgG Library Screening
will have a greater antigen detection signal

than lower affinity clones. For all of the IgG - ] Bl Bovine IgG
targets, only a single binding population is é 4 B Donkey IgG
evident even after 5 rounds of sorting. This S 30- Rabbit IgG
suggests that enriched populations either only guf 20
contain a single clone, or a group of clones 8
with similar affinities for the target antigen. & D

The steady and progressive 0
enrichment that occurred over multiple Q&"' o&“" &&“ %«OQ =
rounds of library sorting is further evident in L L S
analyzing quantitative enrichments as shown <«

Sort Round

in Figure 4.3. The percent enrichment
represents the percentage of all induced cells Figure 4.3. Percent enrichment represents the percent of all

in a sort population that bind to the target induced cells with any construct expression that bind to the target
antigen. Similar to the results shown by the of interest. Percent Enrichment = fo%. Both FACS Top and
flow cytometry scatter plots, percent FACS Bottom populations are from the 5% round of library

enrichments above O first appear after the 3™ screening.

round of screening for the donkey and rabbit

1gG sorts and after the 4" round for the bovine IgG sorts. The percent enrichment then increases steadily
after each round of sorting.

The fact that binding clones do not appear until later rounds of screening, and that enrichment
occurs steadily over multiple rounds of screening is important in that it indicates that certain clones are
not over-abundant in the library such that they might out-compete and mask other clones!**4, For
example, Figures 4.2 and 4.3 show that donkey 1gG screening yielded a much higher percent of binding
clones after the 5" round of screening as compared to the other 1gGs in the panel. However, binding
clones did not appear until the same round of sorting as rabbit 1gG and appear just one round before
bovine IgG binding clones. This indicates that the high extent of enrichment observed is likely due to the
high affinity of binding clones instead of those clones being over-represented in the library population.

After five rounds of library screening, sufficient library enrichment was observed to isolate single
clones and sequence them. This was done by miniprepping the output population from the 5% round of
sorting, transforming E. coli with the isolated plasmids and picking individual colonies. Figures 4.4-4.5
show the results of this sequencing for isolated bovine and donkey IgG binding clones. Sequencing
information from the Rabbit 1gG population was not available at the time of this thesis.

Importantly, none of the bovine IgG binding clones isolated in the first round of sorting were also isolated
during the second round. This is true for both the binding clones shown in Figure 4.4 (A) and the non-
specific clones shown in the appendix. The fact that different clones are being isolated during different
rounds of screening means that the library is being subjected to different selection criteria than during
initial screening. This is likely due to biotins no longer masking critical antigen epitopes.

In contrast, Figure 4.5 (A) shows that for the donkey 1gG screen the same clone was isolated in
the second round of screening. However, this clone had previously shown to genuinely bind to target
antigen. As previously discussed, it is possible the epitope of donkey IgG that this clone binds to has a
low biotin incorporation rate and was thus not impacted by over-biotinylation. It is also possible this
clone had such a high target affinity that it was able to recognize its epitope even with over-biotinlation.
Additionally, Donkey 1.3, which was previously shown to preferentially bind to biotin was not isolated in
the second round of sorting. This further supports the fact that the library is being exposed to different
selection criteria than in previous rounds of sorting.
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However, Donkey 1.2 which was shown to be
a genuine antigen binding clone was not re-
isolated. This is unsurprising given the
induction efficiency of yeast and the
efficiency of library screening in general®®®, It
is possible that this clone was not induced or
had low construct expression or was
underrepresented during the naive library sort.
This would have prevented the clone from
being enriched.

On the amino acid level, no clones
isolated in the second round of screening in
Figures 4.4 or 4.5 (A) had any tryptophan or
cystine residues in their CDRH3 sequences.
Tryptophan has previously been implicated in
cross-reactivity and polyspecificity®® and
disulfide bonds formed by cystine can disrupt
antibody structure®®. The CDRH3 sequences
had a relatively high prevalence of tyrosine.
This corroborates with previous studies
showing this residue is implicated in forming
specific interactions with antigen®’.

In comparing Figures 4.4 (B) and (C),
the upper population from FACS had less non-
binding clones than the lower population. This
supports the results of Figure 4.2, which shows
a higher percentage of non-binding clones
retained in the bottom population from FACS.
Bovine 2.1 was present in both populations
with approximately the same frequency.
However, Bovine 2.2 and 2.3 were present in
the top population with approximately twice as
great a frequency as the bottom population.
This could mean that these clones are slightly
higher affinity than Bovine 2.1.

