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Abstract

In cancer, changes anzymeexpression leveland activity leveldead to
a complex, altered microenvironment that promotes unregulated cell growth,
angiogenesis, and metastasis. The biology of the tumor microenvironment,
including the roles of the proteases and peptidases involved, remains poorly
characterized. Evaluating the functions of these enzymes is challenging due to the
absence of specific inhibitors. Previous studies have developed protein binders,
such as antilgties, which can bind specifically to a unique enzyme, but these
binders are rarely able to inhibit enzymatic activity. On the other hand, small
molecules can bind to the active site of an enzyme, but doesgound®ften
inhibit a wide range of closelyleged proteases and peptidases. The objective of
this work is to create a new class of specific enzyme inhibitors consisting of a
protein binder conjugated to a small molecule. A new synthetic antibody library
was developed, characterized, and successfuallighed for binders to various
antigens. Additionally, proteismall molecule hybrids were rationally designed
and constructed using click chemistry. Protemmall molecule hybrids were tested
for their ability to bind to uniquenzymesompared to thegingle chain variable
fragment (scFv) counterparts. The methodology proposed in this work will result
in novel enzymatic inhibitors to evaluate the complexity of the tumor
microenvironment and may also result in the generation ofcieess of

therapeutics
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Targeting the tumor microenvironment it

proteinsmall molecule hybrids



Chapter 1 Introduction

1.1 The role of proteasespeptidases, and other enzyman the

tumor microenvironment

The number of new cancer caskagnosed annualig expected to
surpass 20 million worldwide by the year 203@owever, with few exceptions,
current cancer therapies are only temporarily or moderately effective.
Improvements to these therapies may be rahligerecognizing that cancer cells
are not solitary entities, but rather recruit and modify additional cell t{igsie
1.1 schematically depicts the tumor microenvironment (TME), whatte thmor
cells and nortancerous cellsncluding fibroblasts anoinmune cells, alter the
production ofgrowth factors, enzymes, and other biomolecules. In particular, the
expression and activity levels afmyriad of different proteases, peptidases, and
other enzymes from families and superfamilies such as matrix optatinases,
cysteine cathepsins, and serine hydrolasesltered in TME'4 However, the
exact functims of individual enzymes in the tumor microenvironment are often
obscured due to the lack of specific probes available for studying the functions of

unique enzymey®
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Figure 1.1: The complexity of the tumor microenvironment.

Cancer cells recruit and modify other surrounding cell types and alter their production of vi
signals and ernyznes to create a tumor microenvironment. (Figure adapted from Adams, J.L
al.)

Theroles of individual enzymes in cancer progression and the discovery
of new potential cancer treatments may be elucidated by experimentally inhibiting
enzymefunction. However, current methods of enzyme inhibition are frequently
insufficient for blocking lhe activity of enzyme&® While certain small molecules
can inhibit enzymatic activity, they often inadvertently inhibit many other
members of the same protein figmonly some of which support tumor
progression. When applied in clinical trials, the lack of sheglieymespecificity
has resulted in compromised patient saféffis is the case in many

superfamilies of proteins, including the serine hydroladsas.the other hand,



protein binders can specifically bind to a single member of a enzyme family, but
are rarely able to inhibit the activitgesof the enzyme. New techniques to discover
specific inhibitors would result in potential drug candidates with improved
specificity, enabling the development of therapeutics to target and inhibit

enzymes in the TME.

1.2  Current methods to inhibit serine hydrolases

There is a lack of selective inhibitors for enzymes, especially those in the
serine hydrolase family. Protein binders, including antibodies and antibody
fragments, are able to bind to a specific amino acid sequence with high
specificity. Despite tl specificity, many of these protein binders cannot inhibit
the function of a enzyme. As an alternative, small molecules have been used to
inhibit the activity of enzymes. However, the few inhibitors that target individual
serine hydrolases ladk vivo efficacy® For example, the boronic acid inhibitor
PT-100 from Point Therapeutics can inhibit fibroblast activation protein (FAP),
but also inhibits other similar enzymes in the serine hydrolase superfamily
including dipeptidyl peptidas®/ (DPPIV), which is structurally similar to
FAP>1912 These two proteins differ in their localization in the body: DPPIV is
expressed ubiquitously while FAP is not normally present indissd is a
potential marker for some epithelial cancEFhe difference in function between
FAP and DPPIV is typical of the broad range of functions between members of
theserine hydrolase superfamily. For example, kallikreins, another subgroup of
the serine hydrolase superfamily, have roles varying from regulating normal

physiology to promoting cancer progresstéfIn all cases, the lack of selective



inhibitors preverd researchers from discovering the functions of these enzymes.
Therefore, there is a need to develop new methods of inhibitor discovery to gain

insights into individual enzymesod physiolo

1.3 Yeast display and noncanonical anmo acids

Display-based technologies allow for the discovery of highly specific
protein binders with properties that would be difficult to obtain by immunization
of animalst® While the maximum library sizef geastdisplay is limited
compared to other display methddsapproximately 19transformantsyeast
display has been shown to yield more unique clones than phage display in the
case of identifying scFvs specific to HiVgp120'® Additionally, yeast cells can
be quantitatively analyzed or sorted using flow cytsgevhich is especially

useful for identifying high affinity antibody fragments from a libréafy.

Recently, several studies have pursued chemically modified proteins or
peptdes as a means to specifically inhibit enzymatic actifity.However, these
appro&hes are limited due to the lack of quantitative assessment of candidate
inhibitors. While yeast display has been used to isolate high affinity protein
binderst’-?>23the technologgan be furtheexpanded to include the incorporation
of noncanonical amino acids (ncAAs) with unique side chains distinguishable
from the 20 canonical amino acids for moegestive bioconjugation reactiofs.
Chemical modification of proteins has been implemented with various ncAAs in
phage?® Escherichia colf® mammalian celld’ andSaccharomyces

cerevisiae?®?°The addition of ncAAs it yeast display using stop codon



suppression will expand the chemical functionality of proteins displayed on the
yeast surface in a sielective manner and support the discovery of novel

enzyme inhibitors.

1.4  Click chemistry

Coppercatalyzed azidalkynegy c | oaddi ti on ( CuAAC) i s
chemi stryo bdhaltug dissovery anel fundamental resedtch.
CuAAC involves the reaction between an azide and alkyne to form a triazole
linkage. Since azides and alkynes are reasonably biéfr@aAAC is an
attractive method for siteelective bioconjugation on tlyeast surface. The key
advantage to CUAAC is the fast reaction time at room temperature, especially
with the addition of copper(P? Additionally, the reaction is highly tolerant of
both water and oxygen, making it an attractive choice for biological
environments, such as the cell surface. Previous work has demonstrated that
CuAAC can be performed on proteins displayed on botlE el surface and

proteins displayed on the yeast surfétte.

1.5 Thesis Work

The goal of this research is to develop novel presenall molecule
hybrids to specifically target and inhibit individual enzymes expressed in the
tumor microenvironmenilhese hybrids consist of a protein bintheat
recognizes a unique amino acid sequence in an enzyme and a small molecule that
inhibits the activity of the enzyme (Figure 1.2). Towards this goal, a new, simple,

yeastdisplayed synthetic antibody library was constructed and characterized



through squencing and flow cytometry. Clones from this library were
successfully enriched against various antigens using previously described bead
and flowcytometrybasedapproached®3’In the future, this library will be
developed into a proteismall molecule hybrid library containing both amino

acid and chemical diversitpff the high throughput discovery of proteimall

molecule inhibitors.

y \
Unique / Target

antigen f/ enzyme \\’
feature \\+ J
) - \ //

Small

molecule
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active site

Binding protein
recognizes
unique antigen
feature

Figure 1.2: A schematic of the proposed proteirsmall molecule hybrid structure.

The protein portion of the hybrid consists of an antibody fragment that recognizes a uniq
feature on the enzyme. The small molecule recognizes the active site of the enzyouk to t
enzymatic activity. The hybrids are constructed using coppelyzed azidalkyne
cycloaddition. (Figure made by Professor James Van Deventer).



Additionally, proteinsmall molecule hybrids were developed to tatget
structurally similarenzymes: fibroblast activation protein (FAP), a potential
cancer target, and dipeptidyeptidase IV (DPPIV), a target in diabetes that is
also widely expressed in normal physiolodyybrids displayed on the yeast
surface were developed from previously identified-&#tP scFvs and tested for
their ability to bind to AP compared to conventional scFvs in titration

experiments.

The development of protesmall molecule higrids against FAP and
DPPIV couldlead to new tools for evaluating the functions of these enzymes and
may result in new therapeutic leads for treatnoémmiancer and other diseases.
Furthermore, the underlying methodology will be applicable to numerous
proteases and other enzymes, providing a framework for the discovery of specific

enzyme inhibitors on a broader scale.

Chapter 2 describes the design, stauction, and evaluation of a new
yeastdisplayed synthetic antibody library. This chapter includes sequencing data

and sorting using both beaahd flow cytometrybased methods.

Chapter 3 presents the click chemistry and titration experiments obtained

from the rational design of protegmall molecule hybrids.

In Chapter 4, a proposal for how to combine the work of Chapters 2 and 3
to create a high throughput protemall molecule discovery platform is

described, and additional directions that buildlus work are explored.



Appendix Acontains representative experimental data collected after
protein purifications to confirm the purity and identity of FAP, DPPIV, aniit

melanoma antibodyA99 used in various @eriments presented in this thesis
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Chapter 2: A simple, yeast-based synthetic antibody library

2.1 Introduction

The high specificity and lonigp vivo half-lives of antibodiesave recently
led to powerful therapeutic reagents used to combat various diseasesing
cancert Early onin antibody therapeutic development, monoclonal antibodies
were developedn a large scalasing hybridoma strategi@s mice? but this was
disadvantageousr therapeutipurposedbecaus@f the immune system response
the murine antibodies could causéhumans. Humanized monoclonal antibodies
were developed to reduce the immune response, but the pioledssious
because it requires grafting of murine complementagtgminining regions

(CDRs) to a human constant regfon.