Figure 4.5 (B) shows a low percentage
of non-binding clones, with most of the
population being Donkey 2.1. The high
prevalence of Donkey 2.1 after sort round 5
further supports the hypothesis that this clone
has a very high affinity for its target. In fact,
the Kp of this clone was previously estimated
to be in the low nanomolar range (data not
shown)’. Donkey 1 may have such a high
affinity for its target because it binds to a hot

spot epitope on the donkey IgG antigen'6118, Hot spots are regions of an antigen that form protein-protein

A
Clone CDRH3 Sequence CDRH3 Loop Length
Bov1.1 YLDHYYYALDY 11
Bov 1.2 YYDHHYYALDY 11
Bov1.3 YLDNHYYALD 11
Bov2.1 HYDPYDDYNFYFGFDY 16
Bov 2.2 TYYDNSYAYTALDY 14
Bov2.3 SSIYDGYMYGLDY 13

B |solated Bovine IgG Clones Frequency in Round 5 Population
§ 50 == Top Population
== Bottom Population

-
S

™
8

Percent of Sequenced Populati
s B8

Bov 2.1 Bov 2.2 Bov 2.3 Non-Binding

Figure 4.4. Sequencing analysis of bovine 1gG binding clones.
A) CDRHH3 loop sequences for all isolated binding clones.
Clones highlighted in yellow are from the second round of
screening. All other clones were from the first round of screening
and determined to be biotin binders. CDR loop length reported
according to Kabat scheme®. B) Relative prevalence of each
isolated clone in the top and bottom FACS population. The top
population is shown with black bars and the bottom population
with grey bars.

A Clone CDRH3 Sequence CDRH3 Loop Length
Donk 1.1  YDKTHHNPDYALDY 14
Donk 1.2 YENSYALDY 9
Donk 1.3 YYDPDRYNYAMDY 13
Donk 2.1  YDKTHHNPDYALDY 14

B Isolated Donkey IgG Clones Frequency in Round 5 Population

3
8

Bl Top Population

Percent of Sequenced Population
N a2 @ @
8 & & 8

Donk 2.1 Non-Binding

Figure 4.5. Sequencing analysis of donkey IgG binding
clones. A) CDRHH3 loop sequences for all isolated
binding clones. Clones highlighted in yellow are from the
second round of screening. CDR loop length reported
according to Kabat scheme®. B) Relative prevalence of
each isolated clone in the top FACS population. The
bottom FACS population was not enriched enough for
sequencing.

interactions extremely favorably. They have a high proportion of tryptophan, arginine and tyrosine,



residues that readily form interactions with other amino acids. Hot spots are also surrounded by a

hydrophobic cushion to exclude bulk solvent from the binding interface'®1!”. Hot spots often occur
clustered near other hot spots!®®. Thus, it is likely that there are other clones in the population that bound
to donkey IgG with a lower affinity and were out competed by Donkey 1. To analyze the rest of the

library, Donkey 1 could be produced in soluble form and used to block the epitope of antigen that this

clone binds to. This would in turn allow for the isolation of clones binding to other epitopes. An
alternative explanation for the high affinity of this clone is that the CDRs left at the germline sequence by

chance were able to form binding interactions with the antigen. This would have boosted the affinity in

comparison to clones that only use the CDRH3 to mediate binding. When taken together, the sequencing

analysis of clones supports the hypothesis that the library was now being screened for antigen itself and

that antigen was no longer masked by excess biotin.

| 4.3: Screening CDRH3 Library Against 1gG Panel Yields Highly Specific Clones

|

The first step in evaluating the specificity of clones isolated from the CDRH3 library re-screen

was to verify that clones bind to the antigen of interest instead of biotin. To do this, we tested whether low
concentrations of biotinylated antigen could compete with high concentrations of non-biotinylated antigen

for binding. If clones are specific to the non-biotinylated form of the antigen, the biotinylated antigen

cannot compete with the non-
biotinylated form for binding
because it is present in such
low relative concentrations. In
contrast, if a clone is specific
to the biotinylated form of an
antigen, it will only recognize
that form. The biotinylated
antigen will thus be able to
out-compete the non-
biotinylated form independent
of concentration. We tested
isolated bovine IgG single
clones and rabbit 1gG
polyclonal populations. We did
not test donkey 1gG, since no
new clones were isolated.
Biotinylated antigen
competition experiments for
previously isolated donkey
IgG binding clones are shown
in chapter 3. The results of this
experiment for isolated single
bovine IgG binding clones and
rabbit 1gG binding populations
are shown in Figure 4.6.