Display technologies allofor the successful discovery of hurrlie
antibodies with bindingnoperties that would be difficult to obtain by animal
immunization? In particular, yeast display is advantageous becaise it
compatible with flow cytometry, whicban be used to quantitatively sort high
affinity antibodyfragments in a high throughput manAédditionally, yeast
display has been shown to yield more unigungle chain variable fragment

(scFV) sequences that bind to a fieular antigen than phage dispfy.

Previously, Mahon ahcolleagues used display technology to isolate
diverse and specific antibodies to various target antigens from a minimsdistic

library with diversity in onlythethird complementarity determining regiah the
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heavy chair{CDR-H3).” This showghathigh affinity binders to various targets
can still be isolated despite using a single scaold limited diversity to only

one CDR.

CDR H3 Diversity
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o o O o O o O o
-~ —
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Shaded region: 5-13 randomized positions
X: antibody-like amino acid diversity

PBD ID: 1fvc Image adapted from Prof. James Van Deventer.

Figure 2.1: Schematic representation of the diversityn the CDR-H3 library.

The CDRH3 region is highlighted in pink in the crystal structure of a humanizeeH&R2
antibody. Additionally, potential TAG codon sites are highlighted as siilicg spheres in
orange. The diversity of CDRI3, where the X odon is designed to have amino acid diversi

similar to natural antibodies.

The goal of this research was to develop a simple library with limited

amino acid diversity capable of yielding specific binders to various targets. A new

synthetic scFv library was developed with diversity solelDR-H3 (Figure

2.1). Amino acid diversity in this region was designed to mimic the sequences of

this CDR in natwural antibodies using degen
percentages of A, C, T, and G as described
encales for the 0AXo0 a%Eachdonaicthedibraryn Fi gure 2. 1]
contained8l 3 A XYZ0O ¢ od o nHK3ldomlengtmvariatiorebet@daiir

and 15 codon® mimic commonly found natural lengths of this CDR in human

antibodie®
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A library with diversityin onlythe CDRH3 has protein diversity
introduced in only a small fraction of the total antibody sequence. This makes the
library a good foundation to build libraries withultiple forms of diversity,
particularly proteirsmall molecule hybrid libraries that contain bathino acid
andsmall moleculeehemical diversitylntroducing chemical diversity with a
small molecule would allow for the high throughput discovery ofgunegmall
molecule inhibitors which can both bind to a unique enzyme and inhibit the
function of that enzymeA TAG codon(for incorporation of a noncanonical
amino acidhrough stop codon suppressiaan replace any residue outside of the
CDR-HS3 region,therefore increasing the potential sites for small molecule
conjugation in the library. In particular, limiting diversity to the GBIR region
opens up the possibility of inserting a TAG codon in one of the other CDRSs,
which are held constant in this lilbbyaFor instance, L28, H31, and H54 are all in
CDRs (Figure 2.1). Having a TAG codon for small molecule incorporation in a
CDR could be advantageous because the CDRs are typically the closest regions of
the antibody to the antigemcorporation of a smatholecule into a CDRocated
TAG codon mayncrease the proximity of the small molecule to the enzyme
active site and thereforecrease the chances that the small molecule can

participate in inhibition othe enzyme.
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2.2 Experimental Methods

2.2.1 Media preparationplate preparation, yeast strain, and yeast

electroporation

Procedures for the preparation of liquid media, solid media, and
electrocompetent yeast were performed as described previbtsll
experiments used ti&accharomyces cerevisiagain RJY100, which was
constructed using homologous recombination techniques described in detall

elsewheré?

2.2.2 Plasmid construction

ThegWiz-Fc-hFAP-BIirA and gWizFc-mFAP-BIirA plasmidswere
constructed as previously descridé@hese vectors encode for a murine Fc
region for Protein A purification upstream of the protdiimeerest and a BirA

sequence for enzymatic biotinylation downstream of the protein of interest.

gWiz-Fc-hDPPIV-BirA and gWizFc-mDPPIV-BIirA plasmids were
constructed from PCRamplified human and murine DPPIV cDNA (OriGene) and
the gWiz vector (obtaineflom the gWizFc-hFAP-BirA plasmid) digested at
Nhel and BamHI. The digested vector backbone and insert were purified, ligated,
transformed into competekt coliDHS Z1, and plated on solid LB media
supplemented with kanamycin. Single colonies were pliekel grown in liquid
media supplemented with kanamycin, grown to saturation, and miniprepped.

Sequencing at Eurofins Genomics confirmed correct assembly ofgiiz
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hDPPIV-BirA and gWizFc-mDPPIV-BirA. FAP and DPPIV expression
constructs were maxipreppeat transfection of suspension HEK2BXells as

described in Section 29.

2.2.3 CDR-H3 synthetic library construction

Oligonucleotides, including those with amino acid diversity and loop
length variation, were synthesized by IDT DNA Technologies. Oligontidies
were used to amplify the scFv region, which was split into two gBlocks
synthesized by IDT DNA Technologies. The first gBlock consisted of the DPK9
light chain and the JK4gegment and was amplified with a pCTcon2 overlap
region (necessary for honoglous recombination into the pCTcon2 vector) using
the primersSynAmpFwd and SidLinkRev (Table 2.1). The second gBlock
contained the sequence for the DP47 heavy chain and was amplified with
SidLinkFwd and the CDR15Rev primers. The CDR¥5Rev primers vagd in
l ength of the desi gnteedeveis¥doDmementddyddrx 6( lianb e |l e
the primer sequencd.ach nucl eoti de in the AXYZO0O codo
in the degenerateDR7-15Rev primerss shown in Table 2.PCR
amplifications of each CDRngth were kept separate throughout molecular

cloning and yeast electroporation. Additionally, the CEISRev primers

Table21l: The predicted percentages of weach

20% 15% 25% 40% 50% 25% 15% 10% 0% 45% 10% 45%

19



contained an overhang for the first part of the J¥3égment sequence. The rest
of the JH4 egment and the pCTcon2 overlap region vaelded on using

SynAmpRev.

Table 2.2: Primers used for cloning the CDRH3 library.

The CDR715Rev primers only varied in the number of XYZ codons, which are labeled as 1
reverse complement z~6yo6x0.

Sequence (5' to 3)

SidLinkAmpFwd GGTACTACTGCCGCTAGTGGTAGTAGTGGTG
SidLinkAmpRev GGCACCACTGCTACTGCCACCACTACTACCAC

SynAmpFwd GGAGGCGGTAGCGGAGGCGGAGGGTCGGCTAGCGACATACAGATGACTCAAAGT
CCCAG

SynAmpRev GTCCTCTTCAGAAATAAGCTTTTGTTCGGATCCTGAGGAGACGGTGACCAGGGTTC
CTTGGCCCCAGTAGTC

CDR7-15Rev CAGGGTTCCTTGGCCCCAGTAGTCSADASC(z'y’x’)5.13 CTTAGCACAGTAGTAAACA
GCAGTATCTTC

The pCTcon2 yeast surface display vector was linearized in two steps:
first, overnight incubation with Sall was performed, followed by a second
overnight incubation with enzymes BamHI and Nhel in the digestion mixture. 2
{ g of each gelpurified PCR fragment and{lg of digested vector mixture were
assembled by homologous recombination in electrocompetent RJY100 using
previously described metho45PCR fragments of each CBIR3 length were
electromrated in yeast separately wilgeded pCTcon2 to create lodgngth

based sublibraries.
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Transformed cultures were recovered inGBA (-TRP-URA). Small
portions of transformed cells were plated onGBA (-TRP-URA) plates to
confirm the final reported library size of 1.36 x®t@Gnsfomants.The library
was expanded in SBAA (-TRP-URA), pelleted, resuspended in 15% glycerol
and stored in 2 mL aliquots containing'4geast cells. DNA was extracted from
small portions of the library using Zymoprep DNA isolation kits (Zymo
Research), &imsformed intde. coli, plated on LB solid media containing
ampicillin, miniprepped, and sequenced (Eurofins Genomics) to assess a small

sample of the library diversity.

2.2.4 CDR-H3 library master stocks

Freezer stocks of each sublibrary were thawed and &3 tine number of
transformants (as determined by plating) were inoculated in 1-C&BD (-TRP-
URA) to create the full CDR43 library. Once grown to saturation, 10 times the
number of transformants were spun down (5 minutes at 2,000 x gi@hdrd
resusended in 8 L SBCAA. Once grown to saturation again,*46ells covering
99.92% of the librarl? werespun down angassaged into 1 L of SDAA (-TRP
-URA) to begin sorting. The rest of the cells were spun down, resuspended in

15% glycerol, and frozen a80JC for master stocks.

2.2.5 Library propagation and induction

To propagate the library and preeadt for induction, two 2 mL freezer
stocks were inoculated in 1 L SDAA (-TRP-URA) media and allowed to grow

to saturation at 3IC. The library was passaged to andgdf 1 and allowed to
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grow up again to saturation. At this stage, a portion of eale diluted to an

ODsoo 0f 1 again while the raainderof the culture was stored ai@ as a fridge

stock. Alternatively, samples from the fridge stock were pelleted and resuspended
to an OReoof 1 in 1 L of fresh SBCAA (-TRP-URA) media and grown to

sauration. Following saturation, the cultures were diluted to apéD 1 in

fresh media and grown until midg phase (OD 5). Cells were pelleted (5

minutes at 2,000 x g and 4°C) and resuspended to asp Ol in SGCAA

(TTRP TURA) induction media and grown at

2.2.6 Flow cytometry

2.2.6.1 Truncation analysis

20 times the number of transformants of each sublibrary were grown
separately in either 100 or 150 mL of §IAA (-TRP-URA) at 3QIC. Orce
grown to saturation, 10 times the number of transformants for each sublibrary
were spun down (5 miries at 2,000 x g and 4°C) and resuspended in 100 or 150
mL of SD-CAA (-TRP-URA). After growing to saturation again, about 500
of each sublibrary wasassaged into 5 mL of SDAA and grown to miedog
phase for 4 hours. Additionally, 50@ L of the full CDR-H3 library from
Section 2.5 was also passaged into 5 mL of-SBA grown for 48 hours. For
induction, cultures were spun down and resuspendaetd@bDeyo of 1 in SGCAA

(-TRP-URA) and grown for 16 hours at ZD.