In Figure 4.6 (A),
250nM biotinylated antigen
was used to label bovine IgG
binding clones instead of the
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Figure 4.6. Biotinylated vs non-biotinylated antigen competition experiment
for new clones isolated in the second CDRH3 library sort. A) Bovine IgG
isolated single clones were labeled with 250nM biotinylated antigen in the
antigen binding condition and 5uM non-biotinylated antigen with 250nM
biotinylated antigen in the competition experiment. Streptavidin 488 was the
secondary label in all conditions. X-axis represents antigen binding and Y -axis
represents number of single celled events. Only induced cells are shown in the
histogram. B) Rabbit 1gG top and bottom FACS population labeled with 50nM
biotinylated antigen in the antigen binding condition and 1uM non-
biotinylated antigen with 50nM biotinylated antigen in the competition
condition. Anti-biotin PE was used as the secondary label in all conditions. X-
axis represents Cmyc signal and Y -axis represents antigen binding. Numbers
in each quadrant represent the percentage of each population in that given
quadrant. Bold black numbers describe the quadrant number.
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standard 50nM. This was done because clones are relatively weak, and thus a low antigen binding signal
occurs with just 50nM. The histograms for the competition condition and the secondary label control are
almost directly superimposed upon one another. In other words, the competition condition does not show
a shift along the antigen binding axis as compared to the control. Since the fluorophore for antigen
binding signal binds specifically to the biotin on biotinylated antigen, this means that cells in the
competition condition did not bind biotinylated antigen. If cells did not bind biotinylated antigen, their
binding sites were already saturated with the high concentrations of non-biotinylated antigen. Thus, all
isolated bovine 1gG binding clones are genuine antigen binders.

Single rabbit IgG binding clones have not yet been isolated, and therefore the competition assay
was run on the entire population output from the 5 round of screening as shown in Figure 4.6 (B). A dot
plot is used to illustrate these results because binding clones represent at most 10% of the overall
population, which is too rare to be effectively visualized on a histogram. For both the top and bottom
populations, only the dot plot for the biotinylated antigen condition has a substantial number of cells in
the second quadrant, which represents induced clones binding to target antigen. The top population
biotinylated antigen condition had 10.5% of the population in quadrant 2, as compared to 3.23% for the
bottom population. In contrast, the competition condition had a relatively small number of cells in the
second quadrant, which was comparable to the secondary control. For the competition condition, 2.16%
and 1.33% of the top and bottom populations were in quadrant 2 respectively and for the control condition
this was 0.65% and 0.53%. Since cells in the competition condition had a similar number of cells in the
second quadrant as the control, the competition cells did not bind biotinylated antigen to a significant
extent. This is because the binding sites of these clones were already fully occupied by the higher
concentrations of non-biotinylated antigen. Thus, all the clones in the polyclonal rabbit IgG binding
population are genuine antigen binders.

Once it was verified that isolated binders from the second round of screening were specific to
antigen and not biotin, we sought to evaluate the specificity of these clones for the specific 1gG they were
screened against. To do this, we tested all IgG binding clones that had been verified as non-biotin binders
against all other 1gGs used as model antigens. These results are shown in Figure 4.7.
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Figure 4.7. Cross-reactivity assay for all non-biotin binding IgGs isolated. All isolated IgG binding clones were labeled with: A)
50nm bovine 1gG, B) 50nM donkey IgG, or C) 50nM rabbit 1gG. Streptavidin 488 was used as the secondary fluorophore for all
conditions. In the secondary only control, cells were labeled with Streptavidin 488 and no IgG. Only induced cells were analyzed
and were gated out from the rest of the population using Cmyc expression. The Y -axis represents median subtracted fluorescence,
meaning the median fluorescence corresponding to antigen binding signal of the Cmyc negative cells was subtracted off the
values for the Cmyc positive cells. Error bars represent the standard deviation between 3 independent experimental trials. Y-axis
for Donkey and Rabbit IgG labeled cells are broken at the maximum MFI value for Bovine 1gG labeled cells for easier
comparison.
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The Y-axis for all plots in Figure 4.7 represents background subtracted median fluorescence
intensity (MFI) corresponding to antigen binding signal. Background was subtracted off by subtracting
the MFI value of the un-induced population from the induced population. This was done in an effort to
mitigate the effects of the basal fluorescence of the cells, or of any non-specific sticking of secondary
label to the cell surface. In Figure 4.7 (A), only bovine clones show a significant increase in fluorescence
over the control. For all other clones, the fluorescence was the same as that of the control. Similarly, in
(B) only donkey IgG binding clones showed a significant change in fluorescence as compared to the
control. Lastly, in (C), only rabbit IgG binding clones showed a change in fluorescence as compared to
the control. Since median fluorescence intensity corresponds to antigen binding signal, a change in
florescence compared to the control represents antigen binding. Therefore, the results of Figure 4.9 show
that clones only bind to the 1gG they were screened against and no off-target binding occurs. The slight
basal fluorescence of the control sample is likely due to slight non-specific binding with the fluorophore.
MO0076 is an scFv that specifically binds to matrix metalloproteinase 9*. Since MMP is an enzyme,
there should in principle be no cross reactivity between this clone and any IgGs. We therefore included
MO0076 as a negative control. This helps to confirm that any interactions between an 1gG binding clone
and its target is due to genuine binding instead of non-specifically sticking to the yeast cell surface, which
would register as binding on a flow cytometer. The fact that there was minimal non-specific binding
between 1gGs could be due to the fact that the CDRH3 library was depleted against TA99, a murine
antibody before positive sorting’. These depletions may have eliminated any polyspecific 1gG binders
from the library. Indeed, depletions are often used in library screening to remove binders to structurally
similar, but off-target antigens before progressing to positive screening® 120,