Approximately2 million cells from each sample were washed thrice in

PBSA (PBS, pH 7.4, with 0.1% BSA) and labeled in 1.7 mL microcentrifuge
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tubes for thehe detectiorof full-length scFWisplay through flow cytomey.

Cells were labeled with 50L of antic-Myc (Gallus Immunotech) and aftiA
(BioLegend) antibodiediluted 1:250 in PBSA at room temperature for 30
minutes on a rotary wheel. After primary labeling, all steps were done on ice or in
a microcentrifuge chilled toJ€. Each sample wasashed thrice with 1 mL iee
cold BBSA and then resuspended int300of Alexa Fluor 647abeled goat anti
chicken antibody (Invitrogen) and Alexa Fluor 4@Beled goat antinouse
antibody (Invitrogen) diluted 1:500 in PBS» icefor 15 minutes in the dark.
Each sample was washed twice with 1 ml-¢oé&d PBSA before final
resuspension in 1 mL PBSA for flow cytometry. Flow cytometry analysis was
performed on the Attune NxT flow cytometer in the Tufts UniverSitienceand

Technology Center. All samples wgrmcesed using the FlowJo software.

2.2.6.2 Sorting analysis

For each round of sorting after the first round of positive enrichment,
induced cells were checked for binding to the desired antigen, streptavidin, and in
the case of FAP and DPPIV sorts, TA99. Celise subjected to the same wash
conditions as in the above Section 2.23&mples were labeled with 50 nM
biotinylated antigen except for the lysozyme sorts, which were labeled with 250
nM biotinylated antigen. Cells were also labeled with-asNlyc at al1:250
dilution in PBSA. For secondary labeling, cells were labeled with Alexa Fluor
64 7-labeled goat antthicken antbody and either Alexa Fluor 488beled

streptavidin or antbiotin-PE (eBisciencé at a 1:500 dilution.
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2.2.6.3 Binding assay

After sorting usng FACS, individual clones were isolated from the bovine
lgG-, rabbit IgG, and lysozymesnriched populations as described in Section
2.2.8. Specifically, 942 clones were sequenced from the bovine IgG population,
the highbinding rabbit IgG population, éhlow-binding rabbit IgG population,
the highbinding 50 nM lysozyme population, the ldsnding 50 nM lysozyme
population, and the the highinding 250 nM lysozyme population. Plasmids
corresponding to unique clones were transformed into RJYia@d orsolid
SDCAA media (1T TRP T URA)Ii, | amdl omioevsn aap p e3adrAeCd

days).

Colonies from the plates described above were inoculated in& BD-
CAA (T TRPandJRAI)l owed to grow to saturation
Alternatively, 1002001 L of saturated culture stored at 4°C was inoculated in 5
mL fresh media and allowed to grow to saturation overnight. Following
saturation, the cultures were diluted to ane@bf 1 in freshSD-CAA (1 TRP
T URAahd grown at30°Cuntimil o g p has ei8a)Qdells@ares ; 4
pelleted (5 minutes at 2,000 x g and 4°C) and resuspended tosaso®Din

SGCAA (T TRP 1 URA

Approximatelyg p mtfreshly inducectells per sample were washed
thrice in 1 mL PBSA and transferred into aweéll V-bottom plate angelleted
(5 minutes at 2,400 rpm and 4°C). Samples were resuspended in PBSA (50

eL/ wel | ) 5@nMrot280i nW biotigylated antigen and acdyc at a
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1:250 dilution Plates were incubated with rotation (150 rpm) at room temperature

on a digital ordial shaker (SouthweS&icience for 30 mirutes Cells were then

pelleted and washed thriceiniceol d PBSA (200 €L/ well). The
were resuspended i nAl&&Buar64Aab@ledgoatlanic ont ai ni n
chickenantibodyand antibiotin PE,both at a 1:500 dilution. Cells and label were

incubated in the dark on a plate shaker at 4°C for 15 minutes. After incubation,

cells were pelleted and washed twiceinacce | d PBSA (200 L/ well ).
were then pelleted and left covered on ice. Immtefigrior to flow cytometry

analysis, samples were resuspended iticel d PBSA (200 eL/ wel | or

t L/well for titrations). 10,000 events were recorded for each sample

2.2.7 Antigen enrichment in the CDR3 library

2.2.7.1 Library depletion

The original CDRH3 library was induced and subjected to two rounds of
depletions against biotin binder Dynabeads (Life Technologies), streptavidin, and
TA99 (which has the same Fc isotype adHA¢ and FeEDPPIV fusions). The
library was expanded and the majority was spun dovenspaded in 15%
glycerol, and stored awasefrighedwihbeadsThe rest o
coated in eitheFc-hFAP, FemFAP, FehDPPIV,FcmDPPIV, bovine I1gG,

rabbit IgG, or lysozyme.
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2.2.7.2 FAP and DPPIV sorting

A total of 50t L of antigencoated beads wetesed per depletion or
enrichment in the first round of sorting. The enriched library fractions were
recovered and prepared for more sets of #xzadd screenkach round of
sorting consisted df-2 rounds of depletion against beads coated in biotinylated
TA99 (for FAP and DPPIV sorts only})-2 rounds of depletion against beads
coated in biotin, 2 rounds of depletion against biotin binder Dynabeads, and
enrichment usingither hFAR, mFAR, hDPPI\%, or mDPPI\fcoated beads.
Each depletion or enrichmengeptafter the first round of sorting usedl0of
beads. Bead sorting was repeated until F&fFDPPI\~positivebinding

populations were enriched.

2.2.7.3 Bovine IgG, rabbit IgG, and lysozyme sorting

The CDRH3 library was also sorted for binders to bovine Iggbbit 19G,
and lysozyme. Beallased sorting was performed as described above for FAP and
DPPIV sorting except (1) the TA99 depletions were not performed and (2) the
positive enrichments used either bovine 4g@abbit IgG, or lysozymecoated
beadsTenrounds of bead sorting were performed for the bolgt& and
lysozyme populations. Nine rounds of bead sorting were performed for the rabbit

IgG population.

Additionally, these populations were sorted using fluorescantieated
cell sorting (FACS) perfoned at the Tufts Laser Cytometry Core onBiie

FACSAria (Becton Dickinsonyvith roundsthree (bovindgG and lysozyme) or
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four (rabbitlgG) of bead sorting. Samples from all populations were labeitd
antic-Myc at a dilution of 1:250 in PBSA arkd nM biotinylated antigenA
separate sample dig lysozyme population was also labeled vatiti-c-Myc and
250 nM biotinylated lysozymdrotein display was detected with gaauti-
chicken 647 at a dilution of 1:500 in PBSA amdigen binding was detected

using antibiotin-PE addedtaa dilution of 1:500 in PBSA.

2.2.8 DNA sequencing

Plasmid DNA from all sorted populations was extracted using Zymoprep
kits, transformed into competelat coli, and plated on selective media. The

resultingE. colicolonies were mnmiprepped and sequestt at Eurofins Genomics

2.2.9 Mammalian cell culturing and transfection

HEK293F cells were kept bewent@® p mtando p ttmillion cells/mL
by passaging every 3 days into fresh Free@9medium (Life Technologies).
Cells were kepat 37JC with 8% CQ shaking at 125 RPM. Cells were transfected
on or after passage 4 using polyethylenimine in FreeStyle 293 media
supplemented with OptiPro (Life Technologies) under sterile conditions 24 hours
after seeding the cellsa® p mtcellsimL. After transfection, cells were
incubated at 3IC with 8% CQ shaking at 125 RPM for-8 days before

harvesting.
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2.2.10  Antigen production and biotinylation

The murine antibody TA99 was produced, purified, and buffer exchanged
as previously describeéd Fc fusions of human and murine isoforms of fibroblast
activation protein (FAP) and dipeptidyl peptidase DPPIV) were produced
using transient transfection of suspengatiase HEK293- cells and protein A

purification as previously described for hFAP.

6-8 days after transfection, supernatant was harvested, filtered, and pH
adjusted with 10X phosphabeiffered saline (PBS). Protein A resin (Genscript)
was used to purify the Fc fusion proteins. Eluted proteere buffer exchanged
into FAP buffer (100 mM NacCl, 100 mM Tris, pH 7.8) through repeated
concentration steps with Amicon Ukl 30 kD molecular weight cutoff

(MWCO) devices (Millipore).

After the buffer exchange, FAP and DPPIV enzymatic activity was
corfirmed using the fluorogenic substrate Aao-7-aminc-3-
trifluoromethyicoumarine (CalbiochejnFor longterm storage, protein solutions
were mixed with 50% vol/vol glycerol, flash frozen in small (ZDD{ L)
aliquots using liquid nitrogen, and stored 80 °C. Individual frozen aliquots
were thawed rapidly in rooftemperature water and buffer exchanged into FAP
buffer using Amicon UltreD.5 30 kD MWCO devices and stored at 4°C for up to

3-4 weeks.

Fc-FAP and FeDPPIV constructs were enzymatically biotiatgd with

biotin ligase (Avidity) for library screening. Freezer stocks were thawed and
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buffer exchanged into bicine buffer (50 mM bicine, pH 8.3) with a final volume

of 50t L and final concentration of-2 mg/mL. 2.5 L of biotin ligase BirA and 5
tLofBi omi x B (100mM ATP, IlbbthyAMditWBIr®Ac, 500¢eM
biotin ligase kit) were added to this solution. Enzymatic reactions were allowed to
proceed for multiple days on a rotary wheel at 4°C. Approximately every 24
hours, additional Biomix B was add to the reaction. Upon completion of the
reaction, the mixture was buffer exchanged into FAP buffer using the Amicon
Ultra-0.5 30 kD MWCO devices and used without further purification. Success of
enzymatic biotinylation was checked using flow cytomdgigtinylated antigen

was incubated with 1PL of beads for 2 hours followed by three 1 mL PBSA
washes ath secondary labeling with Alexduor 647labeledgoat antimouse

antibody.

Biotinylated versions of TA99, bovine IgG, rabbit IgG, and lysozyme
were pr@ared using EAink NHS-LC-Biotin (Thermo Scientific) and buffer

exchanged into PBS.

2.3 Results and Discussion

2.3.1 CDR-H3 library characterization

2.3.1.1 Library construction and characterization

An in-depth description of library construction can be found in Section
2.2.3. In brief, tigonucleotides were used to amplify the scFv regibthe CDR

H3 library. Amino acid diversity was introduced using degenerate prifa€iR.
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amplifications of each CDR length were kept separate throughout molecular

cloning.Each sublibrar was assembled separately with the yeast display vector

pCTcon2 using homologous recombination in electrocompetent RJY100 yeast.

The number of transformantsipsublibrary shown in Table 2v&re determined

by plating samples of electroporated cells. Teoretical diversity of each

sublibrary was calculated using Equation (2.1), wigeiethe number of designed

AXYZOo

There wer e

for the A/G codon and six possibilities for the F/I/L/M codon (Figure 2.1).

Table 2.3: The number of transformants and theoretical diversity of each sublibrary.

codons.

4 8

Ty co

di fferent

2.1)

possi bl e

codons

The number of transformants from each sublibrary was calculated by plating samr
electroporated cells. Theoretical diversity was aialied as described in the text.

Sublibrary Number of transformants| Theoretical diversity

CDR7
CDR8
CDR9
CDR10
CDR11
CDR12
CDR13
CDR14
CDR15
Full CDR-H3 library

1.20E+08
1.37E+08
1.52E+08
1.50E+08
1.80E+08
1.52E+08
1.22E+08
2.30E+08
1.20E+08
1.36E+09
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3.06E+09
1.47E+11
7.04E+12
3.38E+14
1.62E+16
7.79E+17
3.74E+19
1.80E+21
8.62E+22
8.80E+22

f
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A total of 95 clones were sequendeaim the library, with 812 clones
representing each of the 9 sublibraries. Each clone had a (@ifRéd3
sequenceindicating that the library contains many unique transformants. 19% of
thesequencedlones were truncated, either by a TAG codon arisatgrally in
the designed AXYZ0O codon or a frameshift m
scFv sequence. 7.4% of the sequenced clones had base pair mutations in the
constant region (outside of the CEHR) that did not cause frameshift mutations.
4.2% of segenced clones had mutations in the constant region that resulted in a
frameshift. Details on the sequences of the clonesiibypsary are shown in

Table 2.4

Table 2.4: Summary of sequencing data collected by CDRI3 sublibrary.

General information of the sequenced clones, including number of unique clones and num
clones with various mutations, split by sublibrary.

Clones Unique | Unique clones [Truncated| Clones with Base pair mutations in Indel mutations in
sequenced | clones |with designed size| clones indels constant region constant region
12 12 11 1 1 1 1

CDR7

CDR8 10 10 10 0 2 0
CDR9 10 10 7 2, 2 1 0
CDR10 9 9 7 3 2 0 0
CDR11 8 8 8 0 0 1 0
CDR12 10 10 9 2 il 0 1
CDR13 12 12 10 2 2 it il
CDR14 12 12 10 3 2 0 il
CDR15 12 5 2 1 0

~N

12 10
e e B | e e e

2.3.1.2 Characterization of library display properties

The diversity in CDRH3 library was designedusn g an AXYZO0 codon,
where the DNA base pairs fAX,0 AY, 0 and AZo

A C, T,and @Table2.2fAt position 1 dséipéddb) the expecte

31



distribution was 20% A, 15% C, 25% G and 40% T. The expected percentages at
position 2 (AYO0) were 50% A, 25% C, 15%
(AZ0) was expected to have 0% A, 45% C,
distribution eliminated th& AA and TGA stop codons, there was still a chance of

a TAG codon occurring in the CBDR3 regions, resulting in truncation.

CDR7 CDR8 CDR9 CDR10 CDR11

o . o o o
¥ Truncateds 25 "+ Truncated 12.1 ::,1 Truncated 11.4 ".] Truncated13.5 ::5_! Truncated 12.7
3 3 S 7
H b1 I
z x =
b H &
Full
374,
B g et
10 10? *
RUHG R R RLLH R RLLH RUH R R RLLH
CDR12 CDR13 CDR14 CDR15 CDR-H3 Library
o

o o .
::51 Truncated 13.4 :Ds Truncated 13.8 n:H Truncated 14.0

PYR
. 3, % s
S
{ﬂ%

w
e
a
it il
Y
i

HA detection (488)
¥;
ol

RUIH:RLIH RUHRUIH RLIH:RLIH AU RUH RUHRUH

c-Myc detection (647)

Population % Truncated clones

CDR7 132
CDR8 24.2
CDR9 20.4
CDR10 25.0
CDR11 24.6
CDR12 26.8
CDR13 30.3
CDR14 29.4
CDR15 30.8
Full CDR-H3 library 22.4

Figure 2.2: Flow cytometry analysis of truncated clones.
Each sublibrary and the full CDR3 library were labeled for full length clones. The percent ¢

truncated clones increased as the length of the-BBkcreased. 22.4% of the clones in the fu
CDR-H3 library were truncated.
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Flow cytonetry analysis indicated that aMyc tag could not be detected
in 22.4% of the clones in the overall libra(ifigure 22).In each sublibrary,
between 18 and 30% of clones appeared to be trunéetede CDR length of the
sublibrary increased, the percage ofobserved truncated clones also increased.
This was expected since the chance of having at least one TAG catthen i
designed CDRH3 region increaseswit each addi ti onal AXYZO coc
full CDR-H3 library had a totgh® ¢ p mttransformants (Table 2.3) and 22.4%

of these clones are estimated to be truncated based on flow cytometry analysis,

Percentage of truncated clones in CDR-H3 library

S 25.
3
5 20.0
G
o 15.0
Q0
3
< 10.0
[0}
s

0.0

7 8 9 10 11 12 13 14 15

CDR-H3 length

B Expected truncated clones from TAG codons in CDR-H3
B Observed truncated clones from flow cytometry
M Observed truncated clones from sequencing

Observed truncated clones from TAG codons in CDR-H3 (sequencing data)

Figure 2.3: Percent of truncated clones observed in both flow cytometry and sequencing

The expected percent of truncated clones jblgs compared to the observed percent of
truncated clones in flow cytometry analysis (orange) and sequencing (gray). Additionall

percent of observed truncated clones arising from a TAG codon (yellow) are also shown
each sublibrary.
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the libraryis estimated to contasgpproximatelyp8t ¢ p 1t full-length clones.

Finally, the observed percent of truncated clones from both flow
cytometry data and sequencing data was compared to the expected percent
truncated clones. The expected percent tr@acalibnes can be calculated from
the probability of having at | east one sto
CDRH3 . Due to the design of the AXYZO0 codon
occur in this region, and it occurs with a probability of 2% adapt i cul ar AXYZ. O
The probability of having at least one TAG codon is the same as 1 minus the
probability of there being no TAG codons in the sequence. Therefore, the
probability of truncation in the CDHRI3 region is equal t&quation (2.2)where

E€i's the number of ifXYZ0O codons.

P p T8IG (2.2)

Overall the observed percage oftruncated clones from flow cytometry
was higher than the predicted pereg& oftruncated clones for each sublibrary
(Figure 2.3) Additionally, the sequencing ¢ also showed generallyhigher
percentage of truncated clones comparguredicted values. Some sublibraries
showedalower percentage afuncated clonethan expectedand some
sublibraries had no sequenced truncated clones. One reason for this may b
because the predicted truncation calculation only takes into account the
probability of a TAG codon occurring in th
insertions or deletions, which also lead to truncatibtine displayed proteiThe

percentageofclbes truncated by TAG codons arising
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known from the sequencing data (Figure 2.3). For sublibrary CDR15, this percent

matched up well with the predicted percentage of truncated clones by a TAG

codon arising i n t hireal égthéerntases, tlee petormagesHo we v er |,
do not match up well, most likely due to the small sampled§izequencing data

(8-12 clones per sublibrary) compared to flow cytometry (10,000 events per

sublibrary).
2.3.1.3 DNA and amino acid di t ciobowinhi ons i n

The distribution of A, C, G, and T in t
determined by analysis of all sequenced clones that did not contain frameshift
mutations. The observed frequency of each base was found to be very close to the

predicted frequeng where no base varied more tha#%.from the expected

DNA base pair distribution in XYZ codons

0.6

% 0.5
o

(]
v« 04

o)

5 0.3
>
$0.2
>
O
||| ||I [
(B
. [ 1
A C G T A C G T A C G T

X Y Z
DNA base in XYZ codon
B Predicted frequency M Observed frequency

Figure 2.4 DNA base pair distribution in the

The frequency of eachucleotide n t he AXYZd codon i s comg
based on primer design. The predicted and observed frégaeme very similar.
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frequency, as shown by the graph in Figure 2dditionally, observed
frequencies of each base by sublibrarydisplayed in a table (Table 2.5

Overall, sublibraries did not show much variatioonh the predicted percentages

Table 2.5: DNA base pair distribution in the
sublibrary.