Together, these results demonstrate the ability of the CDRH3 library to isolate binders to a
specific target of interest, that will not cross react with other structurally similar targets. This is important
if the library will eventually be used to isolate inhibitors to specific enzymes of multi-enzyme families.
Moreover, this is important if the library is ever to be used to generate therapeutics, since off-target
effects can cause debilitating side-effects for patients.

| 4.4: Clones From CDRH3 Library Bind to Targets With Reasonable Affinity |

After proving isolated clones bound only to the target they were screened against, we needed to
estimate the affinity of the clones for their target to make sure they bind to their target with a high enough
affinity for the intended library applications. We estimated the Kp of all isolated bovine 1gG binding
clones using titrations on the yeast surface and the resulting plots are shown in Figure 4.8. The Kp of all
clones isolated during the first round of screening was previously determined (data not shown)’.

Before performing the titrations on the yeast surface, we first wanted to validate that any binding
observed during titrations would be due to genuine antigen binding to the yeast scFv. Figure 4.9 (A)
shows this validation. We wanted to use a starting concentration of 2000nM in an attempt to capture the
upper plateau region of our titration curves. However, the higher the antigen concentration, the greater the
risk the antigen will non-specifically stick to the yeast surface and will still register as binding in the flow
cytometer. We performed the same titration experiment with a bovine IgG binding clone (BOV 2.3) and
MO0076, the MMP9 binding scFv. The background subtracted MFI corresponding to antigen binding
signal for MOQ76 is negligible at all concentrations as compared to that for the bovine 1gG binding clone.
There is a slight increase in MFI for M0O076 at the highest antigen concentration, but this is negligible
compared to the bovine IgG binding clone and is therefore not of concern. Thus, we proceeded with the
titrations starting at a concentration of 2000nM.

As shown in Figure 4.8 (B)-(D), the affinity for all Bovine IgG binding clones is in the triple digit
nanomolar range and were relatively close together. This supports the observation that after the 5" round
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of library screening, the bovine 1gG
binding population blended together
on flow cytometry dot-plots and sub-
populations were not visible. The
upper plateau for these titration
curves is not observed. However, to
capture this region of the curve for
low affinity clones, an extremely high
amount of antigen would have been
required. There would have been a
high risk of non-specific binding at
such high concentrations, which
would have made it difficult to collect
accurate data.

Interestingly, the affinities of
these isolated Bovine IgG binding
clones were comparable to the triple
digit nanomolar affinities reported in
a previously described phage
displayed minimalist CDRH3 scFv
library. Clones isolated against the
transmembrane receptor NOTCH 1
had Kp values ranging from 100-
450nM®*. However, the affinities
reported for clones isolated from this
library screen were relatively low as
compared to other synthetic antibody
libraries®? 7097 Synthetic antibody
libraries have been shown to yield
binders to targets with affinities in the
double digit picomolar range!?+12,
While the CDRH3 may be the
dominant loop in mediating antigen
binding interactions, all other
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Figure 4.8. Titrations on the yeast surface to estimate affinity of isolated
bovine 1gG binding clones. Titrations were done by labeling cells starting
with 1000nM bovine IgG and 4-fold serial dilutions. Un-induced cells were
gated out using Cmyc expression and the background subtracted MFI was
calculated by subtracting antigen binding signal of the un-induced
population from the induced population. Normalized binding was
calculated by taking the ratio of background subtracted MFI of any given
dilution to that of the highest concentration sample. Results were input into
GraphPad Prism and dissociation constant was estimated using a one-site
specific binding model. A) Validation experiment to make sure that no non-
specific binding was occurring during titration experiments. Titration was
done with Bovine 2.3 alongside M0076, and scFv that binds to MMP9. Y-
axis was left in terms of background subtracted MFI. B) Titration of
Bovine 2.1. Error bars represent standard deviation of 3 independent
experimental trials. One of the 1000nM samples was lost, so the average
MFI of the other two was used to calculate normalized binding for that
condition. C) Titration of Bovine 2.2. Error bars represent standard
deviation of 5 independent experimental trials from 2 separate experiments.
D) Titration of Bovine 2.3. Error bars represent standard deviation of 3
independent experimental trials.