. x ! vz |
A @ G T A C G T A @ G T
CDR7 0.182 0.255 0.200 0.364 0.618 0.200 0.127 0.055 0.000 0.618 0.036 0.345
CDR8 0.200 0.250 0.183 0.367 0.533 0.250 0.167 0.050 0.000 0.400 0.017 0.583
CDR9 0.246 0.211 0.246 0.298 0.596 0.246 0.088 0.070 0.000 0.561 0.053 0.386
CDR10  0.175 0.143 0.333 0.349 0.492 0.317 0.127 0.063 0.000 0.397 0.016 0.587
CDR11  0.236 0.222 0.208 0.333 0.556 0.292 0.125 0.028 0.000 0.472 0.069 0.458
CDR12  0.219 0.208 0.271 0.302 0.604 0.188 0.094 0.115 0.000 0.552 0.063 0.385
CDR13  0.258 0.233 0.242 0.267 0.508 0.258 0.133 0.100 0.008 0.558 0.100 0.333
CDR14  0.241 0.173 0.218 0.368 0.624 0.233 0.083 0.060 0.000 0.571 0.083 0.346
CDR15 0.211 0.184 0.211 0.395 0.517 0.299 0.150 0.034 0.000 0.490 0.095 0.415
Total 0.223 0.204 0.233 0.340 0.559 0.255 0.121 0.065 0.001 0.519 0.068 0.411
Predicted 0.2  0.15 0.25 0.4 0.5 0.25 0.5 0.1 0 0.45 0.1 0.45

of each DNA base pair at each position

The distribution of amino acids in
analyzed using the sequencing data from all clones containing no frameshift
mutations. The observdcequency of each amino acid was found to be similar to
the predicted frequency (Figure 2.5). The most notable differences were found in
histidine, asparagine, and threonine, which were overrepresented in the sequenced
clones by 3.7, 2.1, and 2.1%, respaat/, and serine, which was

underrepresented in the sequenced clones by 3.2%.
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Right afterthesequn ce of A XY Z 0 twocadonawhich t her e

vary inthe CDRH3 diversity design. The first amino acid could be either alanine

or glycine (A/G) with 860% chance of either anuracid. The second amino acid

Amino acid distribution in XYZ codons
0.20

0.18
0.16
2
2 0.14
-
= 0.12
©
‘5 0.10
Z
50.08
3
© 0.06
o
0.04
| 1 Il
0.00 I- I I II Il II - m in II
A C D E F G | K L M N P Q 1 vV W

H R S Y STOP
Amino acids

m Predicted frequency  m Observed frequency

Figure 2.5: The distribution ofaminoaci ds i n t he designed #f:

The predicted frequency of each amino acid and the stop codon (blue) are graphed next
observed frequency (orange) of each sequenced clone containing no frameshift mutatiot
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canbe either phenylalanine, isoleucine, or methionine with a 16.7% of each or
leucine with a 50% chance (F/I/L/M). In the sequenced claiasine was

present ir64.4%of the A/G positions, resultgnin an overrepresentation of 14.4%

A/G and F/I/L/M distribution in CDR-H3

< 0.5

€04

503

by

S0.2

3o il i

30.

(]

£ o u
A & F | L M

Amino acids
B Predicted frequency M Observed frequency

I A/G

A G F I L M
CDR7 0.909 0.091 0.273 0.091 0.455 0.182
CDR8 0.500 0.500 0.600 0.000 0.400 0.000
CDR9S 0.667 0.300 0.000 0.200 0.700 0.000

CDR10 0.500 0.500 0.250 0.250 0.500 0.000
CDR11 0.750 0.250 0.250 0.125 0.250 0.375
CDR12 0.700 0.300 0.000 0.600 0.300 0.100
CDR13 0.545 0.455 0.000 0.182 0.818 0.000
CDR14 0.636 0.364 0.273 0.364 0.273 0.000
CDR15 0.583 0.417 0.333 0.083 0.583 0.000
Total 0.644 0.356 0.222 0.211 0.489 0.067
Predicted 0.5 0.5 0.167 0.167 0.5 0.167

Figure 2.6: Amino acid distribution of the A/G and F/I/L/M amino acids in the CDR-H3
region.

Predicted frequency (blue) is graphed next to the observed frequency (orange) of each ¢

acid. Additionally, the frequencies of each amino acicefirh sublibrary are shown in the
table.
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(Figure 2.6). The second amino acid position was closer to the predicted

distribution, but methionine was only represented in 6.7% of the sequences. While

these twqositionsseemed to have more variation from their pred

frequencies compared to the variationim e A XY Z0 co gavtially, t hi s cou
bedue to the smaller sample sig&verall, the frequencies of each amino acid at

the A/G and F/I/L/M positions were generally consistent with the library design.

In condusion, sequencing data showed that the €HlRlibrary contained the

designed simple diversity in the expected amino acid positions.

2.3.2 CDR-H3 library sorting

Once the CDRH3 library was determined to consist of clones thaewe
expected bas edlonaesign doring WaehaZnied withthe
library to show that binders to various antigens could be enriched from this

library.

2.3.2.1 FAP and DPPIV bead sorting

Magnetic bead sorting was perfornmmdalternating enrichments between the

human and murine isofims of either FAP or DPPIV to enrich for cragsctive

FAP- and DPPIVbinding proteins. Sorting tracks started with either the human

(Ahuman tracko) or murine DPPW{Fgurens (Amur i n
2.7).A high percentage of clones exhibitegpapent binding of FAR(fter jus

three rounds of bead simg (Figure 2.8). Additionally, control samples showed

that there was minimal binding to the murine Fc region (through TA99 binding)

and streptavidifFigure 2.9. While there appears to be very mmal binding of
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somesampledo TA99, this is most likely due to carry over of yeast from the
previous sample checking for binding to hFAP or mFApparent binders of

DPPIV were enriched after six rounds of bead sorting (Figure 2.8). Overall, these
resuls are promising because they show that the E3Ribrary can be enriched

for binders relatively quickly usingmplebead sortingn the benchtap

Round 1 Round 2 Round 3
Human
Murine
. " . " "

Figure 2.7: Schematic representation of bead sorting scheme for FAP and DPPIV
binders.

Sorts | abeled as Ahuman tr acko prteinie theefirstr

round of sorting, murine in the second round, human in the third round, and so on. The

Amuri ne tr ac k o nbutandtead stasteédmwithlthe muripedsbforra of the prote
in the first round of sorting.
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Figure 2.8: FAP and DPPIV bead sorting in the CDRH3 library.

Both hFAP and mFAP tracks showed enriched populations after just three rounds of bee
sorting. hDPPIV and mDPPIV binders were isolated after six roundsauf sorting.
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Figure 2.9: Controls for FAP and DPPIV bead sorting in the CDRH3 library.

Only minimal binding to TA99 and streptavidin was seen in all FAP and DPPIV sorting.
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2.3.2.2 IgG and lysozyme sorting

Additional library sorts were performed with bovine 1gG, rabbit IgG, and
lysozyme.The purpose of sorting for these antigens, which are not directly
relevant to the tumor microenvironment, was to provide further confirmation that
the CDRHa3 library could be used to isolate binders to various antigens besides
FAP and DPPIVEad of these populations were first enriched for their
respective antigen for three (bovine IgG and lysozyme) or four (rabbit 1gG)
rounds of bead sorting, where a small population of binders were seen in each
population. Following bead sorting, cells wereted with one round of

Fluorescence Activated Cell Sorting (FACS).

The bovine IgG track was simply sorted for one populatioriones that
could bind to a 50 nM solution diovine IgG during FACS (Figure 2.2Q details
of labeling are described in Secti2r2.8.3. Bovine IgG binders were enriched
after jus one round of FACS (Figure 2.A). Apparent binders to bovine 1gG
showed no nonspecific bimd to streptavidin (Figure 2.29. The rabbit IgG
population was sorted fatones binding to high amounts thfe target antigen and
low amounts of the target antigen in a 50 nM solution of rabbit(FaGure
2.1@). The lowbinding clone population only had a small population of rabbit
lgG-binding clones. However, the clones from the Higiding sort showed an
enriched rabbit Ig&binding population (Figure 2.B). Neither the higkoinding
nor low-binding sort showed nonspecific bingd to streptavidin (Figure 2. B).
Two separate lysozyme tracks were sorted using FACS. The first contained

binders labeleavith 50nM lysozyme (Figure 2.1D) and the second contained
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Figure 2.10: Gates for bovine IgG, rabbit IgG, and lysozyme populations sorted by
FACS.

(A) A single gate was drawn for the bovine 1gG binding cells. (B) Hiigiding and low
binding gates were draw for the rabbit IgG binding cé@3.High-binding and lowbinding
gates were draw for the lysozyme binding cells labeled with 50 nM lysozyme. (D) High
binding and lowbinding gates were draw for the lysozyme binding cells labeled with 250
lysozyme.

binders labeleavith 250 nM lysozyme (Figure 2.10). Both populations were
sorted for higkbinding and lowbinding clones. Both of the highinding sorted
populations resulted in enriched lysozyme bmsdehereas the lowinding sorted
populations did not result in clear enrichmamsler the conditions test¢gigure
2.11C). All four of the lysozyme sorts from FACS showed no nonspecific binding

to streptavidin (Figure.22C).
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Figure 2.11: 1gG and lysozyme sorting in the CDRH3 library.