antibody loops also form favorable interactions with the antigen surface in canonical antibodies, boosting
antibody affinity%. Without the other CDR loops, clones from the CDRH3 library can still recognize the
antigen, but with lower affinity than if the antibody had diversity at all 6 loops8 & 121,

While the affinities of antibodies isolated from this library are lower than those from canonical
antibodies, the affinities are likely high enough to support the intended application of this library.
Antibodies isolated from the library serve only as a backbone on which additional diversity in the form of
a small molecule will be added. We predict that the synergy between the small molecule and the antibody
in the protein-small molecule hybrids will boost the effective affinity of the antibodies. Therefore, while
lower than conventional antibodies, the affinities of isolated clones reported here are likely high enough
to support the usage of the CDRH3 for the engineering of protein-small molecule hybrids.
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| 4.5: CDRH3 Library Fails to Yield Binders to Model Enzymes
While the library A

. Horseradish Peroxidase Lysozyme RNAase A
produced binders to 1gG targets, S = : ¥ET ¥
we also sought to evaluate its 1 B
ability to produce binders to :
enzymatic targets. This is
important to ensure the library a8
can produce binders to targets of R axant- i e ﬁ
a wide variety of sizes and B i o
shapes. Moreover, we hope to 0.00245%
eventually generate protein-small
molecule hybrids against
enzymatic targets. The results
after 4 rounds of magnetic bead o TN S MEELY
sorting against the model enzyme " eouetion:  omepemetn " " yc Detection
targets is shown in Figure 9.
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250nM antigen was used instead labeled only with anti-biotin PE secondary. Y-axis represents antigen binding at
of the usual 50nM in an effort to X-axis represents Cmyc detection. 100,000 events were recorded per sample.
show any potential rare or weak Red numbers represent the percentage of the population in each quadrant.

binding clones Bolded red numbers show quadrant numbers.

Figure 4.9 shows that the
percentage of cells in the second quadrant is approximately the same for both the antigen labeled
condition in (A) and the secondary label control condition in (B). The second quadrant represents cells
that bind to the target of interest. Thus, there were no binders present against any of the model enzymes
after 4 rounds of bead-based screening. The only cells present in the population were the un-induced cells
in the fourth quadrant or induced but non-antigen binding cells in the 3 quadrant. Lysozyme shows
slightly more cells in Q2 in (A) as compared to (B). However, these cells are very far to the left along the
x-axis, suggesting low Cmyc expression. Moreover, the number of cells in Q2 for this sample as
compared to what was observed after 4 rounds of sorting with 1gGs is very low. Therefore, these cells are
likely artifacts and not rare antigen binding clones.

We decided to explore Pymol structures of antibodies in complex with lysozyme to gain insight
into the modes of binding of antibodies to the model enzymes we chose. We hoped this would help us
pinpoint potential flaws in the library design that prevented us from isolating binders against these targets.
We use lysozyme in our analysis because the most structures and sequencing information was available in
the literature. The results of the analysis are shown in Figure 4.10.

Figure 4.10 (A) shows the structure of an antibody with CDRH3 loop length of 6,* the shortest
loop in that specific antibody structure. Loops other than the CDRH3 mediate a significant portion of the
interactions between the antibody and the antigen. Because the CDRH3 loop is so short, the other longer
loops hinder it from making more contact with the enzyme surface*’. These loops must form binding
interactions with the enzyme surface in order for the CDRH3 to come close enough to bind.

In contrast, Figure 4.10 (B) shows the structure of an antibody with CDRH3 loop length 17. The
CDRH3 is the longest loop in this antibody®. Because of its relatively long length, the CDRH3 extends
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beyond the other ~
loops and is not
hindered from
contacting the
antigen® 123 In
this case, binding
interactions with
the CDRH3 appear
to take place
mostly
independent of the
other loops.

When Figure 4.10. Pymol structures of different lysozyme binding antibodies. A) Fab fragment of
taken together, the antibody with CDRH3 loop length 61-2. B) Fab fragment of antibody with CDH3 loop length 17°.
results of our Lysozyme antigen is shown in light blue. The framework of the antibody is shown in grey. The
CDRH3 is shown in red and all other CDRs are shown in yellow.

PDB: IDQJ PDB: 1FBI

Pymol structure
analysis show that
if a CDRH3 loop is too short, the other antibody loops may hinder it from contacting the antigen surface.
In the case of our antibody library, CDRH3 loop lengths were relatively short and were capped at 17. This
loop length was also one of the least prevalent in the library’. For comparison, the longest CDRH3 loop
length found in the human repertoire is 26.

In contrast to our library, a previous example of a CDRH3 library was able to yield binders to a
wide range of targets with different molecular weights including enzymes. However, this library had
CDRH3 loop lengths of up to 22. Moreover, 20% of isolated binders had CDRH3 loop lengths of 18-20,
which were not present in our library. Thus, it is possible that we were not able to isolate binders to
enzymatic targets because CDRH3 loop length was too short. The other loops were left at the germline
sequence, meaning they may not have been able to form favorable interactions with the enzyme surface
and may have instead hindered the CDRH3 from forming binding interactions. This is detrimental in the
case of our minimalist library, because the CDRH3 is the only loop likely to form binding interactions.
This hypothesis is supported by the information in Table 4.2, which compares the lengths of all the un-
differentiated loops of the germlines to that of the CDRH3

in our library. In the DP47-JH4 heavy chain germline, the Loop Vg Length  V; Length

CDRHL1 has a loop length of 528124 This is in principle too CDR1 5 11

short to hinder any length CDRH3 from contacting an CDR2 17 7

antigen surface. However, the CDRH2 is 17 amino acids CDR3 917 9

long? & 24 This loop length could be long enough to hinder

even the longest CDRH3 loop from contacting an antigen Table 4.2. Loop lengths for the DP47-JH4 heavy

surface. Similarly, in the DPK9-JK4 germline, all the light chain® and DPK9-JK4 light chain? germlines
chain loops are longer than at least the shortest CDRH3 used in construction of the CDRHS library.

. . . Lengths for all loops besides the CDRH3 are
loop length. Particularly, the CDRL1 at 11 amino acid fixed because these were left un-differentiated at

residues long is at least as long as three of the potential the wild type germline sequences in the library.
CDRH3 loop lengths? 8. The other 2 light chains are also The CDRH3 has variable length according to the
comparable in length to the shorter potential CDRH3 loop diversification scheme of the library” as

lengths. Thus, based off of the loop lengths of the germline, ~ discussed in the introduction.

it is possible that the CDRH3 was prevented from forming
binding interactions with the surface of our model enzymes.
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Potentially contradictory to this hypothesis is that in the past we were able to isolate a binder to
fibroblast activation protein (FAP), an 88kDA enzymatic target (data not shown)’. Moreover, the CDRH3
of this clone was relatively short at 10 amino acids long. However, it is possible that in this case, by
chance, the un-diversified loops were able to mediate contact with the antigen. Also interesting is the fact
that we were still able to isolate binders to a wide range of 1gG targets. However, the mode of binding to
these IgG targets is different than to enzymes. The 1gG antigen targets have loop like structures that could
protrude past the un-diversified antibody loops and to the CDRHS3 to allow for it to make binding contact.

| 4.6: Conclusion |

In conclusion, by re-screening the CDRH3 with carefully biotinylated 1gG, we were able to
isolate clones that were genuine antigen binders and did not preferentially bind to biotinylated antigen.
This validated our modified antigen biotinylation protocol and provided additional support for our
hypothesis that non-specific clones had previously been isolated because of over-biotinylation.

We showed that the clones we isolated had triple digit nanomolar affinity for their target.
Importantly, the clones had no affinity for off-target 1gG. These results provide a strong proof of concept
for the CDRH3 library, which we eventually hope can discriminate between members of multi-enzyme
families.