(A) A bovine IgG population was enriched after three rounds of bead sorting and one rot
FACS with 50 nM bovine IgG. (B) The rabbit IgG population was enriched after fondsou
of bead sorting and one round of FACS sorting for the high binding cells with 50 nM rabt
IgG. (C) Lysozyme binders were isolated after 3 rounds of bead sorting and one round o
FACS using either 50 nM or 250 nM lysozyme. The best population wasiettiom the
high-binding population of cells labeled with 50 nM lysozyme.

45



A B R5 (Low population) RS (High population)
10°
10° faea
_ 'y
2 a e
B E A ;
B 5 0y 5
= = 10' 4 10!
I 3 +
- 2 A et e x ot o
b=} 3 & vy ey 10 R B B
= & W 0l 0t w® w0 w0t w®
& bei
e 2
£ g
c-Myc detection (647) c-Myc detection (647)
c R4 (Low population) R4 (High population) R4 (Low population) R4 (High population)

50 nM lysozyme 50 nM lysozyme 250 nM lysozyme 250 nM lysozyme

Streptavidin binding (PE)

—_—

c-Myc detection (647)

Figure 2.12: Control for streptavidin binding of bovine IgG-, rabbit IgG - and lysozyme
enriched populationsfrom FACS ofthe CDR-H3 library.

Populations enriched for (A) bovine lgGB) rabbit IgG, and (C) lysozyméinders were
tested for nonspecific binding to streptavidin. None of the populations showed significant
binding to streptavidin.

Separately, the bovingG, rabbit IgG, and lysozyme tracks were also
subjected to more rounds of bead sorting to determine the extent of enrichment
attainable using just bead sorting. After ten rounds of sorting in the bovine 1gG
population, thesolatedpopulationdid not exhilit as high of a percentage of
bovine 1gGbinding cells as the population after one roun8A€CS (Figure
2.13. After nine round®f sorting againstabbit IgG, theresultingpopulation
exhibited a much lower percentage of apparent antigen binding thabthaed
from FACS wi t hWhilehthe bedd®nlygoimding gopulaton

isolated from the lysozyme traskowed a high percentage of apparent antigen
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binding comparable to that obtained with FA@® sortinglonewith FACS was
much more efficiat because it took less time to complet# rounds of extended
bead sorting with bovine IgG, rabbit IgG, and lysozyme showed no nonspecific

binding to streptavidin (Figure 2.14
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Figure 2.13: Bead sorting of bovine IgG, rabbit IgG and lysozyme from the CDRH3
library.

Each track of library sorting was subjected to multiple round of bead sorting in addition t
bead sorting and FACS shown in Figure 2.10. After ninen bead sorts, bovine and rabbit
IgG tracks did not have acceptable enrichment of binders. While the lysozyme track did
enrichment, it took a longer time to obtain an enriched lysozyopailation through just bead
sorting compared to using FACS.
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Figure 2.14: Bead sorting controls of bovine 1gG, rabbit IgG and lysozyme from the
CDR-H3 library.

Extended bead sorting with (A) bovine IgG, (B) rabbit IgG, and (C) lysozyme were testec
binding to steptavidin. None of the populations showed significant binding to streptavidin
Rounds 27 of each sort were tested for streptavidin binding with Alexa Halmled 488 and
rounds 810 of each sort were tested with alitbtin PE.
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2.3.3 Analysis of isolated clones from sorted populations

After sorting the CDRH3 library against various antigens, individual
clones from enriched populations were analyzed. Clones from bovine IgG, rabbit
lgG, and lysozym&ACS enriched populations were sequencédnes from
round 3 of FAP sorting and round 6 of OFWRortinghave also been submitted
for sequencingdata not received yetYlultiple uniqgue sequences were obtained
from the bovine IgG rabbit IgG, and lysozymeenriched populations (Table 2.5)
and tested for binding to their respective antigen andhpateonspecific binding
to another antigen. The sample of sequenced clones from the boviearigGed
population contained three unique clones with very similar sequences and the
same CDRH3 length. All three of the sequences could bind to 50 nM bdygi@Ge
and were not able to lirto 50 nM lysozyme (Figure 2.A% Sequencing of the
rabbit IgG population showed that there were ten unique clones, representing a
variety of different CDRH3 sequences and lengths. Four of the clones could bind
to 50 nM rabli IgG and none of the clones were able taldim 50 nM lysozyme
(Figure 2.1B). The lysozyme population had five unique clones with IR
lengths ranging from 213 amino acids. Two of these clones were able to bind to
lysozyme at 50 nM and one of thedenes was able to bind to lysozyme at 250
nM. None of the clones showed binditog50 nM rabbit IgG (Figure 2.75.
Together, this data shows that it is possible to isolate multiple unique protein
binders for various antigens using the GBER library, despite the limitation of

amino acid diversity to CDRI3. Therefore, the CDRI3 library is a useful
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foundational library for the development of hybrid libraries containing additional

diversity in the form of small molecules.

Table 2.6: The sequences and length of the CDR3 of unique clones from enriched
populations of the CDRH3 library.

CDR-H3 sequence CDR-H3 length

Bovine.1 KYLDHYYYALD 9
Bovine.2 KYYDHHYYALD 9
Bovine.3 KYLDNHYYALD 9
Rabbit.1 KDVEIFALD 7
Rabbit.2 KDEEIYAFD 7
Rabbit.3 KYLDHDSYAMD 9
Rabbit.4 KHADSDGDALD e
Rabbit.5 KYDTSYNSYALD 10
Rabbit.6 KHDCYYFSAAGLD 11
Rabbit.7 KYNYHHPFYSYDAFD 13
Rabbit.8 KYYHTDYTAHNAYALD 14
Rabbit.9 KPSHCSSSNDIDTALD 14
Rabbit.10 KYIYNPDIYCYDYALD 14
Lysozyme.1 KYTDYYNAYYALD 11
Lysozyme.2 KYPYHRHSHTDALD 12
Lysozyme.3 KSCYHYNYYADAFD 12
Lysozyme.4 KYPDNAHYDYYALD 12
Lysozyme.5 KASYPNTFYSIAGID i3
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Figure 2.15: Binding assay of isolated clones from the bovingG-, rabbit I9G -, and
lysozymeenriched populations.

Isolated clones from the enriched populations of bovine,lggbbit 1IgG, and lysozyme
binders were tested for binding to their respective antigen and for potential nonspecific b
to another angien. All three clones from the bovine Ig&ariched population could bind to
bovine IgG and did not bind to lysozyme. Four of the ten clones from the rabkénigehed
populations could bind to rabbit IgG and none of the clones could bind to lysozyree. Thr
clones from the lysozymenriched population could bind to 250 nM lysozyme and none ol
clones could bind to rabbit IgG.
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2.4 Conclusions

A simple synthdic antibody library with diversityimited to CDRH3 was
created in a yeast display format. The GHR library was characterized through
both flow cytometry and sequencing methods. As expected based on the design of
the amino acid diversity, the librarpmtained truncated clones. Roughly2%%
of the clones in each sublibrary were expected to be truncated from the
occurrence of a TAG codon in CBIR3, with the chance of truncation increasing
with CDR length. While the perceageof truncated clones obsen through both
sequencing and flow cytometry was higher than expeotedme sublibraries
this could partially be becausésmall sample size and the way the predicted

truncation values were calculated

Sequencing resultshowedhat the frequency ddNA base pairs in the

designed AXYZO0O codons were similar to

resul t of t hi s, the amino acids encoded

similar distribution compared to what was predicted. The A/G and F/I/L/M
positions inthe CDRH3 region had more variation compared to expected
frequencies, but this could be due to the lower sample semxjokncing data for

these two amino acids.

Crossreactive clones binding to both human and murine forms of FAP
were isolated with jughree rounds of bead sorting. Additionally, crosactive
DPPIV-binding clones were isolated in six rounds of bead sorting. Finally,

binders to bovine IgG, rabbit IgG, and lysozyme were isolated after three or four
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rounds of bead sorting and one adaitibround of FACSBIinding assays showed
that individual clones from some of these enriched populations were able to bind
to their respective antigeriBhis datademonstrates that binders to various

antigens can be isolated from the GBR library, despiteéhe limitation of

diversity to only the CDRH3.

Overall flow cytometry and sequencing analysis showed that the-BBR
library contained the amino acid diversihat was expected based on the design
of the degenerate primewsdditionally, binders to arious antigens, including
FAP, DPPIV, bovine IgG, rabbit IgG, and lysozyme, wemeichedthrough bead
and flow cytometrybased screeningequencingdata and binding assagsowed
that multiple uniqudindersexisted for the bovine IgG, rabbit IgG, alydozyme
populations. The data in this chapter confithmat this simple yeadiased library
is an excellent foundation for the development of libraries containing multiple
forms of diversity, including protetamall molecule hybrid libraries (discussed i

Chapter 4).
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Chapter 3: Rational design of protein-small molecule

hybrids

3.1 Introduction

Antibodies are a major class of cancer therapeutics due to their desirable
properties including long halife and high specificity.In vitro display methods
provide a high throughput method for discovering new antibodies and have led to
the isolation of @rious antibodies with high binding affinitiés.In particular,
yeast display is advantageous because of the similangigstfranslational
modifications to mammalian cells and the ability to quantitatively analyze and

sort clones using flow cytometfy.

While there are many antibodies that cardiimenzymes in the tumor
microenvironment, they often do not inhibit enzyme function. This may be solved
by introducing additional chemical functionality into antibodies with previously
discovered small molecule inhibitors. Additional chemical diversty loe
introduced into proteins throughe incorporation of noncanonical amino acids
(ncAAs) with unique side chains distinguishable from the 20 natural amino acids
for selective bioconjugation reactioh particular, azideandalkynecontaining
ncAAs could be useful for the addition of small molecules through cepper
catalyzed azidalkyne cycloaddition (CUAAC). This reaction is relatively
bioinerf and has beeprovencompatible with proteins displayed tire yeast

surface’ The addition of ncAAs to yeast display through stop codon suppression
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and CuAAC allovs for site-selective chemical diversity in displayed proteins,
which will support the discovery of novel inhibitors containing both amino acid

and chemical diversy.

Proteinsmall molecule hybrids combine the chemical functionality of a
small molecule inhibitor with a protein binder for specific recognition of a unique
targe. The approach outlined in this chapter takes advantage of noncanonical
amino acids for the conjugation of proteins and small molecules through €opper
catalyzed azidalkyne cycloaddition. Strategies for adding chemical diversity to
displayed proteins othe yeast surface are validated through flow cytometry.
Additionally, methods for creating hybrid structures, including rational design of
the bioconjugation site in both single antibody fragment clones andibrgnies,
are investigated. These hybridgport the development of a new class of potent
and specific inhibitors with applications as therapeutics and use as inhibitors to

elucidate the role of single proteins in disease and health.

3.2 Experimental Methods

3.21 Media preparation, yeast strain, yeastttgoration

See Section 2.2.

3.2.2 Plasmid construction

All TAG codoncontaining antFAP single chain variable fragment (scFv)
plasmids were cloned from either pCTcehRPAL1.4.3, pCTconFAPB2.3.6, or

pCTcon2FAPC2.3.10 using Gibson assemblfrimers were designed with a
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TAG codon at either the L1, L67, or H74 position with approximately 30 base
pairs of overlapimg sequence on either side of the TAG codon (Table 3.1).
Separate primers were made for some of the TAG codons in the pCTcon2
FAPB2.3.6 because the DNA sequence was slightly different than that of the
other scFv constructs. TAGontaining primers were udeéo amplify the antFAP
scFv in two fragments with either the pCTcon2Fwd or pCTcon2Rev primers,
which anneal to the backbone of the pCTcon2 vector. PCR fragments and
digested backbone pCTcon2 (with Nhel and BamHI) were purified, assembled,
transformednto competenkE. coliDHS Z1, and plated on solid LB media

supplemented with ampicillin. Single colonies were picked and grown in liquid

Table 3.1: Table of primer sequences used to create the TAG codaontaining anti-FAP

scFv plasmids.

Sequence (5' to 3)

pCTcon2Fwd
pCTcon2Rev
L1TAGFwd

L1TAGRev

L67TAGFwd

L67TAGRev

L67TAG2.3.6Fwd

L67TAG2.3.6Rev

H74TAGFwd

H74TAGRev

H74TAG2.3.6Fwd

H74TAG2.3.6Rev

GTTCCAGACTACGCTCTGCAGG
GATTTTGTTACATCTACACTGTTG

GCGGTAGCGGAGGCGGAGGGTCGGCTAGCTAGATCCAGATGACCCAGTCCCCGAG
CTCCC

GGGAGCTCGGGGACTGGGTCATCTGGATCTAGCTAGCCGACCCTCCGCCTCCGCTA
CCGC

TCTGGAGTCCCTTCTCGCTTCTCTGGTAGCCGTTAGGGGACGGATTTCACTCTGACC
ATC

GATGGTCAGAGTGAAATCCGTCCCCTAACGGCTACCAGAGAAGCGAGAAGGGACT
CCAGA

TCTGGAGTCCCTTCTCGCTTCTCTGGTAGCCGTTAGGGGACGGGTTTCACTCTGACC
ATC

GATGGTCAGAGTGAAACCCGTCCCCTAACGGCTACCAGAGAAGCGAGAAGGGACT
CCAGA

GGGCCGTTTCACTATAAGCGCAGACTAGTCCAAAAACACAGCCTACCTACAAATGA
ACA

TGTTCATTTGTAGGTAGGCTGTGTTTTTGGACTAGTCTGCGCTTATAGTGAAACGGC
cC

CCGTTTCACTATAAGCGCAGACGCATCCAAAAACTAGGCCTACCTACAAATGAACAG
€

GCTGTTCATTTGTAGGTAGGCCTAGTTTTTGGATGCGTCTGCGCTTATAGTGAAACG
G
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media supplemented with ampicillin, grown to saturation, and miniprepped
(Epoch GenCatch Plasmid DNA Miprep Kit). Ssquencing at Eurofins
Genomics confirmed correct assembly of each of the T codorcontaining

plasmids.

3.2.3 Yeast transformation, propagati@ndinduction

Each of the nine TA&ontaining antFAP scFvs were transformed with
the suppression machineryapiid pRS31AcFRS. In eacltase, the TAG
codoncontaining plasmid (TRP marker) and pRSFEFRS (LEU marker) were
transformed simultaneously into Zymo competent RJY100 cells, plated on solid
SODSCAA media (TLEU TTRP TURA), and grown at
appear ed ( 2ildBtypepCyconFAPAL.A.& pGVconFAPB2.3.6,
and pCTconZFAPC2.3.10 plasmids were transformed into RJY100 cells, plated
onsoid SBCAA media (1T TRP 1TURA), and grown at 3

appeared (213 days).

Colonies from the plates described above waveulated in 5 mL of
selective media (cells containing wild type construct on) =GB A (1 TRP
T URA); <cel | s ¢ o n-toataimng cogstruotartd the suppeessionA G
construct SBSCAA (T LEU 1T TRP TURA)) and all owed t «
3 0 A C3 d@ayR)i Alternatively, 10Q00t L of saturated culture stored at 4°C was
inoculated in 5 mL fresh media and allowed to grow to saturation overnight.
Following saturation, the cultures were diluted to arsdBf 1 in fresh media

and grown at30°Cuntilrdl og phase (OD 215; 418 h). Cell
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minutes at 2,000 x g and 4°C) and resuspended to as OfL in induction

media (cells containing wild type constructonly:- 8& A (1 TRP T URA); <cel |
containing both the TA&ontaining construct and tiseippression construct: SG

SCAA (T LEU 1T TRP 1 UBRperifjcincofparatienofabl e si t e
noncanonical amino acids, S&CAA was supplemented with eitheazidoL-

phenylalanine or propargytL-tyrosine (1 mM final concentration of L amino

acid) and grow at 20°C for at least 16 hours.

3.24 Small molecule inhibition assay

The small molecule inhibition assays weesformedn clear, flatbottom
plates (Falcon). Each sample was prepared in a total volume p1.20QP
buffer. The wells contained 50 nM of eithsoform of FAP or 5 nM of either
isoform of DPPIV(except the negative control that only contained FAP buffer)
and 2.5 mM of either4dihydroxyborophenyl) acetylerieor 4
(propargylaminocarbonyl) phenylboronic a@dFigure 3.1) Sincel and2 are
stored in DMSO, each well containing a small molecule hatd BMSO.
Therefore, a sample of FAP withf 2 DMSO was used as a positive control.
Samples were placed on an orbital shaker at room temperature for at least 30
minutes before measurement. After incubatik®Qt L of each FAP sample was
mixed by pipette wh 10{ L 5 mM Ala-Pro-7-amino 3-trifluoromethylcoumarine
(A-P-AFC) for a final A-P-AFC concentration of 25pM. 190t L of each DPPIV
sample was mixed by pipettéth 10t L 100* M Ala-Pro-7-aminc-3-

trifluoromethylcoumarine (AP-AFC) for a final AP-AFC conentration of § M.
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All samples were shaken in tBpectraMax i3x plate reader (Molecular Devices)
for 5 seconds before takingibrescence measurements every 10 secondsor 3
minutes at an excitation of 400 nm and an emission of 505 nm. Each sample was

run in duplicate.

/@/B\OH
=

4-(Dihydroxyborophenyl)acetylene
1

?H

i B\OH
\N

(e}
4-(propargylaminocarbonyl)
phenylboronic acid
2

Figure 3.1: Small molecules used to develop proteismall molecule hybrids.

3.25 Click chemistry

Coppercatalyzed azidalkyne cycloaddition, a type of click chemistry
reaction, was performed with 2 million freshly induced cells in microcentrifuge
tubes. Biotiralkyne and biotirazide were dissolved in DMSO at &M and 4
(dihydroxyborophenyl) acetylerieand 4(propargylaminocarbonyl)
phenylboronic aci@ were dissolved in DMSO at 100 mM. Each sample was

pelleted and washed thrice with PBSA (PBS, pH 7.4, with 0.1% BSA) prior to a

62



final resuspension in PBS (pH 7ldgfore performing CUAAC reactions using a
previously described protocdAll aspects of the protocol, including the order of
reagent addition were followed, except floe recommended alkyne and azide
concentrations. Samples were vortexed after addition of each reagent. Biotin
alkyne and biotirazide were added to all reactions at a final concentration of 100
t M. All reactions with biotiralkyne or biotirazide proceestl for 15 minutes at
room temperature in sealed microcentrifuge tubes, after which time samples were
pelleted and washed thrice iniceld PBSA. For the-8tep click chemistry
reactions, CUAAC reactions with 1 mM of eitHeor 2 were conducted for 4.5
hours, or overnight in the case of the single clone titration experiments, followed
by washing thrice in iceold PBSA and resuspension in PBS. A second reaction
using the biotiralkyne was then performed on the owntieked samples. After
completion of clik chemistry reactions, samples were subjected to flow
cytometry analysis. Biotin labeling was assessed only on cells displaying the

protein of interest.

3.2.6 Flow cytometry analysis

Freshly induced samples were labeled in 1.7 mL microcentrifuge tubes or
96-well V-bottom plates. Flow cytometry was performed on an Attune NxT flow
cytometer (Thermo Fisher) in the Tufts Universfigienceand Technology

Center.
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To label samples in tubes, 2 million cells per sample were transferred to
microcentrifuge tubes and jetied (30 seconds at 12,000 rpm and 4°C). The
samples were washed thrice in 1 mL PBSA an
with primary label which differed depending on the experiment (Table 3.2).
Primary labeling was performed at room temperature on eyrataeel for at least
30 minutes. After primary incubation, cells were pelleted and transferred to ice.