We also found one of the potential pitfalls of the library: that it was unable to yield binders to a
panel of enzymes. We used Pymol structures of antibodies bound to one of our model antigens to
formulate a hypothesis that hinderance of the other antibody loops prevents the CDRH3 from contacting
the enzyme surface and mediating binding. However, this is not concerning enough to warrant a re-design
of the library because the eventual incorporated small molecule diversity will potentially be able to
overcome this and result in the library being able to yield enzyme binders.
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Conclusions and Future Work

| 5.1: Conclusions |

The overall goal of this thesis work was to assess whether our yeast displayed CDRH3 scFv
library could serve as a tool in engineering protein-small molecule hybrids. We accomplished this goal by
validating the baseline scFv library itself, which will eventually act as a scaffold into which additional
small molecule diversity can be incorporated. We validated the library by screening it against a panel of
model antigens, including 1gGs and enzymes. The resulting IgG binding clones that we isolated had
triple-digit nanomolar affinities for their targets. While the affinity of isolated clones was relatively low, it
is important to note that eventual synergies with incorporated small molecules will enable high bivalent
affinities to be achieved. Moreover, isolated clones showed little to no off-target binding with other 1gGs.
The fact that the library was able to yield binders capable of discriminating between such structurally
similar antigens suggests that the library could eventually be used to produce binders capable of
discriminating between individual enzyme of multiple-enzyme families, such as the MMPs.

There were some potential pitfalls of the CDRH3 library that surfaced during the validation. The
main pitfall was that the library did not yield binders to enzymatic targets in screens performed here. We
hypothesized that this was due to CDRH3 loop lengths being too short and therefor being hindered by the
other antibody loops from forming binding interactions with the enzyme surface. While it would be
simple to add additional CDRH3 loop diversity to the library, adding the small molecule diversity layer to
the library will likely correct for this problem. The affinity of the small molecule for the enzyme active
site may be able to pull the antibody close enough to the enzyme surface, such that the CDRH3 can form
binding interactions.

In conclusion, the library described here and variations of it will be able to be used as a tool for
the construction of protein-small molecule hybrids. The eventual multi-component hybrid library can be
used to provide insights on the optimal positioning of small molecules and which small molecules to use
in hybrid construction. The resulting hybrids would have the potential to be used both as therapeutics and
as a molecular biology probes to evaluate the role of different proteases n the tumor microenvironment. In
addition to protein-small molecule hybrids, this library could have broader applications in motif grafting.
The fact that all CDRs besides one are held at the germline sequence would offer an increase in positions
that can be explored for the grafting of peptide motifs.

| 5.2: Future Work |

It is important for the CDRH3 library to be able to yield binders to different epitopes on a given
antigen. Having clones that bind to multiple epitopes increases the chances that an scFv can be isolated
that will bind close enough to the active site to be useful as a hybrid. We can analyze the epitope coverage
of isolated clones by producing soluble antibody of the clones, using it to block epitopes and then observe
how the binding of a different yeast displayed scFv against the same target changes using flow cytometry.
The production of soluble antibody required for these experiments in it of itself can be used to verify that
the library yields soluble and thermodynamically stable antibodies. This is important if the inhibitors are
to be used as potential therapeutics. Soluble antibody can be secreted by the yeast display system with
only minimal sub-cloning required. Finally, a proof of concept for the hybrids is still needed that shows
that incorporating a small molecule to an scFv isolated from the library does not diminish binding. When
these experiments are complete, there will be a more in-depth understanding of whether the library is
viable for its intended purpose.
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Appendix
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Figure A.1. Screen shots taken during FACS sorting for Bovine IgG, Donkey IgG and Rabbit 1gG. FACS was done at the Tufts
University Sackler School of Medicine using a BD FACS Aria cell sorter. Shown is sort round 5 in progress, so flow cytometry
should look the same as the post-round 4 data. All cells were labeled with 50nM target 1gG and anti-biotin PE secondary label.
Cells were also labeled with chicken anti-Cmyc and the associated secondary label. Shown are two gates drawn: top and bottom.
Gating was done to separate stronger and weaker clones based off the relative intensity of the antigen binding signal. 10,000

events collected from each gate.
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Figure A.2. 50nM Bovine 1gG binding experiment for all sequences in Table A.1. Results shown as dot plot. All cells in the
binding check condition were labeled with 50nM bovine 1gG and a streptavidin 488 secondary label. Cells in the secondary
control condition were only labeled with the streptavidin 488 secondary label. Cells in all conditions were labeled with Cmyc.
Clones 1-3 have cells in quadrant 2 in the antigen binding condition but not in the control, and therefor are antigen binding.
Clones 4-7 have no cells in quadrant 3 in either condition and are therefore not antigen binding and the result of carry over during
screening. Clone 4 only has cells in quadrant 4 with minimal cells in quadrant 3 for both conditions. This makes sense
considering this clone is truncated, meaning it did not have a full-length scFv on its surface and the Cmyc tag would therefore not
be read through. The small number of cells in quadrant 3 are due to non-specific binding of the anti-Cmyc and associated

secondary label to the yeast surface.
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Figure A.3. 50nM Donkey IgG binding experiment for all sequences in Table A.1. Results shown as dot plot. All cells in the
binding check condition were labeled with 50nM donkey IgG and a streptavidin 488 secondary label. Cells in the secondary
control condition were only labeled with the streptavidin 488 secondary label. Cells in all conditions were labeled with Cmyc. No
clones have cells in quadrant 2 for any condition, and therefore none are antigen binding. Clone 2 only has cells in quadrant 4
with minimal cells in quadrant 3 for both conditions. This makes sense considering this clone is truncated, meaning it did not
have a full-length scFv on its surface and the Cmyc tag would therefore not be read through. The small number of cells in
quadrant 3 are due to non-specific binding of the anti-Cmyc and associated secondary label to the yeast surface. Clone 1 is not
shown here, because it had already been verified to be a genuine antigen binding clone as shown in Chapter 3.
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Figure A.4. Bovine 1gG competition experiment with 50nM biotinylated antigen and 1uM non-biotinylated antigen for all bovine
1gG binding clones isolated during the first round of CDRH3 library screening. All antigen was the same stock used in library
screening. All clones have a comparable binding population size for the competition and biotin control conditions. This indicates
that isolated clones bound preferentially to biotinylated antigen. Data collected by Haixing Kehoe.
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Figure A.4. Donkey IgG competition experiment with 50nM biotinylated antigen and 1uM non-biotinylated antigen for all
donkey IgG binding clones isolated during the first round of CDRHS3 library screening. All antigen was the same stock used in
library screening. Donkey 2 and 3 clones have a comparable binding population size for the competition and biotin control
conditions. This indicates that isolated clones bound preferentially to biotinylated antigen. Donkey 1 has a very small binding
population for the competition condition, indicating this clone preferentially binds to an epitope on the antigen itself. Donkey 2
clone was shown in a subsequent repeat experiment to preferentially recognize the antigen. Data collected by Haixing Kehoe.
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Figure A.5. Rabbit IgG competition experiment with 50nM biotinylated antigen and 1uM non-biotinylated antigen for all rabbit
1gG binding clones isolated during the first round of CDRH3 library screening. All antigen was the same stock used in library
screening. Rabbit 2-5 clones have a comparable binding population size for the competition and biotin control conditions. This
indicates that isolated clones bound preferentially to biotinylated antigen. Rabbit 1 has a very small binding population for the
competition condition, indicating this clone preferentially binds to an epitope on the antigen itself. Data collected by Haixing
Kehoe.

A B
Clone CDRH3 Sequence Loop Length Clone CDRH3 Sequence Loop Length
Bov 2.1 HYDPYDDYNFYFGEDY 16 Donk 2.1 YDKTHHNPDYALDY 14
Bov2.2 TYYDNSYAYTALDY 14 Donk-NB-2.2 *NAYSPAAILDY 0
Bov 2.3 SSIYDGYMYGLDY 13 Donk-NB-2.3 AHCHHGLDY 9
Bov-NB-2.4 H*NNDKRPAIDY 1
Bov-NB-2.5 AFGDNANPNNAIDY 14
Bov-NB-2.6 YDVATNURALDY 12
Bov-NB-2.7 AKNHSFGFDY 10

Table A.1. Comprehensive sequencing results for CDRH3 library sort 2. A) All unique sequences from Bovine 1gG top and
bottom FACS populations. B) All unique sequences from Donkey 1gG top population. Clones denoted with NB were determined
not to bind to target antigen in binding assays. Asterix denotes a stop codon in the CDRH3, indicating a truncated clone. All
CDRH3 loop lengths reported according to the Kabat scheme.



Clone CDRH3 Sequence Loop Length K, in nM (95% CI)
Bov 1.1 YLDHYYALDY 10

Bov 1.2 YYDHHYYALDY 11

Bov 1.3 YLDNHYYALDY 11

Donk 1.1 YDKTHHNPDYALDY 14 4.012 (1.635-10.091)
Donk 1.2 YENSYALDY 9 421.8 (317.8-570.1)
Donk 1.3 YYDPDRYNYAMDY 13

Rab 1.1 YNYHHPFSYDAFDY 14 1168 (1124-1215)
Rab 1.2 YYHTDYTAHNAYALDY 16

Rab 1.3 PSHCSSSNNDIDTALD 16

Rab 1.4 PSHCSSSNDIDTALD 15

Rab 1.5 ASYPNTFYSIAGID 14

Table A.2. List of all sequences determined to be binding after the first round of library screening. Data collected by Haxing
Kehoe. Sequences denoted in red were later determined to be biotin binders. For all non-biotin binders, dissociation constant is
listed in nanomolar along with the associated 95% confidence interval.