All remaining labeling steps were performed on ice withdolel PBSA and a

chilled microcentrifuge at 4°C. Cells were washed thrice and resuspersied in

ML ice-cold PBSA with secondary label (Table 3.2). Secondary labeling was
performed for 15 minutes on ice in the dark. Cells were pelleted and washed twice
with 1 mL icecold PBSA and placed on ice in the dark. Immediately prior to
running samples on ¢hflow cytometer, each cell sample was resuspended in 1

mL ice-cold PBSA.

Table 3.2: Labeling used for the flow cytometry experimens described in this chapter.

Detection Primary label Secondary label (dilution)
(dilution/concentration)

c-Myc tag Chicken anti-c-Myc (1:250) Goat anti-chicken 647 (1:500)

HA tag Mouse anti-HA (1:250) Goat anti-chicken 488 (1:500)

Biotin or streptavidin None Streptavidin Alexa Fluor 488 or

binding anti-biotin PE (1:500)

FAP binding FAP (various concentrations; Goat anti-mouse 488 (1:500)
typically 50 nM)

DPPIV binding DPPIV (50 nM) Goat anti-mouse 488 (1:500)

TA99 binding TA99 (50 nM) Goat anti-mouse 488 or anti-

biotin PE (1:500)
To label samples in plates, at lep& p TtCells per sample were
washed thrice in 1 mL PBSA and transferred into -av88 V-bottom plate and

pelleted (5 minutes at 2,400 r@and 4°C). Samples were resuspended in PBSA
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(50 eL/well) containing primary | abel (Tab
rotation (150 rpm) at room temperature on a digital orbital shaker (Southwest

Sciencg for 30 min. Cells were then pelleted and wadihede in icecold PBSA

(200 eL/well). The washed samples were res
containing secondary label (Table 3.2) and incubated in the dark on a plate shaker

at 4°C for 15 minutes. After incubation, cells were pelleted and washed twice in

icecol d PBSA (200 €L/ well). Samples were the
Immediately prior to flow cytometry analysis, samples were resuspended in ice

col d PBSA ( 20 gL/wellfdr tiratibnis). 10,000 dvénts were

recorded for each sangplexcept for titration experiments, where 3,000 events

were taken.

3.2.7 Titration experiments

Titration experiments were performed using cells that had undergone the
click chemistry conditions described in Section 3.2.4. After click chemistry with
eitherl or 2 for 4.5 hours or overnight, cells were washed thrice ircald
PBSA, resuspended to a final concentratiop®f p 1t cells/mL, and labeled
with antic-Myc at a 1:250 dilution. RJY100 cells were also washed thrice in
PBSA, resuspended to a final centration op® p mcells/mL, and labeled
with antic-Myc at a 1:250 dilution. Bare RJY100 cells were added to some wells
to maintain a tenfold excess of effective antibody concentration for the lower FAP
concentration samples and allow the cellsdlbep better in their wells. Each
titration experiment involved four samples labeled with different FAP

concentrations ranging from 1 nM to 0.001 nM in-teld dilutions. Each sample
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was run in duplicate. Samples containing cells and FAP were incubatadght
rotating at 150 rpm on an orbital shaker. A sample of cells were set aside to
determine the extent of click chemistry reaction (measured usingsiep 2lick
chemistry reaction described in Section 3.2.4). After overnight incubation, cells

weresubjected to secondary labeling steps described in Section 3.2.5.

3.2.8 Bead sorting

The Sidhu and Feldhaus libraries were induced and subjected to two
rounds of depletions against streptawvidoated biotin binder Dynabeads (Life
Technologies). The library v8aexpanded and the majority was spun down,
resuspended in 15% glycerol, and stored at
enriched with beads coated in eitherifFAP, FemFAP, FehDPPIV, or Fe

mDPPIV to find crosseactive binders to both isoforms of FAPDPPIV.

A total of 501 L of antigenrcoated beads were used per depletion or
enrichment in the first round of sorting. The enriched library fractions were
recovered and prepared for more setsoffeads e d s cr eens. Each sort
(Figure 2.7) wasughjected to 12 rounds of depletion against beads coated in
biotinylated TA99, 12 rounds of depletion against beads coated in bioth, 1
rounds of depletion against biotin binder Dynabeads, and enrichment for binders
to either hFAP, mFAR, hDPPI\, or nDPPIV-coated beads. Each depletion or
enrichment step after the first round of sorting useflLL6f beads. Bead sorting

was repeated until FAP or DPPIV binding populations were enriched. Antigen
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binding (to FAP and DPPIVand (nonspecific binding to TA99 and streptavidin)

was detected using flow cytomgtias described in Section 3.2.6

3.2.9 Mini-library construction

Mini-libraries were constructed from rounds 6 and 7 of feARched
populations bthe Sidhu library (Figure 3.)32Plasmid DNA was extracted from
freshly cultued yeast using the Zymoprep kiansformed intde. coli, andplated
on LB sdid media containing ampicillin. Individual colonies were picked for

DNA preparation and sequencing by Eurofins Genomics.

PCRswere performean the yeast miaprepped DNAo amplify the scFv
region into two fragmentwith a TAG codon at either the L1, Z6or H74
positionusingthe primers pCTcon2Fwd, pCTcon2Rev, LITAGFwd, LITAGRev,
L67TAGFwd, L67TAGRev, H74TAGFwd, and H74TAGRev (Table 3The
two fragments were combined into a single fragment using overlap extension

PCR.

11 g of DNA from each FARinding population (4 g total from rounds 6
and 7 of hFAP and mFAP tracks) anfid.of digeste@pCTcon2 vector (see
Section 2.24) were assembled by homologous recombination in the yeast strain
RJY100 by electroporation transformations using previously destrinethods?
PCR fragments with the TAG codon in the same position (L1, L67, and H74)
were electroporated in yeast together with the digested pCTcon2 yeast surface

display vector to create each of the three #ilomaries. Mintlibraries were
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subjected to clickkhemistry conditions (Section 3.2.4) and flow cytometry

analysis (Section 3.2.5) for titratieexperiments (Section 3.2.6).

3.3 Results and Discussion

3.3.1 Sites for TAG codons

Previously identified antiFAP single chin variable fragments (scFvs)
werecloned tocontain a TAG codon for the incorporationasfazide or alkyne
containing noncanonical amino acid (ncA®nce cloned, ncAAs were
incorporated through amber codon suppression, resulting in scFvs containing a
functional azide or alkyne handlgcAA-contaning scFvs were subjected to click
chemistry conditions tbnk azide or alkynecontaining small molecule inhibitors

to the opposite functional handle of the ncAA.

Sites for the TAG codon were rationally designed based on information
from various antibdy and scFv crystal structures analyzed in PyMol. Candidate
sites were first chosen based on their proximity to the antigen. Then, three final
candidate sites were chosen based on their high sedeeassible surface area as
determined by the GetArea pragn!! The three candidate sites, named L1, L67,
and H74, are highlighted in magenta sphtieg spheres in an antiuman P
cadherin MEC1 scFv in FigureZ3.Each TAG codon site was cloned into the
pCTcon2FAPAL.4.3, pCTconFAPB2.3.6, and pCTcorRAPC2.3.10

constructs, resulting in nine different TAG codoontaining constructs.
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Flow cytomery was used to evaluate féingth protein display and FAP
binding of the TAG codowtontaining antFAP scFvs. To detect fuléngth scFv
display, TAG codofrcontaining scFvs were induced in the presence of either AzF
or Opg and labeled for the-tdrminalHA tag and th&C-terminal eéMyc tag
(Figure 3.3. Compared to the wild type scFvs (FAPA, FAPB, and FAPC), which
do not contain TAG codons, the populations of the TAG cantortaining
constructs exhibit more variation in fluorescence. This variation sefsaih
truncated clones displaying only the HA tag, which occur when the TAG codon in

the construct is not successfully suppressed. Each yeast cell displays a mixture of

PBD ID: 5jyl

Figure 3.2: Original TAG codon candidate sites viewed in PyMol.

The crystal structure ofsingle chain variable fragme(iteavy chain in dark blue, light chain
in light blue) anchuman Pcadherin MECL1 (gng are shown as an example antibody/antigel
pair. Complementarity determining regions of each antibody chain are shown in red, orai
or yellow. The three sites for TAG codon mutati@ne shown as magenta spditleng
spheresand labeled as L1, L67, or H74.
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full-length and truncated constructs on the surface, resulting in a leftward shift of
the population when a fraction of the clones is truncated. Additionally,-TAG
mutated constructs containing AzF or Opg retained their ability to bind FAP. The
TAG codoncontaining scFvs induced with AzF or Opg were found to have

similar binding to FAP compad tothe wild type scFvs (Figure 3.4
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FAPA FAPA L1TAG AzF FAPA L67TAG AzF FAPA H74TAG AzF

N3

H,N~ “COOH
p-azido-L-phenylalanine
(AzF)

HA detection (488)

c-Myc detection (647)

FAPA

OH
HoN

O-propargyl-L-tyrosine
(Opg)

HA detection (488)

c-Myc detection (647)

Figure 3.3: Full-length display of TAG codoncontaining anti-FAP scFvs.

Each of the nine TAG coderontaining scFvs were induced in the presence of either AzF
Opg TAG codoncontaining scFvs show more variation iMgc detection compared to the
wild type scFvs that contain no TAG codon. the nine TAG cantortaining scFvs were
induced in the presence of either AzF or Opg. TAG cedmmtaining scFvs show more
variation in eMyc detection compared to the wild type scFvs that contain no TAG codon.
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Figure 3.4: FAP binding of TAG codon-containing anti-FAP scFvs.

Each of the nine TAG coderontaining scFvs were inducédthe presence of either AzF or
Opg. TAG codorcontaining scFvs retained their ability to bind to FAP.
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